











be clearly seen by the naked eye. Figure 3.12 (b) shows a picture of the Pd-27Pt membrane
(CSM 498H) after quenching in hydrogen. No visible cracks were observed. In order to confirm
the absence of cracking on the microscopic scale, an SEM image of the membrane surface was

taken and is shown in Figure 3.12 (c).

Figure 3.12 Pictures of (a) The 4.9 um thick pure Pd (CSM 304) and (b) The 4.4 pm thick Pd-
27Pt (CSM 498H) supported membranes after quenching in hydrogen from 550 °C to room
temperature. Unlike (a), Figure (b) shows no visible cracks which was confirmed by taking
surface SEM image shown in (c). This surface SEM image was taken using the Quanta 600 FEI
ESEM at 500x magnification.
3.6  Comparison to literature

As mentioned before, the thermal stability problem of Pd-based composite membranes
has not been extensively investigated in previous literature. Table 3.2 summarizes some of the

most important findings in this study at the temperature 550 °C. This temperature was selected

to allow for direct comparison to the work done by Guazzone and Ma [33] and to operate at a
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temperature where steam methane reforming could be carried out in a membrane reactor
configuration [13, 15, 20, 22].

The results show improvement in performance (i.e. lower leak growth rate) for the Pd-
alloy membranes when compared to pure Pd membranes tested under similar conditions. While
the membrane thickness could be a factor in determining its thermal stability [33], the results
presented here suggest that membrane composition, and, possibly microstructure, are probably
more important than thickness (cf. CSM 498H and CSM 474H results). The fact that the Pd-27Pt
membrane (CSM 498H) has the lowest selectivity is attributed mainly to the low permeance of
that membrane as can be inferred from Figure 3.7.

An additional important finding was the leak evolution process took place over the entire
membrane surface. This was realized by performing a visual inert gas permeation test after the
membranes were cooled down to room temperature as described in Chapter 2. This test revealed
that defects were distributed along the entire membrane surface. This in fact is consistent with
the work of Guazzone and Ma [33] where they observed similar effects. No other leakage was
observed from the membrane’s stainless steel fittings. It is important to mention here that the
same visual test was also performed on all of the membranes before testing to confirm the
reliability of the membrane end fittings.

In this Chapter, the focus was mainly on the investigation of the thermal stability of
various Pd-alloy composite membranes in pure gas environment as a function of temperature. In
order to identify potential Pd-based membrane materials for high temperature applications of
interest such as SMR, the chemical stability of these membranes also needs to be assessed. This
will be the subject of the chapters to follow where membrane’s performance will be evaluated in

more representative mixed-gas environments.
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Table 3.2 Comparison of the thermal stability of the membranes investigated in this study to reported literature results at a
temperature of 550 °C.

Thickness Bullf . TOtal. Final H, Final H,/N, N, leak increase
Membrane . composition  testing time .
D (mass gain) (mass gain) at temp. perrn;:ance0 . selectivity r:&;te Reference
(pm) (WL%) (hour) (mol/m~/s/Pa™) (AP =690 kPa) (mol/m*/s/Pa)/h
CSM 474H 4.9 Pd 140 2.39E-03 1,750 8.00E-12 This study
CSM 473H 6.3 Pd-17Pt 116 1.39E-03 1,590 2.00E-12 This study
CSM 498H 4.4 Pd-27Pt 147 8.82E-04 626 1.00E-12 This study
CSM 493H 6.0 Pd-Ru 119 2.10E-03 1,860 3.00E-12 This study
M-54%* 4.0 Pd 60 Not reported Not reported 8.54E-11° [33]
M-34b* 8.0 Pd 160 Not reported Not reported 2.41E-11° [33]

* In these experiments, the membranes were supported on porous Hastelloy (PH) with a surface area of 120 cm”. Helium was used to determine
the leak evolution rate thus the helium leak rates reported have been divided by a factor of 2.65 assuming that nitrogen and helium permeate
through the membrane mostly via the Knudsen diffusion mechanism.

36



3.7 Conclusions

The long-term thermal stability of Pd-based membranes at high temperatures is essential
for industrial operation, especially the application of Pd-alloy composite membranes in
membrane reactors for hydrocarbon reforming to produce hydrogen. Doping Pd with higher
melting point metals (such as Ru or Pt) seems to have a great impact on the thermal stability of
the membrane. Each alloy showed a different pattern of thermal stability behavior compared to a
pure Pd control membrane of comparable thickness under similar conditions of temperature and
pressure. The following points summarize the observations from this study:

- The addition of Pt and/or Ru to Pd thin films (< 10 pm in thickness) improves the
thermal stability of the resulting alloy by lowering the rate at which the inert gas (N>)
leak grows over time at a given temperature.

- The addition of 27 wt.% Pt to Pd lowers the inert gas leak evolution rate by
approximately one order of magnitude at 600 °C.

- Unlike pure Pd, Pd-Pt alloy supported thin film membranes possess an extremely stable

pure hydrogen permeance when operated at temperatures up to 600 °C.
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CHAPTER 4
THE INFLUENCE OF HEAT TREATMENT ON THE THERMAL STABILITY OF

PALLADIUM COMPOSITE MEMBRANES

In this Chapter, the influence of high temperature heat treatments (> 640 °C) on the
thermal stability of Pd composite membranes was investigated. Several Pd composite
membranes (< 7 pum thick) were deposited by the electroless plating method onto the outer
diameter of two different types of tubular porous supports. These membranes were subjected to
different high temperature annealing processes and the thermal stability and microstructural
evolution were studied. It was found that employing such heat treatments improved the thermal
stability of the membranes when operated at lower temperatures; evidenced by a suppression of
the rate at which hydrogen selectivity toward nitrogen declined over time at a given temperature.
Heat pretreatment was also found to produce similar desirable effects under synthetic water gas
shift mixtures containing up to 5 mole % CO. SEM images of the microstructural evolution as a
function of temperature revealed that porosity that is typically present in as-deposited electroless
plated films is significantly reduced after heat treatment.

4.1 Introduction

The number of studies on the long-term thermal stability of supported thin film Pd-based
membranes is somewhat limited [33-45]. Most of the approaches adopted in literature to improve
the thermal stability of Pd-based composite membranes have focused on improving synthesis

techniques and/or the heat pretreatment methods [93-96] . For example, Zeng et al. [93]
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employed a “defect sealing” method on a 4 um thick pure Pd membrane. The membrane showed
stable selectivity at 500 °C and 100 kPa when tested in pure gas environment for 135 hours. Ryi
et al. [94] used an EDTA-free Pd plating bath to deposit a 7.5 um thick pure Pd membrane. They
realized a uniform microstructure with uniform grain size (1-2 um) when plated at 20 °C. The
membrane has been tested at temperatures up to 550 °C and the hydrogen permeation flux was
stable for 25 hours. Li et al. [95] studied the effect of employing an osmotic pressure during Pd
electroless plating. They noticed that plating under an osmotic pressure gradient will result in a
denser microstructure which could correlate with enhanced thermal stability. They also
suggested that performing a heat treatment process above the Tamman temperature (~0.5Tmelting
(K)), where Theling 15 the melting point of the metal, on the as-deposited Pd films can eliminate
interparticle boundaries by coalescence. They also observed that the time required to complete
this coalescing process is reduced when the treatment is conducted in a hydrogen atmosphere. In
another study, Okazaki et al. [96] reported that annealing pure Pd membranes at temperatures as
high as 850 °C in an argon atmosphere for 12 hours might be beneficial in improving the
membrane’s microstructure and hence its thermal stability.

In this Chapter, we will investigate five major points related to thermal stability: (1) the
effect of long term operation on the thermal stability of Pd-based composite membranes as a
function of thickness, (2) whether the rate of decline in selectivity ultimately approaches zero,
(3) the influence on thermal stability of performing a high temperature annealing step above the
Tamman temperature of pure Pd, (4) the effect of the gas environment on the thermal stability of
the membranes and (5) the evolution of the microstructure as a function of temperature.

Previously developed electroless plating methods, as described in Chapter 2, were used to
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synthesize pure Pd membranes on the outer diameter (OD) of commercially available tubular
porous ceramic or porous ceramic/stainless steel substrates.
4.2 Results and discussion

Tables 4.1 and 4.2 contain a summary of the membranes that were fabricated and tested
in this investigation under pure and mixed gas conditions. The thicknesses were determined
gravimetrically (i.e. by mass gain after plating). This method was shown to be in good agreement
when verified against other analytical techniques such as SEM and/or XRF [8, 11, 97]. All of the
membranes had a room temperature nitrogen leak permeance of < 1.00E-9 mol/m?/s/Pa before
testing.

4.2.1 The effect of long-term operation at high temperatures on the stability of Pd-based
composite membranes in pure hydrogen and nitrogen

One of the fundamental questions that was unanswered in Chapter 2 and prior research
[8, 33] is whether the observed selectivity decline over time for Pd-based composite membranes
at temperatures higher than 500 °C will ultimately approaches zero (i.e. a constant hydrogen and
nitrogen permeance). To address this question, two Pd membranes were fabricated with
thicknesses of 4.9 um (Pd-1) and 1.6 um (Pd-2) (Table 4.1). The hypothesis was that a
correlation may exist between the thickness of the film and the time required to reach a steady-
state hydrogen and nitrogen permeance. Both membranes were tested at 600 °C continuously for
more than 370 hours as shown in Figures 4.1 and 4.2. The hydrogen permeance of membrane
Pd-1 (Figure 4.1) declined very rapidly over the first 250 hours of testing, after which the

hydrogen permeance began to stabilize around the value of 1.24E-03 mol/m?/s/Pa’”.
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Table 4.1 Summary of the composite membranes synthesized in this investigation. Permeate left at local atmospheric pressure; ~ 82
kPa and room temperature. All membranes were deposited on top of 3YSZ except membranes Pd-3 and Pd-9 (on YSZ/PSS). See text
for additional details.

H,/N,
Sample Thickness Area Temp. Time H N> Leak Selectivity Selectivity
D (um) (sz) °C) (h) Permeance Growth @ 101.3 kPa 9% Chance Figure
# % Change (mol/m%/s/Payh . .. . ohange  Figu
Initial  Final
Pd-1 4.9 19.48 600 446 -46% 1.90E-11 219 72 -67 % 4.1
600 229 -37% 1.48E-11 918 348 -62 %
Pd-2 1.6 24.19 600 145 -17% -1.34E-12 276 237 -14 % 4.2
550 149 -5% 5.00E-12 20,195 4,356 -78 %
650 144 -5% 9.00E-12 2,987 1,428 -52 %
Pd-3 67 14.02 600 165 0% 2.00E-12 1,302 1,155 -11 % 43 &
550 120 0% 2.00E-13 1,003 999 0% 4.5
700 82 -10 % Not measured
550 70 2% 5.00E-13 860 889 3%
Pd-4 4.9 2733 600 72 2% 2.59E-13 1,070 1,037 -3 % 44 &
550 71 3% -6.87E-14 847 870 3% 4.8
700 39 -10% 1.00E-10 6,935 690 -90 %
Pd-5 3.6 46.47 550 30 -4% -2.00E-14 531 512 -4 %
700 27 -7% 4.00E-11 2,212 1,235 -44 %
Pd-6 3.6 52.75 550 68 2% 7.00E-13 730 696 -5 % No
700 43 -11% 9.00E-11 6,977 818 -88 % Plots
Pd-7 3.1 45.53 550 48 -3% -5.00E-13 581 565 -3 %
Pd-8 54 1400 550 12 This membrane was tested in synthetic mixed gas 46
(Table 4.2)
550 168 This Sample was used to study microstructural evolution as
Pd-9 4.6 15.89 700 72 function of heat treatment conditions. 4.7
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Table 4.2 Summary of the composite membranes that were tested under mixed gas environments. All these Pd membranes were

deposited on YSZ/PSS substrates (Pall Accusep™) with an active area of ~ 14 cm”. The tests were conducted at 550 °C, 1.03 MPa feed

pressure (permeate left at local atmospheric pressure; ~82 kPa and room temperature) and space velocity of 387 h™'. All percentages
in the table are in moles. H; flux and recovery were averaged over the course of testing.

Tim 50-50 noC WGSS5 Permeate Purit
Sample  Thickness Time N ' (50 % H,, 19 % H,0, (50 % Ha, 19 % H,0, 5 Purity uty
P Under (50 % Ha, 50 % N,) Decline
ID (um) (h) ’ 31 % Ny) % CO, 26 % CO,) (%) o Figure
WGS5 (%/h)
(h) H2 Flux H2 H2 Flux H2 H2 Flux H2 Initial Final
(mol/m*/s) Recovery (mol/m%s) Recovery (mol/m’/s) Recovery
Pd-3 6.7 50 22 0.43 81% 0.44 83% 0.40 75% 99.65 99.67 -9.09E-04 4.5
Pd-8 5.4 12 6 0.48 90% 0.49 91% 0.45 85% 99.16  98.49 1.12E-01 4.6
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Simultaneously, the nitrogen permeance (leak rate) continued to increase at a steady rate
of 1.90E-11 (mol/m?/s/Pa)/h over the entire testing duration (446 hours). This corresponds to an
ideal H,/N; selectivity drop of 0.15%/hour from its initial value (selectivity taken at 101.3 kPa
pressure differential). Such unstable behavior has been observed in Chapter 3 under similar
conditions, but the timescale in that study was not long enough to obtain a stable hydrogen
permeance (< 120 hours). The data for Pd-1 suggest that the hydrogen permeance will ultimately
stabilize for this 4.9 um thick Pd membrane while stabilization of the nitrogen leak cannot be
inferred. This test was terminated because the selectivity became too low (~72) to be considered

of use for most practical purposes.
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Figure 4.1 The Influence of the long term operation at 600 °C on the hydrogen permeance
(diamonds) & nitrogen leak (circles) for a 4.9 um thick Pd composite membrane (Pd-1).
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A similar long-term stability test was performed on a much thinner membrane; 1.6 pm
thick (Pd-2). The total duration of the test was approximately 375 hours at 600 °C and is shown
in Figure 4.2. Looking at the data, two distinct regimes can easily be distinguished. In the first
one, the hydrogen permeance declined by 37% of its initial value over the first 229 hours of
testing while the nitrogen permeance increased at a rate of 1.48E-11 (mol/m*/s/Pa)/h. This leak
growth rate corresponds to a selectivity decline of 0.27%/hour, which is almost twice the rate
observed for the thicker membrane Pd-1. In the second regime, however, both the hydrogen
permeance and the nitrogen leak appear to approach a constant value with a final ideal selectivity
of around 237. This selectivity is three times higher than the final selectivity of the thicker

membrane (Pd-1); which can be attributed to the higher permeance of the thinner membrane.
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Figure 4.2 The Influence of the long term operation at 600 °C on the H, permeance (diamonds)
& N leak (circles) for a 1.6 um thick Pd composite membrane (Pd-2).
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The previous experiments provide some interesting observations, suggesting that over the
same timescale at a given temperature, the rate of increase in the nitrogen permeance seems to
approach zero for thinner membranes (Pd-2) but not for thicker ones (Pd-1). These results also
suggest that the time required for the hydrogen permeance to stabilize might not be thickness
dependent because the hydrogen permeance of both membranes Pd-1 and Pd-2 stabilized after
~300 hours at 600 °C.

4.2.2 The influence of high-temperature annealing on thermal stability

In this section, we investigated the influence of heat treatment on the thermal stability of
membranes when subsequently operated at lower temperatures. In Chapter 3, we described the
instability behavior in terms of the simultaneous decrease in hydrogen permeance and increase in
nitrogen leak for a 4.9 um thick pure Pd composite membrane (CSM 474H) when tested as
deposited (i.e. without any high temperature annealing) at 550 °C and 600 °C for more than 257
hours. During this test, the hydrogen permeance declined steadily at both temperatures while the
nitrogen increased at a rate of 8.00E-12 and 4.00E-11 (mol/m%/s/Pa)/h at 550 and 600 °C,
respectively.

For this work, a similar test was performed on a 6.7 um thick pure Pd membrane (Pd-3)
at temperatures > 550 °C for approximately 578 hours in pure hydrogen or nitrogen. As shown in
Figure 4.3, the membrane was first tested at 550 °C for 149 hours, where the hydrogen
permeance steadily declined while the nitrogen leak grew at a rate of 5.00E-12 (mol/m?*/s/Pa)/h
[the same order of magnitude as membrane (CSM474H) described in Chapter 3]. Clearly, this
reproduced the same instability pattern for pure Pd supported thin film composite membranes

when tested at temperatures > 550 °C [8, 33].
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Figure 4.3 The effect of the high temperature treatment at 650 °C on the H, permeance
(diamonds) & N, leak (circles) stability for a 6.7 pm thick Pd composite membrane (Pd-3) when
operated at 550 °C.

After testing membrane Pd-3 at 550 °C, the membrane was then annealed at 650 °C for
144 hours while both hydrogen and nitrogen permeance were monitored. The hydrogen and
nitrogen selectivity (pure gas flux ratio) declined by 0.36%/hour from its initial value as shown
in Table 4.1. The membrane was then tested at 600 °C for 165 hours, during which time the
hydrogen permeance stabilized at 2.36E-03 mol/m?/s/Pa’> while the nitrogen leak continued to
increase at a rate of 2.00E-12 (mol/m?/s/Pa)/h. This leak growth rate was almost one order of

magnitude lower than that of membrane CSM474H (Chapter 3). Therefore, it appears that

annealing at 650 °C results in stable hydrogen permeance and a nitrogen leak growth that is
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lower by at least one order of magnitude when compared to similar membranes tested at 600 °C
without pre-annealing at 650 °C.

A similar comparison can also be made for membrane Pd-3 (after performing the heat
treatment) with both membranes Pd-1 and Pd-2 which were tested at 600 °C without any prior
annealing. As shown in Table 4.1, the selectivity for membrane Pd-3 declined by 0.07%/hour of
its initial value (primarily due to the increase in the nitrogen leak rate) while the selectivity
declined by 0.15%/hour and 0.27%/hour for membranes Pd-1 and Pd-2, respectively. It is
interesting to note that membranes Pd-2 and Pd-3 had similar leak growth rates despite the
significant difference in their thicknesses (4.9 um versus 1.6 um). This might support (as
mentioned previously) that thermal stability (in terms of change in nitrogen permeance) is not
likely to be a strong function of thickness but is rather dependent on the membrane’s material
(Chapter 3) and/or microstructure as will be discussed later.

After assessing the thermal stability of membrane Pd-3 at 600 °C, it was re-tested at 550
°C for 120 hours. As shown in Figure 4.3 and Table 4.1, the selectivity at 101.3 kPa remained at
approximately 1,000 for the duration, suggesting that the membrane had become stable at 550
°C. The hydrogen permeance was stable at 2.12E-03 mol/m?*/s/Pa’ and the nitrogen leak growth
rate was comparatively very low at 2.00E-13 (mol/m”/s/Pa)/h; approximately one order of
magnitude lower than when Pd-3 was initially tested 550 °C (prior to performing the heat
treatment at 650°C) and much lower than that for membrane CSM474H [8.00E-12
(mol/m*/s/Pa)/h] described before (Chapter 3).

In the next set of experiments, a 4.9 um thick pure Pd membrane (Pd-4) was synthesized

and heat treated at 700 °C for 82 hours in flowing hydrogen (Figure 4.4). The objective was to
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see if annealing at a higher temperature than 650 °C for a shorter duration (c.f. membrane Pd-3
heat treatment conditions) would achieve the same desired thermal stability when the membrane
was subsequently tested at lower temperatures.

After heat treating membrane Pd-4 at 700 °C for 82 hours, it was tested at 550 °C for 70
hours where it retained a constant selectivity of about 889 (at 101.3 kPa). Membrane Pd-4 was
remarkably stable as compared to the membranes tested without pre-annealing at 700 °C.
Similar behavior was also observed upon subjecting the membrane to thermal cycling in the
sequence shown in Figure 4.3; the selectivity remained almost constant over the duration of the
test and was restored to its previous value at 550 °C before/after testing the membrane for 72
hours at 600 °C as shown in Table 4.1.

Additional tests were conducted on three other membranes (Pd-5, Pd-6 and Pd-7) also
annealed at 700 °C for different durations (1-2 days) and then tested at 550 °C, as shown in Table
4.1. All of these membranes appeared to be stable at 550 °C and saw negligible changes in
selectivity.

To conclude this section, it appears that as-prepared pure Pd membranes can be stabilized
by annealing at high temperature prior to testing at lower temperatures due to a retardation of the
mechanism of nitrogen leak evolution at operating temperature. As discussed in Chapter 3, Pure
Pd composite membranes fabricated by electroless deposition eventually form pinholes at
temperatures higher than 400 °C. Further, the size and/or number of pinholes that serve as
pathways for nitrogen permeation increase more rapidly at higher temperatures. Guazzone and
Ma [33] suggested that the leak evolution mechanism is related to the self-diffusion of Pd which

is a thermally activated process, highlighting that the activation energy for the increase in the
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inert gas leak rate had the same order of magnitude as the activation energy for the self-diffusion
of Pd (266 kJ/mol) [8]. Thus, suppressing the self-diffusion of Pd should result in more thermally

stable membranes, at least theoretically.
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Figure 4.4 The effect of the high temperature treatment at 700 °C on the H, permeance
(diamonds) & N, leak (circles) stability for a 4.9 pm thick Pd composite membrane (Pd-4) when
operated at lower temperatures.

High-temperature thermal history also impacted the stability of the hydrogen permeance
as suggested by the data presented in this Chapter. Prior work [8, 38, 98] reported a similar
declining trend in the hydrogen permeance through pure Pd membranes at temperatures > 550
°C. This decline was attributed to a surface annealing effect which occurred over time and

resulted in a decrease in the surface area available for hydrogen dissociation and/or affected the

sorption rate of hydrogen on the high-pressure feed side.
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4.2.3 Thermal stability in water-gas shift gas mixtures

All of the membranes in the previous sections were fabricated by depositing a Pd film
onto the outer diameter of porous asymmetric 3YSZ supports (Praxair”), except membrane Pd-3
which was prepared by depositing a 6.7 um thick layer of Pd onto a porous YSZ/SS support (Pall
Accusep”). Although membrane Pd-3 was thicker than the other membranes tested, it was
observed to have a significantly higher hydrogen permeance. It is suggested that this can be
attributed to a lower support resistance to mass transfer for the YSZ/SS supports compared to the
3YSZ supports. In conjunction with the fact that the YSZ/SS supports can also be mounted with
SS ferrules rather than graphite (which may be chemically unstable at higher temperatures), two
YSZ/SS membranes were chosen for mixed gas testing.

Membranes Pd-3 (Figure 4.5) and P-8 (Figure 4.6) were exposed to an arbitrary synthetic
water gas shift mixture under the operating conditions shown in Table 4.2. While membrane Pd-
3 was heat treated at 650 °C for 144 hours as discussed above, membrane Pd-8 was tested as-
deposited to serve as a control. This set of tests was aimed at determining if chemically active
species, such as CO, can affect the purity of thermally stabilized membranes (Pd-3), or if any
perceived decline in purity for an as-fabricated membrane is merely the result of thermal, rather
than chemical, instabilities (Pd-8).

As illustrated in Figure 4.5, an equimolar mixture of hydrogen and nitrogen (50:50) was
first introduced to establish a baseline for subsequent experiments to assess common operating
issues such as concentration polarization and flux inhibition (upon exposure to carbon species)

[11, 58]. The average hydrogen flux under this 50:50 mixture was 0.43 mol/m*/s with an average
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hydrogen recovery of 81% at 550 °C, 1.03 MPa feed pressure (permeate at local ambient

conditions) and a space velocity of 387 h™', as shown in Table 4.2.
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Figure 4.5 The performance of a 6.7 um thick Pd composite membrane (Pd-3) under synthetic
mixed gas environments. This test has been performed after the test shown in Figure 4.3. Refer
to Tables 4.1 & 4.2 for additional details.

The pure hydrogen flux at an equivalent hydrogen partial pressure was measured to be
1.03 mol/m%/s just before feeding the 50:50 hydrogen/nitrogen mixture. This indicated a 58%
reduction in the hydrogen flux upon switching to the 50:50 mixture at the same hydrogen partial

pressure driving force. This observation was attributed to the concentration polarization effect.

For a given module design, however, this effect can be mitigated at fixed temperature and
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pressure by increasing the space velocity. For example, increasing the space velocity to 774 h’!
resulted in a 35% increase in the hydrogen flux; but at the cost of lower recovery (55%).

Once screening was completed in the 50:50 hydrogen/nitrogen mixture, a mixture
composed of hydrogen, nitrogen and steam was blended and fed to the membrane module. This
blend was designated as the “noC” mixture as it contains only non-carbon species as well as
steam. The objective was to see if steam would inhibit the flux upon switching from the 50:50
mixture while keeping the driving force for hydrogen permeation constant. As can be inferred
from Table 4.2, both the average hydrogen flux and the percent recovery under the noC
condition were within 2% of those under the hydrogen/nitrogen 50:50 mixture. This suggests
that steam has little to no effect on the hydrogen flux and any additional decrease in permeance
could be attributed to the effect of either CO or CO..

In the last mixed-gas testing mixture (designated as WGSS5), the nitrogen was replaced
with CO (5 mole %) and CO, (26 mole %). The average hydrogen flux and percent recovery
dropped by 8% suggesting slight inhibition by the presence of carbon. Flux inhibition due to the
presence of carbon species was also observed by Lewis et al. [58] to a larger extent at lower
temperatures (< 450 °C). Despite this slight flux inhibition, the hydrogen permeate purity was
very stable at ~99.7% over the course of testing for Pd-3, which was heat treated at 650 °C for
144 hours prior to mixed-gas testing.

Identical tests were then conducted on a different Pd membrane (Pd-8) which was
deposited onto the same type of porous support (Pall Accusep®) but tested as-prepared to serve
as a control to Pd-3, as shown in Figure 4.6 and Table 4.2. Membrane Pd-8 had higher hydrogen

flux and recovery than membrane Pd-3 under all conditions as it was thinner (5.4 um vs. 6.7 pm
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thick) and was not subjected to any high temperature annealing, which results in a decreasing

hydrogen permeance as was discussed before. The hydrogen permeate purity, however, declined

rapidly (to less than 99%) under the WGSS mixture in less than 6 hours on stream.
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Figure 4.6 The performance of a 5.4 um thick Pd composite membrane (Pd-8) under synthetic

mixed gas environments. Refer to Tables 4.1 & 4.2 for additional details.

From the previous section, it appears that annealing at 650 °C improves the stability of

pure Pd membranes in pure gas (i.e. hydrogen or nitrogen) at temperatures < 600°C. In this

section, it has been shown that this stability also appears to translate into stable performance

under WGS gases under the conditions used in this study. Clearly, membrane Pd-8, which was
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not pre-annealed in pure gas, suffered from a loss in hydrogen permeate purity over the course of
testing at 550 °C, whereas the annealing for membrane Pd-3 seems to have prevented a purity
decline during the WGS test. The hydrogen flux was stable for both membranes Pd-3 and Pd-8
during the WGSS5 tests and the pure hydrogen permeance before/after the WGSS testing was
almost the same, suggesting that no coke formed under these conditions.

The hydrogen flux through membrane Pd-8 was stable in the WGS mixture, unlike the
case for an unannealed membrane when tested in pure gas. Perhaps the time scale was too short
(12 hours) to observe whether the hydrogen permeance would be stable or not in the mixed gas
environment or steam may provide an oxidizing environment that helps keep the surface clean
from impurities and/or restructure the surface in an effect similar to that induced by exposing Pd
membranes to air at high temperatures [99]. The exact cause for the stability of hydrogen
permeance under mixed gas conditions, however, cannot be confirmed nor revealed based on the
current data and may be the subject of future investigations.

4.2.4 The effect of heat treatment on microstructure

Unlike thin metallic sheets fabricated by cold-rolling, Pd films deposited on porous
supports are usually porous as revealed by SEM analyses [38]. This is a concern, however,
because several studies have linked the thermal stability of the Pd film to its microstructure [100-
102]. Such efforts, as mentioned before, focused on densifying the microstructure by improving
the synthesis techniques. Here, the porosity of the deposited films was investigated to attempt to
explain why membranes annealed at high temperatures had better thermal stability when the

temperature was subsequently lowered.
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In order to propose an explanation of the improved thermal stability, SEM analyses were
performed on samples after being heated at 550 °C, 650 °C and 700 °C for different durations.
For this purpose, a 4.6 um thick pure Pd membrane (Pd-9) was deposited on top of a porous YSZ
(Praxair™) support. This membrane was cut into three pieces and each cross-section was heated
to different temperatures in a hydrogen atmosphere at 50 kPa as follows:

The first piece was imaged as-prepared (Figure 4.7 (a)), and several small pores can
clearly be seen throughout the film. The second piece was heated to 550 °C under flowing
hydrogen, and held at that temperature for a week. The corresponding SEM image is depicted in
Figure 4.7 (b), which reveals that pososity was reduced, but still exsisted. The third piece was
heated to 700 °C and annealed for 3 days. The corresponding SEM image (Figure 4.7 (c)) shows
a much denser microstructure than either Figures 4.7 (a) or (b).

Therefore, it appears that subjecting as-prepared membranes to heat treatment at 700 °C
improves the microstructure by eliminating pores that might contribute to thermal instability at
lower temperatures.

To further support the observation that film densification does occur for an actual sample
that was stable under pure gases, a piece of membrane Pd-4 was cut and imaged after completing
the testing sequence shown in Figure 4.4. The SEM image shows a dense microstructure, as can
be seen in Figure 4.8, which clearly correlates with the enhanced thermal stability observed for
this particular membrane that was annealed at 650 °C for 144 hours and then tested at

temperatures < 600 °C for 161 hours.

55



.- ( ‘. .
ﬂ’: x~ ‘4 i b, ae
“ N % 5 :‘
el B

Figure 4.7 The influence of temperature on microstructure for a 4.6 um thick Pd membrane (Pd-
9); (a) as prepared, (b) after 168 hours at 550 °C and (c) after 72 hours at 700 °C.
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Figure 4.8 FESEM image of the cross section of membrane Pd-4 after testing showing a fairly
dense microstructure.

4.3 Conclusions
The stability of Pd-based membranes at high temperatures is essential for these
membranes to be successfully used in industrial operation. The following points summarize the

experimental observations from this study:
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As-prepared pure Pd membranes are susceptible to a loss in selectivity when operated at
temperatures > 550 °C over a specific time scale.

Hydrogen permeance decline in Pd membranes observed at temperatures > 550 °C will
ultimately stabilize after long-term operation and the effect appears to be independent of
film thickness.

The nitrogen permeance is a thermally activated process that increases at a steady rate
depending on the membrane’s thickness; thinner membranes will attain a constant,
steady-state permeance faster than thicker ones.

Performing high-temperature annealing on Pd membranes deposited by electroless
plating results in a denser microstructure that appears to correlate with improved thermal
stability when the membranes are subsequently operated at lower temperatures.

Thermal stability in pure hydrogen or nitrogen may also indicate stable performance

under mixed gas conditions similar to those described in this Chapter.
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CHAPTER 5
APPLICATION OF A PALLADIUM-RUTHENIUM COMPOSITE MEMBRANE TO

HYDROGEN PRODUCTION IN A HIGH TEMPERATURE MEMBRANE REACTOR

In this Chapter, a 5.0 pm thick Pd-Ru membrane (Area 13.3 cm?), supported on a porous
yttria-stabilized-zirconia/stainless steel substrate (ZrOD AccuSep®, Pall Corp.) was used to
carry out steam methane reforming (SMR) over a commercial Ni-based catalyst at a temperature
of ~ 580 °C and pressures up to 2.9 MPa. The goal was to evaluate the performance of this
membrane which was shown to be thermally stable in pure gas (Chapter 3) in actual SMR reactor
environments. Methane conversions in the membrane reactor ranged from 65 to over 80%,
depending on the reactor’s space velocity. The conversions obtained were significantly higher
than the thermodynamic equilibrium predicted for the feed composition and process variables.
The effect of parameters such as space velocity and reactor pressure on methane conversion and
hydrogen recovery were investigated.

The long term operation on this membrane revealed the potential suitability of this Pd-
alloy to be a candidate for use in SMR membrane reactors at temperature as high as 580 °C. The
permeate hydrogen flux was very stable at 2.9 MPa feed pressure and a steam-to-carbon ratio
(SCR) of 3 for more than 1,000 hours of continuous testing. The hydrogen permeate purity
remained > 93% over the course of testing. Stable methane conversions as high as ~ 80 % were
obtained for the duration of the long term test which may be further improved by optimizing the

fluid mechanics of the reactor design or geometry. 1-Dimensional process simulations were
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carried out and the results suggested that the methane conversion and hydrogen flux during the
membrane reactor experiments were reduced by gas phase mass transfer due to concentration
polarization effects.

5.1 Introduction

Pd-Ru alloy membranes have been used for many different applications because of the
alloy’s higher hydrogen permeability, strength, thermal stability and catalytic properties when
compared to pure Pd [8, 15, 63-79]. As can be inferred from the Pd-Ru binary phase diagram
[103], Pd and Ru are almost completely immiscible across the entire composition range except in
very low Ru composition (<< 1 wt%) and/or at very high temperatures (> 600°C). In Chapter 3,
we showed that doping Pd with a trace amount of Ru (< 1 wt.%) significantly reduces the rate at
which the nitrogen leak increased compared to a pure Pd membrane at temperatures of 550°C
and above. As described in Chapter 4, a reduced leak evolution rate in a pure gas environment
should translate into a lower purity decline rate under mixed-gas and/or membrane reactor
conditions.

In this work, our objective is to report the long-term thermal stability of a thin, Pd-Ru
composite membrane used in a membrane reactor to perform steam reforming of methane at
~580 °C and feed pressures up to 2.9 MPa.

5.2 Membrane synthesis, leak measurement and annealing

The Pd-Ru membrane described in this Chapter was fabricated by the co-deposition

electroless plating method as described previously in Chapter 2. The thickness of the Pd-Ru film

was determined gravimetrically from mass gain after plating to be 5.0 um; given the surface area
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of the membrane (13.3 cm?®) and density of Pd. The room temperature nitrogen leak was
determined to be < 7.2E-12 mol/m*/s/Pa before testing.

Annealing of this membrane was completed in flowing hydrogen at 600 °C and a 50 kPa
pressure differential for 2 hours to promote homogenization and stabilization of the
microstructure. Steady hydrogen permeation flux was used as an indication that adequate (but
not necessarily complete) annealing had been carried out. No change in the nitrogen leak was
observed during the course of annealing. After annealing, the membrane was cooled down to the
desired operating temperature of 580 °C to establish a pure gas flux baseline before running the
SMR membrane reactor tests. The initial pure hydrogen permeance at 580 °C was determined to
be 3.4E-03 mol/m?/s/Pa’’ while the nitrogen leak was found to be 1.67E-10 mol/m*/s/Pa. This
leak resulted mainly from the thermal cycling performed upon the completion of the annealing
stage, perhaps as a consequence of the mismatch of the thermal expansion coefficients among
the different layers of the membrane (during thermal expansion and contraction) and/or due to a
phase separation resulted from crossing the phase boundary as can be inferred from the Pd-Ru
binary phase diagram [103]. The exact cause, however, cannot be confirmed based on the data
presented here. The nitrogen leak rate and pure hydrogen flux were both measured periodically
(typically once daily) during testing using pure nitrogen or hydrogen feed gas; when no
measurements were taken (either pure gas or SMR), the membrane was left under flowing

hydrogen.
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5.3 Steam methane reforming in membrane reactor configuration at high temperature
and pressures

The 5.0 pm thick, Pd-Ru membrane was loaded into the reactor module and tested as
described in Chapter 2. Figures 5.1 through 5.4 show the relevant results for this membrane in
the SMR environment.

As discussed previously, one of the advantages for the simultaneous removal of the
product hydrogen from the catalyst bed as it forms is the conversion enhancement compared to
running the same reaction in a conventional equilibrium reactor. This is clearly seen in Figure
5.1 where the methane conversion is plotted against the absolute reactor pressure at various
space velocities and a temperature of 580 °C and SCR of 3. Furthermore, unlike the case of the
equilibrium reactor, the conversion in the membrane reactor increased upon increasing the feed
pressure. Conversions as high as 90 % were obtained at the lowest space velocity (246 L/h.kg =
150 h™"), but the methane conversion decreased at higher space velocities due to the reduction of
the residence time of the methane in the reactor, as predicted.

These screenings were primarily run for the objective of selecting the best operating
conditions in terms of space velocity and feed pressure that would maintain a methane
conversion that was significantly higher than the predicted equilibrium, as well as minimizing
the concentration polarization effects normally observed when operating at very high pressures
(> 2.9 MPa in this case). The optimal conditions were determined to be a maximum pressure of
2.9 MPa and a space velocity of 491 L/h.kg = 300 h™ which corresponded to a methane feed

flow rate of 0.23 slpm.
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Figure 5.1 Summary of SMR screening tests on the Pd-Ru membrane at SCR = 3 (100 % CH,4
feed on a dry basis), 580 °C and variable space velocities, showing CH4 conversions as function
of reactor’s absolute pressure. Membrane reactor conversions exceeded the thermodynamic
equilibrium indicated on the plot.

Figure 5.2 shows the influence of the gas hourly space velocity (GHSV) on the
percentage of hydrogen recovered at 580 °C, 2.9 MPa and SCR = 3. Clearly, by increasing the
space velocity (reducing the residence time of methane in the reactor) the hydrogen recovery
drops. As far as the absolute values for these parameters, both the conversion and recovery were
initially ~ 90% for a methane feed flow rate of 0.115 slpm. A GHSV of 491 L/h.kg = 300 h’
was identified to achieve the best balance between maintaining high hydrogen recovery and
minimizing the concentration polarization effects to be described in a subsequent section.

After determining the optimum process variables, this membrane was tested for more

than 1,000 hours continuously in a SMR environment at 580°C, 2.9 MPa, SCR of 3 and 0.23

slpm methane feed flow rate.
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Figure 5.2 H; recovery vs. gas hourly space velocity (GHSV) for the Pd-Ru membrane at 2.9
MPa, 580 °C and SCR = 3. Percentages indicated at each datum represent the purity obtained.

Figure 5.3 shows the cumulative testing results in terms of methane conversion, hydrogen
permeate purity and recovery. The results show a very stable methane conversion in the
membrane reactor; that is > 80% conversion (super-equilibrium) compared to 16% conversion in
a conventional reactor under the same conditions. This is to be compared to the results of the
ECN group [20] showing similar stable long term conversion at ~ 85%. However, the impurity
levels in the hydrogen permeate were higher than those reported for the Pd-Ru membrane
described in this work and will be discussed below.

Hydrogen recovery also remained > 80% and was also relatively stable. Hydrogen
permeate purity on the other hand declined slightly with time, as noted by the data points in
Figure 5.3 but remained above 93% over the course of testing. The slight increase in the purity at
around the 550 hour datum is thought to be related to feed flow fluctuations which also resulted

in a lower hydrogen flux at that particular instance
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Figure 5.3 CH4 Conversion, H; recovery and H; purity vs. time at 0.23 slpm methane feed flow
rate, 580 °C & 2.9 MPa for the 5 pm thick Pd-Ru membrane. The solid circle represent the
experimental conversion of the equilibrium reactor case (with permeate valve closed) while the
dashed line represent the calculated equilibrium under identical set of conditions.

The solid circle in Figure 5.3 represents the experimental conversion for the equilibrium
reactor case (with the permeate valve closed on the membrane reactor module) while the dashed
line represents the calculated equilibrium under identical conditions. The experimental values
closely matched those predicted from the equilibrium calculations, which indicates that the
performance of the membrane reactor was not limited by the activity of the catalyst at these
conditions. Figure 5.4 shows a more detailed plot where the hydrogen flux and impurity levels
are plotted against time under the same experimental conditions as Figure 5.3. As can be inferred

from the Figure, after 300 hours on stream, the purity was less than 95%.
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Figure 5.4 H; flux and permeate impurity levels for the 5.0 um thick Pd-Ru membrane in a SMR
environment at 580 °C, 0.23 slpm methane feed flow rate, 2.9 MPa and SCR of 3. Combined
impurities in the H, permeate were < 10% after 1,000 hours of testing.

For comparison, Saric et al. [20] reported a H; purity of 81% at 900 hours for a 3.8 um
thick pure Pd membrane with a N, sweep flow rate of 50 sccm (unlike the current case of the Pd-
Ru membrane where no sweep gas was used). The hydrogen flux shown in Figure 5.4 remained
stable at ~0.44 mol/m”/s over the duration of the test which is ~4 times higher than the flux
reported by Saric et al. [20] under comparable operating conditions. This is a significant
difference because the pure hydrogen permeance of the thinner membrane used by the ECN
group was 3.79 x 10” mol/m*/s/Pa” at 525 °C, higher than that of the thicker Pd-Ru membrane
used in this work. The pure H, permeance difference was expected due to the differences in Pd
film thickness, assuming the substrate hydraulic resistances are similar. This means that less

surface area and less precious metal quantities are required which translate into module
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compactness and lower synthesis cost. The stability of the hydrogen permeation flux over time is
an excellent indication of the stability of the methane conversion as was already illustrated in
Figure 5.3.

A comparison of methane conversion data from different literature sources was
summarized in Table 1.1. The methane conversions of the Pd-Ru membrane described in this
work were above 80% at a reactor pressure of 2.9 MPa, 580°C, SCR of 3 and GHSV of 300 h'!=
491 L/h.kg. These conversion data compare very well to literature results for comparable space
velocities (feed flow rate/catalyst volume) [19, 104]. For example, the performance data from
Tokyo Gas [19, 104] are very comparable to the results presented in this study at comparable
reactor pressures and space velocities. However, the hydrogen purity obtained from the much
thicker (~ 20 um) Tokyo Gas foil membranes was higher than the values reported in this study
(99.99% compared to 93%).

5.4  Membrane characterization post SMR testing

Several analytical techniques were used after the membrane reactor tests to characterize
the Pd-Ru composite membrane used in this study; primarily to confirm its thickness and/or
composition. Surface and cross sectional SEM/EDS as well as ICP-AES were used and the
outcomes are described below.

Figure 5.5 shows a cross sectional SEM image for the 5.0 um thick Pd-Ru membrane. As
can be inferred from the Figure, the apparent thickness is slightly larger than that determined by
mass gain after plating. This was attributed to the presence of the non-dense activation layer

deposited as described in Chapter 2. The thickness of this activation layer was determined by
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mass gain after metal deposition assuming a dense structure was formed, which turns out not to
be the case. Similar observations were described in Chapter 3 as well.

As mentioned before, Pd and Ru were electrolessly co-deposited; therefore composition
of the film could not be determined by mass gain. ICP-AES was used to determine the
composition of membrane which was found to be 0.2 wt.% Ru. The density of Pd was used to
estimate the thickness of the Pd-Ru membrane gravimetrically.

Surface EDS was also conducted and indicated a composition of ~ 3.8% by weight. It is
worth mentioning here that surface EDS performed on Pd-Ru films is not a very accurate
technique for determining the Ru content due to the overlap between Pd and Ru intensity peaks
as discussed in Chapter 3 ; making ICP-AES the most reliable method for accurate Ru wt.%
determination.

Pure gas evaluation tests were also conducted upon the completion of the SMR reactor
tests; primarily to gain insight on changes of the pure hydrogen permeance and nitrogen leak.
The pure hydrogen permeance was measure continuously for ~100 hours at 580 °C and was very
stable at 2.73E-03 mol/m%/s/Pa’”, to be compared with the initial permeance reported before
SMR testing (3.4E-03 mol/m?/s/Pa’"). The 20 % reduction in flux is thought to be owing to the
slight coking of the membrane’s surface due to steam interruption after completing the 1,000
hours SMR test or a surface smoothing effect that took place when this membrane was operated
at high temperatures, an observation similar to the results reported in Chapter 3 and previous
work [8, 38]. The nitrogen leak, however, increased by two orders of magnitude to 2.9E-08

mol/m?/s/Pa after completing the MR tests from its initial value of 1.7E-10 mol/m?/s/Pa. The
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final selectivity of this membrane was determined to still be > 200 at 0.7 MPa differential

pressure.

Zak L) ¥1.588 18 mm

Figure 5.5 SEM cross sectional image of the supported Pd-Ru membrane showing thickness
almost agreeing with that determined by mass gain after plating.

The leak distribution on the membrane surface was also characterized by visually
inspecting it after testing when the membrane was cooled down to room temperature. In this
test, as discussed in Chapter 2, the lumen side of the membrane is pressurized with nitrogen to
100 kPag while it is immersed in water. Gas bubbles can then be observed flowing from the
defects which were evenly distributed over the entire membrane surface. This observation is
consistent with the observations described in Chapter 3 and previous work [8, 33] where they
observed similar effects. No additional leakage was observed coming from the membrane’s
stainless steel fittings. This same visual test was also performed on the membrane before testing

to confirm the reliability of its end fittings. It is worth to mention here that under this 100 kPag
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over ambient pressure, gas bubbles would only appear from the largest holes present in the
membrane. The smaller pores (in the 10-200 nm range) would be clogged by capillary
condensation; therefore, much higher pressures would be required to bubble through a small pore
size. From previous experience, very high lumen pressures are not recommended as this might
weaken the thin film adherence to the porous support. An alternative (which has not been used
with this membrane) would be to use a liquid with a lower surface tension than water.
5.5 Simulation of membrane reactor experiments with 1-D transport model

A one-dimensional, plug flow, steady-state, membrane reactor transport model for the
catalytic conversion of methane to pure hydrogen was developed. Model development details
can be found in the Appendix. The model was solved numerically using the differential equation
solver Polymath® [105]. The kinetics for methane steam reforming and the water-gas shift
reactions on a similar, commercial Ni-based catalyst were given by Xu and Froment [4, 106]

Figure 5.6 is a simulation plot (solid lines) combined with experimental membrane
reactor conversion data (points) of the methane conversion as a function of reactor pressure at
580 °C for a methane feed flow rate of 0.23 slpm (space velocity was 491 L/h.kg = 300 h™") and
SCR of 3. No sweep gas was used in the simulations to mimic the actual experiments. The
equilibrium conversion simulations (by setting hydrogen permeance = 0 in the model) are also
shown in Figure 5.6. As expected, the model predicts an increasing trend in the methane
conversion with increasing reactor pressure up to 2.9 MPa for the membrane reactor case and a
decreasing trend for the equilibrium plug-flow reactor (or no permeation) case. However, this
model, which is based on the pure hydrogen permeance data, greatly over predicts the actual

experimental conversion data. The flux equation, derived from experimental data with pure Pd
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composite membranes on Pall AccuSep” substrates, is shown as equation A.2 in the Appendix
[97]. This disagreement is believed to be due to concentration polarization (CP) effects in the
membrane reactor where convective mass transfer in the gas phase may be limiting the rate of

hydrogen removal from the reactor, particularly at high pressures.
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Figure 5.6 The influence of reactor pressure on methane conversion at 580 °C for experimental
data with the Pd-Ru membrane, thermodynamic equilibrium and simulations from 1-D
membrane reactor model using pure H, permeance values. CH4 flow rate was 0.23 slpm with
SCR of 3.

The ECN group [20] reported that the measured flux from steam reforming membrane
reactor experiments was approximately six times lower than what was expected from their pure
gas measurements . They attributed this difference to concentration polarization effects. There

are certainly other factors that might lower the actual hydrogen flux during membrane reactor

operation, including flux inhibition by steam/CO and coking, but these were not included in this
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simple model developed in this work. In fact, mixed gas permeation tests were also conducted on
the membrane described in this work prior to the membrane reactor experiments. The flux
inhibition at 500 °C with a simulated water gas shift (WGS) equilibrium mixture was less than
7% compared to a H,/N, gas mixture with equal H; partial pressure and space velocity. At the
higher reactor temperature of 580 °C, however, one would expect even less flux inhibition [11].
Also, the methane conversion observed in the long term test was quite stable; suggesting the rate
of coke formation was small. The carbon atomic balance in fact closed within < 5%. For
example, for the first data point in Figure 5.3, the total C in = 0.00018 mol/s while the total C out
=0.00019 mol/s.

Using a flux equation measured for pure hydrogen feed gas should greatly over predict
the methane conversion, and this is what is observed in Figure 5.6. As expected, the simulated
methane conversions are much higher than the experimental values at all reactor pressures. For
example, the predicted CH4 conversion at 2.2 MPa pressure is ~ 96% compared to an
experimental value of 77%. This suggests that the actual rate at which hydrogen is being
removed from the reactor is much smaller than the values measured in pure hydrogen.

At a reactor pressure of 2.2 MPa, the hydrogen flux was reduced by an arbitrary
correction factor until the predicted methane conversion from the membrane reactor transport
model matched the experimental value of about 77%. This factor was determined to be 0.57.
This simply indicates that the H, permeance under reactor conditions is roughly one-half of the
pure gas value. This is likely due to concentration polarization effects that generally increase

with increasing driving force at this relatively high reactor pressure.
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The model was then run over the same series of reactor pressures using this effective
permeance and the predicted conversions are compared with the experimental values in Figure
5.7. Using the correction factor, there is good agreement between the simulations and the

experimental data at all feed pressures.
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Figure 5.7 The influence of reactor pressure on methane conversion at 580 °C for experimental
data with the Pd-Ru membrane, thermodynamic equilibrium and simulations from 1-D
membrane reactor model using H, permeance values reduced by a factor of 0.57 to account for
concentration polarization effects. CH4 flow rate was 0.23 slpm with SCR of 3.
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5.6  Conclusions

The long term (> 1,000 hours) operation on the 5.0 um thick Pd-Ru membrane described
in this work revealed the potential suitability of this Pd alloy to be a high temperature candidate
for use in SMR membrane reactors. The permeate hydrogen flux was very stable at 580 °C, 2.9
MPa feed pressure, 0.23 slpm methane feed flow rate and SCR of 3. This translated into very
stable methane conversion. The hydrogen purity remained > 93% over the course of testing.
Typical methane conversions were ~80% which could be further improved by optimizing the

reactor design, heat transfer and/or reactor’s geometry.
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CHAPTER 6
STEAM METHANE REFORMING IN A PALLADIUM-GOLD MEMBRANE

REACTOR: LONG-TERM ASSESSMENT

In this Chapter, electroless deposition was used to fabricate a 5.0 um thick Pd-27Au
(wt.%) membrane (16.10 cm?) supported on a YSZ/PSS substrate. After annealing in hydrogen,
steam methane reforming (SMR) was conducted continuously for 530 hours, with permeate
purity remaining above 99.2% for the duration. The reactor used a 0.5 wt.% Ru/ALO; catalyst
powder and ran at 2.8 MPa and a steam-to-carbon ratio of 3, with temperature varied between
480 °C and 580 °C. Methane conversion was as high as 94% depending on temperature and
space velocity. This represents a significant improvement over the thermodynamic equilibrium
shift of 35 % under similar conditions. Additionally, the hydrogen flux and overall methane
conversion showed stable performance over time. The membrane thickness and composition
were verified using techniques including SEM/EDS, XRD, XRF and ICP-AES. Furthermore,
cross-sectional EDS and XRD data indicated uniform gold composition throughout the film,
suggesting homogeneous alloy formation.

6.1 Introduction

An increase in thermal stability has been realized by alloying Pd with other elements such

as Ag, Cu, Au, Pt, In, Ru, Y and Rh [8, 46-53]. In Chapters 3, we investigated the enhancement

in thermal stability of thin Pd-based composite membranes by doping with higher melting point
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elements such as Ru and Pt. The doping elements were shown to reduce the rate of increase in
nitrogen permeance (leak growth rate) by at least one order of magnitude.

Improvements in thermal stability and chemical tolerance under carbon-containing gas
mixtures were demonstrated by alloying Pd with other elements such as Pt [8, 58], Au [10, 11,
107], Ru [15, 28, 108] and Cu [109, 110]. Pd-Au alloy membranes were of special interest as
they were shown to possess better tolerance to carbon species and hydrogen sulfide than Pd;
presumably due to a lower carbon solubility as Au content increases, and lower binding energy
for sulfides formation on the membrane surface [10, 11, 111-114]. In fact, the relatively high
solubility of carbon in pure Pd was suggested to be one of the failure mechanisms that causes
membrane degradation leading to a loss in permselectivity [115]. The Pd-Au alloy has been
shown to withstand exposure to water gas shift (WGS) mixtures containing CO in > 100 hours
tests, and showed some tolerance to WGS mixtures containing H,S [39, 107, 116-118]. Pd-Au
alloys are also more resistant to hydrogen embrittlement than pure Pd [119] making them more
practical to be operated over wider range of temperatures than pure Pd membranes. The
electroless deposition of as little as 0.3 um thick Au layer on top of Pd has also been reported to
significantly reduce the inert gas leak thereby improving the permselective properties of Pd
composite membranes [116, 120].

6.2 Membrane synthesis and annealing

As mentioned before, Pd and Au were sequentially deposited using electroless plating
techniques. After the deposition of an approximately 1 um thick Pd layer, the membrane was
subjected to a repair step which reduces the number of defects or pores that typically penetrate

through the thickness of the Pd film and thus improves film quality. In this step, the Pd plating
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solution and the reducing agent were introduced on opposite sides of the membrane such that
plating would occur inside the pores of the metallic film. More details about this repair step were
described in previous work [121].

Once the repair step was completed, a very thin (~ 0.3 pm) layer of Au was deposited on
the Pd layer. Details of the Au electroless plating conditions can be found in Chapter 2 and the
work of Lewis, et al. [37]. In previous work, depositing very thin layers of Au was shown to
facilitate annealing and thus the formation of the Pd-Au alloy in a shorter period of time [37,
116]. This sequence of electroless deposition (i.e. Pd plating/ Pd repair/ Au plating) was repeated
until the inert gas leak was deemed undetectable at room temperature (N, permeance < 7.2E-10
mol/m?/s/Pa). The final plating structure consisted of having three alternating Pd/Au layers.

The thickness of the film was determined gravimetrically from mass gain after plating to
be 5.0 um; given the surface area of the membrane (16.10 cm?) and densities of Pd and Au. It is
worth mentioning that using this method for the determination of the Au layer thickness is
slightly inaccurate, because Au is known to displace Pd during the plating process resulting in
negligible mass gain despite having a visible Au layer deposited [11]. As such, other more
accurate analytical methods were used to determine both thickness and composition as will be
discussed later.

Figure 6.1 shows the evolution of both the hydrogen permeance and the nitrogen leak
during the annealing stage which took place at 550 °C and a 50 kPa pressure differential for 220
hours. The membrane was left under hydrogen atmosphere for the entire duration except when
measuring the nitrogen leak. The annealing step was necessary, as discussed previously, to

promote homogenization (of composition) and stabilization of the microstructure. At this stage,
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steady hydrogen permeation flux was used as an indication that adequate (but not necessarily

complete) annealing had been achieved.

3.00E-03 6.00E-09
H,
S 25E03 £ o o o s o © . { 5.00E-09
o <&
& —~
& 2.00E-03 | { 400E-09 §
£ 5
2 t
= 1.50E-03 | { 3.00E-09 J
8 £
[&]
e E
3 I
£ 1.00E-03 | { 2.00E-09 ©
o} ~
o Z
L 5.00E-04 } dy/dx = 6E-13 N, 41 1.00E-09
b 5 OO0 o0 00009
0.00E+00 - : . - 0.00E+00
0 50 100 150 200 250

Elapsed Time (hours)

Figure 6.1 The hydrogen permeance and nitrogen leak evolution during annealing the Pd-Au
membrane at 550 °C and 50 kPa pressure differential in pure hydrogen environment (Permeate
was left at local ambient conditions in Golden, CO, ~82 kPa).

At the end of annealing, the membrane had a final H,/N, pure gas flux ratio of 6,400 at
100 kPa pressure differential. This represents a drop of only 20% of the initial selectivity over
the course of annealing (220 hours). Once annealing was deemed to be complete, the membrane
was thermally cycled in the temperature range (350 - 550 °C) to gain insight on thermal stability

in terms of leak creation (during thermal cycling) and to establish a pure gas permeance baseline

prior to testing under steam methane reforming environments.

77



Figure 6.2 shows the relevant data where the hydrogen flux is plotted against the driving
force for permeation. The slopes indicated on the plot represent the hydrogen permeance at each
temperature. It can be seen that the hydrogen permeance at 550 °C after thermal cycling is
identical to the one shown in Figure 6.2 at the end of the 220 hours annealing period. Similarly,
the nitrogen leak was also measured during the thermal cycling process and was found to be

unaffected by this process.
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Figure 6.2 Hydrogen flux vs. driving force (for permeation) for the Pd-Au membrane during
thermal cycling in the temperature range (350 - 550 °C). The slopes indicated represent the
permeance at each temperature. Permeate was left at local ambient conditions in Golden, CO,
~82 kPa.
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6.3 Steam methane reforming in a Pd-Au membrane reactor at high temperatures and

pressures
The Pd-Au membrane was loaded into the reactor module and tested as described above.

Figure 6.3 shows the relevant results for this membrane under the SMR environments.
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Figure 6.3 Hydrogen flux and permeate purity for the Pd-Au membrane reactor under SMR
environments at temperatures > 480 °C, 2.8 MPa feed pressure and SCR of 3. Space velocity,
methane conversion and hydrogen recovery are as indicated. Permeate was left at local ambient
conditions in Golden, CO, ~82 kPa.

The membrane was tested continuously under SMR conditions for more than 500 hours,

with the overall goal being to evaluate the long-term stability of this Pd-alloy membrane in terms

of both hydrogen flux and purity changes. The feed pressure was kept constant at ~ 2.8 MPa;
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which is similar to the commonly used pressure in industrial scale hydrogen production
processes. The SCR was also held constant at 3 as previous studies showed no coke formation
occurred at SCR > 2.7 [61]. The membrane was first tested at a temperature of 482 °C and a
space velocity of 185 L/h/kg (GHSV = 147 h™"). The average hydrogen flux was relatively low at
this temperature (~ 0.07 mol/m?/s) with an average hydrogen recovery and methane conversion
of 54 % and 80 %, respectively. The methane conversion observed under these conditions was
stable, suggesting the rate of coke formation was small [28], and the average carbon atomic
balance closed within 8%. The membrane was tested under these conditions for approximately
190 hours and the hydrogen permeate purity remained above 99.2% over this duration. The
membrane was then heated to 511 °C while keeping all other parameters the same. The hydrogen
flux increased, as anticipated, to 0.14 mol/m*/s and both the methane conversion and hydrogen
recovery increased to 94% and 82%, respectively. The permeate purity slightly improved and
remained above 99.5% over the course of testing (~170 hours).

In the next segment, the furnace temperature was set at 600 °C while other parameters
were kept constant. The testing system became unstable under these conditions with the
temperature (as read from the thermocouples) fluctuating rapidly (568 £+ 15 °C every 30 min).
Under these conditions, the system appears to be heat transfer limited - that is the amount of heat
absorbed by the endothermic SMR reaction is not balanced by the amount of heat supplied by the
electric furnace. With a rapidly changing temperature, the methane conversion and membrane
permeance were both simultaneously affected, resulting in fluctuating hydrogen flux, conversion
and recovery. Despite these observations, the hydrogen purity remained above 99.5% under

these conditions for approximately 120 hours.
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In an attempt to stabilize the testing system, the space velocity was increased to 430
L/hkg (GHSV = 342 h') while keeping the furnace temperature set at 600 °C with other
operating parameters unchanged. In so doing, the thermocouple temperature reading stabilized at
534 °C for the duration of the test (~ 50 hours). It was also observed that by increasing the space
velocity, the hydrogen flux increased and remained stable at 0.24 mol/m?/s. Due to the increase
in hydrogen permeation, the purity also increased slightly and remained above 99.7%. The
average methane conversion was 88% and a lower hydrogen recovery of 64% was realized. The
relatively better performance observed under these condition (mainly accredited to the higher
space velocity) is attributed to the mitigation of concentration polarization - an unfavorable
phenomenon that normally results in reduced flux and purity. Additionally, the lower hydrogen
recovery can be attributed to the lower methane residence time that resulted from a higher space
velocity. Such observations were also observed and discussed in Chapter 5.

In the last segment of the experiment, the membrane was cooled down to 511 °C and the
space velocity was changed back to 185 L/h/kg while keeping other operating conditions
unchanged. Under these conditions, the membrane restored its performance to that of the
previous 511 °C segment, with similar hydrogen flux, purity, recovery and methane conversion
being obtained. This suggests that the intrinsic properties of the membrane (i.e. hydrogen
permeance and leak) did not change upon varying the operating conditions (in particular, thermal
cycling).

As discussed previously, one of the primary advantages of simultaneously removing
hydrogen from the catalyst bed as it forms is the conversion enhancement compared to that of a

conventional equilibrium reactor. In this work, methane conversions as high as 94% were
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obtained at 511 °C, 2.8 MPa feed pressure and a space velocity of 185 L/h/kg, compared to an
expected equilibrium shift of only 30 %. However, it can be argued that , the best performance
was obtained at the higher space velocity of 430 L/h/kg and temperature of 534 °C due to the
increase in hydrogen production. Furthermore, the testing system, in terms of thermal
fluctuations, was very stable under these conditions. At a fixed temperature, however, methane
conversion usually decreases at higher space velocities due to the reduction in the residence time
of the methane in the reactor. Nonetheless, the conversion of 88% was significantly higher than
the predicted equilibrium shift under comparable operating conditions (35%). The stable
performance of the Pd-Au membrane fabricated in this study can be compared favorably against
some of the results in the literature - particularly those that were run under comparable
conditions for similar durations. For example, Saric et al. [20] reported a hydrogen purity of 81
% at 580 °C after 900 hours of testing a 3.8 um thick pure Pd membrane. A N, sweep gas flow
rate of 50 sccm was used in their study, whereas no sweep gas was used in the experiments
presented here. As shown in Chapter 5, stable hydrogen flux and methane conversion were both
stable for the 5.0 um thick Pd-Ru membrane tested for similar duration under similar conditions.
The permeate stream impurity levels, however, were much higher, resulting in a purity of about
93%. In another study, the Tokyo Gas group [19, 104] reported similar stability in terms of
purity under comparable reactor pressures and space velocities. Nonetheless, the hydrogen purity
obtained from the much thicker (~20 pm) Tokyo Gas foil membranes was higher than the values
reported in this study (99.99 % compared to ~99.7 %). A selected summary of methane
conversion data from different literature sources was summarized in Table 1.1, including the

results from the current study.

82



6.4  Pd-Au membrane characterization post SMR testing

Several analytical techniques were performed after the MR tests to characterize the Pd-
Au composite membrane used in this study - primarily to verify/determine its thickness and
composition. Surface and cross sectional SEM/EDS, XRD, XRF as well as ICP-AES were used,
with the outcomes described below.

In order to verify alloy formation and see if the anticipated Pd-Au single fcc phase was
formed, XRD analysis was conducted, with the results shown in Figure 6.4. As can be inferred
from the Figure, single XRD peaks are present between the Pd and Au peak locations (as
determined from JCPDS database for pure metals). No peak shoulders can be observed,
suggesting the presence of a single fcc phase for the Pd-Au alloy. In addition to verifying alloy
formation, one can also estimate the Au composition given the shift in peak location using
Vegard’s law [1, 11]. Using this method, the average Au composition was calculated to be 30
wt.%.

Figure 6.5 shows SEM surface (a) and cross sectional (b) images of the supported Pd-Au
membrane. The average EDS Au surface composition for image (a) was found to be 28 wt.%,
and the membrane thickness from image (b) was determined to be 5.0 um. These results were in
good agreement with the Au composition determined from XRD (30 wt.%) and thickness
calculated using gravimetry (5.0 pum).

Cross sectional EDS discrete spot scans of the Pd-Au membrane were then performed to
indicate the extent of homogeneity in the alloy (Figure 6.6). As shown in the Figure, the Au

composition fluctuated between 25 and 30 wt.% with an average of 29 wt.%. This average
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represents excellent agreement with the surface EDS scan, and a narrow range of compositions

suggests a fairly uniform Au distribution throughout the film.
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Figure 6.4 XRD spectra of the Pd-Au membrane compared to the JCPDS database for pure
metals suggesting alloy formation. The average Au composition was determined using Vegard’s
law [1] and was calculated to be 30 wt.%.
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Figure 6.5 SEM surface (a) and cross sectional (b) images of the supported Pd-Au membrane
showing thickness in good agreement with that determined by mass gain after plating. Image (a)
was taken in secondary electron mode while (b) was taken in back scattering mode. The average
EDS Au surface composition for image (a) is 28 wt.%.
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Figure 6.6 Cross sectional SEM micrographs and EDS discrete spot scans of the Pd-Au
membrane. The average EDS cross sectional Au composition is 29 wt.% .The arrows represent
the direction of the scan and the solid black line is a second-degree moving average fit. The
SEM image to the right was taken in secondary electron mode while the one to the left was taken

in back scattering mode.

Table 6.1 provides a comprehensive summary of the thickness and Au composition of the
Pd-Au membrane as determined by various analytical methods. In addition to estimating
compositions by EDS and XRD, bulk compositions were also verified by XRF and ICP-AES.
Overall, excellent agreement in the determined Au composition was observed using both bulk

and surface methods, suggesting the formation of a homogenous Pd-Au alloy.

Table 6.1 Thickness and composition of the Pd-Au membrane as determined by different
gravimetric and analytical methods

Method Thickness (pm) Composition (Au wt.%)
MG* 5.0 -
XRF 4.4 28
SEM/EDS 5.0 28 (surface), 29 (cross sectional)
ICP-AES - 27
XRD - 30

"MG: As determined from mass gain after plating (Gravimetry). See text for details.
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6.5  Conclusions

In this Chapter, a 5.0 um thick Pd-Au composite membrane was tested under SMR
conditions for more than 500 hours and showed stable performance in terms of hydrogen flux
and purity at temperatures > 480 °C, feed pressure of 2.8 MPa and SCR of 3. This reveals the
potential suitability of this alloy to be a high temperature candidate for use in SMR membrane
reactors. The permeate hydrogen flux was very stable which translated into stable methane
conversion, and the hydrogen purity remained > 99.2% over the course of testing. Typical
methane conversions were ~84 % which could be further improved by optimizing methane feed
flow rates, or by optimizing the reactor design in terms of heat transfer and/or reactor geometry.

Several analytical methods (SEM/EDS, XRD, XRF and ICP-AES) were used post SMR
testing to determine the membrane’s thickness and gold composition. Excellent agreement
among these methods was realized in determining the Au composition to be 28 wt.%.

Furthermore, cross sectional EDS and XRD data suggest homogeneous alloy formation.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The long-term thermal stability of Pd-based composite membranes at high temperatures
is essential for industrial operation, especially their application in membrane reactors for
hydrocarbon reforming to produce hydrogen. As-prepared pure Pd membranes fabricated by
electroless plating are susceptible to a loss in selectivity when operated at temperatures > 550 °C.

The rate of defect formation growth in a Pd membrane is a thermally activated process
that increases at a steady rate depending on the membrane’s thickness; thinner membranes will
attain a constant, steady-state nitrogen leak permeance faster than thicker ones. Hydrogen
permeance decline in Pd membranes observed at temperatures > 550 °C will ultimately stabilize
after long-term operation and this effect appears to be independent of film thickness. Changes in
the hydrogen permeance at high temperatures may be related to surface kinetic effects [98].

In this thesis, two main approaches were investigated to improve the thermal stability of
Pd-based composite membranes; alloying Pd with a higher melting point element and performing
high temperature annealing on the as-prepared membranes.

Doping Pd with higher melting point metals (such as Ru or Pt) seems to have a great
impact on the thermal stability of the membrane. Each alloy showed a different pattern of
thermal stability behavior compared to a pure Pd control membrane of comparable thickness
under similar conditions of temperature and pressure. The addition of Pt and/or Ru to Pd thin
films (< 10 um in thickness) improves the thermal stability of the resulting alloy by lowering the
rate at which the inert gas (N;) leak grows over time at a given temperature. The addition of 27
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wt.% Pt to Pd lowers the inert gas leak evolution rate by approximately one order of magnitude
at 600 °C. Unlike pure Pd, Pd-Pt alloy supported thin film membranes possess stable pure
hydrogen permeance when operated at temperatures as high as 600 °C.

By lowering the Pt content in the Pd-alloy from 27 to 17 wt.%, the hydrogen permeability
increased but remained lower than a pure Pd membrane. The nitrogen leak growth rate also
increased. The membrane, however, was still more thermally stable than pure Pd one evidenced
by a lower leak growth rate. Such observation might suggest the existence of a trade-off
relationship between thermal stability/hydrogen permeance and the Pt content in the Pd-alloy.

Performing high-temperature annealing (above the Taman temperature of pure Pd) on Pd
membranes deposited by electroless plating was shown to result in a denser microstructure that
appears to correlate with improved thermal stability when the membranes are subsequently
operated at lower temperatures. Thermal stability in pure hydrogen or nitrogen may also indicate
stable performance under mixed gas conditions similar to those described in this thesis.

The long term (> 500 hours) operation on the 5.0 um thick Pd-Ru and Pd-Au composite
membranes revealed the potential suitability of these alloys to be high temperature candidates for
use in SMR membrane reactors. The permeate hydrogen flux was stable which translated into
stable methane conversion. Typical methane conversions were >80% which could be further
improved by optimizing the reactor design, heat transfer and/or reactor’s geometry.

The results discussed in this thesis calls for further investigations to better understand
and/or improve the thermal stability of Pd-based composite membranes. Below is a list that

might be useful in planning future research in this area:
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Evaluating the influence of alloy composition on the thermal stability of the Pd-based
membranes: It is well known that alloy composition affects intrinsic material
properties such as hydrogen permeability, chemical tolerance, and tensile strength
[57,59, 97, 107], however, it would be interesting to study how the alloy composition
would affect the thermal stability and whether there is a composition-property
correlation that can be determined. While this has been addressed for the Pd-Pt alloys,
it would be interesting to see effect of changing the Ru and/or Au composition on the
permselectivity stability at high temperatures. Both of these alloys behaved fairly well
under SMR conditions, the optimum composition, however, that will maximize the
hydrogen permeance without scarifying the thermal stability has not been determined.
Based on the results obtained in Chapter 4, performing SMR membrane reactor tests
on pure Pd membranes might be necessary. It would be interesting to see how a heat
treated Pd membrane would behave under SMR conditions compared to one that is
tested as-prepared (i.e. without heat treatment).

The influence of Au addition to Pd on thermal stability under SMR reactor testing:
The Pd-Au alloy membrane described in Chapter 6 was shown to be more thermally
stable than the Pd-Ru membrane (Chapter 5). The hydrogen permeance for the Pd-Au
membrane, however, was lower that the Pd-Ru membrane. It would be interesting to
further investigate why Au additions to Pd resulted in such improved thermal stability
behavior under SMR, despite it has a lower melting point than Pd. This might suggest
microstructural effects or improved chemical tolerance that resulted in enhanced

thermal stability.
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APPENDIX
SIMULATION OF A PALLADIUM-RUTHENIUM MEMBRANE REACTOR FOR

HYDROGEN PRODUCTION VIA THE STEAM REFORMING OF METHANE

A one-dimensional, plug-flow membrane reactor transport model was developed using
kinetic data from literature [4, 106] in order to qualitatively predict the effects of reactor pressure
and to investigate the possibility of performance limitations such as concentration polarization
effects that is believed to reduce the effectiveness of the Pd-Ru reactor described in Chapter 5.
A.1  Model assumptions

The geometry of the reactor is given in Figures A.l1 and A.2. The tubular Pd-Ru
composite membrane is inside the cylindrical shell, and the catalyst is in the annular space. A
sweep gas may be used on the permeate (low pressure product) side of the membrane; however,
it was not used in these simulations. Figure A.2 shows the control volumes for the development
of the component mole balance equations. In developing these simulations, the following
assumptions were used:

. Plug flow on both feed and permeate sides,

. Steady-state and isothermal operation (the temperature was assumed to be an average of
the temperatures measured at the feed inlet and at the center of the membrane inside the
lumen),

. The gas phase was assumed to be ideal,
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Kinetic data from the literature [106] will describe reactions (1.1)-(1.3). These rate
equations are given in Tables A.1 and A.2.

No boundary layer development at membrane feed surfaces,

Only hydrogen can permeate through the membrane so the membrane is perfectly

selective,
The hydrogen flux through the Pd-Ru membrane will be given by the rate equation in a

subsection to follow.

H>O Pump Q_X_ MEC

Aror He
P .
H> or CH,4 | ]
MFC -
Pd membrane
Thermocouple
Catalyst
Heater
Flow meter BPR
GC IL\ 7 GC
L& 4t
Pressure gauge
[ 3|
MFC

Sweep gas N,

Figure A.1 Schematic of cylindrical membrane reactor laboratory apparatus from Tong, et al.
[2]. The tubular membrane is inside the cylindrical shell, and the catalyst is in the annular
space.
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tube shell
—> «— 0

Ni/Al,O4
:

Figure A.2 Diagram showing control volume for preparing the differential balances for the
membrane reactor [3]. Assumptions include: plug flow on both feed and permeate sides, steady-
state, isothermal operation, kinetic data from the literature [3, 4] and no boundary layer
development at membrane feed surfaces.

As mentioned before, membrane reactor performance is limited by membrane surface
area, hydrogen partial pressure driving force, membrane hydrogen permeance, and reaction
kinetics [4]. The objective of these simulations is to determine how methane conversion depends
on process parameters such as reactor temperature, pressure and space velocity.

A.2  Approach

In solving this simulation problem, a shell balance approach was utilized in setting up the
relevant differential equations along with the appropriate initial and boundary conditions
describing the molar flow rate of all of the species on both the feed and permeate sides of the

membrane.
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Table A.1 Reaction rate coefficients (k;) for equations (1.1)-(1.3). Here i refers to the particular
reaction, 4 is the pre-exponential factor, £, is the activation energy, R is the ideal gas constant
and 7 is the absolute temperature [3, 4]

k, = Aexp(_EA )
RT

Constant A E, (kJ/mol)
k, 1.336x10" mol.MPa"/(ge..h) 240.1
ks 1.955%10" mol/(MPa.ge.h) 67.13
ks 3.226x10" mol.MPa""/(g.q.h) 243.9

Table A.2 Adsorption/desorption equilibrium constants (Ki7) for the species i, where i refers to
either CH,, H>O, CO or H>, B is the pre-exponential factor, 4H is the enthalpy, R is the ideal
gas constant and 7 is the absolute temperature [3, 4]

K = Bexp(_AHA )

RT

Constant B At
onstatt (kJ/mol)
K 6.65x10° MPa™ -38.28
Ko 1.77x10° 88.68
Kco 8.23x10*MPa’ -70.65
K 6.12x10°* MPa™ -82.90

The set of differential equations was then solved using the built-in STIFF solver setting
in Polymath®. The partial pressures for all species were calculated by first determining the

mole fraction as the ratio of the molar flow rate of particular species divided by the total
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molar flow rate. Then, the mole fraction was multiplied by the total pressure. The solution
allowed the calculation of the methane conversion as well as the hydrogen production rate.

In order to validate the model, a comparison of the calculations for an equilibrium
reactor (setting the hydrogen permeance to zero to solve the no-permeation case) to the data
generated from Chapter 5 was made.

The influence of the operating variables on the methane conversion such as feed

pressure, temperature and space velocity was addressed.

A.2.1 Reactor, catalyst, and membrane data

As shown in Figure A.2, the following reactor dimensions were used in the model to

allow direct comparison to the experimental data generated in Chapter 5:

Reactor length =L =4.07 cm.

Inner radius of reactor shell =r, = 0.85 cm.
Outer radius of membrane = r; = 0.532 cm.
Methane feed flow rate = Ncps = 0.62 mol/h.
SCR=m=3.

Catalyst density = Peatalyst = 1.38 g/cm3.

Ni catalyst mass = 52.3 grams.

Feed stream pressure = between 0.8 to 3.5 MPa.
Permeate side pressure = 0.1 MPa = 1 bar.

Sweep (He) flow rate = 0 mol/h.
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A.2.2 Membrane flux equation

The parameters in equation A.l below, an empirical pure hydrogen flux equation, were
obtained from high temperature measurements (500-600 °C) with a 3.2 um thick pure Pd
composite membrane and a series of measurements with Pd membranes of varying thicknesses
[97]. It was previously shown in Chapter 3 that the effective permeability of the Pd-Ru coplated

membranes on identical supports is the same as pure Pd [8, 57].

P
Hydrogen flux = g |:\/sz Jeed — \/sz ,permeate :| (A 1)
Where:
_E _6 \0-71749
—2(32-1
Hydrogen permeance = % =Q e’ (STOJ (A.2)

0, = pre-exponential factor = 1.726 + 10 mol/m?/s/Pa’".

E,/R = activation energy/gas constant = 1,159 K.

T = absolute temperature in K.

0= Pd-Ru membrane thickness in meters.

pm2 = hydrogen partial pressure in Pa.

A.2.3 Kinetic rate expressions for reactions (1.1) — (1.3) [4, 106]

_ Pco *pilzj

: p(H4 pH 20
( Kl
R —

1 25 % 2
Pu>*D

(A.3)
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Pcor P
k, [Pco *Puro— %)
R = 2
2 *DZ
Pu» (A.4)
Peo> * Py
k3(pcy4 *pfno _%J
R, = 35 2 :
P "D (A.5)
D =1+Kcy4Peys + KyooPrzo ! Pz + KeoPeo + KyaPio (A.6)
Where:

p; = partial pressure of species i.

k; — ks = reaction rate constants for reactions (1.1) — (1.3)
K; — K3 = equilibrium constants for reactions (1.1) — (1.3)
K; = adsorption constant of species i.

The reaction rate coefficients and the adsorption constants were given in Tables A.1 and

A.2, respectively.

A.2.4 Equilibrium data for reactions (1.1)-(1.3)

—26571

K,=8.1211-10" 7 , TinK, units of K are MPa’ (A7)

4639

K,=1.26- 10%¢ 7 ,Tin K, K is dimensionless (A.8)
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-22069

K, =1.2226- 10°¢ T , Tin K, units of K are MPa*

A.2.5 Differential material balances

(A.9)

The following equations describe the material balances on the feed (shell) side of the membrane

reactor:

H, balance:

dN, P2 (\/ Pity o =Pty )

dz 0

CH, balance:

dN,

% =—7 (roz — }’;.2 )(Rl + R3 )pcatalysl
H,O balance:

dN

Pk a2 )R+ R+ 2R )P

dz

CO balance:

dN,

d—ZCO =7 (1’02 — }'}2 )(Rl - Rz )pcatalyst
CO; balance:

dN,

dZOZ = ”(roz _’}2)(R2 +R)p

catalyst
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+ (3Rl + RZ + 4R3 )7[ (ro2 - riz ) pcatalyst

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)



The following equations describe the material balance on the permeate (tube) side of the
membrane reactor:

H, balance:

o N
dNH2 permeate _ ,.])n. ! p H) feea p H) permeate

dz 6 (A.15)

Where:
N; = molar flow rate of species i.

z = axial distance from inlet.

109



