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Abstract

Separation of high purity H, from coal-derived syngas is a key unit
process in next generation gasification processes. Dense Pd and Pd47Cuss (mol%)
alloy membranes are promising candidates for separating H, from mixed gases
due to their rare combination of high permeability and high selectivity to H;
separation. However, ppm concentrations of H,S, a coal gasification byproduct,
can severely inhibit hydrogen transport across Pd and Pd4;Cusz membranes in the
temperature range that the membrane would need to be operated in a gasification
process (~500 to ~700 K). This thesis is an experimental investigation of
hydrogen transport (H, dissociation and H atom permeation) across Pd and
Pd47Cuss alloy membranes. The objective of this thesis was to understand how
H,S inhibits hydrogen transport across Pd and Pd4;Cuss alloy membranes.

H.S slows hydrogen transport across Pd membranes mainly by producing
a PdsS film on the surface of the Pd membrane that is about an order-of-
magnitude less permeable to hydrogen than Pd. In contrast to Pd, the Pd4;Cuss
alloy is resistant to bulk sulfidation; H,S slows hydrogen transport across
Pd47Cuss by decreasing the rate of H, dissociation on the Pd4;Cuss surface. H,S
also decreases the rate of H, dissociation on the Pd;S surface, but not as

significantly as that on the Pd4;Cuss surface.



At high temperatures (~900 K), the rate of hydrogen permeation through
the Pd47Cus; alloy is not significantly affected by 1000 ppm H.S. It is likely that
the sulfur tolerance exhibited by the Pd4;Cuss alloy at high temperatures is due to
its resistance to bulk sulfidation. However, our results indicate that the Pd4;Cuss
alloy is not thermodynamically resistant to sulfidation. Thin metal (Fe, Ni, Co,
Cr, Mo, Pt) films on the surface of the Pd4;Cuss alloy catalyzed its corrosion to
Pd;3CusS; and Cu,S during exposure to H,S, which suggests that sulfidation of
Pd47Cuss is Kkinetically limited by a surface reaction. This result is important
because understanding why Pd47Cus3 alloy membranes are resistant to sulfidation
may lead to the development of membrane materials that can tolerate the harsh

conditions of coal gasification processes.
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Chapter 1

General Introduction

1.1 Summary

Dense Pd membranes are promising candidates for hydrogen separation
from mixed gases because of their near-infinite selectivity for H, separation and
very high permeability. However, Pd membranes are not viable for hydrogen
separation from sulfur-containing gases, such as those derived from coal
gasification, because H,S can severely inhibit hydrogen transport across Pd
membranes in concentrations as little as ppm-levels. PdCu alloys show sulfur
tolerance relative to Pd at high temperatures (~900 K), but hydrogen transport
across PdCu alloys is also severely inhibited by H,S at low temperatures (~600
K). The objective of this thesis is to understand how H,S slows hydrogen
transport across Pd and PdCu membranes. In this chapter, the literature relevant

to the objective of this thesis is reviewed and the scope of this thesis is outlined.



1.2 Hydrogen from coal gasification

About 45% of the electricity generated in the United States in 2009 was
derived from coal, mainly coal combustion power plants, and that percentage is
not expected to change significantly for at least 25 years [3]. However, coal
combustion power plants utilize only about one-third of the energy available in
coal and were responsible for about 36% of the total CO, emissions in the United
States in 2008 [4]. Next generation gasification processes are being developed
that will have better efficiency, reduced CO, emissions, and more versatility than
coal combustion power plants.

In contrast to coal combustion, which uses the heat generated from
burning coal to drive a steam turbine, coal gasification produces mainly CO and
H, (syngas) which can be used in a variety of ways. Syngas can be used to
generate electricity in a gas/steam turbine combined cycle; or to produce liquid
fuels via Fischer-Tropsch synthesis; or to produce H, for use in fuel cells or as a
chemical commodity. H; production from syngas requires an increase in the H,
yield via the water gas shift reaction, CO + H,O < CO; + Hy, followed by H;
separation from the H,/CO; gas mixture.

Pressure swing adsorption is currently the most common industrial process
for high purity (99.99%) H, separation, however, operating costs of pressure
swing adsorption are high [5]. Alternatively, a membrane that is selectively
permeable to H, would greatly decrease the cost of hydrogen separation if the
membrane could be operated at temperatures near that of the water-gas shift

reaction (~500 to ~700 K). There are several different types of H, separation



membranes, including dense polymeric, microporous ceramic, dense ceramic,
porous carbon, and dense metallic membranes. Of these types of membranes,
only dense metallic membranes are capable of producing very high purity H, at
temperatures near that of the water-gas shift reaction [6]. Pd and Pd alloy
membranes, in particular, have received significant attention for such applications

because of their very high permeability to H, [7-10].

1.3 Pd hydrogen separation membranes

Dense Pd membranes are capable of producing very high purity H, from
mixed gases because of the unique way in which hydrogen crosses the membrane.
Molecular H, dissociatively adsorbs on the catalytically active Pd membrane
surface, producing H atoms which are able to diffuse through the bulk of the Pd
lattice and associatively desorb from the opposite surface [11]. Only H atoms
permeate through dense Pd membranes at a significant rate, and a nearly infinite
selectivity for hydrogen separation can be achieved by the use of dense Pd
membranes [9]. The rare combination of the very high H; dissociation activity of
the Pd surface [12-16] and the very high H atom permeability of bulk Pd [8, 9, 17]
distinguishes the performance of pure Pd membranes from other pure metal
membranes [17].

Pure Pd membranes are not viable options for H, separation from coal-
derived gases because H,S, a coal gasification byproduct, severely reduces the
rate of hydrogen permeation across Pd membranes in concentrations as little as

ppm-levels [9, 18, 19]. The effect of H,S on H, permeation through Pd has been



studied by many groups over a wide range of temperatures (593-1173 K) and H,S
concentrations (4 to 6200 ppm H,S) [9, 18, 20-26]. H,S severely inhibited H,
transport across Pd in nearly all of the experimental conditions studied [9, 18, 20,
22-26]. For example, immediately following exposure to 4 ppm H.S, the rate of
H, permeation through a Pd membrane was reduced to about 40% of its baseline
H. flux and continued to decrease to less than 30% of its baseline H, flux over the
next several days [18]. In many of the cited studies [9, 22, 25, 26], a palladium-
sulfide (Pd4S) film was observed on the surfaces of the Pd membranes following
H,S exposure. In one study [21], H,S did not significantly reduce the rate of H,
permeation through a Pd membrane, which was attributed to the thermodynamic
instability of Pd,S at the temperature (1173 K) of the experiment. Thus, there is
circumstantial evidence that the formation of Pd,S is at least partially responsible
for retarding H, permeation through Pd: PdsS is observed when H, permeation
through Pd is inhibited by H,S, but H,S has no effect on H, permeation through
Pd at conditions where Pd,S is unstable. The fundamental mechanisms by which
H,S and/or Pd,S inhibit H, permeation through Pd, however, are not very clear.
By correlating PdsS growth kinetics to the decay in H, flux through a Pd
membrane during H,S exposure, Morreale et al. [9, 25] suggested that the very
low H atom permeability of Pd,S was responsible for the decline in H, flux during
H,S exposure. Others have suggested that H,S inhibits H, transport through Pd
by poisoning the catalytic surface for H, dissociation, either by blocking H atom
adsorption sites [20, 22, 24, 27] or by increasing the barrier to H, dissociation [27,

28] or both. For example, by studying the effect of pre-adsorbed sulfur on the



temperature programmed desorption of H, on a Pd(100) surface, Burke and
Madix found that each adsorbed sulfur atom blocks about 4 H atom adsorption
sites. In addition to blocking H atom adsorption sites, density functional theory
calculations by Wilke and Scheffler [27, 28] show that pre-adsorbed sulfur atoms
on the Pd(100) surface increase the barrier to H, dissociation.

In summary, Pd hydrogen separation membranes perform well in gas
streams that do not contain H,S. However, Pd membranes are not viable options
for hydrogen separations from gas streams that contain H,S, such as coal
gasification product gases, because H,S sulfides the bulk of Pd and severely
inhibits hydrogen transport across Pd membranes. PdCu alloy hydrogen
separation membranes are attractive alternatives to pure Pd membranes because of
their sulfur tolerance relative to Pd [9, 29-31] and their high permeability to
hydrogen [9, 10, 18]. A brief summary of the literature regarding PdCu alloy

membranes is given in the next section.

1.4 PdCu alloy hydrogen separation membranes

The Pd47Cusz (mol%) alloy is a particularly attractive alternative to pure
Pd membranes due to its high permeability, which is similar to that of Pd in the
~600 to ~700 K temperature range [7, 9, 10] and its sulfur tolerance at high
temperatures (~900 K) [7, 9, 19]. The high permeability of the Pd4;Cus; alloy is
related to its crystal structure, which is body-centered-cubic (BCC) at

temperatures less than ~700 K and face-centered-cubic (FCC) at temperatures



above ~800 K (see Figure 1.1) [32]. The H atom permeability of BCC Pd4;Cuss

is about an order-of-magnitude greater than that of FCC Pd;Cuss [7, 9].
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Figure 1.1 Pd-Cu phase diagram adapted from [32]. The Pd4;Cuss alloy has a
body-centered-cubic (BCC) crystal structure at temperatures less than ~700 K
and a face-centered-cubic (FCC) crystal structure at temperatures greater than
~800 K. In between ~700 K and ~800 K, the Pd4;Cuss alloy has mixed
BCC/FCC crystal structure. The H atom permeability of BCC Pd,;Cuss is about
an order-of-magnitude greater than that of FCC Pd47Cusz.

Aside from their relatively high permeability to H, the main interest in
using PdCu alloy membranes for hydrogen separation from mixed gases is due to

their sulfur tolerance relative to Pd [9, 18]. There have been several studies on



the effect of H,S on hydrogen permeation through PdCu alloys [7, 9, 18, 19, 21,
22, 30, 33, 34]. The results of all of these studies will not be summarized here,
but the results of the Ph.D. work of Morreale [9] are the primary motivation of
this thesis and his work will be summarized here briefly. Morreale characterized
the effect of 1000 ppm H,S on hydrogen permeation through Pd, Pd7oCusp,
Pd47Cuss, and Pd4oCusy membranes in the 623 to 908 K temperature range. A
summary of Morreale’s results is presented in Figure 1.2, which shows the sulfur
tolerance of Pd, Pd7oCusg, Pd47Cuss, and Pd4oCugo membranes versus temperature.
Sulfur tolerance is arbitrarily defined here as the ratio of the hydrogen flux
through the Pd and PdCu membranes after 5 days of exposure to 1000 ppm H,S in

H, to the hydrogen flux measured during exposure to pure Hy:

H, flux in 1000 ppm H,S
H, fluxin pureH,

Sulfur Tolerance =

In the 623 to 908 K temperature range, the H, flux through Pd after 5 days of
exposure to 1000 ppm H,S is about one-fifth the H, flux in pure H,. The sulfur
tolerance of the Pd;oCuso, Pd47Cuss, and Pd4oCugo alloys is nearly zero at 623 K.
Unlike Pd, however, the sulfur tolerance of Pd7oCusg, Pds7Cuss, and PdsoCuso
increases with increasing temperature. At 908 K, all three PdCu alloys have
sulfur tolerance relative to Pd and hydrogen transport through the Pd4;Cus; alloy

is not significantly inhibited by 1000 ppm H-S.
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Figure 1.2 Sulfur tolerance (ratio of the H, permeation flux after 5 days of
exposure to 1000 ppm H,S to the H, permeation flux in pure Hy) of Pd, Pd;,Cus,
Pd47Cuss, and PdsoCugo Versus temperature (adapted from [4]). The sulfur
tolerance of Pd is roughly constant (~0.2) in the 623 to 908 K temperature range.
The sulfur tolerance of the PdCu alloys is ~0.0 at 623 K, but the sulfur tolerance of
the PdCu alloys increases with temperature. The Pd4;Cuss alloy is completely
sulfur tolerant at 908K.

Morreale also observed that the Pd47Cuss and Pd4oCugo alloys resisted bulk
sulfidation in the 623 to 908 K temperature range [9]. The Pd;,Cus alloy also
resisted bulk sulfidation at 908 K, but there were two different sulfur products
(Pd4S and Pd;3CusS7) observed on the surface of the Pd7oCus, alloy at 623 and
723 K. Another significant, and unexpected, result of Morreale’s Ph.D work was

a link between the presence of Fe-, Cr-, and Ni-sulfide particles on the surface of



PdCu alloys to improved sulfur tolerance. It is not clear how the Fe-, Cr-, and Ni-
sulfide particles improved the sulfur tolerance of the PdCu alloys.

In summary, PdCu alloys are attractive alternatives to pure Pd membranes
due to their high permeability and their sulfur tolerance relative to Pd at high
temperature (~900 K). However, PdCu membranes are not viable for coal
gasification processes because H,S blocks hydrogen transport through PdCu
membranes almost completely in the temperature range that the membrane would

need to be operated (~500 to ~700 K).

1.5 Scope of the thesis

Although Pd and PdCu alloy membranes are not viable options for coal
gasification processes, understanding how H,S slows hydrogen transport through
Pd and PdCu membranes, and why PdCu alloys are sulfur tolerant at high
temperature, may lead to the development of advanced membrane materials that
can tolerate the conditions of a coal gasification process. This thesis is an
experimental investigation of hydrogen transport (H, dissociation and H atom
permeation) across Pd and PdCu membrane. The aim of this thesis is to
understand how H,S slows hydrogen transport across Pd and PdCu membranes,
and to understand why PdCu alloys are sulfur tolerant relative to Pd at high
temperatures.

Pd and the Pd4;Cus; alloy have been used throughout this thesis as
benchmarks for understanding hydrogen transport across dense metal membranes

in the presence of H,S. Two main experimental techniques were used in this



thesis. The rate of hydrogen permeation through Pd and Pd4;Cus; was measured
in a membrane testing apparatus. A H,-D, exchange experiment was developed
in this thesis to investigate: (1) the effect of alloying Pd and Cu on the kinetics of
H, dissociation and (2) the effect of H,S on the rate of H, dissociation over Pd,
Pd47Cuss, and Pd7Cusg surfaces. The effect of H,S on the bulk and surface
compositions of Pd and Pds;Cuss membranes was characterized by x-ray

diffraction, x-ray photoelectron spectroscopy, and scanning electron microscopy.
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Chapter 2

Experimental and Analytical Techniques

2.1 Summary

In this thesis, a combination of experimental and analytical techniques was
used to investigate hydrogen transport across Pd and PdCu membranes. A
membrane testing apparatus was used to measure the rate of H, permeation
through Pd and Pd4;Cus; foil membranes during exposure to both pure H, and a
1000 ppm H,S in H, gas mixture. A fixed bed H,-D, exchange experiment was
developed in this thesis to investigate the effect of H,S on the rate of H,
dissociation on Pd, Pd7oCuso, and Pd47Cussz alloy surfaces. The effect of H,S on
the bulk and near-surface compositions of Pd and Pd4;Cuss was characterized by
x-ray diffraction (bulk), scanning electron microscopy (bulk), and Xx-ray
photoelectron spectroscopy (near-surface). A description of the experimental and
analytical techniques, including the principles of operation of the analytical

instruments, is given in this chapter.
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2.2 Experimental techniques
2.2.1 Pd and Pd4;Cus; foil membrane testing

Hydrogen permeation through Pd and Pds;Cussz foil membranes was
measured using a membrane testing apparatus at the National Energy Technology
Laboratory, which is shown schematically in Figure 2.1. Circular (~1.8 cm?)
membrane foils were cut from 25 pum thick Pd (Alfa Aesar, 99.9% metals purity)
and 25 um thick Pd4;Cusz (ATI Wah Chang, 99.0% metals purity) foils. The
membranes were mounted into a Swagelok® VCR tube assembly and then
installed in the membrane testing apparatus. The H, partial pressure in the
retentate was varied from ~130 kPa to ~270 kPa while the permeated H, was
collected at ambient pressure (~100 kPa). The temperature was measured using
Omega type-K thermocouples positioned ~5 mm from the surface of each side of
the membrane; the operating temperature was given by the average of the two
temperatures. The H, flux through the membrane was measured using a bubble
flowmeter (Alltech Digital Flowmeter Model 4074). Following data collection,
the membranes were cooled to room temperature in He and Ar and then

dismounted for characterization.
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Figure 2.1 Schematic of the membrane foil testing apparatus. 25 um thick Pd
and Pd47Cuss foil was mounted in a Swagelok® VCR tube assembly that was
surrounded by a furnace. The foil membranes were exposed to flowing gases of
pure H, or 1000 ppm H,S in H, at elevated temperature and pressure while the
permeated H, flux was measured with a bubble flowmeter at ambient pressure.
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2.2.2 H,-D, exchange over Pd, Cu, Pd7oCusp, and Pd47Cuss
The effect of H,S on the kinetics of H, dissociation over Pd, PdzqCus, and
Pd47Cuss foil surfaces was investigated by a H,-D, exchange experiment that was

developed in this thesis. A schematic of the H,-D, exchange reactor is shown in

Figure 2.2.
H, + H,S
Zg 2 MEC Furnace
H
gz MFC [—~ Mass
D
; MFC Spectrometer
Ar
MFC

Diced foil
catalyst bed

Figure 2.2 Schematic of the H,-D, exchange reactor. Pd, Cu, Pd;,Cuso, and
Pd4;Cuss foil was diced into ~1 mm? pieces and packed into a quartz tube
reactor surrounded by a tube furnace. H,S+H,/H,/D,/Ar were fed to the reactor
while the product gas was analyzed by a mass spectrometer. The flow rates of
H,S+H,, H,, Dy, and Ar to the reactor were controlled with mass flow
controllers (MFC). The concentration of H,S in the feed gas was controlled by
varying the relative flow rates of a H,S+H, gas mixture and a pure H, gas
cylinder.

H,-D, exchange experiments were performed by flowing H,, D,, Ar and a

H,S/H, gas mixture through a 4 mm 1.D. quartz tube reactor that was packed with
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diced Pd, Cu, Pd7oCusg, or Pd4;Cussz foil while the product gas composition was
analyzed by a mass spectrometer. The total surface area of each catalyst used in
the experiments was ~19 cm®. A metal wired fixed a thermocouple to the outside
of the quartz tube reactor near the catalyst. A tube furnace
(Barnstead/Thermolyne 211000) was used to heat the reactor. Mass flow
controllers (Aalborg GFC 17) regulated the flow rates of H, (99.999%, Valley
National Gases), D, (99.999%, Valley National Gases), Ar (99.999%, Valley
National Gases), (1.09+£0.02%H,S)/98.9%H, (Matheson Tri-Gas), and
(0.107+0.002ppmH,S)/99.9%H, (Matheson Tri-Gas) to the catalyst bed. The H,S
concentration in the feed gas was controlled by diluting the H,S/H, gas mixtures
with pure H,. A ~1 m long, 320 um 1.D. quartz capillary (Polymicro
Technologies) was sealed into the outlet of the quartz tube reactor and the product
gas was sampled by a ~15 cm long, 20 um 1.D quartz capillary (Polymicro
Technologies) that was mounted to a vacuum chamber with a mass spectrometer

(Stanford Research Systems, RGA 200).

2.3 Analytical techniques
2.3.1 X-ray diffraction

X-ray diffraction (XRD) was used to identify the bulk crystal structure and
elemental composition of membrane foil samples. The basis of the XRD
technique is that the atoms in a periodic crystal will scatter an incident beam of x-
rays and constructive interference, or diffraction, will occur in definite directions

that are related to the periodic arrangement of the atoms in the crystal lattice [35].
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Figure 2.3 shows a schematic of the x-ray diffraction process. During XRD
analysis of a foil sample, the incident angle of an x-ray beam with respect to the
sample is varied continuously while the intensity of the diffracted x-ray beam is
measured as a function of the incident angle. Peaks in the x-ray diffraction
intensity occur at specific angles that are related to the spacing between crystal
planes according to Bragg’s Law [35]:
nA=2d,,siné

where n is an integer, 1 is the wavelength of the incident x-ray beam, dnq is the
distance between the (hkl) crystal planes, and & is the angle between the incident
x-ray beam and the (hkl) crystal plane. A comparison of the x-ray diffraction
pattern to a database allows the identification of crystalline compounds and
crystalline structure.

X-ray diffraction (XRD) measurements of the foil surfaces were obtained
using a PANalytical X’Pert Pro MPD powder diffractometer having a theta-theta
configuration, a Cu x-ray source operated at 45 kV and 40 mA and an X’Celerator
detector equipped with a monochromator. Patterns were recorded over a 20 range
of 30 to 90° at a step size of 0.02°. Foil samples were mounted on zero
background quartz slides for analysis. Sample foils were not perfectly flat
resulting in a slight peak shape distortion; however this distortion did not affect

data interpretation.
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Figure 2.3 Schematic of the x-ray diffraction process. An incident x-ray beam
is scattered by the atoms in a crystal and constructive interference, or
diffraction, occurs in specific directions that are related to the periodic
arrangement of the atoms in the crystal lattice according to Bragg’s Law:
nA = 2d,, sin @, where n is an integer, 4 is the wavelength of the incident x-ray

beam, dnq Is the distance between the (hkl) planes in the crystal lattice, and 6 is
the angle between the incident x-ray beam and the (hkl) plane. Comparison of
an x-ray diffraction pattern (scattering intensity versus 20) to a database allows
for the identification of crystal structure and elemental composition.
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2.3.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to characterize the
chemical composition in the near-surface region (~1 to 10 nm) of foil samples.
XPS depth profiling was used to characterize the chemical composition profile of
foil samples as a function of depth into the sample up to ~200 nm. The basis of
the XPS technique, which is shown schematically in Figure 2.4, is that an x-ray
beam incident on a solid sample ejects core-level electrons (photoelectrons) from
the atoms in the sample. Only photoelectrons in the near-surface region (~1 to 10
nm) have enough kinetic energy to escape the sample [36]. The kinetic energy of
the photoelectrons, which is measured by an electron energy analyzer, is related to
the binding energy of the core-level electrons according to:

E,=E, —E, -9,

where Eg is the Kkinetic energy of the photoelectron, E;, is the energy of the
incident x-ray beam, Ey, is the binding energy of the electron, and ¢ is the work
function of the spectrometer. The binding energy of the core-level electrons is
characteristic of the atom from which the photoelectron was generated.
Therefore, XPS is a technique for characterizing the chemical composition in the
near surface region of solid samples.

XPS measurements were performed on a PHI 5600ci instrument. The
XPS instrument employed monochromatic aluminum K, x-rays and the pass
energy of the analyzer was 58.7 eV. Elemental surface concentrations were
calculated from Cu 2psz», Pd 3dsp, and S 2ps, peak areas and calibrated

sensitivity factors. Depth profiles of elemental composition were acquired using
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Ar’ as the sputtering gas and XPS analysis of surface composition. The
differentially-pumped ion gun was operated at 1.5 x 10 Pa and 25 mA,
producing a sputtering rate of approximatelyl0 nm/min based on the calibration

of the sputter rate of a 10 nm Pt film.

Incident Photoelectron

Figure 2.4 Schematic of the x-ray photoemission process. An incident x-ray
beam ejects a core level electron (photoelectron) from an atom near the surface of
the solid sample. The kinetic energy of the photoelectron is related to the binding
energy of the electron, which is characteristic of the atom from which the
photoelectron originated. The mean free path of photoelectrons is ~1 to 10 nm,
making XPS a surface-sensitive technique for characterizing the chemical
composition in the near surface region of solid samples.

2.3.3 Scanning electron microscopy and energy dispersive spectroscopy

Scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS) were used to determine the thickness of sulfide films grown on the surface
of Pd and Pd4;Cuss foils from exposure to H,S. The basis of SEM/EDS is that a
high energy (20 keV) electron beam is swept in a raster across the surface of a

sample producing backscattered electrons, secondary electrons, Auger electrons
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and x-rays that can be analyzed to provide topographical and elemental
information about the sample. EDS analysis of the x-rays ejected from the sample
provides the elemental information that was used to measure the thickness of
sulfide films from cross-sections of the foil membranes that were exposed to H,S.

A schematic of the x-ray emission process in EDS analysis is shown in
Figure 2.5. The interaction of the incident electron beam with core-level electrons
in the atoms of the sample can excite the core-level electrons to produce
secondary electrons and holes in the core-level orbital from which the secondary
electrons originated from. Relaxation of higher-level electrons into the core-level
holes is accompanied by two possible processes: Auger electron emission or x-ray
emission. The energy of the Auger electrons and of the x-rays is equal to the
difference in the energy level of the higher-level and core-level electron and is
characteristic of the atom from which the process occurred. By mapping the
sulfur x-rays over a two-dimensional area of a cross-section of Pd and Pd4;Cuss
foils by EDS, the thickness of the sulfide film produced during exposure to H,S

was determined.
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Figure 2.5 Schematic of the x-ray emission process for energy dispersive
spectroscopic analysis. (a) An incident electron beam ejects a secondary electron
from the sample and creates a hole in the core level (open circle). (b) The core
level hole is filled by a higher level electron which is accompanied by x-ray
emission from the sample. The energy of the x-ray is characteristic of the atom
from which the x-ray was emitted and, therefore, spectroscopic analysis of the x-
rays emitted from the sample gives elemental information about the sample.

2.4 Conclusions

A combination of experimental and analytical techniques was used in this
thesis to investigate the effect of H,S on hydrogen transport (H, dissociation and
H atom permeation) across Pd and Pd4;Cus; membranes. Hydrogen permeation
through Pd and Pd4;Cuss foil membranes was measured both in the absence of
H.S and in the presence of H,S with a membrane testing apparatus. The effect of
H,S on the rate of H, dissociation on Pd, Pd7,Cusp, and Pd47Cus3 was investigated
with a H;-D, exchange experiment that was developed in this thesis.

Compositional analysis by x-ray diffraction, scanning electron microscopy, and x-
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ray photoelectron spectroscopy was done to characterize the effect of H,S on the

bulk and surface compositions of Pd and Pd;Cuss foil membranes.
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Chapter 3

The Effect of H,S on Hydrogen Permeation through Pd and Pd;Cuss

3.1 Summary

In this chapter, the effect of H,S on hydrogen permeation through Pd and
Pd47Cuss foils is contrasted. In pure H, gas, hydrogen fluxes through pure Pd and
Pd47Cus; foils in the 623 K to 723 K temperature range are similar.  In the
presence of 1000 ppm H.S in Hy, the hydrogen fluxes through both foils are
substantially reduced, but with significantly different decay patterns. Six hours
after the start of H,S exposure, the Pd foil remained permeable to hydrogen, with
the flux decreasing slowly over time. Our results show that H,S slows hydrogen
permeation through Pd indirectly by producing a relatively thick (~um) Pd4S film
on the Pd surface that is about an order-of-magnitude less permeable to hydrogen
than pure Pd. H,S also inhibits hydrogen transport through Pd directly, possibly
by blocking H, dissociation sites at the Pds;S surface. In contrast to Pd, the
hydrogen flux through the Pd47Cuss foil is undetectable within five minutes of the
start of H,S exposure. XPS depth profiling of the Pd47Cuss foil reveals that sulfur
penetrates only ~3 nm into the Pd47Cus; surface. Rapid formation of a Pd-Cu-S
terminal layer, which is either inactive for hydrogen dissociation or impermeable
to hydrogen atoms, is responsible for the deactivation of the Pd4;Cus; alloy
membrane in H,S at 623 K. At higher temperatures, the effect of H,S on
hydrogen permeation through Pds;Cuss diminishes and the alloy is completely

sulfur tolerant at temperatures greater than ~900 K.
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3.2 Introduction

Coal can be used to produce affordable supplies of H, for use as a clean
fuel or as a chemical commodity. Such supplies of H, must be separated from a
coal derived gas stream composed primarily of H, and CO,, with several other
constituents such as steam, CO, and H,S, at temperatures in the ~500 to ~700 K
range. Dense metal membranes, which catalyze H, dissociation and allow only
atomic H to permeate their bulk, are promising candidates for H,/CO, separation
due in part to their potential to produce high purity hydrogen and a high pressure
CO.-rich stream that is amenable to sequestration. However, coal gasification
also produces H,S, a highly corrosive gas that can react with Pd to form Pd,S [9,
25, 29, 37] via the reaction:

4Pd + H,S « PdsS + Ha.
The H; flux across Pd membranes decreases rapidly during H,S exposure [9, 25].
Morreale et al. [25] correlated the decay in H, flux during H,S exposure to the
PdsS growth Kinetics measured under similar conditions. In doing so, they
suggested that the decay in H, flux was due to the growth of a Pd,S film on the Pd
surface which has a H, permeability more than an order-of-magnitude lower than
that of Pd.

To impart resistance to corrosion by H,S, Pd has been alloyed with other
metals [9, 21, 38-40]. Hydrogen transport through Pd-Cu alloys has received
significant attention from both experimental and computational researchers [7, 9,
10, 19, 21, 22, 32-34, 38-52]. The Pd4;Cus; (mol%) alloy has the highest

hydrogen permeability at 623 K among the Pd-Cu alloys [33, 43, 45, 46], and is
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comparable in its hydrogen permeability to pure Pd at the same temperature. At
higher temperatures (~900 K), hydrogen transport through Pds;Cuss is not
significantly inhibited by 1000 ppm H,S [29]. At 623 K, however, hydrogen
transport through Pd4;Cuss is severely inhibited by H,S [7, 9, 19, 38].

In this chapter, we contrast the responses of Pd and Pd47Cus; membranes
to exposure to 1000 ppm H,S in H; at 623 K. We analyze the compositions of the
S-contaminated membranes by x-ray diffraction and x-ray photoelectron
spectroscopy depth profiles to provide a framework for understanding the
differences in their H,S-induced performance degradation. This work shows that
H,S slows hydrogen transport through Pd by forming a relatively thick (~pm)
Pd4S layer that retains some ability to dissociate and transport hydrogen, although
its H atom permeability is about an order-of-magnitude lower than that of Pd.
The Pd47Cuss alloy, on the other hand, forms a very thin (~nm) Pd-Cu-S layer
that is completely impermeable to hydrogen at 623 K. At temperatures above
~900 K, however, H,S has no effect on the rate of hydrogen permeation through

Pd47CU53.

3.3 Experimental

Hydrogen transport measurements were performed using foil membranes
of pure Pd and Pd47Cuss. Circular membrane foils were cut from 25 um thick Pd
(Alfa Aesar, 99.9% metals purity) and 25 um thick Pd47Cuss (ATI Wah Chang,
99.0% metals purity) foils. The membranes were washed with acetone and

mounted into a Swagelok® VCR tube assembly. The effective membrane surface
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area was about 1.8 cm?® Membranes were leak-tested by pressurizing the
retentate (upstream) side of the membranes with 300 kPa of Ar and observing the
pressure for 20 minutes. A leak-proof membrane was indicated by less than 1 kPa
pressure drop on the upstream side.

Prior to making hydrogen permeation measurements, the membranes were
heated to 623 K in He (retentate, upstream) and Ar (permeate, downstream). Then
the retentate side of each membrane was exposed to a flowing mixture of 90%
H,/10% He (Butler Gas Products, Inc.) at 310 kPa, with the permeated H
collected at ambient pressure (~100 kPa). The temperature was measured using
Omega type-K thermocouples positioned ~5 mm from the surface of each side of
the membrane; the operating temperature was given by the average of the two
temperatures. The H, flux through the membrane was measured using a bubble
flowmeter (Alltech Digital Flowmeter Model 4074). A 1000 ppm H»S/10%
He/balance H, mixture (Butler Gas Products, Inc.) was introduced to the
membrane surface following exposure to the 90% H,/10% He mixture. The
permeate gas composition was periodically analyzed by a gas chromatograph
(Agilent Technologies Model 6890N) for its He content in order to confirm the
absence of pinholes in the membrane. No He was detected in the permeate stream
during the entire duration of the membrane tests, before and during H,S exposure.

Pd4S films were produced on the surface of Pd foils by exposure to a gas
mixture with a composition of 1000 ppm H,S / 10% He / H, (Butler Gas Products,
Inc.) at a total pressure of 269 kPa and a temperature of 623 K. The H,S exposure

time varied from ~5 minutes for the thin (1 um) Pd,S films to ~24 hours for the
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thicker (>15 pum) Pd,S films. The bi-layered Pd,S/Pd membranes were then
exposed to either pure H; (99.99%, Butler Gas Products, Inc.) or the 1000 ppm
H,S in H, gas mixture while H, permeate flow rates were measured with a bubble
flowmeter (Alltech Digital Flowmeter Model 4074) at ambient pressure. H,
fluxes did not change over the course of the measurements (~30 minutes) and,
therefore, the Pd,;S thicknesses were assumed to be constant. Following data
collection, the membranes were cooled to room temperature in He and Ar and
then dismounted for characterization.

X-ray diffraction (XRD) measurements of the foil surfaces were obtained
using a PANalytical X’Pert Pro MPD powder diffractometer having a theta-theta
configuration, a Cu x-ray source operated at 45 kV and 40 mA and an X’Celerator
detector equipped with a monochromator. Patterns were recorded over a 26 range
of 30 to 90° at a step size of 0.02°. Foil samples were mounted on zero
background quartz slides for analysis. Sample foils were not perfectly flat
resulting in a slight peak shape distortion; however this distortion did not affect
data interpretation.

Scanning electron microscope (SEM) analyses of cross-sections of the
foils were performed to determine the nature of the films grown on their surface
during exposure to H,S. Cross-sectioned pieces of the Pd and Pd4;Cus;z foils
were set in epoxy and then polished with Carbimet Paper (Buehler) up to 1200
grit. The polished cross-sections were then analyzed with an Aspex Personal

SEM 2000 which was operated with a 20 keV electron beam. Sulfur x-ray maps
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of the cross-sections were used to quantify the thickness of the surface sulfide
formed on the membrane foils.

X-ray photoelectron spectroscopy (XPS) measurements were used to
determine the surface compositions of the foils and for depth profiling of the
composition in the near surface region. XPS measurements were performed on a
PHI 5600ci instrument. The XPS instrument employed monochromatic
aluminum K, x-rays and the pass energy of the analyzer was 58.7 eV. Elemental
surface concentrations were calculated from Cu 2ps2, Pd 3dsp, and S 2ps, peak
areas and calibrated sensitivity factors. Depth profiles of elemental composition
were acquired using Ar® as the sputtering gas and XPS analysis of surface
composition. The differentially-pumped ion gun was operated at 1.5 x 10? Pa
and 25 mA, producing a sputtering rate of approximately 10 nm/min based on the

calibration of the sputter rate of a 10 nm Pt film.

3.4 Model for extraction of permeabilities
Fick’s first law of diffusion governs H atom transport through dense Pd

and PdCu membranes at steady state:

_ D-Ac,

J
; X

1)

where Jy is the steady-state H atom flux, D is the diffusivity of H atoms in the
metal, Acy is the difference in the H atom concentration across the metal, and x is

the thickness of the membrane. If the gas-phase H, on the high pressure side of
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the membrane is in equilibrium with the H atoms dissolved near the high pressure
surface of the membrane, and the gas-phase H, on the low pressure side of the
membrane is in equilibrium with the H atoms dissolved near the low pressure
surface of the membrane, then Sievert’s law relates the difference in the H atom

concentration across the membrane, Acy, to the difference in the square root of
the H, partial pressure across the membrane, AP:}?:

1/2
where S is the solubility of H atoms in the metal. Substitution of Sievert’s Law,
equation (2), into Fick’s first law of diffusion, equation (1), gives:

_ DS-AP}Y

J
; X

)
Defining the H atom permeability (2 H atom basis) of the metal membrane, k, as:

k=7, (4)

and substituting equation (4) into equation (3) gives the steady-state H, flux

across a metal membrane, Juo:

Jpp =—H2 (%)

H, transport across composite membranes has been well described in other
publications [25, 53-56], and the H, flux across a bi-layered Pd,;S/Pd foil can be
modeled by equation (6) if H-atom diffusion is rate-limiting [25]:

AP)?

XPd4S + XPd

(6)

i =

de4S de
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where Kpgss 1S the H atom permeability (2 H atom basis) of Pd4S, kpq is the H atom
permeability (2 H atom basis) of Pd, Xp4ss IS the thickness of the Pd,S film, and
Xpg 1S the thickness of Pd substrate. If H atom diffusion through a bi-layered

Pd,S/Pd foil is rate-limiting, then the H, flux should be directly proportional to
AP}’? with a slope that can be used to calculate the permeability of Pd,S if the

permeability of Pd is known and the Pd,S and Pd thicknesses are known.

3.5 Results and Discussion
3.5.1 The hydrogen permeability of Pd and Pd4;Cuss

H, fluxes across Pd and Pd4;Cus; foil were measured in pure H; to
determine the H atom permeability of Pd and Pd4;Cuss. Figure 3.1 shows the H,
fluxes across (a) 25 um thick Pd foil and (b) 25 um thick Pd4;Cuss foil during
exposure to pure Hs in the 623 to 973 K (1023 K for Pd47Cuss) temperature range.
As expected, H, fluxes across the Pd foil increased with increasing pressure and
temperature. H; fluxes across the Pds;Cuss foil also increase with increasing
pressure; however, the H, flux changes non-monotonically with increasing
temperature. H, fluxes across the Pd4;Cuss foil increase from 623 to 723 K, then
decrease from 723 to 873 K, and then increase again from 873 K to 1023 K. This
non-monotonic change in the H, flux with temperature is due to a change in the
Pd47Cuss crystal structure from body-centered-cubic (BCC) at temperatures below
~723 K to face-centered-cubic (FCC) at temperatures above ~873 K [7, 9, 10]. In
the temperature range ~723 to ~873 K, the BCC and FCC crystal phases of the

Pd47Cuss co-exist in a mixed phase structure [7, 9, 10].
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Figure 3.1. H; fluxes across 25 pum thick (a) Pd and (b) Pd47Cussz foil versus
Sievert’s partial pressure driving force, AP:Z, in the 623 to 973 K (1023 K for
Pd47Cuss) temperature range during exposure to pure Hp.  H; fluxes across the
Pd foil increase with increasing pressure and temperature. H, fluxes across the
Pd47Cuss foil increase with increasing pressure, but change non-monotonically
with temperature. In the 623 to 723 K temperature range, H, fluxes across the
Pd47Cuss foil increase with increasing temperature, then H, fluxes decrease
with increasing temperature from 723 to 873 K, and then H; fluxes increase
with increasing temperature from 873 to 1023 K. This non-monotonic change
in H; flux is due to a change in the Pd4;Cuss crystal from body-centered-cubic
at temperatures less than ~723 K to face-centered-cubic at temperatures greater
than ~873 K [7,9,10]. The body-centered-cubic crystal structure of the
Pd47Cuss alloy is much more permeable to H atoms than the face-centered-
cubic crystal structure of the alloy.
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The H, fluxes across Pd (Figure 3.1(a)) and Pd47Cuss (Figure 3.1(b)) are

directly proportional to the Sievert’s partial pressure driving force, AP,
indicating that H atom diffusion through the bulk of the foils is rate limiting.
Using equation (5) and the slopes of the fitted solid lines in Figure 3.1(a) and
3.1(b), the H atom permeability of Pd (key) and Pds;Cuss (Kpgazcuss) were

calculated at each temperature. The H atom permeability (2 H atom basis) of Pd

was fit to an Arrhenius expression:

(-0.199+0.004)eV | molH,
K, T Jm-s-Pa'”

kpd — 1076.33i0.03 exp( (7)

where T (K) is the temperature and kg is the Boltzmann constant. Figure 3.2(a)
illustrates that our results for the H atom permeability of Pd are consistent with
previous literature reports [8, 57, 58]. Figure 3.2(b) shows that our result for the
H atom permeability of Pds;Cuss are also consistent with previous literature

reports [9, 31].
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Figure 3.2 Arrhenius plots of the H atom permeability of (a) Pd and (b) Pd47Cus;
calculated with equation (5) and the H, fluxes in Figure 3.1(a) and 3.1(b),
respectively. Our measurements for the H atom permeability of Pd are in good
agreement with those of Morreale [8], Davis [57], and Balovnev [58]. Our
measurements for the H atom permeability of Pd4;Cus; are in good agreement with
those of McKinley [31] and Morreale [9]. The H atom permeability of the face-
centered-cubic crystal structure of the Pds;Cus; alloy is about an order-of-
magnitude lower than that of the body-centered-cubic crystal structure of the alloy.
Figure 3.2(a) is adapted from [2].

A comparison of the H atom permeability of Pd and Pd4;Cus; measured in
this work, and the H atom permeability of Cu [59] and Pd7oCus, [9] from
literature, is shown in Figure 3.3. The H atom permeability of Cu is about three
to five orders-of-magnitude lower than that of pure Pd in the 623 to 973 K
temperature range. The H atom permeability of BCC Pd47Cus; (~623 to 723 K) is

similar to that of pure Pd but the permeability of FCC Pd,;Cuss (~873 to 1023 K)
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is about an order-of-magnitude lower than that of Pd. The H atom permeability of
Pd7oCuso, which has only a FCC crystal structure, is about one-fifth that of pure

Pd.
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Figure 3.3 Comparison of the H atom permeability of Pd and Pds;Cuss
measured in this work, and the H atom permeability of Cu [59] and Pd7oCus [9]
from literature. The H atom permeability of Cu is about three to five orders-of-
magnitude lower than that of Pd. The H atom permeability of BCC Pd47Cus;
(~623 to 723 K) is similar to that of Pd, but the H atom permeability of FCC
Pd47Cuss (~873 to 1023 K) is about an order-of-magnitude lower than that of Pd.
The H atom permeability of Pd7qCuso, which only has a FCC crystal structure, is
about one-fifth that of Pd.
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3.5.2 Inhibition of H; transport through Pd and Pd4;Cuss by H,S at 623 K

In the previous section, it was shown that the H atom permeabilities of Pd
and Pd47Cuss are similar in the 623 to 723 K temperature range. In this section,
the effect of H,S on hydrogen permeation through Pd and Pd4;Cusz foils is
contrasted. We analyze the sulfur-exposed Pd and Pd4;Cuss foils by x-ray
diffraction, scanning electron microscopy, and x-ray photoelectron spectroscopy
to provide a framework for understanding the mechanisms by which H,S slows
hydrogen transport.

The transient effect of H,S on hydrogen permeation through Pd and
Pds7Cuss was investigated by measuring hydrogen fluxes through Pd and
Pd47Cuss foil membranes, first in the absence of H,S to establish a baseline, and
then in the presence of 1000 ppm H,S. Results of the membrane test are
presented in Figure 3.4. Baseline hydrogen fluxes through the two foils were ~0.1
mol/m?/s for both Pd and Pd47Cuss. Assuming that Sievert’s Law is obeyed, the
calculated H atom permeabilities (2 H atom basis) from the baseline H; fluxes
were ~1.3x10°® mol/m/s/Pa'’? for Pds;Cuss and ~1.2x10® mol/m/s/Pa'’? for Pd;
both are in good agreement with our permeabilities measured in section 3.5.1 (see
Figure 3.3). Both membranes displayed significant decreases in hydrogen flux
upon exposure to 1000 ppm H,S. The hydrogen flux through the Pd4;Cuss foil
was below the detection limit of the bubble flowmeter (< ~4x10™* mol/m?/s)
within five minutes of exposure to H,S. In contrast, after an initially rapid

decline, the hydrogen flux decay through the Pd foil slowed significantly. After
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six hours of H,S exposure, the hydrogen flux through the Pd membrane was still

10% of its baseline value.

0.14

0.124

©
o
@

0.06

H,, flux (mol/mzls)

0.04 4

0.02 1
1
[
[
1
T T —

0.00

Test duration (hours)

Figure 3.4 Hydrogen flux through 25 um Pd (blue solid line) and Pd47;Cuss (red
dashed line) membranes versus test duration at 623 K, total feed gas pressure of
310 kPa and total permeate pressure of ~100 kPa (ambient pressure). A 90%
H2/10% He mixture was exposed to the membrane surface during the first portion
of the test and then 1000 ppm H>S/10% He/balance H, was fed to the membrane
surface at 6 hours. The Pd membrane was still permeable to H, after 6 hours of
exposure to 1000 ppm H,S whereas, the Pd47Cuss membrane was impermeable to
H, after less than 5 minutes of exposure to H,S. Figure 3.4 is adapted from [1]

with permission.

To determine whether any thick metal-sulfide compounds (corrosion
layers) formed as a result of H,S exposure, the Pd and Pd4;Cuss foils were
analyzed by x-ray diffraction (XRD) following membrane testing. Figures 3.5(a)

and 3.5(b) display the XRD patterns for the Pd and Pd4;Cuss foils, respectively,
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including diffraction patterns of the clean Pd and Pd47Cus; foils for reference. As
expected, the diffraction pattern of the clean Pd foil exhibits features that are
assignable to the face-centered-cubic Pd structure. The XRD pattern of the Pd
foil that was exposed to H,S is dominated by features that can be assigned to
crystalline palladium sulfide (Pd4S), with only very small peaks from metallic Pd.
These results illustrate that H,S exposure causes the Pd membrane to form a
specific palladium sulfide reaction product, Pd4S. In contrast to the XRD results
from the Pd foil, the XRD patterns of the clean Pd4;Cuss foil and the Pd4;Cuss
foil after 6 hours of H,S exposure (Figure 3.5(b)) are nearly identical and are both
assignable to the body-centered-cubic structure of Pd47Cuss. The diffraction peak
intensities of the clean and H,S-exposed Pd4;Cuss foils are not identical and vary
from the intensities expected for an ideal body-centered-cubic Pds;Cuss
powdered sample. The peak intensities observed for the clean Pd foil also vary
from the intensities expected for an ideal face-centered-cubic Pd powdered
sample. These variations are probably due to the fact that non-ideal solid metal
foil samples were analyzed. The discrepancies in peak intensity probably reflect a

preferred orientation of the metal crystallites comprising the membrane foils.
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Figure 3.5 X-ray diffraction patterns of (a) 25 um Pd foil before (Clean) and after
exposure to 1000 ppm H,S for 6 hours (Exposed to H,S) and (b) 25 pum Pd4;Cus;
foil before (Clean) and after exposure to 1000 ppm H,S for 6 hours (Exposed to
H,S). The peaks in the diffraction pattern of the clean Pd foil are assignable to the
face-centered-cubic crystal structure. The peaks in the diffraction pattern of the Pd
foil exposed to H,S are associated with a palladium sulfide compound, Pd;S. The
diffraction patterns of the clean Pd4;Cuss foil and the Pds;Cus; foil exposed to H,S
are nearly identical and are associated with the body-centered cubic crystal
structure of the alloy. Figure 3.5 is adapted from [1] with permission.

Cross-sections of the Pd and Pd4;Cuss foils were imaged by SEM to
determine the thickness of sulfur corrosion layers on the surface of the foils. The
sulfur concentration was mapped over the SEM images by EDS. SEM analysis of
the Pd and Pd4;Cuss foils after H,S exposure are presented in Figures 3.6(a) and
3.6(b), respectively; EDS mapping of sulfur concentration in the SEM images of

the Pd and Pd47;Cuss foils are presented in Figures 3.6(c) and 3.6(d), respectively.
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A noticeable difference in the roughness of the Pd and Pd4;Cuss foil surfaces
exposed to H,S is evident from the SEM images in Figure 3.6; the surface of the
Pd foil (Figure 3.6(a)) is significantly rougher than that of the Pd4;Cuss foil
(Figure 3.6(b)). Sulfidation of the Pd foil surface to Pd4S is probably responsible
for the fact that the Pd foil surface is rougher than that of the Pd4;Cuss foil, which
did not form any sulfur compounds that could be detected by XRD. EDS reveals
a sulfur-rich layer on the surface of the Pd foil (Figure 3.6(c)), which XRD
identified as a Pd4S film, that is ~6.6 = 0.9 um thick (average of 75 different
thickness measurements across the entire length of the Pd foil cross-section). In
contrast to the sulfur film observed on the Pd foil, EDS (Figure 3.6(d)) did not
detect a significant amount of sulfur on the Pd4;Cuss foil after H,S exposure.
EDS analyzes x-rays from a relatively large volume within the sample, however,
and thus, it is not able to detect sulfur contamination in a very thin layer near the

surface of the Pd47Cuss membrane.
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Figure 3.6 Scanning electron micrographs of cross-sections of the (a) Pd and (b)
Pd47Cus; foils that were exposed to H,S for 6 hours. Sulfur x-ray mapping in the
SEM images of the (c) Pd and (d) Pd4;Cuss cross-sections highlight the S-rich
regions in white. After 6 hours of H,S exposure, the thickness of the PdsS film
produced on the surface of the Pd foil ((a) and (c)) was ~6.6 um thick. In contrast
to Pd, there was no sulfur detected in the cross-section of the Pd4;Cuss foil by
SEM/EDS. Figure 3.6 is adapted with permission from [1].

XPS depth profiles of the Pd and Pd4;Cuss foils were collected to detect
sulfur contamination near the membrane surfaces that may be undetectable by
XRD and EDS analysis. XPS composition depth profiles of the Pd and Pd47Cuss
foils after six hours of H,S exposure are presented in Figures 3.7(a) and 3.7(b),

respectively. The Pd foil (Figure 3.7(a)) has a stoichiometry in the near-surface

40



region (~200 nm) that is approximately constant at Pd:S = 4:1, which is consistent
with the presence of Pd,S as indicated by the XRD results. In contrast, S appears
only very near the top-surface of the Pd47Cuss alloy membrane (Figure 3.7(b)); its
signal decayed to zero after Ar® sputtering only ~3 nm into the bulk of the

Pd47Cussz membrane.
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Figure 3.7 X-ray photoelectron spectroscopy depth profiles of the (a) 25 um Pd
and (b) 25 um Pd47Cusz membranes exposed to 1000 ppm H,S for 6 hours.
Elemental concentrations are shown for Pd, S, and Cu. The sputtering rate is ~10
nm/min as measured using a pure Pt film. The Pd:S ratio in the near-surface
region (~200 nm) of the Pd foil is roughly constant at 4:1, which is consistent with
PdsS stoichiometry. Sulfur was detected only a few nm into the bulk of the
Pd47Cuss foil exposed to H,S. Figure 3.7 is adapted with permission from [1].

Pd and Pd4;Cusz membranes clearly respond differently to H,S exposure
at 623 K. We believe that the different responses of the hydrogen flux to H,S

exposure exhibited by the two membranes are related to the evolution of their
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surface compositions during H,S exposure.  Furthermore, two different
mechanisms may be responsible for the inhibition of hydrogen transport through
the two membranes: poisoning of the catalytic dissociation of H, at the surface
and reduced permeability of hydrogen through the bulk of the membrane.

The observation of non-zero flux through the Pd foil during H2S exposure
indicates that the membrane surface retained H, dissociation activity. The
continuous slow decline of the hydrogen flux through the Pd membrane is
indicative of an increasing resistance to hydrogen transport, which is consistent
with hydrogen atom diffusion being retarded by a slowly thickening, dense, low-
permeability Pd4S corrosion layer on the surface. This mechanism has been
suggested by Morreale, et al. who estimated the hydrogen permeability of Pd,S at
623 K to be ~1/20™ that of Pd by correlating Pd4S growth kinetics to the decline
in hydrogen flux through a Pd membrane during H,S exposure [9, 25]. The steep
initial decline in hydrogen flux through the Pd membrane immediately following
H.S exposure may be due to a rapid initial corrosion rate that slows as diffusion
of Pd and/or S ions through the Pd4S scale becomes slower. Another possible
explanation for the rapid initial decline in hydrogen flux through the Pd
membrane following H,S exposure is that the catalytic activity of the Pd4S
surface may be significantly lower than that of Pd. As the thickness of the low-
permeability Pd,S film grows beyond a critical value, hydrogen atom diffusion
through the bulk becomes rate limiting. A third explanation for the evolution of

the hydrogen flux is that there may be a significant barrier to hydrogen atom
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transport across the Pd4S/Pd interface that dominates transport initially but
becomes insignificant as the Pd4S thickness grows beyond a critical value.

The immediate decline in hydrogen flux through the Pd4;Cus; membrane
at the start of H,S exposure must be related to the properties of its thin Pd-Cu-S
terminal layer. Neither XRD nor XPS depth profiling could identify this thin Pd-
Cu-S terminal layer as a specific compound and, therefore, the mechanism of its
formation is not clear. Presumably this layer is either inactive for hydrogen

dissociation or it displays near-zero hydrogen atom permeability.
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3.5.3 The hydrogen permeability of Pd,S

In the previous section, it was shown that exposure of Pd to H,S resulted
in the formation of a relatively thick (~um) Pd,4S film on the surface of the Pd foil.
In this section, the influence of Pd,S film formation on slowing hydrogen
transport through Pd is investigated in more detail. The effect of Pd,S film
thickness on the H, flux across Pd;S/Pd foils was investigated by measuring H,
fluxes across Pd,sS/Pd foils with various Pd,S film thicknesses. Pd,S films were
produced by exposing the upstream surface of pure Pd foils to a 1000 ppm H,S /
10% He / H, gas mixture at a total pressure of 269 kPa and a temperature of 623 K
in the membrane testing apparatus. H, fluxes were measured using pure H; to
prevent Pd,S growth during measurements and to eliminate the effects of H,S on
H, transport; H, fluxes did not vary over the course of the measurements (~30
minutes) and, therefore, the PdsS thicknesses can be assumed to be constant
throughout the experiment.  Following membrane testing, the Pd,S film
thicknesses were measured by cross-sectional optical microscopy of the Pd,S/Pd
foils. Figure 3.8 shows the H; fluxes across Pd4S/Pd foils with Pd,S thicknesses
of O (pure Pd), 1, 2, 6, and 14 um at 623 K. Due to the low permeability of Pd,S

relative to Pd, the H, fluxes decrease as the Pd,S thickness increases.

44



Pure Pd
0.08

o©

o

[}
1

1um Pd,S

0.04 4

2
H, flux (mol/m°/s)

2umPd,S

0.02+
6um Pd,S

15um Pd,S

0.00 T g T T T T 1
0 50 100 150 200
112 1/2)

AP, (Pa

Figure 3.8 H, fluxes across bi-layered Pd,S/Pd foils with PdsS thicknesses of 0
(pure Pd), 1, 2, 6, and 14 um during exposure to pure H, at 623 K. Pd,S films
were produced on the surface of Pd by exposure to 1000 ppm H,S / 10% He/ H at
623 K and a total pressure of 269 kPa. H,S exposure times varied from ~5
minutes for the 1 um Pd4S film to ~24 hours for the 14 um Pd,S film. The H;
partial pressure in the feed gas was varied from 128 to 266 kPa while the
permeated H, was collected at ambient (101 kPa) pressure. H, fluxes decrease as
the Pd,S thickness increases due to the low permeability of Pd.S relative to Pd.
Figure 3.8 is taken with permission from [2].

45



To determine whether H,S inhibits H, transport across Pd,S/Pd by factors
in addition to the presence of the Pd,S film, H, fluxes across Pd,S/Pd foils were
measured during exposure to a 1000 ppm H,S / 10% He / H, gas mixture. Figure
5 shows the H; fluxes across a 14 um Pd;S/Pd foil during exposure to both pure
H, and a 1000 ppm H,S / 10% He / H, feed gas mixture at 623 K. In both pure H;
and in the H,S/H, gas mixture, H, fluxes did not change significantly over the
course of the measurements (~30 minutes); therefore, the Pd,S thickness can be
assumed to be constant throughout the experiment. At all H, pressures, the H,
fluxes across the 14 pum Pd,S/Pd foil were significantly lower in the 1000 ppm
H,S in H, gas mixture than in pure H,. H, fluxes across bi-layered Pd,S/Pd foils
were also measured at 673 K with a ~14 um Pd,S film, 723 K with a ~19 pm
Pd4S film, and 773 K with a ~22 um Pd,4S film, both in pure H, and in the 1000
ppm H,S / 10% He / H, feed gas mixture. At all temperatures and Pd,S film
thicknesses, the H, fluxes across the bi-layered Pd;S/Pd foils were lower in the
H,S/H, gas mixture than in pure H,. Given the relatively low H; fluxes, the low
He concentration, and the low H,S concentration, gas-phase hydrogen transport
near the surface of the membranes (i.e. concentration polarization) is probably not
the cause of the reduced H, flux in the 1000 ppm H,S / 10% He / H, feed gas
relative to that in the pure H, feed gas. Therefore, H,S probably inhibits one or
more molecular processes at the Pd;S surface. H,S may inhibit the H;
dissociation reaction by blocking H, adsorption sites or by increasing the barrier

to H, dissociation. The effect of H,S on H, dissociative adsorption on Pd,S will
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be discussed in more detail in Chapter 5. Alternatively, H,S may inhibit H-atom

transport from the surface to the sub-surface of Pd,S.
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Figure 3.9 H, fluxes across a 14 umPd,S / Pd foil at 623 K during exposure to
pure H, and a 1000 ppm H.S / 10% He / H, gas mixture (H2 + HyS). The H;
partial pressure in the feed gas was varied from 128 to 266 kPa while the
permeated H, was collected at ambient (101 kPa) pressure. H; fluxes across the 14
umPd,S / Pd foil are significantly lower in the H, + H,S gas mixture than in the
pure H, feed gas which could be due to H,S blocking of H, dissociation sites.
Figure 3.9 is taken with permission from [2].

During exposure to pure H; at varying pressure in the 623 to 773 K
temperature range, the H, fluxes are directly proportional to AP? and intersect

the origin, which indicates that H atom diffusion through the bulk of the foil is

rate-limiting and that the Pd,S layer is essentially dense. Therefore, the H atom
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permeability of Pds;S can be calculated using equation (6). The temperature
dependence of the H atom permeability (2 H atom basis) of PdsS (kpass) is given

by an Arrhenius expression:

(-0.22+0.03)V | molH,
kT Jm-s-Pa'”

Keass = 1077 exp( (8)

where T (K) is the temperature and kg is the Boltzmann constant. Figure 3.10 is
an Arrhenius plot that compares the H atom permeability (2 H atom basis) of Pd
and Pd4S measured in this work and the H atom permeability of PdsS determined
by Morreale by correlation of PdsS growth kinetics to H, permeability decay in
the presence of H,S [25]. Except for the measurement made at 623 K, our results
for the H atom permeability of Pd,S are in very good agreement with the
experimental results reported by Morreale; the H atom permeability of Pd,S is
about an order-of-magnitude lower than that of Pd. The small difference between
our results and those of Morreale at 623 K may be due to the fact that the latter
were determined from measurements made in the presence of H,S. As described
earlier, in addition to reacting with Pd to form Pd.S, H,S may also block H;
dissociation sites on the Pd,S surface. In this work, the H atom permeability of
Pd,S was determined from measurements of H, transport across bi-layered
Pd,;S/Pd foils during exposure to pure H,. For all of the bi-layered Pd,;S/Pd foils
from which the H atom permeability of Pd,S was measured, more than 90% of the
total resistance to hydrogen transport was attributable to the Pd;S film and,

therefore, our method for calculating the H atom permeability of Pd,S should be
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reasonably accurate. The good agreement between our results and the results
from Morreale [25] illustrates that the decay in H; flux through a Pd foil during

H,S exposure is mainly due to the growth of a low permeability Pd,S film on the

Pd surface.
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Figure 3.10 Comparison of the H atom permeability of Pd (closed squares) and
the H atom permeability of Pd4S measured in this work (closed circles) and in the
work of Morreale (open triangles) [25]. The H atom permeability of PdsS was
measured using bi-layered Pd,S foils with Pd,S thicknesses of ~14 um at 623 K,
~14 pmat 673 K, ~19 um at 723 K, and ~22 pum at 773 K. The solid fitted lines

for the H atom permeability of Pd and Pd,S are described by equations (7) and
(8), respectively.
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3.5.4 High temperature sulfur tolerance by Pd47Cus;

At 623 K, the Pd4;Cuss alloy is impermeable to H; in the presence of 1000
ppm H,S (see Figure 3.4). A thin (~nm) Pd-Cu-S layer forms on the surface of
the Pd4;Cus; alloy that blocks all hydrogen transport through the alloy. At higher
temperatures, however, the influence of H,S on hydrogen permeation through
Pd47Cus3 becomes weaker. Figure 3.11 shows the H, fluxes through Pds7Cuss
versus Sievert’s partial pressure driving force during exposure to pure H; and
1000 ppm H S at (a) 673 K, (b) 773 K, (¢) 873 K, and (d) 973 K. H,S completely
blocks hydrogen transport through Pd4;Cuss at 673 K. At 773 K, the H, flux
through Pd4;Cuss in the presence of H,S is non-zero but is still much lower than
the H, flux in pure H,. At 873 K, the difference between the H, flux measured in
pure H, and the H, flux measured in 1000 ppm H,S becomes smaller. At 973 K,
there is not a significant difference in the H, flux measured in pure H, and that
measured in 1000 ppm H,S. At 973 K, the H; fluxes vary linearly with the
Sievert’s partial pressure driving force and intersect the origin, indicating that H
atom diffusion is rate-limiting. At 773 and 873 K, however, the H, fluxes do not
intersect the origin. This indicates that Sievert’s law is violated and H atom
diffusion through the bulk of Pd47Cuss is not rate-limiting at 773 and 873 K. It is
possible that, in the presence of 1000 ppm H,S at temperatures less than ~900 K,
the surface H, dissociation reaction is not faster than the rate of H atom diffusion

through the bulk of Pd4;Cusg.
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Figure 3.11 H; fluxes through Pd4;Cus; versus Sievert’s partial pressure driving
force during exposure to pure H; (clean Hy) and in the presence of 1000 ppm H,S
(H2 + HpS) at (a) 673 K, (b) 773 K, (c) 873 K, and (d) 973 K. The effect of H,S on
the H; flux through Pd4;Cuss diminishes with increasing temperature. At 973 K,
hydrogen transport through Pd4;Cussz is not significantly affected by 1000 ppm

H,S.
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If we arbitrarily define sulfur tolerance as the ratio of the H, flux in the
presence of 1000 ppm H,S to the H; flux in pure Hy,

H, flux in 1000 ppm H,S
H, flux in pure H,

Sulfur Tolerance =

then the sulfur tolerance of Pd4;Cuss at 623 K is zero. Figure 3.12 shows the
sulfur tolerance of Pd4;Cus;z in the 623 to 1023 K temperature range. The sulfur
tolerance of Pd4;Cuss increases smoothly from zero at 623 K to one at ~900 K, at
which point exposure to 1000 ppm H.S has no effect on the rate of H, permeation
through Pd47Cuss. There are several possible explanations for both the low sulfur
tolerance at low temperatures and the high sulfur tolerance at high temperatures.
At low temperature, the Pd-Cu-S surface is either inactive for H, dissociation or is
impermeable to H atoms. The sulfur tolerance observed at high temperatures
could be due to a lower stability of the thin Pd-Cu-S terminal layer at high
temperature or simply due to higher H, dissociation rates or higher rates of H
atom transport from the surface to the bulk at high temperature. The effect of H,S

on H; dissociation over Pd47Cusz will be discussed further in Chapter 5.
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Figure 3.12 Sulfur tolerance, which is defined as the ratio of the H, flux
measured in the presence of 1000 ppm H,S to the H, flux measured in pure H,
of the Pd47Cuss alloy versus temperature. The sulfur tolerance of the Pd47Cuss
alloy increases smoothly from zero at 623 K to one at ~900 K, at which point
exposure to 1000 ppm H2S has no effect on hydrogen permeation through the
alloy.
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3.6 Conclusions

In the 623 to 723 K temperature range, the intrinsic H atom permeabilities
of Pd and Pd4;Cuss are similar; however, their responses to 1000 ppm H,S at 623
K are significantly different. The Pd membrane is still permeable to H, after 6
hours of H,S exposure with a H, flux that decreases slowly over time. In contrast,
the Pds;Cuss alloy is impermeable to H, after less than 5 minutes of H,S
exposure. Analysis of the Pd and Pd4;Cuss foils by x-ray diffraction, scanning
electron microscopy, and x-ray photoelectron spectroscopy shows that H,S reacts
with Pd to form a relatively thick (~um) palladium sulfide (PdsS) film, whereas
sulfur penetrates only a few nm into the bulk of Pd4;Cuss. The very low H atom
permeability of PdsS, which is about an order-of-magnitude lower than that of Pd,
is partially responsible for retarding hydrogen permeation through Pd; however,
H,S also inhibits hydrogen transport across Pd directly, possibly by blocking H;
dissociation sites. The thin Pd-Cu-S layer that forms on the surface of the
Pd47Cuss alloy during H,S exposure is either inactive for H, dissociation or is
impermeable to H atoms at 623 K. At higher temperatures, the influence of H,S
on hydrogen permeation through Pd4;Cuss decreases until exposure at ~900 K to

1000 ppm H,S has no effect on the rate of H, permeation.
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Chapter 4

The Kinetics of H,-D, Exchange over Pd, Cu, and PdCu Surfaces

4.1 Summary

PdCu alloy membranes are promising candidates for hydrogen separation from
sulfur-containing gas mixtures. H, adsorption and desorption are important steps
in hydrogen transport across PdCu membranes, but the kinetics of H, adsorption
and desorption on PdCu surfaces is not well understood. In this chapter, the
energetics of H, adsorption and desorption on Pd, Cu, and PdCu surfaces is
investigated by microkinetic analysis of the H,-D, exchange reaction (H, + D, —
2HD) over fixed beds of Pd, Cu, Pd;Cuso, and Pd4;Cuss foil at near-ambient
pressure. The rate of H,-D, exchange over Cu, which is the least active H,-D,
exchange catalyst in this study, is limited by the rate of H, and D, adsorption due
to the large activation barrier to H, adsorption on Cu (0.54 + 0.06 eV). The
crystal structures of Pd (B-Pd-hydride and a-Pd-hydride) and of Pds7Cus; (body-
centered-cubic (BCC) and face-centered-cubic (FCC)) have a significant impact
on the kinetics of H,-D, exchange. The activation barriers to H, adsorption on (-
Pd-hydride (0.3 = 0.1 eV), a-Pd-hydride (0.12 + 0.04 eV), Pd7oCuz (0.09 + 0.02
eV), BCC Pd47Cus3 (0.15 = 0.02 eV), and FCC Pd4;Cuss (0.00 £ 0.02 eV) are
relatively small compared to that on Cu. The rate of H,-D, exchange over these
catalysts (other than Cu) is determined mostly by the rate of H, desorption
(desorption-limited). As expected, the order of decreasing H,-D, exchange

activity in the desorption-limited catalysts (FCC Pd4;Cuss > Pd7Cus > BCC
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Pd47Cuss > B-Pd-hydride > a-Pd-hydride) follows closely the order of increasing
barrier to H, desorption: FCC Pd47Cusz (0.46 + 0.03 eV) < Pd7qCuszo (0.52 + 0.02
eV) < B-Pd-hydride (0.63 £ 0.03 eV) < BCC Pd47Cus3 (0.67 = 0.03 eV) < a-Pd-
hydride (0.68 = 0.06 eV). These results are significant because they show that,
although the rate of H, adsorption on Cu is very low, Pd can be alloyed with as

much as ~50 mol% Cu without significantly reducing H, adsorption rates.
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4.2 Introduction

Pd membranes are attractive options for hydrogen separation and
purification applications because of their near-infinite selectivity to H, separation
and their high permeability to H, [10, 17]. However, pure Pd is susceptible to
hydrogen embrittlement from the expansion of the Pd lattice during B-Pd-hydride
formation [60, 61]. Furthermore, H,S, a coal gasification byproduct, severely
inhibits hydrogen permeation through pure Pd [1, 7, 9, 22, 24, 25]. PdCu alloys
have exhibited resistance to hydrogen embrittlement [62] and improved sulfur
tolerance relative to Pd [9, 19, 22, 29, 33, 34]. Pd7,Cuso and Pd47Cusz (mol%) are
two particularly attractive PdCu alloy compositions because of their sulfur
tolerance and because of their relatively high permeability to H, [7, 9, 10, 19, 21].
Unlike the Pd7oCusy alloy, which has only a FCC crystal structure in the
temperature range of ~500 K to ~1200 K [9, 10], the Pd47Cuss crystal structure is
body-centered-cubic (BCC) at temperatures below ~700 K, and face-centered-
cubic (FCC) at temperatures above ~800 K [10, 22, 43]. The H, permeability of
the BCC crystal structure of Pd4;Cuss is about an order-of-magnitude greater than
that of the FCC crystal structure of Pd47Cusz [7, 9, 10].

In order to separate H, from mixed gas streams, Pd-based membranes
must dissociatively adsorb H; on the upstream surface of the membrane and
recombinatively desorb H, from the downstream surface. The energetics of H;
dissociation over pure Pd and pure Cu have been well characterized; H,
dissociates on Pd without significant activation barriers [12-16], whereas H,

dissociation over Cu is hindered by a very large activation barrier (~0.5-0.7 eV)
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[63-73]. However, the effect of alloying Pd with Cu on the energetics of the H;
dissociation reaction is not well understood.

In this chapter, the energetics of H, dissociative adsorption and
recombinative desorption on Pd, Cu, PdzoCusp, and Pds;Cus; foil surfaces is
investigated by microkinetic analysis of the H,-D, exchange reaction (H, + D, —
2HD) over these metals at near ambient pressure. We will show that there is a
large activation barrier (~0.54 eV) to dissociative adsorption of H, on the Cu
surface. In contrast, barriers to H, dissociation over Pd, Pd7gCuso, and Pds7Cuss
are relatively small. We will also show that the crystal structures of Pd (p-Pd-
hydride and a-Pd-hydride) and of Pds;Cus; (BCC and FCC) have a significant
impact on the kinetics of H,-D, exchange. Our results indicate that, although Cu
has a very low H; dissociation activity, Pd can be alloyed with as much as ~50

mol% Cu without significantly reducing H. dissociation rates.

4.3 Experimental

H,-D, exchange experiments were performed by flowing H,, D, and Ar
through a 4 mm 1.D. quartz tube reactor that was packed with diced Pd, Cu,
Pd7oCusg, or Pd47Cuss foil while the product gas composition was analyzed by a
mass spectrometer. A schematic of the H,-D, exchange reactor is shown in
Chapter 2 (Figure 2.2). The Pd (Alfa Aesar, 25 um thick, 99.9% metals purity),
Cu (Alfa Aesar, 100 um thick, 99.95% metals purity), Pd;oCuso (ACI Alloys, Inc.,
100 pum thick, 99.0% metals purity), and Pd4;Cuss (ATI Wah Chang, 25 um

thick, 99.0% metals purity) foil was diced into ~1 mm? pieces. The total surface
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area of each catalyst used was ~19 cm®. A thermocouple was fixed with a metal
wire to the outside of the quartz tube reactor near the catalyst. A tube furnace
(Barnstead/Thermolyne 211000) was used to heat the reactor. Mass flow
controllers (Aalborg GFC 17) regulated the flow rates of H, (99.999%, Valley
National Gases), D, (99.999 %, Valley National Gases), and Ar (99.999%, Valley
National Gases) to the catalyst bed. A ~1 m long, 320 um 1.D. quartz capillary
(Polymicro Technologies) was sealed into the outlet of the quartz tube reactor and
the product gas was sampled by a ~15 c¢cm long, 20 um 1.D quartz capillary
(Polymicro Technologies) that was mounted to a vacuum chamber with a mass
spectrometer (Stanford Research Systems, RGA 200).

The Pd4;Cusz alloy has a BCC crystal structure at temperatures below
~700 K and a FCC crystal structure at temperatures above ~800 K [10, 22, 43].
H,-D, exchange experiments were performed over both the BCC and FCC phases
of the Pd4;Cuss alloy. Over the temperature range that the experiments with the
Pd47Cus; alloy were conducted (200-500 K), only the BCC crystal structure was
stable. To produce the FCC crystal structure, the alloy was first annealed at
~1000 K for ~24 and then cooled quickly (~15 minutes) to ~400 K to quench the
FCC crystal structure. To produce the BCC structure, the Pd4;Cuss alloy was
annealed in H; at ~700 K for ~48 hours. The crystal structures of the BCC and
FCC alloy were verified by x-ray diffraction (XRD) following H2-D, exchange
experiments. The crystal structures of BCC Pd4;Cus3 and of FCC Pd47Cuss did

not change during the H,-D, exchange experiments.
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Each catalyst was initially heated in H, to ~700 K (~1000 K for Cu and
FCC Pd47Cus3) and held at that temperature for ~24 hours. We found that this
heat treatment was necessary because a hysteresis in the HD production rate was
observed when the experiments began at low temperature without an initial heat
treatment. Figure 4.1 shows the HD flow rate exiting a Cu foil catalyst bed (a)
without the initial heat treatment and (b) with the initial heat treatment. Without
the initial heat treatment, H,-D, exchange rates were measured over the Cu foil
catalyst bed during heating of the Cu foil catalyst and then during the cooling of
the catalyst. The HD flow rate exiting the Cu foil catalyst bed was lower during
the initial heating of the catalyst than it was during the subsequent cooling of the
catalyst. With the initial heat treatment to 1000 K, the experiment was done
during cooling from high temperature and then during heating. The HD flow rate
exiting the Cu foil catalyst bed was nearly identical during the cooling and
heating branches after the initial heat treatment to 1000 K. It is possible that this
initial heat treatment in H; is necessary to remove contaminants from the catalyst

surface.
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Figure 4.1 HD flow rates exiting a Cu foil catalyst bed (a) without an initial heat
treatment and (b) with an initial heat treatment of the Cu catalyst in H, at 1000 K.
Without the initial heat treatment, the HD flow rate exiting the Cu foil catalyst
bed during the initial heating stage of the experiment (filled squares) is lower
than the HD flow rate during the subsequent cooling stage (open squares). With
the initial heat treatment, the HD flow rate during the initial cooling stage is
nearly identical to the HD flow rate in the subsequent heating stage. The initial
heat treatment to 1000 K, which may remove contaminants from the catalyst
surface, was necessary to eliminate the hysteresis in the HD production rate.

After the initial heat treatment, the H,/D,/Ar feed gas mixture was
introduced to the reactor. Three different feed gas conditions were used, which are
summarized in Table 4.1, to exercise the kinetic model over a range of flow rates
and partial pressures of H, and D,. The total pressure in the reactor was measured
with a Baratron pressure gauge. Starting from the temperature of the heat

treatment, the catalyst was cooled in a step-wise fashion. Steady-state H,, D,, and

HD mass spectrometer signals were collected at constant temperature to minimize
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the effect of H (or D) evolution from, or absorption into, the bulk of the catalyst

on the kinetics of the reaction.

Table 4.1 Flow rates of Hy (Fu2.feed), D2 (Fp2.feed), @and Ar (Farfeeq) In the three
different feed gas conditions used during H,-D, exchange experiments. Also
listed is the total pressure (Piwtw) in the reactor with the three feed gas
conditions.

Feed Gas Condition (rlr:ﬂerf:mei(:n (rEE?rfﬁei%) (rrljllj;’rf;eidn) (igt:)
9H, / 9D, 9 9 0 121
4.5H, 1 4.5D, 45 45 0 113
OAr/45H,/ 45D, | 45 45 9 135

Mass spectrometer signals were calibrated assuming that the H,, D,, and
HD mass spectrometer signals sampled from the product gas were proportional to
the H,, D, and HD partial pressures exiting the catalyst bed in between the
baseline (0% conversion) and equilibrium conversion. Baseline H,, D,, and HD
mass spectrometer signals were collected by sampling the feed gas directly
without passing them through the catalyst bed. At equilibrium the H,/D,/HD

composition in the product gas is given by:

2 —_—
Fo__ 4.16 exp[%)

H2 I:>D2
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where Py, Pp2, and Pyp are the partial pressures of H,, D, and HD at equilibrium
[74]. Ha, D, and HD partial pressures were then converted into H,, D,, and HD
flow rates:

F = —Fms' il
total

where F; is the flow rate of each species, Fa IS the total flow rate, P; is the

partial pressure of each species, and P IS the total pressure. The HD flow rates

exiting the catalyst bed during H,-D, exchange experiments were used for

microkinetic analysis of the H,-D; exchange reaction.

4.4 Kinetic model

We made three basic assumptions in deriving the microkinetic model of

the H,-D; exchange reaction:

1) The H,-D, exchange reaction can be modeled by considering only
dissociative adsorption and recombinative desorption of H,, D, and
HD.

2) Isotopic effects can be ignored (i.e. the adsorption rate constants are
the same for Hy, D,, and HD; and the desorption rate constants are the
same for Hy, D,, and HD).

3) The activation barriers and pre-exponents in the rate constants for
adsorption and desorption are independent of coverage and
temperature.

With these three simplifying assumptions, derivation of the H,-D, exchange

kinetic model requires substitution of the microkinetic expression for the rate of
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HD production into the integral mole balance on HD. A detailed derivation of
the microkinetic model is given in the Appendix. The flow rate of HD exiting the

foil catalyst bed (Fup,out) 1S given by:

-k Ptotal A

2
} ka s
Ftotal (1 + 2 k d I:)HZ,feed j
des

where Fu teeq IS the flow rate of H, in the feed gas, kags IS the adsorption rate

ads

FHD,out = FHz,feed 1-exp (4.1)

constant, Pyt IS the total pressure in the reactor, A is the catalyst surface area,
Fuot IS the total gas flow rate through the reactor, kes is the desorption rate
constant, and Py feeq IS the partial pressure of H, in the feed gas. The adsorption

rate constant, Kags, and the desorption rate constant, kees, have Arrhenius forms:

—E}
Kags = Vs €XP| —22
ads ads p kBT
—E}
Kyes = Vs EXP| —22=
des des p kBT

where v.gs is the adsorption pre-exponent, EZ,  is the adsorption activation barrier,

ads

Vees 1S the desorption pre-exponent, E: _ is the desorption activation barrier, kg is

des

the Boltzmann constant, and T is the temperature. The total coverage of H and D

atoms during H,-D-, exchange is given by:

o

H2, feed
k

0= ces . (4.2)

1+ 1 2@ I:)HZ feed
kdes '
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The partial pressures of H, and D, were the same in all experiments so that the
coverages of H and D could be assumed to be the same. Equation (4.2) implies

that the coverage of H and D atoms is constant along the length of the catalyst

bed. To determine the values of vags, El., vies, and E:

4 that describe H,
adsorption and desorption on each catalyst, the experimental and modeled HD

flow rates exiting the reactor (Fupou) Were first normalized by the flow rate of

HD exiting the reactor at equilibrium conversion (FS}):

_ HD, out
X HD — F eq !
HD

where Xyp is the conversion of HD. A numerical solver was then used to

minimize the error between the model-predicted and experimental HD conversion

by adjusting In(vass), EZ., In(vees), and E:_. The uncertainty in these solver-

ads ! des *

optimized parameters was estimated with a “SolverAid” program [75].

4.5 Results and discussion
4.5.1 H,-D, exchange over Pd

H,-D, exchange over Pd was carried out by feeding Hz, D,, and Ar to a Pd
foil catalyst bed while the product gas composition was analyzed by a mass
spectrometer. Mass spectrometer signals were then converted into flow rates and
HD conversion. Figure 4.2(a) shows the HD flow rates exiting the Pd catalyst bed
with the three different feed gas conditions: 9 mL/min each of H, and D», 4.5
mL/min each of H, and D, and 4.5 mL/min each of H, and D, diluted with 9

mL/min of Ar.
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Figure 4.2 (a) Experimental (points) and modeled (lines) HD flow rates versus
temperature exiting a ~19 cm® Pd foil catalyst bed with three different feed gas
conditions: 4.5 mL/min each of H, and D, (4.5H, / 4.5D5), 9 mL/min each of H;
and D, (9H,/ 9D3), and 4.5 mL/min each of H, and D, diluted with 9 mL/min of
Ar (9Ar / 45H, / 45D,). The discontinuity in the HD flow rate is due to a
change in the Pd crystal structure from B-Pd-hydride to o-Pd-hydride with
increasing temperature. Modeled HD flow rates were calculated using the Ho-
D, exchange model, equation (4.1), and the solver-optimized values for vags,

Ef., viess Ei.. (b) Total coverage of H and D atoms during H,-D, exchange

des *

over the Pd foil catalyst bed. The coverage was calculated using equation (4.2)
and the solver-optimized values for vags, EZ., vaes, E -

There is a discontinuity in the HD flow rate exiting the Pd foil catalyst bed
at ~410 K for both of the pure H,/D, feed gases and at ~400 K for the Ar/H,/D,
feed gas. The discontinuity in the HD flow occurs at a temperature that is close to
the temperature of the B-Pd-hydride to a-Pd-hydride phase transition at a H;

partial pressure of ~1 atm (see Figure 4.3) [76-78]. The temperature of the B-Pd-

66



hydride to a-Pd-hydride phase transition decreases with decreasing H; partial
pressure, which is consistent with the observation that the discontinuity in the HD
flow rate in Figure 4.2 (a) occurs at a lower temperature for the Ar/H,/D; feed gas
than that for the H,/D, feed gases. Therefore, the discontinuity in the HD flow
rate exiting the Pd foil catalyst bed is likely due to the B-Pd-hydride to o-Pd-
hydride phase transition with increasing temperature; the o-Pd-hydride phase

exhibits a lower H,-D, exchange activity than the B-Pd-hydride phase.

25
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Figure 4.3 Pressure-temperature diagram of the palladium-hydrogen system
adapted from [78]. At a hydrogen pressure of ~1 atm, the temperature of the f3-
Pd-hydride to a-Pd-hydride phase transition is ~400 K, which is similar to the
temperature of the discontinuity in the HD flow rate exiting the Pd foil catalyst
bed (Figure 4.2(a)). The temperature of the B-Pd-hydride to a-Pd-hydride
phase transition decreases with decreasing hydrogen pressure, which could
explain why the temperature of the discontinuity in the HD flow rate exiting
the Pd foil catalyst bed (Figure 4.2(a)) occurs at a lower temperature when the
H, pressure in the feed gas is reduced by diluting the H,/D, feed gas with Ar.

67



It is worth noting that each data point used to generate Figure 4.2(a) was
collected at constant temperature; a much different result is obtained by
performing the H,-D, exchange experiment over Pd while increasing the
temperature of the catalyst at a constant rate. Figure 4.4 shows the partial
pressures of H,, D,, HD, and Ar in the product gas during H,-D, exchange over
the Pd foil catalyst bed while the catalyst temperature was increased at a constant
rate of 10 K/min and with feed gas flow rates of 9 mL/min of Ar and 4.5 mL/min
each of H, and D,. Because Ar is an inert gas, one would expect that the Ar
partial pressure in the product gas would remain constant over the course of the
reaction. Instead, there is a dip in the Ar partial pressure in the temperature range
~420 and ~460 K. In that same temperature range, there is a spike in the H, and
HD partial pressures, and a dip in the D, partial pressure. We believe that H;
evolution from the Pd bulk during the B-Pd-hydride to a-Pd-hydride phase
transition is responsible for the spike in the H, partial pressure and the dip in the
Ar partial pressure. The B-Pd-hydride phase has a much higher concentration of
H atoms in its bulk (H:Pd = 0.6) than the o-Pd-hydride phase (H:Pd = 0.03) [79]
and, therefore, a large amount of hydrogen must evolve from the Pd bulk during
the B-Pd-hydride to a-Pd-hydride phase transition. The solubility of H in Pd is
much higher than the solubility of D in Pd [80], which could explain why no spike
was observed in the D, partial pressure. The temperature of the discontinuity in
the steady-state HD flow rate exiting the Pd foil catalyst bed (~400 K) is not

exactly the same as the temperature of the spike in the H, partial pressure while
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the Pd catalyst temperature was increased at a constant rate (~420 to ~460 K).
This is probably because the B-Pd-hydride to a-Pd-hydride phase transition does

not occur instantaneously.

80
B-Pd- . aPd-
hydride hydride
Ar
60
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Figure 4.4 Partial pressures of Hy, D,, HD, and Ar in the product gas during
H,-D, exchange over a Pd foil catalyst bed during heating ot the catalyst at 10
K/min and with feed gas flow rates of 9 mL/min of Ar and 4.5 mL/min each
of H; and D,. The spike in the H, partial pressure in the temperature range
~420 and ~460 K, and the dip in the Ar partial pressure in the same
temperature range, is likely due to hydrogen evolution from the bulk of Pd
during the B-Pd-hydride to o-Pd-hydride phase transition. The higher
solubility of H in Pd than that of D in Pd could explain why no spike was
observed in the D, partial pressure.
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To determine the parameters that describe H, adsorption (vas and EZ,)

and H, desorption (vees and E;

s ) on B-Pd-hydride and a-Pd-hydride, a numerical
solver was used to minimize the error between the modeled and the experimental

HD conversion (HD flow rate divided by the HD flow rate at equilibrium) by

adjusting In(vags), EX., In(vaes), and EX_ . We modeled H,-D; exchange over B-

ads ! des *
Pd-hydride and a-Pd-hydride separately. The solver-optimized values for the

parameters associated with the B-Pd-hydride phase are summarized in Table 4.2.

Table 4.2 Summary of the adsorption pre-exponents (vags), adsorption barriers
(EZ,), desorption pre-exponents (ves), desorption barriers (E} ), and heats of

ads des

adsorption of Ha (AEags) on p-Pd-hydride and a-Pd-hydride.

Vads Eaids Vdes Edies AEags
(mol/m?/s/Pa) eV) (mol/m?/s) (eV) (eV)

B-Pd-hydride 103707 03+01  10°%*% 063+0.03 -0.3+0.1
o-Pd-hydride 10°4*%4  012+004 10°%3*%°®  0.68+0.06 -0.56+0.07

Using the solver-optimized values for vags, EZ,, vees, and E} . associated

des
with the B-Pd-hydride phase, HD flow rates were calculated with the Hj-D;
exchange model, equation (4.1), at temperatures less than 410 K (400 K for the
9Ar / 4.5H, / 4.5D, feed gas). At temperatures greater than 410 K (400 K for the
9Ar / 4.5H, / 4.5D, feed gas), the solver-optimized parameters associated with the
a-Pd-hydride phase were used to calculate HD flow rates. Figure 4.2(a) shows
that the modeled HD flow rates fit the experimental HD flow rates reasonably

well for both the B-Pd-hydride and a-Pd-hydride phases.
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The total coverage of H and D atoms during H,-D, exchange over Pd was

calculated with equation (4.2) and the solver-optimized values for vags, EZ, Vees,

and E?

des *

The values of vags, EZ, Vaes, and E?

des

associated with the B-Pd-hydride
phase were used to calculate the total coverage at temperatures less than 410 K

(400 K for the 9Ar / 4.5H, / 4.5D, feed gas); and the values of vags, EZ, , vees, and

t
E des

associated with a-Pd-hydride were used to calculate the coverage at

temperatures greater than 410 K (400 K for the 9Ar / 4.5H, / 4.5D,). Figure
4.2(b) shows the total coverage of H and D atoms during H,-D- exchange over Pd
with the three different feed gas conditions. At low temperature (~300 K), the [3-
Pd-hydride surface is nearly saturated with H and D atoms. As the temperature
increases, the total coverage decreases for all three feed gas conditions. Diluting
the H,/D-, feed gas with Ar (9Ar / 4.5H; / 4.5D,), which reduces the rate of H, and
D, adsorption by lowering the H, and D, partial pressures, reduces the total
coverage of H and D atoms. At ~410 K (400 K for the 9Ar / 4.5H, / 4.5D,), there
is a discontinuity in the total coverage due to the B-Pd-hydride to a-Pd-hydride
phase transition. As the temperature increases further in the a-Pd-hydride region,
the total coverage continues to decrease.

The discontinuity in the HD flow rate exiting the Pd foil catalyst bed
(Figure 4.2(a)) clearly indicates that there is a difference in the energetics of H,
adsorption/desorption on the p-Pd-hydride and a-Pd-hydride surfaces. A
comparison of the potential energy of H, adsorption on B-Pd-hydride and o-Pd-
hydride is shown in Figure 4.5. There is a significantly larger barrier to H,

adsorption on the B-Pd-hydride (0.3 + 0.1 eV) surface than on the a-Pd-hydride
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(0.12 + 0.04 eV) surface. The heat of adsorption (AE,, = E;

o —EX )ofHyon
the B-Pd-hydride surface (-0.3 £ 0.1 eV) is significantly less negative than that on
the a-Pd-hydride surface (-0.56 + 0.07 eV), indicating that H atoms are less stable
on the B-Pd-hydride surface than on the a-Pd-hydride surface. The activation
barrier to H, desorption from B-Pd-hydride (0.63 = 0.03 eV) is not significantly

different than that from a-Pd-hydride (0.68 + 0.06).
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Figure 4.5 Potential energy diagram for H, adsorption on -Pd-hydride and
a-Pd-hydride.

There are two main differences in the P-Pd-hydride and a-Pd-hydride
phases that might explain the apparent differences in the H, adsorption activation
barrier and the heat of adsorption of H, on the two phases. First, the lattice

constant of B-Pd-hydride (~4.02 A) is significantly larger than the lattice constant
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of a-Pd-hydride (~3.89 A) [81]. Expansion of the Pd lattice has been shown to
increase the stability of hydrogen adsorption [82], however, which is not
consistent with our observation that H atoms are more stable on the surface that
has a smaller lattice constant (a-Pd-hydride). Increasing the lattice constant of
other metals (e.g. Ru [83]) has also been shown to decrease barriers to adsorption,
which is also not consistent with our observations that the barrier to H, adsorption
is larger on the surface with a larger lattice constant (B-Pd-hydride). Second,
there is a much higher concentration of H atoms in the bulk of B-Pd-hydride
(H:Pd = 0.6) than in the bulk of a-Pd-hydride (H:Pd = 0.03) [78]. There may also
be a higher concentration of H atoms in the sub-surface (the layer just below the
surface) of B-Pd-hydride than in the sub-surface of a-Pd-hydride. Sykes et al.
[84] have shown that H atoms in the Pd(111) sub-surface destabilized H atoms at
sites directly above the sub-surface H atoms. Therefore, it is possible that there is
a large concentration of H atoms in the sub-surface of p-Pd-hydride that could
destabilize H atom adsorption relative to a-Pd-hydride, which may have a much
lower concentration of sub-surface H atoms.

There have been many experimental [12, 13, 77, 85-87] and theoretical
[27, 28, 77, 88] studies of H, adsorption and desorption on Pd surfaces. Most of
the experimental studies of H, adsorption and desorption on Pd were done with
Pd single crystals in ultra-high vacuum. A comparison of our results to many of
those in literature is not straightforward because, in this work, polycrystalline Pd
foil was used and there was evidence of bulk Pd-hydride formation from exposure

to near-ambient pressures of hydrogen. There have been few studies of H,
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adsorption and desorption on polycrystalline Pd-hydride surfaces at near-ambient
pressure [77, 85, 87]. In one study [77], the activation barriers to H, desorption
from B-Pd-hydride and o-Pd-hydride were determined from kinetic analysis of
H,-D, exchange over a thin Pd film at near-ambient pressures. The authors
reported activation barriers for H, desorption from -Pd-hydride (~0.33 eV) and
a-Pd-hydride (~0.27 eV) that were much lower than the values obtained in this
work (0.63 = 0.03 eV on B-Pd-hydride and 0.68 + 0.06 on and a-Pd-hydride). In
their calculation of the desorption barrier, they assumed that the surface was
saturated with H atoms and it is possible that an erroneous assumption about the
coverage may have influenced their calculation of the H, desorption barrier. For
example, if we assume that the B-Pd-hydride and a-Pd-hydride surfaces are
saturated with H and D atoms in our calculation of the H, desorption activation
barrier, we obtain activation barriers to H, desorption (0.54 eV for B-Pd-hydride
and 0.38 eV for a-Pd-hydride) that are significantly lower than if we account for
the changing coverage over the temperature range of the H,-D, exchange reaction.

In the same study [77], the energetics of H, adsorption on a model Pd-
hydride (H:Pd = 0.75) was investigated by density functional theory (DFT)
calculations. The authors’ results for the adsorption barrier, the desorption
barrier, and the heat of adsorption of H, on the model Pd-hydride were all in good
agreement with those values obtained on [3-Pd-hydride in this work. The authors
calculated a H, adsorption barrier on the model Pd-hydride of ~0.28 eV at high
coverage of H [77]: our results indicate that the barrier to H, adsorption on -Pd-

hydride is 0.3 £ 0.1 eV at coverages in the range 0.5to 1. The DFT calculated
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heat of adsorption of H, on the model Pd-hydride at high coverage [77] was -0.40
eV, which is close to the heat of adsorption of H, on -Pd-hydride obtained in this
work (-0.3 £ 0.1 eV). The calculated activation barrier to H, desorption on the
model Pd-hydride was about 0.68 eV at high coverage [77], which is also close to
the activation barrier to H, desorption on B-Pd-hydride obtained in this work (0.63
+ 0.03 eV). Although there is a shortage of experimental data on the energetics of
H, dissociation on Pd-hydride surfaces, our results are in good agreement with
DFT calculations.

In summary, there is a discontinuity in the rate of H,-D, exchange over the
Pd foil catalyst bed at ~400 K that is related to the B-Pd-hydride to a-Pd-hydride
phase transition. Microkinetic analysis of the H,-D, exchange reaction indicates
that the energetics of H, adsorption on B-Pd-hydride are significantly different
than those on a-Pd-hydride. The activation barrier to H, adsorption on the 3-Pd-
hydride surface (0.3 £ 0.1 eV) is significantly higher than that on the a-Pd-
hydride surface (0.12 + 0.04 eV); and the heat of adsorption of H, on the B-Pd-
hydride surface (-0.3 £ 0.1 eV) is significantly less negative than that on the a-Pd-
hydride surface (-0.56 + 0.07 eV). These differences may be related to
differences in sub-surface H atom concentrations in the two phases or due to the
differences in the lattice constants of B-Pd-hydride (4.02 A) and a-Pd-hydride

(3.89 A).
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4.5.2 H,-D, exchange over Cu

H,-D, exchange over Cu was carried out using a methodology similar to
that used for Pd. Figure 4.6(a) shows the HD flow rates exiting the Cu foil
catalyst bed with the three different feed gas conditions: 9 mL/min each of H, and
D2, 4.5 mL/min each of H, and D, and 4.5 mL/min each of H, and D, diluted
with 9 mL/min of Ar. In contrast to Pd, there are no discontinuities in the HD
flow rate exiting the Cu foil catalyst bed and there was no evidence of Cu-hydride

formation.
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Figure 4.6 (a) Experimental (points) and modeled (lines) HD flow rates versus
temperature exiting a Cu foil catalyst bed with three different feed gas conditions:
4.5 mL/min each of H, and D, (4.5H, / 4.5D5), 9 mL/min each of H; and D, (9H;
/ 9D3), and 4.5 mL/min each of H, and D; diluted with 9 mL/min of Ar (9Ar /

4.5H, / 4.5D,). Modeled HD flow rates were calculated with equation (4.1) and
the solver-optimized values for vags, EZ, , vaes, EL,. (b) Total coverage of H and

D atoms during H,-D; exchange over the Cu foil catalyst bed. The total coverage
was calculated using equation (4.2) and the solver-optimized values for vygs, EZ

ads !

1
Vdes; Edes .
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vaess EZi. that describe H, adsorption and

des

The values of v, EF

ads !
desorption on Cu were determined by using a numerical solver to minimize the

error between the modeled and the experimental HD conversion by adjusting

In(vaas), EZ., IN(vees), and EZ_. The solver-optimized parameters for H,-D,

ads ! des *

exchange over Cu were as follows: vys = 1024 * %° mol/m?/s/Pa, EX, = 0.54 +

ads

0.06 eV, vges = 10**° mol/m%s, and EX_ = 0.6 + 0.7 eV. The large uncertainty in

des
the desorption pre-exponent (10* * > mol/m?/s) and desorption barrier (0.6 + 0.7
eV) indicates that the rate of H,-D, exchange is insensitive to the parameters
associated with H, desorption and, therefore, that the rate of H,-D, exchange over
Cu is limited by the rate of H, adsorption. HD flow rates exiting the Cu foil

catalyst were calculated with the H,-D, exchange model, equation (4.1), and the

solver-optimized values for vy, EZ,, vaes, and EZ_; Figure 4.6(a) shows that the

des 1
model fits the experimental data very well. Because the rate of H,-D, exchange
over Cu is limited by the rate of H, and D, adsorption, which depends on the H,
and D partial pressures, diluting the 4.5H, / 4.5D, feed gas with Ar (9Ar / 4.5H, /
4.5D,) significantly reduces the HD flow rate exiting the Cu foil catalyst bed.

This was observed experimentally and was accurately predicted by the model.

Using the solver-optimized values for vas, EZ, vaes, and EX_, the total

des 1
coverage of H and D atoms during H,-D, exchange over Cu was calculated with
equation (4.2) and is plotted in Figure 4.6(b). In contrast to the total coverage of
H and D atoms on Pd during H,-D, exchange (Figure 4.2(b)), the total coverage

of H and D atoms on the Cu surface is nearly constant throughout the temperature
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range of the H,-D, exchange reaction, and is about one-tenth the saturation
coverage. The coverage of H and D atoms is low because the activation barrier to
H, adsorption on Cu is high (0.54 + 0.06 eV) and, as a result, the rate of
adsorption is low.

The energetics of H, adsorption and desorption on Cu has been well
characterized experimentally [65, 66, 68-70] and theoretically [63, 64, 67, 71, 73]
in the literature. Most of the reported values for the H, adsorption barrier on Cu
single crystals are within the 0.5 to 0.7 eV range [64-73]. Our analysis indicates
that the activation barrier to H, adsorption on polycrystalline Cu foil is 0.54 +
0.06 eV, which is in good agreement with the literature. Although the value for
the H, desorption barrier on Cu (0.6 + 0.7 eV) obtained from this work has a large
uncertainty, Campbell and Campbell [68] reported a barrier to H, desorption on

Cu(110) of ~0.57 eV, which is similar to our mean value.

4.5.3 H,-D, exchange over Pd7oCusg

In this section, the energetics of H, dissociation over Pd7Cusg is
investigated by microkinetic analysis of the H,-D, exchange reaction over a
PdzoCus foil catalyst bed. Figure 4.7(a) shows the HD flow rates exiting a

Pd7oCus foil catalyst bed with the three different feed gas conditions.
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Figure 4.7 (a) Experimental (points) and modeled (lines) HD flow rates versus
temperature exiting a PdzCuso foil catalyst bed with three different feed gas
conditions: 4.5 mL/min each of H, and D, (4.5H, / 4.5D;), 9 mL/min each of H;
and D; (9H, / 9D,), and 4.5 mL/min each of H, and D, diluted with 9 mL/min of
Ar (9Ar / 4.5H, / 4.5D,). Modeled HD flow rates were calculated using the H,-D,
exchange model, equation (4.1), and the solver-optimized values for vags, EZ, Ves,
E:.. (b) Total coverage of H and D atoms during H,-D, exchange over the
Pd7oCuso foil catalyst bed, calculated using equation (4.2) and the solver-optimized

values for vags, Eaids, Vaess Eo

des *

Microkinetic analysis of H,-D, exchange over Pd;Cus, was done by

minimizing the error between the modeled and the experimental HD conversion.

The solver-optimized values of these parameters are as follows: vags = 105602

t =0.52+0.02

des

F=0.09+0.02 eV, vges = 10°" * %3 mol/m?%/s, E

ads

mol/m?/s/Pa, E

eV. These are the first reported experimental measurements of the activation
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barriers to H, adsorption or desorption on the Pd;oCuso surface, to the best of our
knowledge. Using the mean values of these solver-optimized parameters, the
predicted HD flow rates were calculated with the H;-D, exchange model,
equation (4.1). A comparison of the modeled and experimental HD flow rates is
shown in Figure 4.7(a); the model fits the experimental data very well.

The total coverage of H and D atoms during H,-D, exchange over

Pd7oCusp was calculated using equation (4.2) and the solver-optimized values for

t t
Vads; Edes, Vaes, and E

- Figure 4.7(b) shows the total coverage of H and D atoms
during H,-D, exchange over Pd7oCuso with the three different feed gas conditions.
The evolution of the total coverage on the PdzCus surface with increasing
temperature is similar to that on Pd and dissimilar to that on Cu. At low
temperature (~250 K), the Pd;oCuso surface is nearly saturated with H and D
atoms. As the temperature increases, the total coverage decreases. Diluting the
feed gas with Ar reduces the rate of adsorption and reduces the total coverage of
H and D atoms.

Diluting the H./D, feed gas with Ar did not significantly reduce the rate of
HD production over the Pd;oCuso foil catalyst bed (Figure 4.7(a)). This indicates
that the rate of H,-D, exchange over the Pd;oCus, foil catalyst was controlled by
the rate of H, desorption, which is independent of the H, and D, partial pressures,
rather than by the rate of H, adsorption. As a result, there was a relatively high

coverage of H and D atoms during H,-D, exchange over Pd;oCuso (Figure 4.7(b)).

Microkinetic analysis of H,-D, exchange over Pd7;,Cusp also indicates that the
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barrier to H, adsorption on PdzoCus (0.09 £ 0.02 eV) is small relative to the

barrier to H, desorption on Pd7,Cus, (0.52 £ 0.02 eV).

4.5.4 H,-D, exchange over Pd47Cus;

The Pd47Cus; alloy has a body-centered-cubic crystal (BCC) crystal
structure at temperatures less than ~700 K and a face-centered-cubic (FCC)
crystal structure at temperatures above ~850 K [9, 32, 43, 62, 89]. H,-D»
exchange was performed over both the BCC and FCC phases of the Pd4;Cuss
alloy. We will show that the crystal structure of Pd47Cuss has a significant impact
on the kinetics of H,-D, exchange.

H,-D, exchange over BCC Pd4;Cuss and FCC Pd,;Cuss was performed by
flowing Hz, D2, and Ar through BCC and FCC Pd4;Cus; foil catalyst beds while
the product gas was analyzed by a mass spectrometer. The procedure for
preparing the BCC and FCC phases is given in Section 4.2. Figure 4.8(a) shows
the HD flow rates exiting the BCC and FCC Pd4;Cuss foil catalyst beds with three
different feed gas conditions. The FCC crystal structure of the Pd4;Cuss alloy is

significantly more active for H,-D, exchange than the BCC crystal structure.
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Figure 4.8 (a) Experimental (points) and modeled (lines) HD flow rates versus
temperature exiting a Pd47Cuss foil catalyst bed with a body-centered-cubic (BCC)
crystal structure and with a face-centered-cubic (FCC) crystal structure. Modeled
HD flow rates were calculated using the H,-D, exchange model, equation (4.1),

and the solver-optimized values for vags, EZ,, Vaes, Ei. (0) Total coverage of H

and D atoms during H,-D, exchange over the BCC and FCC Pd4;Cus; foil catalyst
beds. The coverage was calculated using equation (4.2) and the solver-optimized

values for vags, EZ, Vaes, EL,.

Microkinetic analysis of the H,-D, exchange reaction over the BCC and

FCC phases of Pd47Cus; was done by minimizing the error between the modeled

and experimental HD conversions by adjusting In(vags), EZ., In(vees), and E;

ads ! des *
The solver-optimized values of these parameters associated with the BCC and
FCC phases of Pd4;Cuss are summarized in table 4.2. To our knowledge, these

are the first reported measurements of the barriers to H, adsorption and desorption
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on BCC or FCC Pd4;Cuss surfaces. Using the solver-optimized parameters, HD
flow rates were calculated for the BCC and FCC phases of Pds;Cus; with the three
different feed gas conditions. Figure 4.8(a) shows that the model fits the

experimental data reasonably well.

Table 4.3 Summary of the adsorption pre-exponents (vaqgs), adsorption barriers
(EZ,), desorption pre-exponents (ves), desorption barriers (E} ), and heats of

ads des

adsorption of H, (AEads) on BCC Pd,7Cusz and FCC Pd47Cuss.

Vads Eaids Vdes Edies AEags
(mol/m?/s/Pa) eV) (mol/m?/s) (eV) (eV)

BCC Pd,;Cusg; 10°2%%2  015+0.02 10"4*%°  0.67+0.03 -0.52 +0.04
FCC Pd47Cuss 1092 000+0.02 10°°*%°°  0.46+0.03 -0.46 +0.03

The total coverages of H and D atoms during H,-D, exchange over BCC

and FCC Pd4;Cuss, which are plotted in Figure 4.8(b), were calculated with

equation (4.2) and the solver-optimized values of Vags, EZ , Vaes, and Ej . At low

s -
temperatures (~200 K), both the BCC and FCC Pd4;Cus; surfaces are nearly
saturated with H and D atoms. As the temperature increases, and desorption rate
increases, the total coverage decreases on both surfaces. The coverage decreases
more rapidly on the FCC phase of Pd47Cuss due to the smaller activation barrier to
H, desorption on the FCC surface (0.46 = 0.03 eV) than on the BCC surface (0.67

+0.03 eV).
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Clearly, the crystal structure of Pd4;Cuss has a significant impact on the
kinetics of H,-D, exchange due to the differences in the energetics of H,
adsorption and desorption on the two phases of Pds;Cuss. A potential energy
diagram that compares the energetics of H, adsorption on BCC and FCC Pd4;Cuss
is shown in Figure 4.9. The activation barriers to H, adsorption on BCC Pd,;Cus;
(0.15 + 0.02 eV) and on FCC Pd4;Cuss (0.00 £ 0.02 eV) are not large and H;
adsorption rates on both surfaces were high. As a result, the rate of H,-D;
exchange over both the BCC and FCC Pd4;Cuss surfaces was influenced more by
the rate of H, desorption than by the rate of adsorption. The higher H,-D,
exchange activity exhibited by the FCC phase of Pd4;Cus; is due to a lower
activation barrier to H; desorption on FCC Pd47Cuss (0.46 £ 0.03 eV) than that on

BCC Pd4;Cuss (0.67 + 0.03 eV).
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Figure 4.9 Potential energy diagram for H, adsorption on BCC Pd,;Cus; and
FCC Pd47CU53

4.5.5 Comparison of H,-D, exchange over Pd, Cu, Pd7oCuso, and Pd47Cus3

A comparison of the HD flow rates exiting the Pd, Cu, Pd;qCusy, BCC
Pd47Cuss, and FCC Pd4;Cuss catalyst beds, with 9 mL/min each of H, and D in
the feed gas, is shown in Figure 4.10. The H,-D; exchange activity of Cu is much
lower than that of Pd, Pd7Cus, and Pds;Cusz (BCC and FCC); and the PdCu

alloys are more active for H,-D, exchange than Pd.

86



10~ ~C

o
°° c
[ ] o ﬁ Q
5 R}
.

L]
2y
fe O A
E el ¢ °a
-
E ' o8
= ° .
g L
o I
s 4] ¢ cosm
2 o "4
fa) o,
I : ‘
) DAE
21 e Jeg
:
Y
]
} ®
0+ — 77—
200 300 400 500 600 700 800 900

Temperature (K)

Figure 4.10 Comparison of the HD flow rates exiting Pd, Cu, Pd;oCuzy, BCC
Pd47Cuss, and FCC Pd4;Cus; foil catalyst beds, each with a catalyst surface area

of ~19 cm® and 9 mL/min of H, and D, in the feed gas.

The differences in the H,-D, exchange activity of the catalysts are due to
the differences in the energetics of H, adsorption and desorption on these
catalysts. A comparison of the potential energy of H, adsorption on (B-Pd-
hydride, a-Pd-hydride, Cu, PdzoCusg, BCC Pd47Cuss, and FCC Pd47Cuss is shown

in Figure 4.11. Table 4.4 lists the parameters that describe H, adsorption and

desorption (Vags, Ely, Vaess Ei., and AE,, ) on B-Pd-hydride, a-Pd-hydride, Cu,

Pd7oCU3o, BCC Pd47CU53, and FCC Pd47CU53.
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Figure 4.11 Potential energy diagram for H; adsorption on Cu, B-Pd-hydride,

(x-Pd-hydride, Pd7oCU3o, BCC Pd47CU53, and FCC Pd47CU53.

Table 4.4 Summary of the adsorption pre-exponents (vags), adsorption barriers

(EZ.), desorption pre-exponents (vges), desorption barriers (E

ads

t
des

), and heats of

adsorption of H, (AEags) on B-Pd-hydride, o-Pd-hydride, Cu, Pd7Cusy, BCC

Pd47Cuss, and FCC Pd47Cuss from this work.

Vads Eaids Vdes Edies AEags
(mol/m?/s/Pa) eV) (mol/m?/s) (eV) (eV)
B-Pd-hydride 103707 03+01  10°%*% 063+0.03 -0.3+0.1
o-Pd-hydride 10°4*%4  012+004 10°3*%% 0.68+0.06 -0.56+0.07
Cu 103405 0,54 +0.06 10%%5 0.6 +0.7 0.0+0.7
Pd7oCuso 10°6£02 009+ 0.02 10°7*% 052+0.02 -0.43+0.03
BCC Pd,;Cusg; 10°2%£02 015+ 0.02 10"4*%  0.67+0.03 -0.52+0.04
FCC Pd47Cuss 109602 0.00+0.02 10%°*%  0.46+0.03 -0.46 +0.03
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Cu is the least active H,-D, exchange catalyst in this study due to the large
activation barrier to H, adsorption on Cu (0.54 = 0.06 eV). In contrast, barriers to
H adsorption on B-Pd-hydride (0.3 £+ 0.1 eV), a-Pd-hydride (0.12 + 0.04 eV),
Pd7oCuso (0.09 £ 0.02 eV), BCC Pd4;Cuss (0.15 + 0.02 eV), and FCC Pd47Cuss
(0.00 = 0.02 eV) are relatively small and the rate of H,-D, exchange over these
catalysts is determined largely by the rate of H, desorption (desorption-limited).
FCC Pd47Cuss has the highest H,-D, exchange activity of the desorption-limited
catalysts because the activation barrier to H, desorption on FCC Pd4;Cus; (0.46 +
0.03 eV) is the smallest. As expected, the order of decreasing H,-D, exchange
activity of the desorption-limited catalysts (FCC Pd47Cuss < Pd7Cusy < BCC
Pd47Cuss < B-Pd-hydride < a-Pd-hydride) follows closely the order of increasing
activation barrier to H, desorption: FCC Pd4;Cuss (0.46 £ 0.03 eV) < PdoCus
(0.52 £ 0.02 eV) < B-Pd-hydride (0.63 + 0.03 eV) < BCC Pd4;Cuss (0.67 + 0.03
eV) < a-Pd-hydride (0.68 £ 0.06 eV).

The heat of adsorption of H, (AEags) on a-Pd-hydride is the lowest (most
negative) of the catalysts and, therefore, H atoms are the most stable on a-Pd-
hydride. The order of increasing heat of adsorption of H, (decreasing stability of
H atoms) on the catalysts is as follows: a-Pd-hydride (AEas = -0.56 = 0.07 eV) <
BCC Pd47Cusz (AEags = -0.52 + 0.04 eV) < FCC Pd7Cuss (AEas = -0.46 + 0.03
eV) < Pd7gCusy (AEags = -0.43 + 0.03 eV) < B-Pd-hydride (AEag = -0.3 + 0.1 eV)
< Cu (AEas = 0.0 £ 0.7 eV). The heat of adsorption of H, on the PdCu alloys is
not much greater (less negative) than that on a-Pd-hydride, indicating that

alloying Pd with Cu does not drastically reduce the stability of H atom adsorption.
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The pre-exponent for H, desorption (vges) is ~10° mol/im?/s for all of the
catalysts used in this study, which is close to the value that would be expected
from statistical mechanics (~10" mol/m?/s) if the partition functions of the initial

state (adsorbed 2H) and the transition state cancel each other [74]:

LIV [1013 1)(102“ mol{lom ij _107 M

R S m? m?s’

where kg is Boltzmann’s constant, T is temperature, h is Planck’s constant, Nay, IS
Avogadro’s number, and osie IS the adsorption site density of a close-packed
surface. The pre-exponent for H, adsorption (vags) is ~10° mol/m%/s/Pa for all of
the catalysts used in this study. Predicting a pre-exponent for H, adsorption from
statistical mechanics is more complicated than that for H, desorption because the
partition functions in the initial state (gas) and the transition state do not cancel
each other.

The results of this study are significant because it has been shown that (1)
the crystal structures of Pd (B-Pd-hydride and a-Pd-hydride) and of Pds;Cuss
(BCC and FCC) have a significant impact on the energetics of H, adsorption and
desorption; and (2) although the H, dissociation activity of Cu is very low, Pd can
be alloyed with as much as ~50 mol% Cu without significantly reducing H,

adsorption rates.
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4.6 Conclusions

The energetics of H, adsorption on Pd, Cu, Pd7,Cusg, and Pd4;Cuss were
investigated in this study by microkinetic analysis of the H,-D, exchange reaction
over fixed foil catalyst beds of these catalysts. We found that the crystal structure
of Pd (B-Pd-hydride and a-Pd-hydride) and of Pd4;Cuss (BCC and FCC) have a
significant impact on the Kinetics of H,-D, exchange. The H,-D, exchange
activity of FCC Pd4;Cusz was the highest of all the catalysts in this study and the
H,-D, exchange activity of the catalysts decreases in the following order: FCC
Pd47Cusz > PdzCusp > BCC Pd4;Cussz > B-Pd-hydride > a-Pd-hydride >> Cu. The
very low H,-D, exchange activity of the Cu catalyst is due to the large activation
barrier to H; adsorption on Cu (0.54 + 0.06 eV). Activation barriers to H;
adsorption on B-Pd-hydride (0.3 = 0.1 eV), a-Pd-hydride (0.12 £ 0.04 eV),
Pd7oCuso (0.09 + 0.02 eV), BCC Pd4sCus; (0.15 + 0.02 eV) and FCC Pd47Cuss
(0.00 £ 0.02 eV) are small relative to that for Cu and the rate of H,-D, exchange
over these catalysts was determined largely by the rate of H,, D, and HD
desorption (desorption-limited). These results are significant for H, separation
membrane applications because it shows that Pd can be alloyed with as much as
~50 mol% Cu without significantly reducing H; dissociation rates. The order of
decreasing H,-D, exchange activity in the desorption-limited catalysts is nearly
the same as the order of increasing activation barrier for H, desorption: FCC
Pd47Cuss (0.46 + 0.03 eV) < PdzoCuso (0.52 + 0.02 eV) < B-Pd-hydride (0.63 +

0.03 eV) < BCC Pd;7Cus; (0.67 + 0.03 eV) < a-Pd-hydride (0.68 + 0.06 eV).
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Chapter 5

H,-D, Exchange over Pd;S, Pd47Cuss, and PdzoCus in the Presence of H,S

5.1 Summary

In this chapter, the effect of H,S on the rate of H, dissociative adsorption on Pd,S,
Pd47Cuss, and PdzoCusp foil catalyst beds is investigated by performing H,-D,
exchange (H; + D, «» 2HD) over these catalysts in the presence of 50 to 2000
ppm H,S. Qualitatively, H,S has the same effect on the rate of H,-D, exchange
over Pd;S, Pds7Cuss, and Pd7Cusg: increasing the concentration of H,S in the
H./D,/Ar feed gas reduces the rate of HD production by reducing the rate of H,
adsorption on these catalysts. It is likely that H,S, or other sulfur species such as
SH or S, blocks H; adsorption sites on the surfaces of these catalysts and the
number of sites blocked for H, adsorption increases with increasing H,S
concentration in the feed gas. However, H,S also causes an irreversible change in
the intrinsic Hp-D, exchange activity of Pds;Cuss, possibly by forming surface
sulfides that are difficult to reduce by removing H,S from the feed gas. In the
presence of 50 to 2000 ppm H,S, the rate of H, dissociative adsorption is highest
on the Pd,S catalyst followed by Pd7oCusp and Pds7Cuss. Although we have not
investigated a wide range of PdCu alloy compositions, our results show that, in
the presence of 50 to 2000 ppm H.S, increasing the Cu content in PdCu alloys

reduces the rate of H> dissociation on the alloy.
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5.2 Introduction

H,S slows hydrogen transport through Pd membranes indirectly, by
producing a PdsS film on the Pd surface that is about an order-of-magnitude less
permeable to H atoms than Pd, and also slows transport directly, possibly by
blocking H, dissociation sites on the Pd,S surface Pd [2, 25]. PdzCusp and
Pd47Cuss alloys are much more resistant to bulk sulfidation than Pd [1, 9, 29] and
hydrogen transport through these alloys is not significantly affected by H,S at
temperatures near 900 K [7, 9, 19]. At lower temperatures (~600 K), however,
H,S blocks hydrogen transport through PdzoCusp and Pd47Cusz alloys almost
completely [9]. Because these alloys do not form thick sulfides, it has been
suggested that H,S poisons the catalytic activity of their surfaces for H,
dissociation [9]. However, there is very little direct evidence to support this
hypothesis. The effect of H,S on H, dissociative adsorption on PdsS, Pd47Cuss,
and Pd;oCus surfaces has not been investigated to the best of our knowledge.

In this chapter, H,-D, exchange over Pd;S, Pds;Cuss, and Pd;Cus foil
catalyst beds was performed with varying concentrations of H,S (50 to 2000 ppm)
in the feed gas to investigate the effect of H,S on H, dissociative adsorption on
these surfaces. We will show that increasing the H,S concentration in the feed
gas reduces the rate of H, dissociative adsorption on these catalysts and, as a
result, decreases the rate of HD production over these catalysts. We will also
show that, in the presence of H,S, the H, dissociation activity of these catalysts

decreases with increasing Cu content in the alloy.
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5.3 Experimental

H,-D, exchange experiments over Pd alloy foils in the presence of H,S
were performed in a manner similar to the exchange experiments performed in
pure H, (Chapter 4), except that H,S was added to the H,/D,/Ar feed gas mixture.
We used six different H,S concentrations in the H,/D,/Ar feed gas: 50, 100, 200,
500, 1000, and 2000 ppm. The concentration of H,S in the feed gas mixture was
controlled by diluting either a (1.09+0.02%H,S)/H, gas mixture (Matheson Tri-
Gas) or a (0.107+£0.002%H,S)/H, gas mixture (Matheson Tri-Gas) with pure H,
(99.999% purity, Valley National Gases). The 0.107%H,S/H, gas mixture was
used for H,S concentrations of 50, 100, and 200 ppm; the 1.09%H,S/H, gas
mixture was used for H,S concentrations of 500, 1000, and 2000 ppm. Three
different H,/D,/Ar feed gas combinations were used for each H,S concentration: 9
mL/min of H, and D, (9H, / 9D,), 4.5 mL/min of H, and D, (4.5H, / 4.5D,), and
4.5 mL/min of H, and D, diluted with 9 mL/min of Ar (9Ar / 4.5H,/ 4.5D;). The
total pressure in the reactor was measured with a Baratron pressure gauge and was
as follows: 104 kPa for the 4.5H, / 4.5D, feed gases; 107 kPa for the 9H, / 9D,
feed gases; and 111 kPa for the 9Ar / 4.5H, / 4.5D, feed gases. Table 5.1 lists the
H.,S concentrations and flow rates of the feed gases used in the eighteen different
feed gas conditions used for H,-D, exchange experiments in the presence of H,S.

The total surface area of the foil catalysts used in all experiments was ~19
cm®. The Pd,S catalyst was initially prepared in the H»-D, exchange reactor by
flowing a 1.09%H,S/H, gas mixture over a pure Pd (Alfa Aesar, 25 um thick,

99.9% metals purity) foil catalyst bed for ~40 hours at 773 K. Based on the
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kinetics of Pd sulfidation [25], this exposure should have been more than
sufficient to completely sulfide the Pd foil catalyst bed to Pd,S.

Prior to the H,-D, exchange experiments, the Pd,;S, Pd;oCuso and Pd4;Cuss
foil catalyst beds were heated to ~1000 K in a 1000 ppm H,S in H, gas mixture
and held at that temperature for ~16 hours. After the initial heat treatment, the
H,S/H,/D,/Ar feed gas mixture was introduced to the reactor and the product gas
composition was analyzed by a mass spectrometer.  Steady-state mass
spectrometer signals were collected at constant temperature and the temperature

was decreased in a step-wise fashion.
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Table 5.1 Feed gas flow rates for the 18 different feed gas conditions used in H-

D, exchange experiments in the presence of H,S.

Feed Gas H,S _ Feed Gas Flow Rates (mL/min)

Condition concentration  1%H,S/  0.1%H,S/ H, D, Ar
(ppm) H> H,

4.5H, / 4.5D; 2000 £ 200 1.65 0 286 45 0
4.5H, / 4.5D, 1000 + 200 0.83 0 368 45 0
4.5H, / 4.5D; 500 + 200 0.41 0 409 45 0
4.5H, / 4.5D; 200 + 20 0 1.68 282 45 0
4.5H, / 4.5D, 100 + 20 0 0.84 366 45 0
4.5H, / 4.5D, 50+ 20 0 0.42 4.08 45 0
9H, / 9D, 2000 + 100 331 0 573 9 0
9H, / 9D, 1000 + 100 1.65 0 736 9 0
9H, / 9D, 500 + 100 0.83 0 818 9 0
9H, / 9D, 200+ 10 0 3.37 563 9 0
9H, / 9D, 100 + 10 0 1.69 731 9 0
9H, / 9D, 50+ 10 0 0.84 816 9 0
9Ar [ 4.5H, / 4.5D, 2000 £+ 100 3.31 0 123 45 9
9Ar [ 4.5H, / 4.5D, 1000 + 100 1.65 0 286 45 9
9Ar / 4.5H,/ 4.5D, 500 + 100 0.83 0 368 45 9
9Ar [ 4.5H, / 4.5D, 200 + 10 0 3.37 113 45 9
9Ar [ 4.5H, / 4.5D, 100 + 10 0 1.68 282 45 9
9Ar / 4.5H,/ 4.5D, 50+ 10 0 0.84 366 45 9
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5.4 Results and discussion
5.4.1 H,-D; exchange over Pd,S in the presence of H,S

H,-D, exchange over Pd,S was carried out by feeding a H,S/H,/D,/Ar gas
mixture to a Pds;S foil catalyst bed while the product gas composition was
analyzed with a mass spectrometer. Six different concentrations of H,S (50, 100,
200, 500, 1000, and 2000 ppm) were used in the feed gas, each with three
different Hy, D2, and Ar feed gas flow rates for a total of 18 different feed gas
conditions. Figure 5.1 shows the HD flow rates exiting a Pd foil catalyst bed
without H.S in the feed gas compared to the HD flow rates exiting a Pd,S catalyst
bed with 50 ppm H,S in the feed gas, each with 9 mL/min of H, and D in the
feed gas. The HD flow rates exiting the Pd,S catalyst bed without H,S in the feed
gas are also shown in Figure 5.1. The rate of HD production over the PdsS
catalyst bed without H,S in the feed gas is similar to the rate of HD production
over the pure Pd foil catalyst bed. It is likely that the H,-D, exchange activity of
Pd,S in the absence of H,S is similar to that of Pd because, in the absence of H.S,
the Pd,S surface is reduced to metallic Pd. In the presence of 50 ppm H,S,
however, the rate of HD production over the Pd,S catalyst is much lower than that

over the Pd catalyst in the absence of H,S.
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Figure 5.1 Comparison of the HD flow rates exiting a Pd foil catalyst bed
without H,S in the feed gas (Pd), a Pd,S catalyst bed with 50 ppm H,S in the
feed gas (PdsS (50 ppm H,S)) and a Pd,S catalyst bed without H,S in the feed
gas (PdsS (0 ppm H,S)), each with 9 mL/min of H, and D, in the feed gas.
The Pd,S catalyst with 50 ppm H,S in the feed gas is much less active for H,-
D, exchange than the pure Pd catalyst bed without H,S in the feed gas. The
H,-D, exchange activity of the Pd,S catalyst without H,S in the feed gas is
similar to that of Pd, possibly because the Pd4S surface is reduced to metallic
Pd in the absence of H,S.
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The low rate of HD production over Pd,S in the presence of 50 ppm H,S,
relative to the HD production rate over the Pd without H,S in the feed gas, is
either due to a low rate of H, adsorption or due to a low rate of H, desorption. To
determine which of these steps (adsorption or desorption) is rate-limiting, we
observed the effect of diluting the feed gas with Ar on the HD production rate.
Figure 5.2 shows the HD flow rates exiting the (a) Pd foil catalyst bed without
H,S in the feed gas and the (b) Pd4S catalyst bed with 50 ppm H,S in the feed gas,
each with three different H./D,/Ar feed gas combinations: 9 mL/min of H, and
D, 4.5 mL/min of H, and D, and 4.5 mL/min of H, and D, diluted with 9
mL/min of Ar. Diluting the 4.5H, / 4.5D, feed gas with Ar (9Ar / 4.5H, / 4.5Dy)
does not significantly reduce the HD flow rate exiting the Pd foil catalyst bed
(Figure 5.1(a)). This observation indicates that the rate of HD desorption, which
is independent of the H, and D, partial pressure, is rate-limiting and the rate of H,
adsorption is relatively high. In contrast to Pd, diluting the 4.5H, / 4.5D, feed
gas with Ar (9Ar / 4.5H, / 4.5D,) significantly reduces the HD flow rate exiting
the Pd;S catalyst bed in the presence of 50 ppm H,S (Figure 5.2(b)), which
indicates that H, adsorption is rate-limiting. Therefore, the low rate of H,
adsorption on the Pd,4S surface in the presence of 50 ppm H,S is responsible for
its much lower H,-D, exchange activity than that of Pd without H,S in the feed

gas.
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Figure 5.2 HD flow rates exiting the (a) Pd foil catalyst bed and the (b) PdsS
catalyst bed with 50 ppm H,S in the feed gas, each with three different H,/D,/Ar
feed gas combinations: 9 mL/min each of H, and D, (9H, / 9D;), 4.5 mL/min
each of H, and D; (4.5H; / 4.5D,), and 4.5 mL/min each of H, and D diluted
with 9 mL/min of Ar (9Ar / 4.5H, / 4.5D,). Diluting the 4.5H, / 4.5D; feed gas
with Ar (9Ar / 4.5H, / 4.5D,) does not significantly reduce the HD flow rate
exiting the pure Pd foil catalyst bed, indicating desorption-limited Hj-D;
exchange. In contrast to Pd, the HD flow rate exiting the Pd,S catalyst bed in the
presence of H,S is significantly reduced by diluting the H,/D, feed gas with Ar,
indicating that the rate of H, adsorption on Pd,S is rate-limiting.
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Figure 5.2 suggests that the low H,-D, exchange activity of PdsS in the
presence of H,S (relative to Pd in the absence of H,S) is due to a much lower rate
of H; adsorption on Pd,S than on Pd. It is not clear from Figure 5.2(b) whether
the Pd,S surface has an intrinsically low H, dissociation activity, or if H,S
reduces the rate of H, adsorption directly, or both. To determine whether H,S
reduces the rate of H, adsorption on Pd,S directly, H,-D, exchange over the PdsS
catalyst was performed with H,S concentration varying from 50 to 2000 ppm.
Figure 5.3 shows the HD flow rates exiting the Pd,S catalyst bed with 50, 100,
200, 500, 1000, and 2000 ppm H,S in the feed gas and with three different
H./D,/Ar feed gas combinations: (a) 4.5 mL/min each of H, and D, (4.5H; /
4.5Dy), (b) 9 mL/min each of H, and D, (9H, / 9D,), and (c) 4.5 mL/min of H,
and D, diluted with 9 mL/min of Ar (9Ar / 4.5H, / 4.5D,). For all three Ha/Do/Ar
feed gas combinations, increasing the H,S concentration in the feed gas decreases
the rate of H,-D, exchange over the Pd,S catalyst monotonically. These results
indicate that H,S is directly involved in reducing the rate of H, adsorption on

Pd,S, possibly by blocking H; dissociation sites.
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Figure 5.3 HD flow rates exiting a Pd,S catalyst bed with (a) 4.5 mL/min each of
H, and D in the feed gas, (b) 9 mL/min each of H, and D in the feed gas, and (c)
9 mL/min of Ar with 4.5 mL/min each of H, and D, in the feed gas, each with H,S
concentrations in the feed gas of 2000, 1000, 500, 200, 100, and 50 ppm.
Increasing the H,S concentration in the feed gas decreases the rate of H;-D,
exchange over Pd,S with all three H,/D,/Ar feed gas combinations.
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It is not clear from Figure 5.3 whether H,S blocks H; dissociation sites, or
if H,S dissociates on the Pd4S surface to SH and/or S which could also block H;
dissociation sites. However, there was evidence that H,S dissociated on the
surface to SH and S. Figure 5.4(a) shows the ratio of the HDS-to-H,S mass
spectrometer signals sampled from the product gas during H,-D, exchange over
Pd,S in the presence of 2000 ppm H,S and with the three different H,/D,/Ar feed
gas combinations. Figure 5.4(b) shows the ratio of the D,S-to-H,S mass
spectrometer signals. The baseline HDS-to-H,S and D,S-to-H,S ratios were
determined by sampling the feed gas directly without passing through the PdsS

catalyst bed.
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Figure 5.4 Ratio of the (a) HDS-to-H,S and the (b) D,S-to-H,S mass
spectrometer signals collected from the product gas during H,-D, exchange over
Pd,;S in the presence of 2000 ppm H,S and with the three different feed gas
conditions: 4.5 mL/min of H, and D; (4.5H; / 4.5D5), 9 mL/min of H, and D, (9H;
/ 9Dy), and 4.5 mL/min of H, and D, diluted with 9 mL/min of Ar (9Ar / 4.5H, /
4.5D;). The ratio of the HDS-to-H,S and the D,S-to-H,S mass spectrometer
signals is greater than the baseline values indicating that H,S dissociated to SH and
S on the Pd,S surface. These ratios decrease towards the baseline at temperatures
less than ~500 K, which is probably due to the very low rate of D, adsorption, and
the low surface coverage of D atoms, at temperatures less than ~500 K (see Figure
5.3).

The ratio of the HDS-to-H,S mass spectrometer signals (Figure 5.4(a)) is
significantly greater than the baseline value in the 400 K to 900 K temperature
range, which indicates that H,S dissociated to SH on the Pd,S surface, and D
atoms reacted with SH on the Pd,S surface to produce HDS. The D,S-to-H,S

mass spectrometer ratios (Figure 5.4(b)) are also significantly greater than the
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baseline values. Inthe 500 K and 800 K temperature range, the HDS-to-H,S and
the D,S-to-H,S ratios are roughly constant and it appears that the H,S/HDS/D,S
gas mixture is equilibrated in this temperature range. At temperatures less than
~500 K, the HDS-to-H,S and the D,S-to-H,S ratios decrease sharply and
approach the baseline ratios. This is probably due to the very low rate of D,
dissociative adsorption on the Pd,S surface at temperatures less than ~500 K and
in the presence of 2000 ppm H,S (see Figure 5.3). At temperatures less than ~500
K, the HDS-to-H,S ratio (Figure 5.4(a)) decreases slightly faster for the feed gas
diluted with Ar (9Ar / 4.5H; / 4.5D,), than with the other two feed gases. This
could be due to the lower rate of D, adsorption, and the lower coverage of D
atoms, when the H,/D; feed gas is diluted with Ar. Diluting the feed gas with Ar
does not result in a sharper decline in the D,S-to-H,S ratio (Figure 5.4(b)) at
temperatures less than ~500 K. This may be an artifact of the Ar isotope at mass
36 that interferes with the D,S signal at the same mass.

In conclusion, the H,-D, exchange activity of Pd,S in the presence of H,S
is much lower than that of Pd in the absence of H,S due to the much lower rate of
H, adsorption on Pd,S relative to Pd. Increasing the H,S concentration in the feed
gas decreases the rate of H,-D, exchange over Pd,S, which indicates that H,S is
actively involved in reducing the rate of H, adsorption on Pd,S. It is likely that
H,S, SH, or S blocks H, dissociative adsorption sites on the Pd4S surface,
although it is not clear which of these species (H,S, SH, or S) is primarily

responsible for reducing the rate of H, adsorption on Pd,S.
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5.4.2 H,-D; exchange over Pd47Cuss in the presence of H,S

In Chapter 4, it was shown that the rate of H,-D, exchange over a
Pd47Cus; alloy was dependent on the crystal structure of the alloy, which is body-
centered-cubic (BCC) at temperatures less than ~700 K and face-centered-cubic
(FCC) at temperatures greater than ~800 K (see Figure 5.5) [32]. H, adsorption
on both BCC and FCC Pd4;Cuss was not hindered by large activation barriers and
the rate of H,-D, exchange over both phases was limited by the rate of HD
desorption. In this section, the effect of H,S on the rate of H,-D, exchange over

Pd47Cuss is investigated.
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Figure 5.5 Pd-Cu phase diagram adapted from [32]. The Pd4;Cuss alloy has a
body-centered-cubic (BCC) crystal structure at temperatures less than ~700 K
and a face-centered-cubic (FCC) crystal structure at temperatures greater than
~800 K. In between ~700 K and ~800 K, the BCC and FCC phases co-exist in
a two-phase structure.

H,-D, exchange over Pd4;Cuss was carried out by feeding a H,S/H2/Do/Ar
gas mixture to a Pd4;Cuss foil catalyst bed while the product gas composition was
analyzed by a mass spectrometer. Figure 5.6 shows the HD flow rates exiting a
BCC Pd4;Cus; foil catalyst bed without H,S in the feed gas compared to the HD
flow rates exiting a Pd47Cuss foil catalyst bed with 50 ppm H,S in the feed gas,

each with 9 mL/min of H, and D in the feed gas. Adding 50 ppm H,S to the feed
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gas significantly reduces the rate of HD production over the Pd4;Cus; alloy; the
onset of H,-D, exchange over Pd4;Cuss without H,S in the feed gas begins at a
temperature that is ~200 K lower than that over Pds;Cus; in the presence of 50

ppm H-S.
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Figure 5.6 Comparison of the HD flow rates exiting a BCC Pd4;Cus; foil
catalyst bed without H,S in the feed gas to the HD flow rates exiting a Pd47Cuss
foil catalyst bed with 50 ppm H,S in the feed gas, each with 9 mL/min of H, and
D, in the feed gas. Adding 50 ppm HS to the H./D, feed gas reduces the rate of
HD production over the Pds;Cus; catalyst. At ~680 K, there is a break in the HD
flow rate exiting the Pd4;Cusz catalyst with 50 ppm H,S in the feed gas, which
we believe is due to a change in the Pds;Cuss crystal structure from a mixed
BCC/FCC structure at temperatures above ~680 K to a BCC structure at
temperatures below ~680 K.

108



At ~680 K, there is a break in the HD flow rate exiting the Pd4;Cuss
catalyst bed in the presence of 50 ppm H,S (see Figure 5.6). The temperature of
this break is similar to the temperature of the phase boundary between the BCC
phase and the mixed BCC/FCC two-phase region of Pds;Cuss (see Figure 5.5).
Therefore, we believe that the break in the HD flow rate exiting the Pd47Cus3 foil
catalyst bed at ~680 K is due to a change in the crystal structure of Pd47Cuss from
a mixed BCC/FCC two-phase structure at temperatures above ~680 K to a BCC
structure at temperatures below ~680 K; and the H,-D, exchange activity of
Pd47Cuss is different in these two different regions.

The HD production rate over Pd4;Cusz is limited by either the rate of H;
adsorption or by the rate of HD desorption. It is relatively straightforward to
identify the rate-limiting step by observing the effect of diluting the feed gas with
Ar on the rate of HD production. Figure 5.7 shows the HD flow rates exiting the
(a) BCC Pd4;Cus; foil catalyst bed without H,S in the feed gas and (b) the
Pd47Cuss foil catalyst bed with 50 ppm H,S in the feed gas, each with three
different H,/D/Ar feed gas combinations. In the absence of H,S (Figure 5.7(a)),
diluting the feed gas with Ar does not significantly reduce the rate of HD
production over Pd4;Cusz catalyst. This indicates that the rate of HD desorption,
which is independent of the H, and D, partial pressure, limits the rate of HD
production over Pd47Cus;z in the absence of H,S. In the presence of 50 ppm H,S
(Figure 5.7(b)), the HD flow rate exiting the Pd4;Cus; catalyst bed is significantly
reduced by diluting the feed gas with Ar, indicating that, in the presence of 50

ppm H,S, the HD production rate over Pd4;Cuss is limited by the rate of H;
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adsorption. Therefore, the rate-limiting step in H,-D, exchange over Pds;Cuss is
changed from HD desorption to H, adsorption by adding 50 ppm HS to the feed
gas; and the rate of H,-D, exchange over Pd4;Cuss is much lower with 50 ppm
H,S in the feed gas than without (see Figure 5.6) due to the much lower rate of H;

adsorption on Pd,7Cuss in the presence of 50 ppm H,S.
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Figure 5.7 HD flow rates exiting (a) the BCC Pd4;Cus; foil catalyst bed without
H,S in the feed gas and (b) the Pd4;Cusz catalyst bed with 50 ppm H,S in the
feed gas, each with three different Ha/D2/Ar feed gas combinations: 9 mL/min of
H, and D, (9H; / 9Dy), 4.5 mL/min of H; and D; (4.5H; / 4.5D;), and 4.5
mL/min of H, and D, diluted with 9 mL/min of Ar (9Ar / 4.5H; / 4.5D,).
Diluting the 4.5H, / 4.5D, feed gas with Ar (9Ar / 4.5H, / 4.5D;) does not
significantly reduce the HD flow rate exiting the Pd4;Cus;s catalyst bed without
H,S in the feed gas, whereas the HD flow rate exiting the Pd4;Cuss catalyst bed
with 50 ppm H-S in the feed gas is significantly reduced by diluting the feed gas
with Ar. These observations indicate that the rate-limiting step in Hy-D,
exchange over Pd4;Cuss is changed from HD desorption to H, adsorption by
adding 50 ppm H.S to the feed gas.
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The concentration of H,S in the feed gas was varied from 50 to 2000 ppm
to determine the effect of H,S concentration on the rate of HD production over
Pd47Cuss. Figure 5.8 shows the HD flow rates exiting the Pd47Cuss foil catalyst
bed with H,S concentrations of 50, 100, 200, 500, 1000, and 2000 ppm and (a)
4.5 mL/min of H; and D, (b) 9 mL/min of H, and D, and (c) 4.5 mL/min of H,
and D diluted with 9 mL/min of Ar. Increasing the H,S concentration in the feed
gas decreases the HD production rate over Pds;Cuss for all three different
H./D,/Ar feed gas combinations. Because the rate of HD production over
Pd47Cuss is limited by the rate of H, adsorption, it is likely that H,S decreases the
HD production rate over Pd4;Cuss by blocking H, adsorption sites; and increasing
the H,S concentration in the feed gas increases the number of H, adsorption sites

that are blocked by sulfur species (H,S, SH, or S).
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Figure 5.8 HD flow rates exiting a Pds;Cuss foil catalyst bed with H,S
concentrations of 50, 100, 200, 500, 1000, and 2000 ppm in the feed gas and with
H,/D,/Ar feed gas flow rates of (a) 4.5 mL/min of H, and D, (b) 9 mL/min of H,
and D,, and (c) 4.5 mL/min of H, and D, diluted with 9 mL/min of Ar. Increasing
the H,S concentration in the feed gas decreases the rate of HD production over

Pd47CU53.
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In Figure 5.8, there are visible breaks in the HD flow rates at ~680 K and
at ~810 K. The temperature of these breaks is similar to the temperature of the
phase boundaries in the Pds;Cuss crystal structure (see Figure 5.5). At
temperatures above ~810 K, the Pd47Cus; alloy has a FCC crystal structure and at
temperatures less than ~680 K the alloy has a BCC crystal structure. In between
~680 K and ~810 K, the BCC and FCC phases co-exist in a mixed structure. The
breaks in the HD flow rate exiting the Pd47Cus;3 foil catalyst bed could be due to
changes in the Pd4;Cuss crystal structure, and these different phases of Pd47Cuss
have different H,-D, exchange activities. This is not an unexpected result, as the
H,-D, exchange activities of BCC Pd47Cus; and FCC Pd4;Cus3 were shown to be
significantly different in Chapter 4.

In addition to blocking H, adsorption sites, it is also possible that H,S
reacts with the Pds;Cuss surface and alters its intrinsic H, dissociation activity.
To determine whether H,S reduces the rate of H, adsorption on Pd;;Cus3 more
than by simply blocking H; adsorption sites, H,S was removed from the feed gas
during H2-D, exchange over Pd4;Cuss. Figure 5.9 shows the HD flow rates
exiting the Pd4;Cuss foil catalyst bed versus time after removing 50 ppm H,S
from the feed gas at 623 K. The HD flow rate exiting a clean Pd4;Cus; foil
catalyst that had never been exposed to H,S is marked with a dashed line for
comparison. Immediately after removing H,S from the feed gas, the HD flow rate
exiting the Pd47Cusz catalyst bed increases sharply and then gradually approaches
a steady-state after ~30 minutes. The steady-state flow rate exiting the sulfur-

exposed Pd4;Cuss catalyst is still well below that of the clean Pd4;Cuss catalyst.
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This suggests that H,S reacts with the Pd4;Cuss surface and irreversibly alters its
H,-D, exchange activity. The sharp increase in the HD flow rate immediately
following removal of H,S from the feed gas is probably due to an increase in the
number of available H, adsorption sites as the rate of H,S adsorption decays to
zero. The gradual increase in the HD flow rate over time could be due to the
removal of weakly adsorbed sulfur species on the Pd4;Cuss surface. Strongly
bound surface sulfides may be present on the P44;Cuss surface after 50 minutes of
exposure to pure Hy, and these sulfides may be significantly less active for H,-D»

than the clean Pds;Cuss surface.
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Figure 5.9 HD flow rates exiting a Pd47Cuss foil catalyst bed at 623 K versus
time after removing 50 ppm H,S from a feed gas with 9 mL/min each of H, and
D,. The HD flow rate increases sharply immediately following removal of H,S
from the feed gas, and then the flow rate increases more gradually until it
reaches a steady-state at ~30 minutes. The steady-state flow rate is still below
the HD flow rate exiting a clean Pd4;Cus; foil catalyst bed that had never been
exposed to H,S. This result indicates that, in addition to blocking H; adsorption
sites, H,S also reacts with the Pds7Cuss surface and irreversibly changes the Ha-
D, exchange activity of Pd47Cuss.

The irreversible decrease in the H,-D, exchange activity of Pd47Cus; from
H,S exposure (Figure 5.9) could be due to the formation of surface sulfides that
have an intrinsically lower H,-D, exchange activity than the clean Pd47Cus;
surface. Although we do not have proof that surface sulfides are the cause of the
irreversible change the H,-D, exchange activity of Pd47Cuss, there is evidence that

H,S dissociated on the Pd4;Cuss surface to SH and S. Figure 5.10 shows the ratio
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of the HDS-to-H,S and the D,S-to-H,S mass spectrometer signals collected from
the product gas during H2-D, exchange over Pds;Cuss in the presence of 1000
ppm H,S. These ratios are significantly greater than the baseline ratios, which
were determined by sampling the feed gas directly without passing through the
Pd47Cuss catalyst bed. This indicates that H,S dissociated to SH and S on the
surface and these species reacted with D atoms on the Pd47Cuss surface to produce
HDS and D,S. At temperatures below ~600 K, the HDS-to-H,S and the D,S-to-
H,S ratios decrease, which is probably due to the low rate of D, adsorption on
Pd47Cuss at these temperatures (see Figure 5.8) and, as a result, the low coverage
of D atoms on the Pd4;Cuss surface. These dissociated sulfur species (SH and S)
could react with the Pds;Cuss surface to form surface sulfides and irreversibly

change the H,-D, exchange activity of Pd4;Cusg.
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Figure 5.10 HDS-to-H,S and D,S-to-H,S mass spectrometer signal ratios in the
product gas during H,-D, exchange over a Pds;Cuss foil catalyst bed in the
presence of 1000 ppm H,S. The HDS-to-H,S and D,S-to-H,S mass spectrometer
signal ratios are significantly higher than the baseline, indicating that H,S
dissociates to SH and S on the Pd4;Cuss surface.

In summary, the rate of HD production over Pds;Cuss is significantly
reduced by adding H,S to the feed gas due to the much lower rate of H;
adsorption on Pd4;Cuss in the presence of H,S than without H,S in the feed gas.
Increasing the H,S concentration in the feed gas decreases the rate of H,
adsorption on the Pd4;Cuss further. This suggests that H,S blocks H, adsorption

sites and the number of H, adsorption sites blocked by H,S increases with
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increasing H,S concentration. In addition to blocking H, adsorption sites, H,S
also causes in irreversible change in the H,-D, exchange activity of Pds;Cuss. It
is possible that H,S causes the formation of surface sulfides that have an

intrinsically lower H,-D, exchange activity than the clean Pd4;Cuss surface.

5.4.3. H,-D; exchange over Pd;oCuso in the presence of H,S

H,-D, exchange over Pd7Cusp was carried out similar to that over PdsS
and Pd47Cuss, with H,S concentrations in the feed gas varying from 50 to 2000
ppm. Unlike the Pd4;Cuss alloy, the crystal structure of the PdzoCus, alloy (see
Figure 5.5) is FCC in the entire temperature range of the H,-D, exchange reaction
(400 to 1000 K). A comparison of the HD flow rates exiting a Pd7oCus, foil
catalyst without H.S in the feed gas to the HD flow rates exiting a PdzqCus, foil
catalyst bed with 50 ppm H,S in feed gas, each with 9 mL/min of H, and D, in the
feed gas, is shown in Figure 5.11. Adding 50 ppm H,S to the feed gas

significantly reduces the H,-D-, exchange activity of PdzqCus.
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Figure 5.11 Comparison of the HD flow rates exiting the Pd;oCus, catalyst bed
without H,S in the feed gas to the HD flow rates exiting the Pd7oCuso catalyst
bed with 50 ppm H,S in the feed gas, each with 9 mL/min of H, and D, in the
feed gas. The rate of HD production over Pd7oCuso is significantly reduced by
adding 50 ppm H.S to the feed gas.

To determine whether H,S decreases the rate of HD production over
Pd7oCusp by decreasing the rate of H, adsorption, we first had to determine
whether the rate of H,-D, exchange over Pd7Cus is limited by the rate of H,
adsorption. Figure 5.12 shows the HD flow rates exiting the (a) Pd7Cus, foil
catalyst bed without H,S in the feed gas and (b) the Pd7oCus, foil catalyst bed
with 50 ppm H,S in the feed gas, each with three different Ho/D,/Ar feed gas

combinations. The HD flow rate exiting the Pd-oCuso catalyst bed without H.S in

the feed gas is not reduced by diluting the feed gas with Ar and, therefore, HD
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desorption is rate-limiting in the absence of H,S. In the presence of 50 ppm H,S,
the rate of HD production over Pd;oCuso is reduced by diluting the feed gas with
Ar, indicating adsorption-limited H,-D, exchange. Therefore, H,S reduces the

H,-D, exchange activity of Pd;oCuso by lowering the rate of H, adsorption.
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Figure 5.12 HD flow rates exiting the (a) Pd47Cus; foil catalyst bed without H,S
in the feed gas and the (b) Pd4;Cus;s foil catalyst bed with 50 ppm HS in the feed
gas, each with 9 mL/min of H, and D, (9H; / 9D5), 4.5 mL/min of H, and D,
(4.5H, / 4.5D,), and 4.5 mL/min of H, and D, diluted with 9 mL/min of Ar.
Diluting the feed gas with Ar does not reduce the HD flow rate exiting the
Pdzocusp catalyst bed in the absence of H.S, indicating desorption-limited H-D;
exchange. In contrast, the HD flow rate exiting the Pd7oCuso catalyst bed in the
presence of 50 ppm H,S is reduced by diluting the feed gas with Ar, indicating
adsorption-limited H,-D, exchange. H-S reduces the H,-D, exchange activity of
Pd7oCuso by reducing the rate of H, adsorption.
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H,-D, exchange over Pd;oCuso was performed with H,S concentrations in
the feed gas varying from 50 to 2000 ppm to determine whether increasing the
H,S concentration would decrease the rate of H, adsorption on Pd;oCuse. Figure
5.13 shows the HD flow rates exiting the Pd;oCuso foil catalyst bed with H,S
concentrations of 50, 100, 200, 500, 1000, and 2000 ppm and with (a) 4.5 mL/min
of H, and D, (b) 9 mL/min of H, and D,, and (c) 4.5 mL/min of H, and D,
diluted with 9 mL/min of Ar. Increasing the H,S concentration in the feed gas
decreases the rate of HD production over PdzoCuso. It is likely that H,S decreases
the rate of H, adsorption on Pd;,Cusz by blocking H, adsorption sites and the

number of sites blocked increases with H,S concentration in the feed gas.
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Figure 5.13 HD flow rates exiting a Pd7,Cus catalyst bed with (a) 4.5 mL/min
each of H, and D, in the feed gas, (b) 9 mL/min each of H, and D in the feed gas,
and (c) 9 mL/min of Ar with 4.5 mL/min each of H, and D, in the feed gas, each
with H,S concentrations in the feed gas of 2000, 1000, 500, 200, 100, and 50 ppm.
Increasing the H,S concentration in the feed gas decreases the rate of H;-D,
exchange over Pd;oCuso with all three H,/D/Ar feed gas combinations.
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5.4.4 Comparison of H,-D, exchange over Pd,;S, Pd47Cuss, and Pd;oCusp in the

presence of HyS

A comparison of the HD flow rates exiting the Pd;S, Pds;Cuss, and
Pd7oCug foil catalyst beds with (a) 50 ppm H.S in the feed gas and with (b) 2000
ppm H.S in the feed gas is shown in Figure 5.14. With both 50 ppm and 2000
ppm H,S in the feed gas, the rate of HD production over Pd,S is the highest
followed by Pd;oCusp and Pds;Cuss. This result also implies that, in the 50 to
2000 ppm H,S range, the rate of H, dissociative adsorption is the highest on Pd,S
followed by Pd;oCusp and Pds;Cuss. We have not investigated a wide enough
range of PdCu alloy compositions to make a general comment about the effect of
alloying Pd and Cu on the rate of H, adsorption; however, in the presence of H.S,
the rate of H, adsorption on the catalysts in this study decreases with increasing

Cu content in the alloy.

123



(a) 50 ppm H,S

(b) 2000 ppm H,S

)

)

HD flow rate (mL/min)

R, R, 10 - q
. (4 q R, 20C, 2> Cy
10 Py o 0C, C %s % %
2SS 30 53 amA A
= A IiA. o A . A .
A L] L]
A ° 8 - A .
8 1 L] A
° =
A o° A °
A L] — L] °
£ °
" A, E 6 A
6+ 3 a .
N E .
= ]
A ° e a .
°
4 R § 44 L] .
° [a)] .
A T °
o = A °
A m
A ° 2 °
21 A ° s . .
A
A L]
= A
A ° l . A R °
0 A A. °® 0 A
550 600 650 700 750 800 850 900

T T T T T T 1
450 500 550 600 650 700 750 800

T t K
Temperature (K) emperature (K)

Figure 5.14 Comparison of the HD flow rates exiting Pd;S, PdzoCusp, and
Pd47Cus; foil catalyst beds with (a) 50 ppm H,S in the feed gas and (b) 2000
ppm H,S in the feed gas, each with 9 mL/min of H, and D, in the feed gas. In
the 50 to 2000 ppm H,S range, the rate of HD production over Pd,S is the
highest followed by Pd7oCuso and Pd47Cuss.

124



5.5 Conclusions

In this chapter, the effect of H,S on H,-D, exchange over Pd,S, Pd7qCus,
and Pd47Cuss was investigated. The results of this investigation were qualitatively
the same for all three catalysts. Adding 50 ppm H,S to the H,/D,/Ar feed gas
reduced the rate of HD production, relative to the HD production rate in the
absence of H,S, by reducing the rate of H, adsorption. Increasing the H,S
concentration in the feed gas up to 2000 ppm decreased the rate of HD production
further by decreasing the rate of H, dissociative adsorption. It is not clear how
H,S decreases the rate of H, adsorption, but it is possible that H,S, or other sulfur
species such as SH or S, blocks H; dissociation sites. The rate of H,-D;, exchange
over Pd,;S was the highest of the catalysts in this study followed by Pd7,Cus and
Pds7Cuss.  Our results show that there may be a link between increasing Cu
content in PdCu alloys and reduced H, dissociation activity in the presence of

H,S.
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Chapter 6

Surface Modification and Sulfidation of Pds7Cus;

6.1. Summary and introduction

Previous work at the National Energy Technology Laboratory (B.D. Morreale,
Ph.D. thesis, University of Pittsburgh, 2006) linked the presence of small particles
of Ni-, Cr-, and Fe-sulfides (contaminants from stainless steel fixtures) on the
surface of PdCu alloys to improved sulfur tolerance. We hypothesized that these
Ni-, Cr-, and Fe-sulfide particles improve the sulfur tolerance of PdCu alloys by
acting as sulfur tolerant H, dissociation catalysts. This hypothesis was tested in
this thesis by modifying the surfaces of Pds;Cus; alloys with thin (~1 monolayer
to 1 um) films of Ni, Cr, Fe, Co, Mo, Pt, and Pd and measuring the rate of H,
permeation through the modified Pd4;Cuss alloys in the presence of 1000 ppm
H,S. These thin films did not improve the sulfur tolerance of the Pd4;Cuss alloy;
however, monolayer films of Ni, Cr, Fe, Co, Mo, and Pt unexpectedly catalyzed
the corrosion of the Pd47Cuss alloy to Pdi3CusSy and Cu,S. Our results show that
the Pd4;Cuss alloy is not thermodynamically corrosion resistant, and its corrosion
is kinetically limited by a surface reaction that is catalyzed by small amounts of

other metals including Mo, Ni, Co, Fe, Pt, and Cr.
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6.2 Experimental

Pd47Cuss surfaces were modified by depositing Mo, Fe, Ni, Co, Cr, Pd,
and Pt thin films onto their surfaces. Membrane samples were cut from 25 um
thick Pd4;Cuss foils (ATI1 Wah Chang, 99.0% metals purity). Thin film deposition
was performed in an ultra-high vacuum system equipped with a magnetron sputter
source (1.3” MAK sputter gun, MeiVac, Inc.). Mo, Fe, Ni, Co, Cr, Pd, and Pt
sputtering targets were purchased from ACI Alloys Inc. and were all 99.9%
metals purity. Prior to deposition, the substrate surfaces were cleaned by Ar*
etching. Deposition was performed at constant power (25 W) with a background
Ar pressure of 3 mTorr. Film thicknesses were monitored during deposition with
a quartz crystal microbalance (Maxtek BSH-150) positioned next to the Pd47Cuss
foil and the composition of the film was verified following deposition by analysis
with Auger electron spectroscopy (LK Technologies EG3000 electron gun and
MINICMA™ electron energy analyzer). Following preparation of the modified
Pd47Cuss foil, the vacuum chamber was vented to atmospheric pressure and the

membrane foil was mounted in the membrane testing apparatus.

The procedure for making hydrogen permeation measurements, and for
characterizing the membrane samples by x-ray diffraction, scanning electron

microscopy, and x-ray photoelectron spectroscopy, is given in Chapter 3.
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6.3 Results and discussion

Pd47Cus3 membrane surfaces were modified by thin films of Fe, Ni, Cr,
Co, Mo, Pt, and Pd with thicknesses ranging from ~1 monolayer to 1 um. Their
performance in the membrane testing apparatus was then evaluated by measuring
the rate of H, permeation through the membranes in the presence of 1000 ppm
H,S. Except for at the very beginning of H,S exposure, the sulfur tolerance of all
of the surface-modified Pd47Cus; membranes was not significantly better than the
unmodified Pd4;Cuss membrane. Figure 6.1 shows the H, fluxes through Pd,
unmodified Pds7Cuss, Pds7Cuss with a 1 ML Mo film on the surface (1ML Mo /
Pd47Cuss), and Pd47Cusz with a 1 pm Pd film (1umPd / Pd47Cus3) during exposure
to 1000 ppm H,S at 623 K. The H; flux through the unmodified Pd4;Cuss
membrane decays to zero in less than 5 minutes of H,S exposure, whereas the Pd
membrane is still permeable to H; after 6 hours of H,S exposure. The H; flux
through the Pd4;Cus3 membrane with a 1 monolayer Mo film on the surface
decays to zero about 20 minutes after H,S exposure, which is not a significant
improvement over the unmodified Pds;Cus; membrane. The sulfur tolerance of
the Pds7Cuss membrane with a 1 um Pd film is significantly better than the
unmodified Pd47Cus; at the beginning of H,S exposure, but the H, flux through
the 1umPd / Pd4s7Cuss3 membrane decays to zero after about 6 hours of H,S
exposure. Therefore, the sulfur tolerance of the modified Pd4;Cus; membranes
was not significantly better than the unmodified Pd4s;Cus3 membranes after 6
hours of H,S exposure and the modified Pd47Cus; membranes did not have better

sulfur tolerance than pure Pd.

128



0.020
0.0154 Pd
Q
N
£
S 0.0104
E
x
3
T
N
I
0.0054 lmed / Pd47Cu53
Pd470u53
1ML Mo /Pd,_Cu
oooodLL "o T T aross ./.\/
0 1 2 3 4 5 6

st exposure time (hours)

Figure 6.1 H; fluxes through Pd, Pd4;Cuss, Pd47Cuss with a 1 um Pd film on
the surface (1umPd / Pd47Cuss), and Pd47Cuss with a 1 monolayer Mo film on
the surface (LML Mo / Pd47Cus3) during exposure to 1000 ppm H,S at 623 K.

Although modifiying the surface of Pd4;Cuss with thin metal films did not
significantly improve the sulfur tolerance of the alloy, there was a significant and
unexpected difference in the interaction of H,S with the unmodified and the
modified Pds;Cuss alloy. Figure 6.2 shows the x-ray diffraction patterns of a
clean Pd47Cuss foil, a Pd47Cuss foil after 6 hours of exposure to 1000 ppm H,S at
623 K, and a Pd47Cuss foil with a monolayer Mo film on the surface (1 ML Mo /

Pd47Cus3) after 6 hours of exposure to 1000 ppm H,S at 623 K. The peak
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positions in the diffraction patterns of the clean Pd4;Cuss foil and the Pd47Cus; foil
after 6 hours of exposure to 1000 ppm H,S are nearly identical, indicating that the
Pd47Cuss alloy resisted bulk sulfidation by H,S. There are additional peaks in the
diffraction pattern of the 1 ML Mo / Pd4;Cuss foil exposed to H,S that are not
present in the diffraction pattern of the unmodified Pd4;Cuss exposed to H,S;
these peaks are associated with two different sulfide compounds: Pd;3CusS; and
Cu,S. These results suggest that the monolayer film of Mo catalyzed the

corrosion of Pd4;Cuss to Pd13CusS; and Cus,S.
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Figure 6.2 X-ray diffraction (XRD) patterns of a clean Pd4;Cus; foil, a
Pd47Cuss foil after 6 hours of exposure to 1000 ppm H,S at 623 K, and a
Pd47Cuss foil with a monolayer Mo film on the surface (LML Mo / Pd47Cuss)
after 6 hours of exposure to 1000 ppm H,S at 623 K. The monolayer Mo film
catalyzed the corrosion of Pd47Cus; to Pd;3CusS; and Cus,S.

Monolayer films of Fe, Cr, Ni, Co, and Pt also catalyzed the corrosion of
Pd47Cuss to Pd13CusS. The observation that monolayer-thick metal films catalyze
the corrosion of PdsCuss indicates that the PdsCuss alloy is not
thermodynamically corrosion resistant. Corrosion of Pd4;Cusz must be Kinetically
limited by a surface reaction that is catalyzed by the thin metal films. There are
several possible surface reactions that must take place for Pd4;Cuss to corrode to

Pd{3CusS; and Cu,S. First, H>S must dissociate on the Pd47Cusz surface to S.
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Then diffusion of S from the surface to the subsurface must take place to form
bulk Pd;3CusS; and Cu,S. Either of these surface reactions may be catalyzed by
the thin metal films. However, we have evidence that H,S dissociates readily on
the unmodified Pd4;Cuss surface. During H,-D, exchange over Pd4;Cuss in the
presence of 1000 ppm H,S (Chapter 5), there was a significant amount of HDS
and D,S in the product gas, indicating that H,S dissociates on the Pd4;Cuss
surface and reacts with D atoms. Therefore, it is likely that corrosion of Pd4;Cuss
is not kinetically limited by the H,S dissociation reaction and the thin metal films
may instead catalyze the penetration of S into the Pds;Cuss subsurface. It is
possible that these thin metal films strain the surface and reduce the activation

barrier to sulfur penetration into the Pd47Cuss subsurface.

Monolayer-thick films of Mo, Fe, Cr, Ni, Co, and Pt catalyzed the
corrosion of Pd47Cuss to Pd;3CusS7 and Cu,S. Thicker films of some these metals
produced different corrosion products. In some cases, no detectable corrosion
products were formed with thicker films. Table 6.1 lists the corrosion products
that were detected by XRD after 1000 ppm H,S exposure to Pds;Cuss foils
modified by Co, Cr, Fe, Mo, Ni, Pd, and Pt films with thicknesses varying from 1
monolayer to 1 um. Co, Mo, and Pd films of 1 nm catalyzed the corrosion of
Pd47Cuss to Pd;13CusSy and Cu,S similarly to the monolayer-thick films of these
metals. 10 nm and 100 nm Cr films on the Pd4;Cuss surface, however, did not
catalyze the corrosion of Pd4s7Cuss and no bulk sulfides were detected by XRD.
100 nm Co, Fe, and Ni films on the Pds;Cuss surface did not catalyze the

corrosion of Pd47Cuss, but Co-, Fe-, and Ni-sulfides were detected. Therefore,
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monolayer films of Co, Cr, Fe, Mo, Ni, and Pt catalyzed the corrosion of Pd4;Cuss
to Pdi3CusS; and Cu,S but thicker films of these metals did not always catalyze
the corrosion of Pd4;Cuss. It is not clear why the monolayer films are more
effective at catalyzing the corrosion of Pd4;Cuss. It is possible that the monolayer
films create sufficient strain in the Pd4;Cuss surface to allow penetration of S into

the subsurface, but thicker films of these metals increase the resistance to

diffusion of S into the Pd47Cussz subsurface.

Table 6.1 Corrosion products that were detected by x-ray diffraction following
exposure of modified Pd4;Cuss foils to 1000 ppm H,S in H; at 623 K. Pd4;Cuss
surfaces were modified by thin films of Co, Cr, Fe, Mo, Ni, Pd, and Pt with
thicknesses ranging from 1 monolayer to 1 um. Exposure of the 1 pum Pd film
film (highlighted) to H,S produced a corrosion product that has a crystal
structure similar to Pd,S, but with a significant amount of Cu incorporated into
its lattice

1 ML 1nm 10 nm 100 nm 1um
Co + Cu,S + Cu,S CoySq
Pd,;Cu,S, no "thick" | no "thick"
Cr + Cu,S sulfides sulfides
Pd,;Cu,S, Fe-sulfide
Fe + Cu,S (spalled)
Mo + Cu,S + Cu,S
Ni + Cu,S Ni-sulfide
Pd + Cu,S + Cu,S + Cu,S Pd,S
Pt + Cu,S
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Pd films up to 100 nm catalyzed the corrosion of Pd4;Cuss to Pd;3CusSy
and Cu,S; however, exposure of a Pd4;Cuss foil with a 1 pm Pd film to 1000 ppm
H,S at 623 K produced a corrosion product with a crystal structure that is similar
to Pd,S. Figure 6.3 shows the XRD patterns of a Pd47Cusz foil witha 1 um Pd
film on the surface (1pmPd / Pd47Cuss) before H,S exposure and after 6 hours of
exposure to 1000 ppm H,S in H, at 623 K. As expected, the diffraction pattern of
the 1umPd / Pd4;Cuss foil before H,S exposure shows only peaks that are
associated with Pd and Pd4;Cuss. The diffraction pattern of the composite 1umPd
/ Pd47Cuss foil after 6 hours of H,S exposure is dominated by features that are
associated with the Pd4S crystal structure and not the Pd;3CusS; or Cu,S crystal
structures. Therefore, increasing the Pd film thickness from 100 nm to 1 pum

increased the selectivity towards Pd,S production relative to Pd13CusS7 and Cus,S.
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Figure 6.3 XRD patterns of a Pd47Cuss foil with a 1 um Pd film on the surface
before H,S exposure (top, blue) and after 6 hours of exposure to 1000 ppm H,S
at 623 K (bottom, red). Only peaks associated with Pd and Pd4;Cus; are
present in the diffraction pattern of composite foil before H,S exposure. Peaks
associated with Pd,S dominate the diffraction pattern of the Pd / Pd4;Cus; foil
after 6 hours of H,S exposure.

Although the crystal structure of the corrosion product that resulted from
exposing the 1 um Pd / Pd4;Cuss foil to H,S is similar to Pd,S, x-ray
photoelectron spectroscopic depth profiling in the near surface region of the 1 um
Pd / Pd47Cuss foil indicates that there was a significant amount of Cu incorporated
into the Pd,S lattice. Figure 6.4 shows an x-ray photoelectron spectroscopy depth

profile of the 1 um Pd / Pd4;Cuss foil after 6 hours of exposure to 1000 ppm H,S
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at 623 K. In the near-surface region (~200 nm) of the 1 um Pd / Pd4;Cuss, there is
a significant amount of Cu, indicating that the thin Pd film extracted Cu from the
Pd47Cuss foil substrate during sulfidation. The metal (Pd + Cu)-to-S ratio in the
near-surface region is still ~4:1, which is the Pd:S ratio in Pd,S. Figure 6.5 shows
a scanning electron micrograph (SEM) of a cross-section of the 1 um Pd /
Pd47Cus; foil after 6 hours of exposure to 1000 ppm H,S at 623 K with a sulfur
EDS map to highlight the sulfur rich region in the SEM image. After 6 hours of
H.,S exposure, the thickness of the sulfur corrosion product was ~4 um, which is
much thicker than the original thickness of the Pd film (1 um) that was deposited
onto the Pd47Cuss foil. XRD, XPS depth profiling and SEM/EDS analysis of the
sulfur-exposed 1 um Pd / Pd4;Cuss foil indicate that the thin 1 um Pd film
extracted Cu from the Pd4;Cus; foil substrate during sulfidation to produce a
corrosion product that has a crystal structure similar to that of Pd;S but with a

significant amount of Cu incorporated into the crystal lattice.
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Figure 6.4 X-ray photoelectron spectroscopy depth profile of the Pd4;Cus; foil
with a 1 um Pd film on the surface after 6 hours of exposure to 1000 ppm H,S
in Hy at 623 K showing the Pd, Cu, and S concentrations versus depth from the
surface to about 200 nm into the bulk. There is a significant amount of Cu in
the near surface region, indicating that the Pd film extracted Cu from the
Pd47Cuss foil during sulfidation.
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SEM image Sulfur EDS map

Figure 6.5 Scanning electron micrograph (left) with sulfur energy dispersive
spectroscopy map (right) of a cross-section of the Pd4;Cus; foil with a 1 pum Pd
film on the surface after 6 hours of exposure to 1000 ppm H,S in H, at 623 K.
The white region in the sulfur EDS map highlights the sulfur-rich region in the
SEM image. The thickness of this sulfur-rich region is ~4 pm, which is much
thicker than the original thickness of the Pd film (1 um). XPS depth profiling
(Figure 6.4) indicates that a significant amount of Cu is present in this sulfur-rich
film, indicating that the Pd film extracts Cu from the Pd4;Cuss foil substrate
during sulfidation.
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6.4 Conclusions

In an attempt to impart sulfur tolerance in the Pd4;Cuss alloy at low
temperatures, Pd4;Cuss surfaces were modified by thin films of Mo, Fe, Ni, Co,
Cr, Pd and Pt with thicknesses ranging from 1 monolayer to 1 um. Although the
sulfur tolerance of the modified Pd47Cuss alloys was not significantly better than
the unmodified alloy, valuable insight into PdCu corrosion mechanisms was
gained from these experiments. Monolayer-thick films of Mo, Fe, Ni, Co, Cr, and
Pt catalyzed the corrosion of Pd47Cusz to Pd;3CusS; and Cu,S, which suggests that
the Pd4;Cuss alloy is not thermodynamically corrosion resistant. Corrosion of the
Pd47Cuss alloy is kinetically limited by a surface reaction that is catalyzed by
these thin films. It is likely that these thin metal films aid sulfur penetration into
the Pd4;Cuss bulk, perhaps by straining the Pd47Cuss surface. Different corrosion
products were formed by depositing thicker films on Pd4;Cuss foil surfaces. A 1
um Pd film on the surface of a Pd4;Cuss foil extracted Cu from the Pd4;Cus; foil
substrate during sulfidation to produce a ~4 um-thick Pd-Cu-S corrosion product
that had a crystal structure similar to that of Pd4S but with a significant amount of

Cu incorporated into the lattice.
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Chapter 7

General Conclusions

The aim of this thesis was to understand how H,S slows hydrogen
transport through Pd and PdCu alloy hydrogen separation membranes. Although
there are still many gaps in our understanding of sulfur poisoning, we have found
that H,S can inhibit hydrogen transport through Pd and PdCu membranes by two
different mechanisms: (1) by producing a low permeability sulfide film on the
membrane surface, and (2) by decreasing the rate of H, dissociation on the
membrane surface.

Throughout this thesis we have used pure Pd and Pds;Cus; as benchmarks
for understanding hydrogen transport and sulfur poisoning mechanisms. The
Pd47Cuss alloy has been identified as a promising alternative to pure Pd hydrogen
separation membranes due in part to its high permeability, which is related to its
BCC crystal structure at temperatures less than ~700 K. At temperatures greater
than ~800 K, the Pd;Cus; alloy has a FCC crystal structure and a H, permeability
that is about an order-of-magnitude less than that of BCC Pd4;Cus;. We have
shown for the first time that the surface H, dissociation reaction is also
significantly different on BCC Pd4;Cus; than that on FCC Pd47Cub53; the
activation barrier to H; dissociation on FCC Pd47Cuss is significantly lower than
that on BCC Pd4;Cuss. In addition, the activation barriers to H, dissociation on

both BCC and FCC Pd4;Cuss surfaces are not significantly higher than the
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activation barrier to H, dissociation on pure Pd. This thesis has shown that, in the
absence of H,S, Pd can be alloyed with ~50 mol% Cu without significantly
reducing H, dissociation rates on the surface or the rate of H atom permeation
through its bulk.

There is a significant difference in the effect of H,S on hydrogen transport
through Pd and Pd47Cus; membranes, which we believe is due to a difference in
how H,S interacts with the two membranes. At 623 K, the rate of hydrogen
permeation through Pd and Pd4;Cuss membranes is significantly reduced by
exposure to 1000 ppm H,S, but with significantly different decay patterns. The
Pd47Cus3 membrane is impermeable to H; in less than 5 minutes of H,S exposure,
whereas the Pd membrane is still permeable to hydrogen after 6 hours of H,S
exposure. Compositional analysis of the Pd and Pd4;Cus; membranes indicates
that H,S exposure produced a thick (~um) PdsS film on the surface of the Pd
membrane. In contrast, sulfur penetrated only a few nanometers into the bulk of
the Pds7Cus; membrane. These results have led us to believe that H,S slows
hydrogen transport through Pd and Pd47Cus3 membranes by different mechanisms.

H.S slows hydrogen transport across Pd membranes mainly by producing
a Pd4S film on the Pd surface that is about an order-of-magnitude less permeable
to hydrogen than Pd. In contrast to Pd, our results strongly suggest that H,S
blocks hydrogen transport across Pd47Cus; membranes by decreasing the rate of
H, dissociation on the Pds;Cus; surface. The kinetics of H,-D, exchange over
Pds7Cuss in the presence of H,S (Chapter 5) need to be analyzed with a

microkinetic model to understand how H»>S decreases the rate of H, dissociation
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on the Pd4;Cuss surface; but it appears that H,S (or other sulfur species) blocks a
significant fraction of the Pds;Cusz surface for H, dissociation. H,S also
decreases the rate of H, dissociation on Pd,S surfaces, but H,S has a more
significant effect on the rate of H, dissociation on Pd4;Cuss than on Pd,S.

The effect of H,S on hydrogen transport across Pd47Cuss diminishes with
increasing temperature until H,S has no effect on hydrogen permeation through
Pd47Cuss at temperatures greater than ~900 K. It is likely that the sulfur tolerance
exhibited by the Pd4;Cus; alloy is related to its resistance to bulk sulfidation.
However, it is not well understood why the Pds;Cuss alloy resist bulk sulfidation.
Our results indicate that the Pd4;Cuss alloy is not thermodynamically sulfidation
resistant; its sulfidation is kinetically limited by a surface reaction that is
catalyzed by thin metal (Fe, Ni, Co, Cr, Mo, Pt) films on the surface of Pd4;Cuss.
This finding warrants further investigation because understanding why the
Pd47Cuss alloy resists bulk sulfidation may lead to the development of advanced

membrane materials that could be implemented into a coal gasification process.
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Appendix: derivation of the H,-D, exchange kinetic model

The integral mass balance on HD is

FHD,oul
dFyp

0 rHD

=A, (AL)

where dFyp is the differential HD flow rate, Fyp out IS the HD flow rate exiting the
catalyst bed, A is the catalyst surface area, and ryp is the HD production rate [90].
The HD production rate, ryp, is given by the microkinetic expression:

"o = 2K HHHD - kads PHD (1 - HH - HD )2 (AZ)

des
where Kgqes is the HD desorption rate constant, 6y is the coverage of H atoms, 6p is
the coverage of D atoms, Kags IS the HD adsorption rate constant, and Pup is the
HD partial pressure. Because we are assuming that isotopic effects are negligible,
and the partial pressures of H, and D, are equal for all experiments, the coverages

of H (64) and D (0y) atoms are each assumed to be equal to one-half of the total

coverage (0):

Therefore, the microkinetic expression for the rate of HD production is:

0 2
hio = 2kdes (EJ - kads I:>HD (l_ 0)2 : (A3)

To substitute the microkinetic expression for the rate of HD production, equation
(A3), into the mass balance on HD, equation (Al), the HD partial pressure in

equation (A3) must be converted into HD flow rate, Fyp:

2 2
Mo = dees (gj _ kads I:HD Ptotal (l_ 0) (A4)

2 F,

total
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where

FouP

F __ _ total' HD
HD —

P

total

and Piota 1S the total pressure and Fiora IS the total flow rate. Substituting the HD
production rate, equation (A4), into the integral mass balance on HD, equation
(A1), gives:

FHD out
' dF
HD

=A
2
0 2k [ej . kads I:HD Ptotal (1_9)2
des F

2 total

(AS)

Integrating equation (A5) and solving for the flow rate of HD exiting the catalyst

bed gives:

Kios Frota @ ~k PA(L-6)
F wt = des " total 1—ex ads A6)
et ok P(1—9)2|: p( ot (

ads
At steady-state, the change in the coverage of H (and D) atoms is zero:

do,,
dt

=0= ZkadsPHZ(l_gH _QD)Z + kadsPHD(l_QH _QD)Z — 2Kyes 0y — 2K e85

des des

where Py, is the H; partial pressure and all of the other variables are defined
above. Again, we assume that the coverages of H and D atoms are each equal to

one-half of the total coverage:

Therefore, the change in the coverage of H atoms is given by:

do,,
dt

0°.

=0= 2kadsPHZ(:l'_Q)2 + kadsPHD(:l'_Q)2 -k

des
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Solving for & gives:

k
2 k I:)H 2, feed

0= s AT
kads ( )
1+ 2 k I:)H 2, feed
des

where Py teeq 1S the partial pressure of H, in the feed gas, which is related to Pua

ads

and Pyp by the stoichiometry of the reaction:

PHZ = PHz,feed _EPHD

Substitution of the expression for the total coverage of H and D atoms, equation
(A7), into the expression for the flow rate of HD exiting the reactor, equation

(A6), gives the H,-D, exchange kinetic model:

P

total

B kads A

2
, ka s
Ftotal (1 + 2k7d I:)Hz , feed j
des

E

total I:)H 5, feed

P

total

I:HD,out = I:Hz,feed 1—eXp

where

I:Hz, feed —
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