
T-4761

Hydrogen Separation in Palladium Ceramic Membranes and Palladium-Gold Ceramic
Membranes

by
King Y. Foo



ProQuest Number: 10794133

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10794133

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106 -  1346



T-4761

A thesis submitted to the Faculty and Board of Trustees of the Colorado School of 
Mines in Partial fulfillment of the requirements for the degree of Master o f Science (Chemical 
Engineering and Petroleum Refining).

Golden, Colorado

Date

Signed:f

Approved^
<  ,

Dr. J. Dougl<(sWay /
Thesis Advisor

Golden, Colorado 

Date 1 1

Dr. Robert Baldwin
Professor and Head,
Department of Chemical Engineering 
and Petroleum Refining

ii



T-4761

ABSTRACT

Palladium membranes with thickness ranging from 1.8 jam to 14.1 pm were formed 

inside of the a-alumina symmetric support tubes by electroless plating. Membranes were 

characterized by conducting permeability experiments with hydrogen and nitrogen at 

temperatures from 673 to 823 K and feed pressure from 172 to 689 kPa. At 823K, hydrogen 

permeances were 4.37E-05 mole/s m2  Pa0 "7 and 1.43E-07 mole/s m2 Pa1 2  in the 14.1 pm 

palladium and the 1 . 8  pm palladium membranes, respectively. Since the solid-state difiusion of 

hydrogen through the bulk metal was the main rate determining step in thel4 .1 pm palladium 

membrane, the exponent of the pressure term in hydrogen permeance was closer to 0.5. For 

the 1 . 8  pm palladium membrane, the exponent o f the pressure term in hydrogen permeance 

was greater than 1 which indicated that viscous flow was dominating the transport processes. 

An infinite hydrogen selectivity (ratio of permeabilities) was obtained initially in the membranes 

with palladium thickness greater than 10.3 pm at transmembrane pressure less than 172 kPa. 

However, a decrease in selectivity was observed for all membranes as temperature increased 

due to formation of defects or pores in the palladium film.

Palladium-gold alloy membranes were tested because of their potential resistance to 

hydrogen sulfide. A palladium-gold alloy was made using displacement deposition at room 

temperature. The displacement of palladium was done by immersing a palladium membrane in 

the gold(III) chloride solution and palladium was then displaced with gold. Pure hydrogen gas 

was used to perform the permeability experiments. In the 61 wt % Pd - 39 wt % Au 

membrane, the hydrogen permeance was 2.51E-07 mole/s m2  Pa1' 1 at 823 K which was 

approximately 50% higher than permeance obtained from the pure palladium membrane. This 

was because the defects or pores were formed extensively in the palladium-gold alloy at 823 K 

compared to the pure palladium. For this reason, the hydrogen selectivity ranged from 6  to 18
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in the palladium-gold membranes while the hydrogen selectivity was ranged from 27 to infinite 

in pure palladium membranes with the same thickness of 1 0  pm.

iv



T-4761

TABLE OF CONTENTS

Page
ABSTRACT .................................................................................................................................. iii

LIST OF FIGURES...........................................................................................................................vii

LIST OF TABLES............................................................................................................................. x

ACKNOWLEDGMENTS................................................................................................................ xi

Chapter 1. INTRODUCTION......................................................................................................1

1.1 Inorganic Membranes................................................................................................. 2
1.2 Palladium Membranes................................................................................................3
1.3 Palladium-Gold Membranes.......................................................................................3
1 .4 Permeability of H2  in Ceramic Membranes and Defect Free Palladium-Ceramic

Membranes............................................................................................................... 4

Chapter 2. PREPARATION AND CHARACTERIZATION OF A SYMMETRIC
CERAMIC MEMBRANE...................................................................................... 9

2.1 Introduction.................................................................................................................9
2.2 Experiments.................................................................................................................10

2.2.1 Membrane Pretreatment.............................................................................. 10
2.2.2 High Temperature Sealing........................................................................... 10
2.2.3 Determination of Pore Size......................................................................... 12
2.2.4 Procedure for Permeability.......................................................................... 13

2.3 Results and Discussion.............................................................................................. 20
2.4 Conclusion...................................................................................................................23

Chapter 3. PREPARATION AND CHARACTERIZATION OF A COMPOSITE
PALLADIUM CERAMIC MEMBRANE............................................................ 26

3.1 Introduction................................................................................................................ 26
3.2 Electroless Plating Background.................................................................................27
3.3 Experiment................................................................................................................. 28

v



T-4761

3.3.1 Membrane Pretreatment..............................................................................28
3.3.2 Membrane Sensitizing and Activation........................................................30
3.3.3 Electroless Plating in the Batch System......................................................30
3.3.4 Electroless Plating in the Flow System.......................................................35
3.3.5 Electroless Plating in the Flow System with Osmotic Pressure............... 37
3.3.6 Palladium Morphology............................................................................... 38
3.3.7 Procedures for Permeability.......................................................................43

3.4 Results and Discussion............................................................................................. 45
3.5 Comparison of Hydrogen Permeation Rate for Inorganic Membranes................. 67
3.6 Conclusion..................................................................................................................67

Chapter 4. PREPARATION AND CHARACTERIZATION OF A COMPOSITE
PALLADIUM-GOLD CERAMIC MEMBRANE................................................71

4.1 Introduction................................................................................................................71
4.2 Gold Plating M ethods...............................................................................................71
4.3 Experiments............................................................................................................... 72
4.4 Results and Discussion............................................................................................. 74
4.5 Conclusions................................................................................................................85

Chapter 5. CONCLUSIONS AND RECOMMENDATIONS............................................... 87

5.1 Conclusions............................................................................................................... 87
5.2 Recommendations.....................................................................................................8 8

REFERENCES...................................................................................................................................91

vi



T-4761

LIST OF FIGURES

Figure 1.1 Mechanism of hydrogen difiusion in metal................................................................... 6

Figure 2.1 A pore size distribution of a 0.2 pm symmetric ceramic membrane...........................14

Figure 2.2 SEM micrographs of a 0.2 pm symmetric ceramic membrane....................................15

Figure 2.3 Experimental system for membrane characterization.................................................. 16

Figure 2.4 Membrane module for permeation experiments...........................................................17

Figure 2.5 Detailed schematic of the membrane module...............................................................19

Figure 2.6 Effects of temperature on H2  flux in a 0.2 pm symmetric ceramic membrane 21

Figure 2.7 Effects of temperature on He flux in 0.2 pm symmetric ceramic membrane............ 21

Figure 2.8 Effect of temperature on N2 flux in a 0.2 pm symmetric ceramic membrane........... 22

Figure 2.9 Effect of pressure on hydrogen and helium Fluxes in a 0.2 pm symmetric ceramic
membrane and a 0.2 pm symmetric stainless steel membrane...................................24

Figure 3.1 Palladium plating methods.............................................................................................29

Figure 3.2 Deposition rate of palladium in the batch system........................................................34

Figure 3.3 Deposition rate of palladium in the batch system, flow system and flow system
with osmotic pressure.................................................................................................. 36

Figure 3.4 SEM Micrograph of a palladium surface from batch system......................................40

Figure 3.5 SEM Micrograph of a palladium surface from flow system........................................41

Figure 3 . 6  SEM Micrograph of a palladium surface from flow system with osmotic pressure 42

Figure 3.7 SEM Micrograph of a palladium surface from batch system..................................... 44

Figure 3.8 SEM Micrograph of a palladium surface from flow system with osmotic pressure 44

vii



T-4761

Figure 3.9 Effect of temperature on fluxes and selectivity in a 14.1 pm palladium ceramic
membrane...................................................................................................................... 6

Figure 3.10 Effect of temperature on fluxes and selectivity in a 10.3 pm palladium ceramic
membrane....................................................................................................................49

Figure 3.11 Effect of temperature on fluxes and selectivity in a 9.3 pm palladium ceramic
membrane.................................................................................................................... 51

Figure 3.12 Effect of temperature on fluxes and selectivity in a 6 . 8  pm palladium ceramic
membrane.................................................................................................................... 53

Figure 3.13 Effect of temperature on fluxes and selectivity in a 3.2 pm palladium ceramic
membrane.................................................................................................................... 56

Figure 3.14 Effect of temperature on fluxes and selectivity in a 1.8 pm palladium ceramic
membrane.................................................................................................................... 58

Figure 3.15 Effect of palladium thickness on hydrogen Flux at 823 K.........................................60

Figure 3.16 Effect of palladium thickness on percent selectivity at 823 K .................................. 60

Figure 3.17 SEM Micrograph of a palladium surfaces after the permeability experiments 62

Figure 3.18 Palladium thickness vs hydrogen permeance at 823 K .............................................. 64

Figure 4.1 ED AX report for the palladium and gold composition................................................73

Figure 4.2 Effect of temperature on fluxes and selectivity in the 97 wt % Pd - 3 wt % Au
ceramic membrane....................................................................................................... 75

Figure 4.3 Effect of temperature on fluxes and selectivity in the 80 wt % Pd - 20 wt % Au
ceramic membrane...................................................................................... ................78

Figure 4.4 Effect of temperature on fluxes and selectivity in the 61 wt % Pd - 39 wt % Au
ceramic membrane....................................................................................................... 80

Figure 4.5 Summary of hydrogen flux in the 1 0  pm palladium and 1 0  pm palladium-gold

viii



T-4761

membrane...................................................................................................................... 82

Figure 4.6 SEM micrographs of the 100% Pd and the 80 wt % - 20 wt % Au surfaces after
the permeability experiments........................................................................................83

Figure 4.7 Summary of the selectivity in the palladium and palladium-gold alloy membrane... 84

Figure 4 . 8  SEM micrographs of a palladium-gold alloy on GTC and U.S. Filter alumina
support.......................................................................................................................... 85

ix



T-4761

LIST OF TABLES

Table 2.1 Ceramic Membrane Cleaning Procedure....................................................................... 11

Table 3.1 Sensitizing Bath Recipe.................................................................................................. 31

Table 3.2 Activation Bath Recipe................................................................................................... 31

Table 3.3 Palladium Plating Bath Recipe........................................................................................33

Table 3.4 Summary of Hydrogen Permeances and the n Values.................................................. 65

Table 3.5 Comparison of Hydrogen Permeation Rate for Inorganic Membranes....................... 6 8

Table 3.6 Summary of Hydrogen Permeances and the n Values at 823 K .................................. 70

Table 4.1 Summary of Hydrogen Permeances and the n Values at 823 K ..................................85

x



T-4761

ACKNOWLEDGMENTS

I wish to thank Dr. J. Douglas Way for giving me the opportunity to work on this 

project and for his guidance and patience throughout the course of this research. I would also 

like to express my appreciation to Paul Thoen, Ken McCarley, Kevin Heidrich and Steve 

Paglieri for their helps and suggestions on this work. In addition, I would like to thank my 

family and Eiong Tan for their loves and supports.

At last, I would like to thank Dr. Robert Baldwin and Dr. Scott Cowley for being my 

committee members. I would also like to thank Chevron Research and Development Company 

for their financial and technical support and Golden Technology Company for providing the 

ceramic membranes.

xi



T-4761 1

CHAPTER 1 

INTRODUCTION

Hydrogen is one of the essential raw materials in the chemical and petrochemical 

industry. With advanced technology, hydrogen can be used wisely by recovering and 

recycling it within a chemical plant. High purity hydrogen can be obtained from a gas 

stream at a lower cost by using membrane separation technology without any other 

complex and expensive unit operations. Other advantages promoting the use o f 

membranes in place of traditional separation schemes include easy scale-up, no chemical 

additives and low environmental impact.

Palladium membranes can be used to separate hydrogen in hydrogenation/ 

dehydrogenation processes (Uemiya, 1991&1990; Edlund, 1993; Ali, 1994). They can 

also work as a membrane reactor for any reactions containing hydrogen as a product, such 

as the decomposition o f ammonia (Collins, 1993). In many cases, reactions can proceed 

beyond the equilibrium limit by selectively removing hydrogen. Because o f these 

attractive features, many studies have been done regarding this subject. Nevertheless, 

since pure palladium membranes are very sensitive to poisons, such as hydrogen sulfide, 

the use o f such membranes in industry is very limited. Improvement in chemical resistivity 

must be done to extend the application o f palladium membranes. A study o f the hydrogen 

sulfide resistance o f palladium alloys was performed by McKinley (1976). Palladium-gold 

was shown to have the greatest resistance to hydrogen sulfide. The objective o f this 

project was to investigate the performance o f palladium and palladium-gold membranes at 

temperatures ranging from 673K to 823K and differential pressures up to 690 kPa.



T-4761 2

1.1 Inorganic Membranes

Synthetic membranes can be divided into two classifications: organic and 

inorganic. Possible limitations for using polymeric membranes are their inferior thermal 

properties, in addition to lack of chemical resistance and mechanical strength. Therefore, 

polymer membranes are not suitable for use at high temperature or in aggressive chemical 

environments. On the other hand, inorganic membranes possess these characteristics that 

enable their use in high temperature and high pressure applications.

Porous and nonporous inorganic membranes commonly used include ceramics, 

porous glass, palladium, palladium alloys and stainless steel. Alumina membranes with a 

pore size o f 50 Â or larger are commercially available. However, with this pore size, 

Knudsen diffusion dominates since the mean free path o f a diffusing molecule is ten times 

larger than the pore diameter. In this case, the permeance is inversely proportional to the 

square root o f the molar mass of the permeating gas. For separations in the Knudsen 

regime, the best possible selectivity (ratio o f permeabilities) between hydrogen and 

nitrogen is 3.74. This was also shown by Okubo’s study in 1991. His best selectivity at 

room temperature was 3.7 using an asymmetric AI2 O3 ultrafilter with an average pore size 

o f 50 A. In order to obtain better selectivity, a nonporous membrane could be used to 

replace the porous membrane. Yet, permeation through a dense membrane occurs at a 

lower rate compared to the porous membrane.

Nonporous membranes (such as dense metallic membranes) can be used for gas 

separations. Hydrogen permeates through the metallic membrane via a solution-diffusion 

transport mechanism. A high separation factor for hydrogen was obtained by many 

researchers using a palladium membrane (Yan, 1994; Uemiya, 1991; Collins, 1993; 

Buxbaum, 1993).
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1.2 Palladium Membranes

The metallic membrane used for hydrogen separations in these experiments was a 

palladium-ceramic composite membrane. Palladium and other metals in Groups 3 and 5 of 

the Periodic Table have been studied widely because of their high permeability to 

hydrogen (Steward, 1983). Palladium is very suitable for this purpose in practice because 

other metals are highly reactive with many feed streams.

Ideally, palladium is impermeable to all gases except hydrogen. The selectivity o f 

hydrogen therefore could be infinite. In reality, a palladium film might not be perfect. 

Leakage from a small defect in the film or from an end seal reduces the selectivity.

Thicker palladium films can be used to eliminate some leakage but the permeation rate 

decreases. This is because the hydrogen permeation flux is inversely proportional to the 

film thickness. A balance between the film thickness and permeation rate needs to be 

considered in the membrane design for economic aspects.

In these experiments, porous a-alumina was the substrate for the palladium 

membrane. A substrate was used to increase the strength of the thin metal membrane and 

to help minimize the palladium thickness. This would reduce the cost o f palladium and 

lower the separation cost.

1.3 Palladium-Gold Membranes

The performance o f palladium membranes is good when no contaminants are 

present in the system. However, if the feed stream contains a small amount o f a poison, 

such as hydrogen sulfide, the permeability of hydrogen through the palladium membrane 

can fall drastically (Edlund, 1993; McKinley, 1967; Hurlbert, 1961). Then, the cost o f a 

palladium membrane becomes relatively high due to its short lifetime and productivity. 

McKinley (1976) has shown an improvement on hydrogen sulfide poisoning resistance 

using a palladium-gold alloy film. Pure palladium, palladium-gold, palladium-silver and
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palladium copper were tested in his experiments with hydrogen containing 4 ppm of 

hydrogen sulfide. The hydrogen permeability of pure palladium foil was reduced to 30% 

o f the unpoisoned value after four days o f exposure to a feed gas containing 4 ppm 

hydrogen sulfide. The permeabilities o f palladium-silver and palladium-copper were 

immediately reduced to less than 1% and 5% of the unpoisoned values, respectively. 

However, palladium-gold foil was less affected by hydrogen sulfide poisoning. The 

permeability was reduced to 80% of the unpoisoned value after six days o f exposure. The 

purpose o f this project is to investigate the performance o f palladium and palladium-gold 

alloy/ceramic membranes for hydrogen separation over a wide range o f temperatures and 

pressures.

1.4 Permeability o f H? in Ceramic Membrane and Defect Free Palladium-Ceramic 
Membranes

Mixtures o f gases can be separated using microporous ceramic membranes. With 

a pore size o f 0.2 microns, gas transport takes place by Knudsen diffusion at low pressure. 

Knudsen diffusion occurs when collisions of the gas molecules are less frequent than 

collisions with the wall. In other words, the mean free path o f the molecule is much larger 

than the pore diameter. The Knudsen diffusion coefficient is proportional to the pore 

radius rp and inversely proportional to the molecular weight, m, o f the gas as indicated in 

Equation 1.1. (Mulder, 1991).

0.5
eq. [ 1 . 1 ]D K n= 0.66 rp

8 RT
Ttm

With a high pressure gradient across the membrane, viscous flow can occur in parallel 

with Knudsen diffusion (Bhave, 1988). The selectivity between hydrogen and nitrogen 

would be much lower than 3.74 with the presence of viscous flow. This separation 

factor is lower because the mean-ffee-path is smaller at high pressure. Gas separations
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using microporous membranes are not an efficient way to obtain high selectivies necessary 

for producing high purity hydrogen. In this case, a non-porous membrane is more 

suitable.

Based on the solubility o f hydrogen in palladium, separation via a solution 

diffusion mechanism can be achieved. For example, hydrogen gas is soluble in palladium 

metal while nitrogen is not. With a concentration gradient across a defect-free membrane, 

the separation factor between hydrogen and nitrogen should be infinite. This transport 

mechanism is known as a solution diffusion mechanism.

The three major steps o f hydrogen permeation through metal are (Barrer, 1951):

1 . reversible dissociative chemisorption of hydrogen on the palladium 
membrane surface,

2 . reversible dissolution of surface atomic hydrogen in the bulk layers o f the 
palladium metal, and

3. diffusion o f atomic hydrogen through the membrane.

This is also illustrated in Figure 1.1.

Permeability in palladium membranes had been known as an inverse function o f the 

thickness o f the actual barrier layer. The generalized equation for permeation rate or flux 

o f gas i through a membrane is as follows.

J i = ^ - ( P i t n<i)- P i s n(i )) eq. [1.2]
tm

Where is the permeability o f gas species i, Pn and P^ are the partial pressures o f gas 

species i in the tube side (feed) and shell side (permeate) and tm is the thickness o f the 

membrane. The value of n ranges from 0.5 to 2 and depends on the mechanism for gas 

transport though the membrane. A value o f 0.5 implies that the transport o f hydrogen 

through the bulk metal is rate determining and that equilibrium is established at the 

surface. That is, an equilibrium exists between hydrogen gas and an ideal solution o f 

hydrogen atoms in the metal. For an n value o f 1, the rate determining step could be a



T-4761 6
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Figure 1.1 Mechanism of hydrogen diffusion in metals
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slow surface reaction of hydrogen with palladium, adsorption o f hydrogen on the 

palladium surface, Knudsen diffusion in the substrate or a combination o f these factors.

On the other hand, viscous flow could be dominating when n approaches 2. Poisoning of 

the palladium surface, leakage in the system and inaccurate flux measurement strongly 

affects the value o f n; therefore, the measured n value would be greater than it should be.

To compare the permeabilities o f different gases, selectivity or separation factor is 

often used. It is defined as the ratio of the permeability of two gases:

a Ci / j) = 5 '  eq. [1.3]
Fj

The permeability o f species i and species j was obtained using pure gas at the same 

temperature and transmembrane pressure. Unfortunately, there is usually a trade off 

between membrane selectivity and permeability. A highly permeable membrane tends to 

have low sélectivités while a highly selective membrane tends to have low permeability. 

The choice of membrane depends on the application. For this project, palladium 

membranes with palladium thickness ranging from 1.8 pm to 14.1 pm were tested for their 

hydrogen permeability and selectivity.

The primary goals for this project are summarized as follows:

• Characterize the performance o f a 0.2 pm symmetric a-alumina membrane 
by conducting permeability tests with nitrogen and hydrogen at 
temperatures ranging from 673 K to 823 K and differential pressures up to 
690 kPa.

• Fabricate a palladium membrane on a 0.2 pm symmetric a-alumina support

• Examine the palladium morphology obtained from different plating 
methods using SEM.

Characterize the palladium membrane performance by conducting 
permeability tests with nitrogen and hydrogen at temperatures ranging 
from 673 K to 823 K and differential pressures up to 690 kPa.
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• Fabricate a palladium-gold alloy membrane on a 0.2 pm symmetric <x- 
alumina support.

• Characterize the palladium-gold alloy membrane performance by 
conducting permeability tests with nitrogen and hydrogen at the 
same condition as above

This thesis is also organized in same order as listed above. Conclusions and

recommendations for future work are discussed in the last chapter.
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CHAPTER 2

PREPARATION AND CHARACTERIZATION OF A SYMMETRIC CERAMIC

MEMBRANE

2.1 Introduction

Ceramic membranes are used for separation because o f good mechanical strength, 

thermal stability and chemical resistance. Porous metal support membranes also have 

these attractive features but it is not possible to use them to prepare composite palladium 

membranes. This is because metallic diffusion o f palladium into the metal support 

generally occurs at high temperature. Intermediate layers are required in this case to 

prevent any metallic diffusion (Edlund and Pledger, 1993).

Two types o f commercially available tubular ceramic membranes are symmetric 

and asymmetric. Symmetric ceramic membranes have a uniform pore size throughout the 

whole substrate. They are fabricated in a one-step process. That is, a membrane is 

extruded and is ready after firing it once in the kiln. Asymmetric membranes consist of 

several layers. The top layer is the densest layer or the main barrier layer. Generally, this 

layer is made o f the finest particles in the membrane. The intermediate layers serve as a 

blockage for the fine particles in the top layer to prevent penetration into the thick 

macroporous support. Since each layer is made o f a different particle size, firing is 

required after putting on each layer. Due to many additional steps in fabricating an 

asymmetric membrane, the cost is much higher than a symmetric membrane. Because of 

this reason, symmetric membranes were chosen in my experiments even though 

asymmetric membranes are more permeable.
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2.2 Experiments

An a-alum ina symmetric membrane was used to perform the permeability 

experiments. The membrane was first cleaned, glazed and followed by the pore size 

analysis. Hydrogen, nitrogen and helium were used in the permeability experiments at 

temperatures ranging from 295 K to 873 K and differential pressures up to 690 kPa.

2.2.1 Membrane Pretreatment

Ceramic membranes were provided by the Golden Technologies Company, 

Golden, CO (GTC). A symmetric ceramic membrane with an average pore size o f 0.2 pm 

was cut into 5 cm long tubes. The inside and outside diameter o f the membrane was 0.58 

cm and 0.91 cm, respectively. It was rinsed with water for five minutes and then soaked 

in 37 wt % hydrochloric acid for ten minutes o f etching. This removed contaminants and 

generated a rougher surface on the ceramic. The purpose o f etching was to improve the 

adhesion between the palladium film and the ceramic support.

After etching, the membrane was rinsed in an alkaline solution, deionized water 

and isopropyl alcohol were performed to remove any remaining contaminants. This 

ceramic cleaning procedure was suggested by Sasaki (1991). The details o f this 

procedure are listed in Table 2.1.

2.2.2 High Temperature Sealing

In order to prevent any gas from bypassing though the inlet and outlet o f the 

porous membrane, gas tight seals are required on both ends o f the membrane. A high 

temperature sealant, Aremco 617 (Aremco Products, Inc., Ossining, New York) was 

applied to 1 cm of each end o f the outside o f the membrane. This sealant is to block the 

pores in each end o f the membrane. After drying in air for an hour, the membrane was 

placed in a furnace at room temperature. Furnace was heated up to 1273 K and held at 

1273 K for half an hour. The glazed surface is dense and shiny after it was allowed to
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Table 2.1

Ceramic Membrane Cleaning Procedure

Procedure Time Requirement

ultrasonic rinse in deionized H20  

ultrasonic rinse in alkaline cleaning solution 

rinse with cold deionized H20  

soak in 25 wt % acetic acid 

ultrasonic rinse in cold deionized H20  

ultrasonic rinse in 333K deionized H20  

ultrasonic rinse in isopropyl alcohol

five minutes 

five minutes 

one minute 

five minutes 

three minutes 

one minute 

five minutes

Alkaline Cleaning Solution

• dissolve 0.25 g Alconox detergent in 250 ml of 323K deionized H20

• add 10 ml o f NH 4 OH (28 wt. % NH3)

• add 250 ml o f cold deionized H20
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cool back to room temperature in the furnace. A second coating o f the sealant was 

necessary if the first coating did not uniformly cover the surface. If  the desired surface 

was not totally covered by the sealant, the rough surfaces from the ceramic can be felt. 

Also, the surface would be partially dull.

Metal end-seals are another option for high temperature applications. Molten 

metal such as copper can be infiltrated into the ends o f a porous alumina blocking off any 

passage for bypassing gases (Ritland, 1993). Besides increasing the toughness o f the 

membrane, metal end-seals can minimize the leakage between the membrane and the 

Swagelok fitting by brazing them together. Although this is still under investigation by 

GTC, this is more promising than the present method o f sealing with graphite ferrules in 

Swagelok fittings.

2.2.3 Determination o f Pore Size

After cleaning and glazing, a pore size analysis was performed using liquid 

displacement porosimetry (ASTM- F316). The setup consisted o f pressure gauges, 

rotameters and a membrane holder. Nitrogen flowing though the membrane as a function 

o f pressure was then measured when the membrane was initially dry (dry flow) and 

initially saturated with a water and propanol mixture (wet flow). The differential flow was 

calculated using Equation 2.1.

% Diff.Flow = 50x wet flow A ^wetflow^
eq [2 . 1 ]

Vdryflowy . + 1  v d r y f l o w y .^

The pore size was calculated using the Young-Laplace equation. The pore size 

distribution was then obtained by plotting % differential flow versus pore diameter.

The pressure ranged between atmospheric pressure to 896 kPa for the dry 

membrane and atmospheric pressure to 1724 kPa for the wet membrane. Both dry and 

wet flows were measured at room temperature. The nitrogen flowrate was measured
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using the rotameter. The dry flow was first measured followed by wet flow. For the wet 

flow, the same membrane was soaked in a 50/50 water and propanol mixture. All the air 

in the pores was then replaced with the solution. To accelerate this process, a beaker of 

this solution with the membrane was placed in a vacuum chamber for 10 minutes. When 

the membrane was saturated with the solution, it was ready to be put it in the membrane 

holder again to determine the wet flow.

Six ceramic membranes were used to determine the average pore size o f these 

symmetric membranes. The average pore size was 0.22 micron with standard deviation of 

0.05. A typical plot o f the % differential flow versus pore diameter is shown in Figure 2.1. 

Figure 2.2a and 2.2b are the SEM micrographs of a top surface and a cross section o f a 

symmetric ceramic membrane.

2.2.4 Procedure for Permeability

Permeability experiments were performed to characterize the ceramic support 

membranes using hydrogen, nitrogen and helium. The schematic o f the experiment is 

shown in Figure 2.3. Three-way valves were installed between the gas cylinders and the 

mass flow controller. The feed gas can therefore be changed easily during the experiment 

without disconnecting any tubing. Each mass flow controller was calibrated with the 

gases for which it was used. The apparatus containing the membrane shown in Figure 2.4 

was placed in the tube furnace. Temperature was increased at 1 K per minute. According 

to the specification from the vendor, temperature variation within 1 inch from the center 

o f the furnace was no more than 1 K. Two back pressure regulators were installed on the 

residue and permeate lines to control the membrane pressure.

Feed gas enters the membrane in the tube side and permeate collects in the shell 

side. If  a gas mixture was used as the feed gas, the gas chromatograph was utilized to 

measure the nitrogen and hydrogen concentrations in the residue and permeate. The gas 

chromatograph was calibrated with gas mixtures o f known composition. Bubble
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(a) a top view
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(b) a cross sectional view 

Figure 2.2 SEM micrographs of a 0.2 pm symmetric ceramic membrane
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Figure 2.4 Membrane Module for Permeation Experiment
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flowmeters and a digital flowmeter (Humonics Inc., Rancho Cordova, CA) were used to 

measure the residue and permeate flow rates. To increase the accuracy o f the flow 

measurement, flowrates less than 2 0 0  ml/min were measured by the digital flow meter. 

Bubble flowmeter sizes are 100 ml and 1000 ml for measuring flowrate that was greater 

than 2 0 0  ml/min.

An end-sealed ceramic membrane was joined to an 1/8 inch nonporous stainless 

steel tube using stainless steel Swagelok reducing unions, graphite rings and graphite 

ferrules. A graphite ring is not commercially available. A graphite sheet was purchased to 

fabricate a ring using a hammer and an arch punch. A detailed schematic o f this setup is 

shown in Figure 2.5. To ensure no leaking from the fitting, a pressure test at room 

temperature was done by immersing it in water and pressurized with nitrogen up to 689 

kPa. Gas bubbles would be formed in the water if there were leaks. By doing this 

pressure test, leaks from the fitting can be minimized by tightening the fitting more before 

heating. If  the leaks from the membrane were greater than 5 ml/min, the membrane would 

not be tested. After the pressure test, the membrane was then inserted into a dense 

alumina tube with inner diameter o f 1 inch for a permeability experiment.

Permeability experiments were started at room temperature. Hydrogen or other 

gases were introduced into the system. Using the back pressure regulator, feed pressure 

was increased from atmospheric pressure to 689 kPa in 172 kPa increments while 

permeate pressure remained at atmospheric pressure. The flow rates o f residue and 

permeate were measured after it had reached steady state. It usually took about 15 

minutes for the system to become stable after changing pressure. After data were 

obtained from the ceramic membrane at room temperature, the temperature was increased 

to 473, 673, 773 and 873 K at a rate of 1 K per min using the temperature controller. The 

measurements were made for each temperature. Finally, the temperature was decreased 

from 873 to 773, 673, 473 K and room temperature to test for reversibility.

For comparison purposes, a porous stainless steel membrane was used to perform
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the same measurement as mentioned above. This porous stainless steel membrane was 

purchased from Mott Metallurgical Corp. According to the vendor, the properties o f this 

stainless steel membrane are very much the same as the ceramic membrane. Both ceramic 

and stainless steel membranes are symmetric with the same wall thickness and the same 

pore size o f 0.2 micron. The cleaning o f the stainless steel tube was done in the same 

fashion as the ceramic tube. No glazing was required for this stainless steel tube. This 

tube was welded directly onto the fitting for permeability experiments.

2.3 Results and Discussion

The results o f the hydrogen and helium permeability tests from the 0.2 jim 

symmetric ceramic membrane are shown in Figure 2.6 and Figure 2.7. Both hydrogen and 

helium fluxes are linearly proportional to the pressure difference with an n value o f 1.5. 

For nitrogen fluxes in Figure 2.8, data were only available at the transmembrane pressure 

difference o f 138 kPa because of the limitation in the mass flow controller.

The best selectivity between hydrogen and nitrogen was 3.2 at 873 K and a 

transmembrane pressure difference of 138 kPa. This selectivity is below the Knudsen 

value o f 3.74. This is because Knudsen diffusion and viscous flow are occurring at the 

same time. Selectivity would be even worse at low temperature and high pressure when 

viscous flow becomes even more significant. Also, leakage in the fitting would also cause 

higher value o f n.

A similar experiment was conducted by Wu and his co-workers (1993). Wu was 

using an asymmetric ceramic membrane with a pore size o f 4 nm in the barrier layer. With 

transmembrane pressure difference of 138 kPa, the hydrogen permeability at 811 K was 

1.7E-10 mole*m/m2 *s*Pa. The selectivity of hydrogen to nitrogen in this case was 3.3. 

With the same pressure difference, the hydrogen permeability at 823 K was ranged from 

7.3E-9 to 2.4E-8 mole*m/m2 esePa using a symmetric membrane with a pore size o f 0.2 

micron in my experiment. The corresponding selectivity was only 3.2. The selectivities
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were not much different but the permeability from Wu’s experiment was two orders of 

magnitudes less than the permeability from my symmetric membrane with a pore size of 

0.2 micron and a wall thickness of 0.165 cm.

For the reversibility test, the permeability measurements were done when the 

membrane cooled from 873 K to 773, 673, 473 and room temperature. Both hydrogen 

and helium permeances were no different from the initial permeances that were obtained 

from the first time when the membrane was heated from room temperature to 873 K. 

Evidently, there was no change in the membrane properties at temperatures up to 873 K. 

However, it is very possible that the properties o f stainless steel would change due to long 

term exposure at a temperature o f 873 K or higher. This is because sintering and 

oxidation are more likely to occur in stainless steel rather than in ceramic at temperatures 

greater than 873 K.

The permeability test for the stainless steel membrane was conducted in a similar 

fashion as for the ceramic membrane. Hydrogen and helium permeances for both 

membranes are shown in Figure 2.9. Again, all permeances are linearly proportional to the 

pressure difference with an n value of 1.5. This strongly suggested that there is a 

similarity between the characteristics of stainless steel membrane and the ceramic 

membrane.

2.4 Conclusion

Separations using membranes are determined by the pore size o f the barrier layer. 

The selectivity between hydrogen and nitrogen was 3.3 using an asymmetric membrane 

with the pore size o f 4 nm in the barrier layer, while, the selectivity for the same gases was 

3.2 using a symmetric membrane with the pore size of 0.2 micron. The hydrogen 

permeability was at least 40 times higher in the latter case. Also, the cost o f a symmetric 

membrane is estimated to be $25/ft2 (Smith, 1995) which is less than the cost o f an 

asymmetric membrane, $2000/ft2  (retail cost from U.S. Filter). Thus, a balance between
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permeability and selectivity needs to be considered in the design from an economic stand 

point.

Temperature, pressure and mechanical properties o f the ceramic support 

membrane are the important factors for gas permeability. Although ceramic membranes 

are not appropriate for high purity gas separations directly, they posses good properties 

that can be used to support a metallic membrane. With a good membrane support to 

enhance the longevity o f the metallic membrane life time, it would help to minimize the 

labor cost and capital cost.
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CHAPTERS

PREPARATION AND CHARACTERIZATION OF A COMPOSITE PALLADIUM

CERAMIC MEMBRANE

3.1 Introduction

In the past, a purge gas containing valuable hydrogen was simply burned for its fuel 

value because separation was expensive using the traditional pressure-swing adsorption, 

cryogenic or distillation processes. With high demand for hydrogen, the value of hydrogen as a 

feedstock becomes much greater than its value as a fuel. Therefore, extra savings or profit is 

possible by recovering hydrogen within a chemical plant. From environmental and economic 

considerations, membrane separation processes for hydrogen may be attractive compared to 

the traditional processes.

It has been proven by many researchers that palladium membranes can be used to 

produce ultra-pure hydrogen. Organic membranes such as polymers metallized with palladium 

were tested by Baker in 1989 and Mercea in 1990. However, organic support membranes are 

limited to low temperature applications. A thin palladium film supported on a ceramic 

membrane, metal membrane or Vycor glass was used to overcome these limitations (Collins, 

1993; Buxbaum and Kinney, 1995; Yan et al, 1994; Uemiya et al, 1991).

The possible methods of preparing a palladium membrane are alloy casting and rolling, 

physical vapor deposition, chemical vapor deposition, electroplating and electroless plating. 

Electroless plating was chosen to prepare a membrane in this work because o f its uniformity 

and hardness (Shu, 1991). Also, the chemistry of electroless plating is based on the reduction 

of metastable metallic salt complexes on an activated surface (Lowentheim, 1974) which is 

easy to understand. However, the difficulty o f controlling thickness is one of the major 

disadvantages. Therefore, a study of the palladium deposition rate on a ceramic membrane was
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done in this work. Hydrogen permeability experiments were conducted using the palladium 

membranes at temperatures ranging from 673 K to 823 K and differential pressures up to 690 

kPa.

3.2 Electroless Plating Background

Electroless plating is a method of obtaining a thin metallic film on metals, ceramics or 

plastic by immersing the substrate into an electrolyte solution. This technique is based on the 

controlled autocatalyzed reduction of metastable metallic salt complexes on target surfaces 

(Shu, 1992). The essential ingredients of the plating solution comprise a palladium-amine 

complex, a reducer and a stabilizing agent.

The palladium amine complexes, such as PdpNHg^Ck can be used to deposit thin films 

in the presence of a reducing agent, typically hydrazine. The disodium salt of 

ethylenediaminetetraacetic acid (disodium EOT A) is used as a stabilizer. The reaction 

suggested by Rhoda (1959) occurred as follows when hydrazine is used as the reducing agent.

2Pd(NH3)4++ + N2H4  + 4 0 f f  -»  2Pd° + 8  NH3 + N2  + 4H20  eq. [3.1]

The palladium being deposited can catalyze the oxidation of hydrazine thus resulting in an 

autocatalytic process.

Normally, the ceramic surface does not catalyze the reaction and it needs to be 

preseeded with palladium nuclei. This can be achieved by performing sensitizing and activation 

steps. The sensitizing bath contains stannous chloride while the activation bath is a palladium 

chloride solution. A ceramic substrate was immersed into these solutions and as a result, 

palladium nuclei formed on the surface. This is believed to result from a redox reaction taking 

place between adsorbed Sn2+ ions on the substrate surface and Pd2+ ions in the activation 

solution (Feldstein and Weiner, 1972). The reaction is as follows.



T-4761 28

Pd+ 2  + Sn+ 2 -> Pd° + Sn+ 4 eq. [3.2]

In the present research, we used three different electroless palladium plating processes; 

batch system, flow system and flow system with osmotic pressure. The setup for each method 

is shown in Figure 3.1. As expected, the morphology of the palladium is different for each 

plating technique. A detailed discussion of this subject follows.

3.3 Experiment

Palladium membranes were fabricated on the symmetric ceramic membranes using 

electroless plating with three different plating techniques. The morphology of the palladium 

surface from each technique was then compared. Permeability experiments were conducted 

using pure gas at temperatures ranging from 673 K to 823 K and differential pressures up to 

690 kPa.

3.3.1 Membrane Pretreatment

Ceramic membranes provided by the GTC were also used in a portion of the 

experiments. Prior to palladium plating, a symmetric ceramic membrane with ID of 0.58 cm 

and OD of 0.91 cm was cleaned and etched. Etching was done by soaking the membrane in 37 

wt % hydrochloric acid for ten minutes. Besides removing contaminants, etching can generate 

a rough surface on the ceramic, improving the adhesion between the palladium and ceramic. 

After etching, any remaining contaminants were then removed by ultrasonic rinsing in an 

alkaline solution, deionized water and then isopropyl alcohol. This ceramic cleaning procedure 

is same as the one in Chapter 2 suggested by Sasaki (1991).

A 2 inch long ceramic membrane (substrate) was cleaned and glazed the same way in 

the previous section. Teflon tape was wrapped around the outside of the membrane prior to 

the sensitizing and activation procedure.
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Figure 3.1 Palladium Plating Systems
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3.3.2 Membrane Sensitizing and Activation

In order to deposit metals effectively by the electroless technique, proper pretreatment 

o f the substrate is essential. This pretreatment includes sensitizing and activation of the 

substrate at ambient temperature. Sensitizing was done by immersing the substrate into acidic 

stannous chloride solution followed by immersion in an acidic palladium chloride solution for 

activation (Feldstein, 1972). The sensitizing and activation steps were repeated until a uniform 

brownish color on the substrate was observed. This indicated good coverage of the surface 

with palladium crystallites. It usually took 1 to 3 sensitizing/activation cycles. Between these 

two steps, the substrate was rinsed with water to prevent contamination o f the solutions. The 

recipes for the sensitizing and activation baths are shown in Table 3.1 and Table 3.2, 

respectively. The result o f this pretreatment was the formation of finely divided palladium 

nuclei which initiated the autocatalytic plating process.

The same sensitizing and activation steps were done on a 0.2 pm asymmetric ceramic 

membrane from U.S. Filter Corporation (USF) in Warrendale, Pennsylvania. Cleaning 

procedure was done in a same fashion for this membrane but there was no etching. It took 6  to 

10 cycles to obtain a uniform activated surface. This suggested that their differences in surface 

chemistry between the GTC and USF ceramic membranes. By inspection, the surface of a GTC 

symmetric membrane is smoother than the USF asymmetric membrane; therefore, etching was 

done only on the GTC symmetric membrane to enhance adhesion between palladium and 

ceramic. Also, we hypothesize that the USF asymmetric membrane was prepared by sintering 

AI2 O3 in an HC1 atmosphere. These might be the factors that affect the ultimate thermal 

stability of the palladium film on the ceramic surface.

3.3.3 Electroless Plating in the Batch System

The plating bath composition we used was Collins’ (1993) modification of the bath 

developed by Rhoda in 1959. This plating bath consists of palladium amine complex solution, 

disodium EOT A and hydrazine. The palladium amine complex is formed by adding ammonium
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Table 3.1 

Sensitizing Bath Recipe

Sensitizing Bath

• 96.25 ml of deionized H20

• 8.25 ml of aged 0.1 M SnCl4*5H20  solution

• 5.5 ml of 2.6 M SnCl2*2H20  solution

0.1 M SnCLi"5H20  Solution

• 20.9 g of SnCl4*5H20  - 98% (metal's basis) purity

• 1000 ml of deionized H20

• allow solution to age for one week

2.6M SnCl2"2H20  Solution

• 587 g of SnCl2*2H20  - reagent grade

• 780 ml of concentrated (37 weight %) HC1

Table 3.2 

Activation Bath Recipe

Activation Solution

• 5 ml concentrated (37 weight %) HC1

• 995 ml of deionized H20

• 0.267 g of PdCl2 - 99.9% (metal basis) purity

• allow solution to sit for several hours to dissolve the PdCl2



T-4761 32

hydroxide to an acidified palladium chloride solution. Disodium EDTA was used to stabilize 

the solution at the plating temperature to prevent plating on unwanted surfaces. Hydrazine 

was used as the reducing agent. The recipe for the plating bath is shown in Table 3.3.

Teflon tape was first wrapped around the outside of the membrane to prevent 

deposition of palladium. A 25 ml glass vial was used as a plating bath container. A 20 ml of 

plating solution was poured in the vial and the membrane was inserted into the solution. Just 

before plating, 0.25 ml of 1.0 M hydrazine was added. The cap was loosely screwed back on 

the vial and immersed in the temperature bath. Gases, such as hydrogen, nitrogen, and 

ammonia were produced from the reaction. Agitation was done with no other source except 

by these gas bubbles. A graphical representation of palladium plating rate is shown in Figure

3.2. These data were obtained from a membrane that was plated for an hour using 20 ml of 

plating solution with 0.25 ml of 1.0 M hydrazine every day for a total o f eleven days. When 

plating was done, the membrane was rinsed with deionized water and dried at 348 K overnight. 

The weight of the membrane was measured in the next day. The same plating procedure was 

used for all eleven days on the same membrane.

The highest amount of palladium deposited was in the first hour or the first day. After 

four hours, deposition of palladium was reduced to one third of the deposition in the first hour 

and became constant. This constant deposition rate is the rate of palladium depositing on the 

palladium surface. The first hour of deposition is actually represents the rate of palladium 

deposition on an activated ceramic surface. In the second and third hour, the palladium crystals 

were deposited on both activated ceramic surface and palladium surface.

In general, a 2 to 3 pm thick palladium film can be produced on a 5.1 cm long GTC 

alumina membrane with ID of 0.58 cm and OD of 0.91 cm in an hour. After one hour, the 

membrane was removed from the vial and then fresh plating solution and hydrazine were 

added. The plating process continued until a desired palladium film thickness was obtained. If 

palladium accumulated on the Teflon tape or on the vial, the Teflon tape and the vial were
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Table 3.3 

Plating Bath Recipe

Plating Bath

• 1.75 g of disodium EDTA

• 25 ml o f Pd-ammine complex solution

• allow solution to sit for at least two hours

• 0.25 ml of 1.0 M N 2H2  solution (add it just before membrane is immersed in the 

plating bath)

PdCb Stock Solution

• 20 ml of concentrated HC1 (37 weight %)

• 980 ml of deionized H2O

• 1 0  g ofPdCl2  - 99.9% (metals basis) purity

• allow solution to sit for several hours to dissolve the PdCk

Pd-ammine complex solution

• 120 ml o f deionized H20

• 1 0 0 0  ml ofPdCl2  stock solution

• 715 ml of NH4 OH (28 weight % Nm)

• allow solution to sit for two to three days to redissolve precipitate

1.0 M N 2H4  (hydrazine) Solution

• 100 g of 35 (weight %) hydrazine solution

• 995 ml o f deionized H2 O
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Figure 3.2 Deposition rate of palladium on a ceramic membrane at 345 K
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replaced to minimize deposition on unnecessary surface. The palladium thickness was 

determined by dividing the weight difference before and after plating by the surface area and 

palladium density. The palladium thickness was verified using scanning electron microscopy. 

Several measurements were made on the cross section of each membrane and agreed with five 

percent.

3.3.4 Electroless Plating in Flow System

Palladium plating can also be done in a flow system. The sensitizing and activation 

steps were done in the same way for the in batch system. Plating solution o f the same 

composition was also used in the flow system. A membrane was connected to a 1/4 inch nylon 

tube with a nylon reducing union. This nylon tube was connected to the displacement pump 

and the vial of plating solution. The plating solution was maintained at 345 K by placing the 

vial in the temperature bath. The setup of this system is shown in Figure 3.1b. The 20 ml of 

plating solution was changed every hour with fresh and 0.10 ml of hydrazine was added every 

half an hour to promote the reaction. Because the of difficulty in preventing palladium 

deposition on nylon tubing, a small amount of palladium was observed in the tubing. Cleaning 

minimized further deposition.

The plating solution flowrate was 60 ml/min. The deposition rate was shown in Figure

3.3. In comparison with the batch system, the deposition was much higher for the flow system. 

In the batch system, the activated surface was exposed to all the solution immediately once a 

membrane was immersed into the solution. Due to the rapid reaction in the first five minutes, 

palladium was unstable in the solution. Precipitation of palladium from the solution was 

observed. Also, deposition of palladium on the Teflon tape and the vial was often found in the 

batch system. This was also observed by Rhoda (1958) and Collins (1993). Furthermore, 

Rhoda stated that agitation increased the rate of deposition. It is clear that the flow system is 

more agitated since the plating solution circulates within the system. For these reasons, the 

amount of palladium on the membrane plated in a batch system was less than in the flow
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system.

An additional parameter for palladium deposition rate in the flow system is the flowrate 

o f palladium solution. Flowrate o f the solution needs to be high enough to carry the gas 

produced from reaction out of the membrane but it cannot be so fast that there is not enough 

time for the reaction to take place. These are the major differences between the batch system 

and the flow system. Further studies need to be done on the sensitivity o f the palladium 

deposition rate on the plating solution flowrate.

An advantage of using the flow system is that several membranes can be fabricated at 

one time. Membranes can be connected in a series or parallel sequence. Plating solution 

circulates though the membranes in the same fashion as if there was only one membrane.

3.3.5 Electroless Plating in the Flow System with Osmotic Pressure

Osmotic pressure can be generated due to a concentration difference. When a tubular 

membrane is immersed in a sucrose solution, the water or plating solution can be circulated 

inside the tube to create a concentration difference between tube side and shell side (Yeung, 

1995). The water permeates from the tube side to the shell side and causes a radial osmotic 

pressure that is normal to the tube wall. As result, the deposited metal is compressed against 

the wall by this pressure and densities the metal film. The osmotic pressure n is determined by 

the solute concentration c using the van’t Hoff equation (Mulder 1991): 

c RT
re =  ------ = M R T  eq. [3.2]

m

where c is the mass concentration of sucrose solution, m is molecular weight o f the sucrose, M 

is molarity of sucrose solution, R and T are the universal gas constant and the temperature in 

Kelvin, respectively. For a sucrose concentration of 6 M, the osmotic pressure is 1.72-104 kPa 

at 343 K based on equation 3.2.
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Osmotic pressure only depends on the concentration gradient and not the plating 

chemistry. By taking advantage of this, both palladium plating and densification of a metal film 

can be combined into one step.

A membrane, a pump and a vial of plating solution were connected the same way as in 

the previous section. Except, the membrane was now placed in a cooking pan in the 

temperature bath this time. Once the temperature bath reached 345 K, a 2000 g/L sucrose 

solution was poured into the pan until it covered the membrane. Finally, 20 ml of fresh plating 

solution was changed hourly and 0.10 ml of hydrazine was added every half hour to promote 

the reaction. The flowrate of the plating solution was 60 ml/min. After the plating was done, 

the membrane was rinsed with warm water to clean off the sugar.

As shown in Figure 3.3, the plating rate was slower using the flow system with osmotic 

pressure compared to the flow system itself. A total of 0.009 g/cm2 was deposited on the 

ceramic membrane after one hour of plating using the flow system while only 0.003 g/cm2 was 

deposited using the flow system with osmotic pressure. This was attributed to water diffusion 

rates through the tube walls. The diffusion of water toward the surface is much higher in the 

flow system with osmotic pressure than just in the flow system. This affected the diffusion 

efficiency o f the palladium ammine complex. As a result, the deposition rate of palladium is 

lower in the flow system with osmotic pressure. Yet, the concentration of the sucrose solution 

can be modified to improve the palladium deposition rate. By reducing the concentration of 

sucrose solution, osmotic pressure decreases and diffusion of water molecular toward the wall 

also decreases. This will increase the diffusion of palladium ammine complex toward the wall 

for deposition.

3 .3 .6 Palladium Morphology

Palladium morphology was different for each plating technique. Prior to any exposure 

to high temperature, the palladium surface was examined using the scanning electron
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microscope (JEOL JXA-840) at Colorado School of Mines. Pictures were taken for the 

palladium membrane surfaces from each plating technique.

A palladium membrane with a thickness of 5 pm was fabricated using the batch system. 

An individual grain of palladium was made up of many fine palladium crystals. As shown in 

Figure 3.4a, many grains of these palladium crystals were deposited loosely on the surface. 

Nevertheless, this surface was rearranged after heated with H2 at 823 K for three days as 

shown in Figure 3.4b. The smallest grain in Figure 3.4a disappeared after it sintered into the 

bigger one. That is because the microstructure of fine palladium crystals are unstable in at high 

temperature. When the temperature was high enough (823 K), the palladium film rearranged 

to a more stable form by sintering the palladium crystals to minimize its surface energy.

Membrane surfaces that were fabricated using the flow system and flow system with 

osmotic pressure are shown in Figure 3.5a and Figure 3.6a. The palladium thicknesses of these 

membranes were 10 pm and 5 pm, respectively. In comparison with the batch system, 

palladium crystals were more closely packed using flow system and flow system with osmotic 

pressure. These surfaces were less bumpy and have fewer surface structures than the surface 

from the batch system. This suggested that the palladium density is higher using flow system 

and flow system with osmotic pressure. A palladium density measurement needs to be done to 

verify this statement. These membranes were also heated with H2 at 823 K for three days. 

Again, rearrangement of the surfaces was observed in these membranes based on SEM pictures 

in Figure 3.5b and Figure 3.6b. The palladium film that was generated from the flow system 

had fewer changes after heating than the surface that was generated from the batch system. 

There were even fewer changes after heating for the palladium film that was generated from 

the flow system with osmotic pressure. This was because the palladium film generated from 

the flow system with osmotic pressure was the most compact film out of all three plating 

techniques. Since rearrangement of the palladium film was different for each method, the effect 

on permeability and selectivity would expect to also be different under the long term exposure
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before heating

(b) after heating at 823 K with hydrogen for 3 days 

Figure 3.4 SEM micrographs of a palladium surface from the batch system
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(b) after heating at 823 K with hydrogen for 3 days 

Figure 3.5 SEM micrographs of a palladium surface from the flow system
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(b) after heating at 823 K with hydrogen for 3 days

Figure 3.6 SEM micrographs of a palladium surface from the flow system with 
osmotic pressure
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to high temperature. Further research needs to be done on durability of the palladium film at 

high temperature.

Other membranes from the batch system and flow system with osmotic pressure with a 

thickness of 3 pm were tested at even higher temperature. The surfaces of the membranes 

changed dramatically after heating them with Ffe at 873 K for 3 days. The annealing effect is 

shown in Figures 3.7 and Figure 3.8. For the same reason, the palladium film rearranged to 

minimize its surface energy and surface area at high temperature; therefore, all the individual 

palladium particles were sintered together and generated the porous structure or defects on the 

surface. The porous structure varied substantially between these two samples and the three 

samples mentioned in the previous paragraph. These defects did not appear in the membranes 

with thickness greater than 5 pm when heated with H2 at 823 K for 3 days. Evidently, the 

annealing effect is not as extensive in a thicker palladium membrane (> 5 pm) and at lower 

operating temperatures. Defects are likely to increase permeation rates and in some cases 

reduce the H 2/N2  selectivity in a thinner membrane. Optimization of thickness and permeability 

or selectivity needs to be done to improve the efficiency and the cost of separation.

Besides the thickness and operating temperature, the size of the palladium crystals is 

very important to the palladium stability in microstructure at high temperatures according to 

Dr. Readey of the MME Department at CSM. There are a few possible ways to control the 

size of palladium crystal. Plating temperature, concentration or even the composition of the 

plating solution can be changed to improve the palladium structure. Further studies need to be 

done to determine the effects of these parameters on membrane surface structure and stability.

3.3.7 Procedures for Permeability

A range of temperatures and pressures was used in the permeability experiments. 

Temperatures varied from 673 K to 823 K or 873 K in some experiments. Feed pressure 

varied from atmospheric pressure to 689 kPa using a back pressure regulator. During startup,
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«

Figure 3.7 SEM micrograph of a palladium surface from batch system after heating at 
873 K with hydrogen for 3 days

o

2.00P 15.00kU 7 .00kx
i Mi, ■ A .

Pd/Exp50h 6-6-1995 11:28

Figure 3.8 SEM micrograph of a palladium surface from flow system with osmotic
pressure after heating at 873 K with hydrogen for 3 days



T-4761 45

the membrane was heated to 673 K at the rate of 1 K/min under helium purge at atmospheric 

pressure. Below the critical temperature (approx. 623 K), hydrogen-palladium interaction leads 

to formation of the P-phase hydride which has a considerably expanded lattice compared with 

a-phase palladium hydride. This causes splitting of the membrane known as hydrogen 

embrittlement. Uemiya, et. al., (1991) and Buxbaum (1995) also observed the same 

phenomena. Nitrogen leaks were detectable below 573 K in cases when embrittlement 

occurred. Without proper startup, the performance of the membrane therefore would be poor.

Once the temperature has reached 673 K, hydrogen and nitrogen were introduced into 

the system. The steady-state permeability measured at a desired transmembrane pressure using 

the bubble flowmeter. After the temperature was changed to another setpoint, hydrogen and 

helium flowed through the tube side and the shell side overnight, respectively. The same 

measurements were repeated on the next day at the new temperature.

3.4 Results and Discussion

Hydrogen and nitrogen permeabilities experiments were done using a total of six 

palladium membranes. The batch system was used to do the palladium plating for all six 

membranes and the thickness of these membranes were 14.1, 10.3, 9.3, 6.8, 3.3, and 1.8 pm. 

The same start-up procedure was used for each membrane.

The best selectivity between hydrogen and nitrogen was obtained from the membrane 

with palladium thickness of 14.1 pm. The hydrogen flux is shown in Figure 3.9a and nitrogen 

flux is shown in Figure 3.9b for this particular membrane. The chronological temperature 

history was 673, 773, 823, 823, 823 and 673 K. It is very important to know the temperature 

history of the membrane. The initial hydrogen permeance at 673 K is quite different from the 

permeance measured at 673 K the second time which was obtained after the membrane 

exposed to 823 K for several days. This is attributed to the annealing of the palladium with 

time in H2. Rearrangement of the palladium at high temperature generated the defects in the 

metal film as mentioned in the previous section. Both the hydrogen and nitrogen permeances
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Figure 3.9 Effect of temperature and pressure on hydrogen flux, nitrogen flux in a
14.1 pm palladium ceramic membrane
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increased after exposure to high temperature. Also note that hydrogen flux stabilized after the 

second day at 823 K since I observed little difference between the second and the third day 

hydrogen flux measurements.

The selectivity between hydrogen and nitrogen was initially infinite at 673 K and 773 K 

for all pressures. Once the membrane was heated to 823 K, the selectivity decreased to 334 at 

a transmembrane pressure of 655 kPa as indicated in Figure 3.9c (infinite selectivity at 673 K 

and 773 K was not shown in this Figure). After the three days at 823 K, the temperature was 

decreased to 673 K and the selectivity stabilized at about 90 for a transmembrane pressure of 

655 kPa. The selectivity decrease is due to an increase in N 2  flux which we attribute to 

structural changes (pore or defect formation) in the Pd film. Degradation of the membrane 

continues as long as the palladium membrane remains at high temperature. This phenomena 

was observed for all six palladium membranes. Reduction in selectivity was also observed by 

Yan et al. (1994). Their explanation was that sintering of palladium grains occurred in the 

thermocycling process. This is consistent with our results.

Figures 3 .10a and 3 .10b show the similar trends in hydrogen and nitrogen fluxes from 

the 10.3 pm palladium membrane. The chronological temperature history was 673, 773, 823, 

823 and 823 K. For all temperatures, the hydrogen selectivity was infinite at transmembrane 

pressures o f 172 kPa or lower. However, when the transmembrane pressure increased to 345 

kPa or greater, the selectivity was reduced to 60 or less (Figure 3 .10c).

Figures 3.11a, 3.11b and 3.11c represent the results that were obtained from the 9.3 

pm palladium membrane. The highest selectivity was 42 at 823 K with transmembrane 

pressure o f 172 kPa. Finally, the selectivity decreased to 16 at transmembrane pressure 172 

kPa when the temperature was changed from 823 K to 673 K.

A palladium alumina compound, such as PdAl3 was suspected to form at a 

temperature of 873 K. A decrease of hydrogen flux was observed at 873 K from the 6.8 pm 

thick palladium membrane. A graphical representation of the result is shown in Figure 3 .12a. 

After the membrane was exposed to 873 K, there was a reduction of 12 % to 22 % in
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Figure 3.9 Effect of temperature and pressure on selectivity in a 14.1 pm palladium 
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Figure 3.10 Effect of temperature and pressure on hydrogen flux, nitrogen flux in a
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Figure 3.10 Effect of temperature and pressure on selectivity in a 10.3 pm palladium 
ceramic membrane
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hydrogen flux compared to the steady state value at 823 K just before exposure to 873 K. A 

surface analysis using XPS (X-Ray Photoelectron Spectroscopy) needs to be done to verify the 

existence of this interfacial layer, but palladium film must first delaminated from the ceramic 

surface. In Figure 3.12b, the nitrogen flux has the same trend as the hydrogen flux. The 

selectivity of this membrane ranged from 16 to 4 as indicated in Figure 3.12c.

Hydrogen and nitrogen fluxes obtained from the 3.2 pm palladium membrane are 

shown in Figures 3.13a and 3.13b. The selectivity ranged from 4.2 to 3.0 as indicated in Figure 

3.13c. This is only slightly better than the selectivity that was obtained from the 1.8 pm 

palladium membrane.

For the membrane with a palladium thickness of 1.8 pm, there was not any effect of 

temperature on hydrogen flux. This was because Knudsen flow was dominating. For Knudsen 

difrusion, flux is proportional to the square root of the temperature as indicated in Equation 

2.1. The temperature effect was insignificant in the range of temperatures that was examined. 

These results are summarized in Figure 3.14a, b and c. The highest selectivity was 3.4 at 823 K 

with transmembrane pressure difference of 138 kPa. This was only slightly better than the 

ceramic membrane with no palladium. Due to the defects or pores in the palladium film, the 

performance of this palladium membrane was similar to the ceramic membrane in terms of 

selectivity. Once again, the defects were generated at high temperature to minimize the 

palladium surface energy and surface as explained in the previous section. Yan and his co

workers have made a palladium membrane with a thickness of approximately 2 to 3 pm using 

chemical vapor deposition. Their selectivity was as high as 1000 at 773 K and transmembrane 

pressure difference of 0.1 MPa. This was achieved because palladium was used to plug all the 

pores in the substrate. According to this result, chemical vapor deposition might be a better 

technique to generate thin film rather than electroless plating, although it is more expensive.

Hydrogen permeances and selectivities for all membranes at 823 K are summarized in 

Figure 3.15 and Figure 3.16. As expected, the hydrogen flux increases as palladium thickness 

decreases. At the same time, the selectivity decreases as the thickness decreases as suggested
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in Figure 3.16. That is because there are fewer defects in the thick palladium film than in the 

thin films. Also, the effect of palladium sintering is more substantial on the thin film than on the 

thicker one at high temperature as shown in the SEM pictures in Figure 3.17. The palladium 

surface retained most of its original structure in the 14.1 pm thick membrane; while the pore 

formation is most clearly shown in the 6.8 pm thick and 3.2 pm thick membranes.

An approximately linear relationship between permeance and the reciprocal of 

palladium thickness is presented in Figure 3.18. Two types of transport mechanism are 

occurring over this range of palladium thicknesses. For the membranes with thickness less than 

3.2 pm, the transport of hydrogen was dominated by Knudsen difiusion. In this regime, the 

permeance was a weak dependent of temperature. Also, the highest selectivity for these 

membranes was less than 4.5 which is slightly better than a ceramic membrane with no 

palladium. For the membranes with greater palladium thickness, the performance of these 

membranes behaved more like a palladium foil. In this case, the hydrogen was transported via 

a solution difiusion mechanism. This hypothesis was supported by the selectivity for 

membranes with thickness greater than 6.8 which was as high as 100%. Also, the value of n, 

the exponent of pressure in H2 flux expression was approaching 0.5.

The hydrogen permeance was slightly lower in the membrane with palladium thickness 

o f 10.3 pm (or 1/thickness = 0.097 pm). A possible explanation is that the average pore size 

o f this ceramic substrate is smaller than the other membranes. As mentioned in Chapter 2, pore 

size variation does exist in these ceramic membranes. Since the resistance of ceramic substrate 

is one of the possible rate limiting factors, a membrane with smaller pore size would lower the 

permeation rate.

Data analysis was done on the relationship between hydrogen fluxes and 

transmembrane pressure difference. The value of n in equation 1.2 was determined in this 

analysis. Table 3.4 summarized all the hydrogen permeabilities and the n values for each 

membrane at each temperature. The values of n ranged from 0.7 to 1.4. The values of n were 

lower in the thick membranes and at high temperature. This was because the difiusion of
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(a) surface of 3.2 gm palladium membrane

(b) surface of 6.8 jim palladium membrane

Figure 3.17 SEM micrographs of the palladium surfaces after the permeability experiments
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(c) surface of 14.1 fim palladium membrane 

Figure 3.17 SEM micrographs of the palladium surfaces after the permeability experiments
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Table 3.4

Summary of Hydrogen Permeances and the n Values

Membrane
Description

Temperature (K) Permeances 
(moles /m2*sePan)

n

1.8 pm palladium film 673 3.45655-lO'8 1.3 0.9995
on ceramic membrane 773 1.36242-10"7 1.2 0.9997

823 1.42539-10"7 1.2 0.9992
823 1.43321-10"7 1.2 0.9994
673 4.18542-10'8 1.3 0.9977

3.2 pm palladium film 673 4.19158-10'8 1.2 0.9999
on ceramic membrane 773 8.13078-10"8 1.2 1.0000

798 8.73514-10"8 1.2 0.9993
823 9.37737-ÎO8 1.2 0.9999
873 9.39472-ÎO8 1.2 0.9995
923
823

2.88672-10 7 
7.81285-10"8

1.1
1.2

0.9994
0.9992

673 1.2 0.9997
673 8.49208-10'8 

8.60128-10"8
1.2 0.9990

6.8 pm palladium film 673 9.44593-10"10 1.4 0.9986
on ceramic membrane 773 1.97531-10*8 1.2 0.9996

823 1.42263-10"7 1.1 0.9995
823 3.02556-1 O'6 0.9 0.9994
823 3.03304-10"6 0.9 0.9996
873
823

1.11692-10'5 
2.62533-10*6

0.8
0.9

0.9987
0.9993

673
6.12097-10"7

1.0 0.9995

9.3 pm palladium film 673 2.11625-10* 1.3 0.9943
on ceramic membrane 773 8.95316-10'8 1.1 0.9987

823 5.73354-ÎO 7 1.0 0.9996
823 6.43344-ÎO 7 1.0 0.9903
823 6.57867-ÎO7 1.0 0.9918
673 3.50348-10'8 1.2 0.9945
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Table 3.4 (continued)

Summary of Hydrogen Permeances and the n Values

Membrane
Description

Temperature (K) Permeances 
(moles /m2*s*Pan)

n r2

10.3 pm palladium 673 1.99429* 10'9 1.3 0.9995
film on ceramic 773 6.74703-lO’8 1.1 0.9988
membrane 823 3.60329* 10'7 1.0 0.9986

823 1.69856*1 O'6 0.9 0.9999
823 1.73482*1 O'6 0.9 0.9998

14.1 pm palladium 673 5.09089* 10'8 1.1 0.9981
film on ceramic 773 4.05157* 10'7 1.0 0.9993
membrane 823 2.35947* 10"6 0.9 0.9997

823 1.06137* 10'5 0.8 0.9985
823 4.37262* 10"5 0.7 0.9996
673 8.28331*10^ 0.8 0.9992
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hydrogen in the bulk metal became more important in the thick membranes and at high 

temperature. Also, the initial value of n at 673 K was usually higher than the second value of n 

at 673 K which was obtained after the membrane was exposed to higher temperature. This was 

attributed to the removal of surface contamination and the sintering effect at high temperature.

The values of n from this study were higher than the values from Collins’s results 

(1993). From his experimental data, the n-values ranged from 0.5 to 0.7 in the palladium 

membranes with thickness between 11 to 19 pm. Since the palladium films were thicker, the 

solution diffusion mechanism was dominated in hydrogen transport. The n values should be 

closer to 0.5 (Hurlbert, 1961).

3.5 Comparison of hydrogen Permeation Rate for Inorganic Membranes

Table 3.5 lists the hydrogen permeation rates from other investigations in the literature. 

In comparison, the hydrogen permeation rate in this work was much higher than in Van’s 

studies. This was because the average pore size in the substrate was quite different. This has a 

significant effect on hydrogen transport when the resistant of hydrogen is mainly due to the 

substrate. Asymmetric membranes are more permeable than symmetric membrane as indicated 

by Collins and Uemiya’s results. The hydrogen permeation rate was lower in porous glass but 

was higher in tantalum and niobium membranes. This is because the palladium thickness was 

13 pm in porous glass while it was only 3 pm on the tantalum and niobium membranes.

3.6 Conclusions

Although we observed infinite selectivity for hydrogen over nitrogen for the thicker 

palladium membrane, palladium rearrangement at high temperature caused a reduction in 

selectivity. This could due to the chemistry between the palladium and the ceramic surface. 

That is because a similar experiment was done by Collins (1993) for two weeks duration using 

a composite Pd/asymmetric alumina membrane from U.S. Filter. The same pretreatment and
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Table 3.5
Comparison of Hydrogen Permeation Rate for Inorganic Membrane 

( P f e e d  = 100 psi, P s w e e p = 5  psi)

Membrane Description

Temp.

T(K)

Hydrogen 
Permeation Rate 

(moles/s •m2) Reference
^Palladium-Ceramic 
Membrane (9.3 pm 
palladium film, symmetric 
with 200nm pore size)

673 0.37 this work

^Palladium-Ceramic 
Membrane 
(3 pm palladium film, 
symmetric w/ 150nm pore)

673 0.03 Yan et al (1994)

^Palladium-Ceramic
Membrane
(11.4 pm palladium film, 
asymmetric with 200nm 
pore top layer)

823 0.67 Collins (1993)

^Palladium-Ceramic
Membrane
(4.5 pm palladium film, 
asymmetric with 200nm 
pore top layer)

673 0.58 Uemiya et al (1991)

^Palladium-Porous Glass 
Membrane
(13 pm palladium film on a 
glass tube w/ 300nm pore)

673 0.11 Uemiya et al (1991)

^Palladium coated Niobium 
Membrane (< 3 pm 
palladium film on 0.15 mm 
thick niobium disk)

673 0.59 Buxbaum (1995)

"Palladium coated Tantalum 
Membrane (< 3 pm 
palladium film on 0.07 thick 
Tantalum disk)

693 0.79 Buxbaum (1995)

Palladium film was generated by electroless plating
Palladium film was generated by chemical vapor deposition
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plating methods were used but no dramatic drop in the selectivity was observed throughout his 

whole experiment. The only difference is the material in the support that might have an effect 

on the stability of palladium. Further investigation needs to be done on this subject.

The surface structure of a palladium film would be different depending on the plating 

methods. Based on the SEM pictures, the palladium film was more bumpy in the batch system 

compared to the surfaces from the flow system and the flow system with osmotic pressure. 

Also, the SEM pictures show fewer changes at high temperature on the palladium surfaces that 

were fabricated using flow system and flow system with osmotic pressure compared to the 

surface that was fabricated using batch system. Evidently, the stability of palladium was better 

in a more compact film.

Two type of transport mechanisms occurred in the palladium membranes with 

thickness ranged from 14.1 to 1.8 pm. The dominating transport mechanism is indicated by 

the exponent of the pressure term (n) in the hydrogen permeance. The hydrogen permeances, 

n values and selectivity were summarized in Table 3.6 for all palladium membranes at 823 K. 

Since the transport of hydrogen through the bulk metal was the rate determining step in the

14.1 pm palladium membrane, the exponent was 0.7 which is closer to 0.5. This suggested 

that this membrane behaved like a palladium foil because the n value would be 0.5 if a thick 

palladium foil were used (Hurlbert, 1961). For the 1.8 pm palladium membrane, the exponent 

was greater than 1 which indicated that viscous flow was dominating. Selectivity increases 

with increasing palladium thickness. As mentioned before, the temperature effect on the 

defects or pores formation is more significant in a thin membrane compared to a thick 

membrane. Palladium sintering happens more quickly in a thin membrane than in a thick 

membrane to minimize its surface energy by reducing its surface area. Further study needs to 

be done on palladium stability to improve the membrane performance.
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Table 3.6

Summary of Hydrogen Permeaces and the n Values at 823 K

Palladium Thickness 

(pm)

Temperature

(%)

Permeances 

(moles /m2esePan)

n r2 Selectivity

(JH2/JN2)

1.8 823 1.43321 «lO"7 1.2 0.9994 3.1 -3 .4

3.2 823 7.81285* 10"8 1.2 0.9992 3 .4 -3 .6

6.8 823 2.62533 «lO"6 0.9 0.9993 9.2-11.8

9.3 823 6.57867-10"7 1.0 0.9918 23-31

10.3 823 1.73482* 10"6 0.9 0.9998 45 - 00

14.1 823 4.37262* 10"5 0.7 0.9996 160 - 00
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CHAPTER 4

PREPARATION AND CHARACTERIZATION OF A COMPOSITE PALLADIUM-GOLD

CERAMIC MEMBRANE

4.1 Introduction

As discussed earlier, palladium can be used as a hydrogen selective surface coating on 

ceramic membranes; however, surface contamination, such as hydrogen sulfide or carbon can 

damage the Pd coating. Instant reduction of hydrogen permeance due to poisons was 

observed by Edlund et. al. (1993), McKinley et. al. (1967) and Hurlbert et. al. (1961). 

McKinley reported that the hydrogen permeance decreased to 30% of the original value after 

four days o f exposure to a feed gas containing 4 ppm of H2S in hydrogen. For a feed gas 

containing 5 • 10'5 mole % of H2S in hydrogen, the hydrogen permeance was reduced to 15% 

of the original value in an hour during Hurlbert’s experiment. Yet, this problem could be 

solved by combining gold or platinum into the palladium film. A gold-palladium alloy was 

preferable to a platinum-palladium alloy because of the higher reduction of permeability o f H2 

in the platinum alloy. An alloy with 40% gold and 60% palladium had the highest resistance to 

hydrogen sulfide as a result of McKinley's study. The purpose of this work was to investigate 

the hydrogen permeability and selectivity between hydrogen to nitrogen at the temperatures 

ranging from 673K to 823K and differential pressure up to 690 kPa.

4.2 Gold Plating Methods

Palladium-gold alloy was produced using chemical reduction followed by displacement 

deposition. A 10 pm thick palladium coating was first generated on the surface by electroless 

plating as mentioned in Chapter 3. Gold metal then replaced the palladium metal on the 

surface by displacement deposition. The chemical reaction for this is as follows.
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2AuC13 + 3Pd° -»  2Au° + 3PdCl2 

Based on the equilibrium phase diagram, palladium and gold are completely miscible. After an 

annealing process, a uniform alloy was generated. During chemical reduction, the reaction was 

not limited as long as metal, Pd and reducer, hydrazine were present (Mathe, 1992). The 

displacement deposition was limited only to the surface of the metal and stopped once the 

surface was covered totally by the depositing metal, Au. Although this was a limit factor for 

displacement deposition, it was still suitable for our purpose. Due to the roughness of a 

palladium surface, the total surface area was enough for the reaction to obtain the range of 

composition that we were interested in. In addition, this method was simple, inexpensive and 

no cyanide was required. For these reasons, this method for generating palladium-gold alloys 

is more favorable than any other electroless plating methods which involved with cyanide 

(lacovangelo, 1991; Mathe, 1992).

4.3 Experiments

The Pd/Au alloy membrane was fabricated using the following procedure. Gold (LU) 

chloride was dissolved in deionized water to a concentration of 3 g/L. Depending on the alloy 

composition, the concentration o f gold solution was adjusted by adding deionized water. A 

palladium membrane wrapped with Teflon tape was dipped into the gold solution in a 25 ml 

vial which was immersed in the ultrasonic bath to maintain uniform concentration in the 

solution. When reaction was completed, the color of the solution had changed from yellow to 

clear. It was assumed that all the gold in solution replaced the Pd in the membrane. The alloy 

composition was calculated based on the amount of gold replaced the palladium. An energy 

dispersive X-ray analysis (EDAX) was used to confirm the alloy composition. The results 

from these ED AX measurements agreed to within five percent in the six samples that have 

different alloy compositions. A typical ED AX result is shown in Figure 4.1

The annealing step was done by using the same apparatus used to measure 

permeability. A palladium-gold membrane was heated up to 823 K under flowing helium and
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held overnight at 823 K. Hydrogen was introduced into the system the next day for 

permeability experiments. While the system was at 823 K, hydrogen permeation data were 

obtained at feed pressure of 172, 345, 517 and 689 kPa for several days until the hydrogen 

permeation rate stabilized. The system was considered stable when hydrogen flux did not 

change more than 5% on the next day.

4.4 Results and Discussion

A total o f three palladium-gold ceramic membranes with film thicknesses of
/ /

approximately 10 mm were fabricated. The compositions for these membranes were 97% Pd - 

3% Au, 80% Pd - 20% Au and 61% Pd - 39%Au. Once again, the same testing procedure 

was used for each membrane including the heating schedule.

A similar trend in both hydrogen and nitrogen fluxes was observed from these Pd-Au 

membranes compared to the Pd membranes. As shown in Figures 4.2a, an increase in 

hydrogen flux from the 97% Pd-3% Au membrane was observed until the third day at 823 K. 

Again, this was due to rearrangement of the alloy surface and formation of defects or pores. In 

Figures 4.2b, the nitrogen flux increases continuously even the temperature was decreased 

from 823 K to 673 K, indicating enlargement of the defects continued at these temperatures. 

Hydrogen selectivity for this membrane was infinite at the transmembrane pressure o f345 kPa 

or less during the first day exposure at 823 K. On the fourth day at 823 K, the selectivity was 

reduced to less than 10 as shown in Figure 4.2c. A similar problem was seen for the pure 

palladium membranes, except the degree of structure change is much more pronounced. For 

the 10 pm pure palladium membrane, the selectivities on the fourth day at 823 K were 40 and 

infinite at the transmembrane pressure o f689 kPa and 172 kPa, respectively. For the 10 pm 

97% Pd - 3% Au membrane, the selectivities on the fourth day at 823 K were 8 and 10 at the 

transmembrane pressure of 689 kPa and 172 kPa, correspondingly. Clearly, the stability of the 

palladium-gold alloy is worse than pure palladium; therefore, reduction in selectivity was more
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Figure 4.2 Effect of temperature and pressure on hydrogen flux and nitrogen flux in
the 97 wt% Pd - 3 wt% Au ceramic membrane with thickness of 10 pm
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considerable in palladium-gold membrane than in pure palladium membranes.

The same type of changes in hydrogen flux, nitrogen flux and selectivity were observed 

in 80% Pd-20% Au and 61% Pd - 3 9% Au membranes. The graphical representations o f these 

results are shown in Figure 4.3 and 4.4.

Figure 4.5 summarized the hydrogen flux for all three Pd-Au membranes in addition to 

a 10 pm pure Pd membrane. Hydrogen flux was lower in a 97% Pd membrane compared to 

the pure palladium membrane. This was also observed by McKinley in 1967. In the 80% Pd 

and 61% Pd membranes, the hydrogen flux was more than double the hydrogen flux in a pure 

Pd membrane. Apparently, the rearrangement of the palladium-gold alloy takes place at lower 

temperatures compared to pure palladium, especially the alloy with high concentration o f gold. 

In other words, the temperature effect on formation of defects is more significant in a 

palladium-gold alloy than pure palladium. For this reason, hydrogen selectivity was lower in 

the palladium-gold membranes than in the pure palladium even on the first exposure to 823 K. 

Also, the SEM pictures in Figure 4.6 show that formation of pores in the 80%Pd - 20%Au 

membrane was more extensive than for the 100% Pd membrane after permeability experiments. 

An optimization needs to be performed to find how the percentage gold content in palladium 

affects the structure change in the film.

The selectivities for the Pd-Au membranes and the Pd membrane are indicated in 

Figure 4.7. The highest selectivity was obtained from a pure palladium membrane. For the 

97% Pd membrane, the selectivity was infinite initially at 823 K at transmembrane pressures 

under 345 kPa. After the membrane was exposed to 823 K for four days, the selectivity had 

decreased to 9 at the transmembrane pressure o f345 kPa. This was because o f the increase in 

nitrogen flux due to defect formation as explained earlier. The lowest selectivity was obtained 

from the 80% Pd membrane. A possible explanation is that defects or cracks have already 

existed before heating since the selectivity was less than 6 even on the first day o f exposure to a 

temperature of 823 K.



N2
 Fl

ux
 

(m
ol

e/
m

2 s
)

T-4761 78

10

1
o
E

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0
0.0E+00 1.0E+05 2.0E+05 3.0E+05 4.0E+05 5.0E+05 6.0E+05 7.0E+05

Ft - P. (Pa)

□4

.

A Q

8

823 K
o 823 K
A823 K
□823 K
X673 K

(a) Hydrogen Flux

0.25

0.20

0.15

0.10

0.05

0.00

n

+A
O

HA

O
o

o

o 
<

-M

O

1

0 823 K
0 823 K
A 823 K
+ 823 K
0 673 K

0.0E+00 1.0E+05 2.0E+05 3.0E+05 4.0E+05 5.0E+05 6.0E+05 7.0E+05
Pf-Ps (Pa)

(b) Nitrogen Flux

Figure 4.3 Effect of temperature and pressure on hydrogen flux and nitrogen flux in
the 80 wt% Pd - 20 wt% Au ceramic membrane with thickness of 10 pm
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(a) surface of the 100% palladium

(b) surface of the 80 wt% Pd -20 wt% Au

Figure 4.6 SEM micrographs of the 100% Pd and the 80 wt% Pd -20 wt% Au surfaces
after the permeability experiments.
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4.5 Conclusion

Although palladium-gold alloys may have higher resistance to hydrogen sulfide, the 

microstructure stability of this alloy could be a drawback to its use. Table 4.1 summarizes the 

results at 823 K for all palladium-gold membranes in addition to pure palladium. Based on the 

values o f hydrogen selectivity and the SEM pictures, the defects or pores formation is more 

extensive in the palladium-gold membranes than in the pure palladium membranes. A possible 

solution for this problem is that palladium-gold could be alloyed with silver or other metals to 

postpone or delay phase transitions at higher temperature. In addition, the stability o f an alloy 

was influenced by to the chemistry between the alloy and the ceramic surface. This is 

illustrated in Figure 4.8. Figure 4.8a is the surfaces of a palladium-gold film on a GTC alumina 

support and Figure 4.8b is the surface of a palladium-gold film on US. Filter alumina support. 

Although there are a lot of pores on the alloys surface with US. Filter support, the surface still 

remains most of its original bumpy surface structure even after heating. With the GTC 

support, the original structure of palladium-gold alloy totally disappeared after heating.

Table 4.1

Summary of Hydrogen Permeaces and the n Values at 823 K

composition of 

Pd-Au alloy (wt%)

Temperature

(K)

Permeances 

(moles /m2es*Pan)

n r2 Selectivity

(Jm/Jm)

100 % Pd 823 1.7348-lO* 0.9 0.9998 41 - ”

97 % Pd -3 % Au 823 7.8546-10*8 1.1 1.0000 7 .6 -1 0

80 % Pd -20 % Au 823 2.8140-10"7 1.2 0.9988 4.1 -5.5

61 % Pd -39 % Au 823 2.5064-10‘7 1.1 0.9996 8.4-11
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Figure 4.8

(a) palladium-gold alloys on GTC alumina support

2.00P 15 00kV 2.50kx

USF.2A—1 .2PdAu 10-5-1995 13:30

(b) palladium-gold alloys on US. Filter alumina support

SEM micrographs of palladium-gold alloys on GTC and US. Filter alumina 
supports after heating with hydrogen at 673 K for one day, 773 K for one day 
and 823 K for three days
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CHAPTERS 

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The following conclusions are drawn from this work:

1. Based on the hydrogen selectivity and the SEM pictures, the stability of composite 

palladium/alumina membranes formed by electroless plating on 0 . 2 2  pm symmetric a -  

AI2 O3 microfilters from Golden Technologies is poor and is worst for palladium-gold at 

temperatures ranging from 673 to 823 K.

2. The surface structure of the palladium film formed was different from each plating 

technique. The palladium surfaces fabricated using the flow system and the flow 

system with osmotic pressure were less bumpy than the surface that was fabricated 

using the batch system.

3. Surface rearrangement at high temperature partially depends on the surface structure of 

a palladium film. After exposure to high temperature, a palladium surface fabricated 

using the batch system changes more extensively than a surface that was fabricated 

using the flow system or flow system with osmotic pressure based on the SEM 

pictures.
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4. The degree of surface rearrangement also depends on the palladium thickness. With 

the same heating schedule, a thin palladium membrane retains less in its original 

structure (before heating) compared to a thick palladium membrane.

5. The stability of the palladium microstructure strongly depends on the porous support 

membrane. There was not a significant loss in hydrogen selectivity during an 

experiment of two weeks duration using a composite palladium membrane with USF 

T-170 alumina support (Collins, 1993). However, a dramatic drop in the selectivity 

was observed in a composite palladium membrane with the same thickness and plating 

technique prepared on the GTC alumina support.

6. Infinite selectivity for %  over N 2  can be achieved using a composite palladium/AkOg 

membrane. In order to maintain the membrane performance, the issue of palladium 

stability must be solved.

7. A simple method was devised for preparation of Pd - Au alloy films based on 

electroless plating and displacement deposition.

5.2 Recommendations

The following recommendations are made for future research to improve the

performance o f palladium and palladium-gold ceramic membranes:

1. Examine a palladium and palladium-gold membrane that is alloyed with silver or

other metals by doing similar permeability experiments. The result might suggest
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whether it could postpone or delay phase transitions at higher temperature by alloying 

palladium with other metals.

2. The density of a palladium film appears to be different from each plating technique. 

Similar permeability experiments need to be done using the palladium membranes that 

were fabricated using flow system and flow system with osmotic pressure. This would 

give a good comparison for the results that were obtained from the palladium 

membranes using batch system plating technique.

3. Modify an alumina surface of the GTC support using vapor phase sintering in HC1 

atmosphere (Ritland, 1993). Although the fabrication procedure for the US. Filter T- 

170 asymmetric alumina filters is proprietary, we suspect that vapor phase sintering, or 

reaction at high temperature with HC1, is used. Vapor phase sintering would 

dramatically change the surface chemistry o f the US. Filter alumina membrane 

compared to the Golden Technologies alumina membrane.

4. The end seals can be improved using copper infiltrated end seals rather than the present 

method; although fabrication of these copper end seals is still under investigation by 

GTC. Seal leakage often develops if a membrane remains at high temperature for a 

long time. This is attributed to degradation of the graphite ferrules and expansion of 

the stainless steel Swagelok fittings. Cracks were therefore occasionally found in the 

ceramic supports after the experiments. As a result, shell side pressure would be higher 

than its actual value and the n value would not be correct. This setup must be changed 

for real industrial application; the membrane must maintain its performance for long 

periods of high temperature and pressure operation.
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5. Although an alloy with 40%gold and 60% palladium had the highest resistance to

hydrogen sulfide as a result o f McKinley’s study, this has not been verified in this study. 

Experiments using a feed gas containing hydrogen sulfide must be done to optimize the 

permeability and the film thickness.
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