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Abstract

Hydrogen gas is one of the most produced gases in the world for industrial purposes, generally produced by

methane steam reforming. The demand for clean hydrogen is rising as technology is advancing. Combining

a hydrogen seperation step with methane steam reforming can be advantagous as pure hydrogen can be

produced, total operating cost reduced and CO2 can possibly be stored. Palladium based membranes have

high hydrogen selectivity, solubility and permeability, and are seen as a viable way to purify hydrogen gas

from different gas mixtures. This project is investigating the properties of thin self supported Pd/Ag 23wt.

% membranes, and CO inhibition effects.

The palladium based membranes were produced by magneton sputtering, and used in a microchannel mem-

brane setup. The experimental procedure followed several Pd/Ag 23wt.% membranes of 2.2-, 4.7- and

10.0µm through different experimental series. Hydrogen permeation, surface characterization, solubility and

CO inhibiton were investigated.

Hydrogen permeability was observed to increase with temperature. Heat treatment in air at 400◦C increased

permeability for all membranes and gave a mean value of 1.9·10−8 mol m s−1 m−2 Pa0.5. The hydrogen

transport through thin membranes (≤ 5 µm) was determined to be limited by surface effects, while thicker

ones were governed by bulk diffusion. This was determined by CO inhibition experiment, heat treatment in

air and activation energy calculations. Through X-ray photoelectron spectroscopy a silver enrichment was

observed on substrate side of all as-grown (unused) membranes, while CO and O species were detected on

all membrane surfaces. Hydrogen desorption was suggested as the transport limiting effect. This is due to a

reported increase in desorption barriers with increasing Ag content, in association with substrate side silver

enrichment.

It was shown that inhibition of hydrogen flux increased with partial pressures of CO and decreasing temper-

ature. Membranes governed by bulk diffusion were less affected by CO inhibition than thinner ones. This

was explained by competetive adsorption between CO and H2 being a surface effect. Heat treatment in

air was observed to increase membrane resistence towards inhibiton. Heat treatment before CO exposure

was determined to give a significantly better performance of membrane properties. Whereas a membrane

already exposed to CO over several experiments was not enhanced after heat treatment in air. CO inhibiton

led to both irreversible and reversible deactivation, the latter being dominant over short term CO exposure.

Irreversible was predominant at lower temperatures, higher CO concentrations and at longer exposure times.

After a series of experiments, 4.7µm membranes with- and without heat treatment in air had a final flux of

67- and 87%, relative to initial flux. This shows that heat treatment in air procedure increases resistence to

CO and valuable lifetime is possibly gained.
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Sammendrag

Hydrogengass er en av de mest produserte gassene i verden for industrielle form̊al, vanligvis fremstilt ved

dampreforming av metan. Etterspørselen av ren hydrogen er i takt med dagens rasktvoksende teknologi.

Kombinering av hydrogenseparasjon sammen med metan dampreformering kan gi store fordeler som f.eks.

produksjon av ren hydrogen gass, reduksjon av de totale driftskostnadene, og muligheten for CO2-lagring.

Palladium baserte membraner har høy selektivitet, løselighet og permeabilitet av hydrogen, og blir sett p̊a

som en gunstig m̊ate å rense hydrogengass fra ulike gassblandinger. Dette prosjektet undersøker egenskapene

til tynne selvstøttet Pd/Ag23wt.% membraner, og den inhiberende effekten av CO.

Palladium-baserte membraner ble fremstilt ved magneton sputtering, og ble brukt i en mikrokanal-membran

konfigurasjon. Eksperimentell prosedyre brukte flere Pd/Ag23wt.% membraner med tykkelse p̊a 2.2-, 4.7-og

10,0 µm gjennom ulike eksperimentelle serier. Hydrogen permeabilitet, overflatekarakterisering, løselighet

og CO inhibering ble undersøkt i dette arbeidet.

Hydrogen permeabilitet ble observert å øke med økende temperatur. Varmebehandling i luft ved 400◦ C

økte permeabilitet for alle membraner og ga en gjennomsnittlig verdi p̊a 1,9·10−8 mol m s −1 m −2 Pa 0,5.

Hydrogen transport gjennom tynne membraner (≤ 5µm) ble bestemt til å være begrenset av overflateeffek-

ter, mens tykkere membraner ble styrt av bulk diffusjon. Dette ble bestemt ved permeabilitetsm̊alinger ved-

tilstedeværelse av CO, varmebehandling i luft og beregning av aktiveringsenergier. Gjennom X-ray fotoelek-

tron spektroskopi ble en berikelse av sølv observert p̊a substratsiden av alle ubrukte membraner, mens CO

og O, ble p̊avist p̊a alle membranoverflater. Hydrogen desorbering ble foresl̊att som den begrensende faktor

for hydrogentransport gjennom membran. Dette skyldes en rapportert økning i desorberingsbarrierer med

økende sølvinnhold, samtidig som det ble sett en anrikning av søl p̊a substratsiden der desorbering skjer.

Det ble vist at inhibering av hydrogenfluks øker med partialtrykk av CO og avtagende temperatur. Mem-

braner styrt av bulk diffusjon ble mindre p̊avirket av CO enn tynne. Dette ble forklart ved at konkurrerende

adsorpsjon mellom CO og H2 er en overflate effekt. Varmebehandling i luft ble observert til å øke membra-

nens resistens mot deaktivering. Varmebehandling før CO eksponering ble bestemt til å gi en betydelig bedre

ytelse av membranegenskapene. Mens en membran som allerede er utsatt for CO i løpet av flere forsøk ikke

var forbedret etter varmebehandling i luft. CO inhibering førte til b̊ade irreversibel og reversibel deaktiver-

ing, sistnevnte er dominerende over kort sikt CO eksponering. Irreversibel dektivering var dominerende ved

lavere temperaturer, høye CO-konsentrasjoner og ved lengre eksponeringstider. Etter en serie eksperimenter

ble to membraner av 4,7µm tykkelse, med- og uten varmebehandling i luft en endelig fluks p̊a 67- og 87%,

relativt til initiell. Dette viser at varmebehandling i luft øker resistens mot CO og kan muligens gi økt levetid

for membranen.
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1 Introduction

1.1 Motivation

Hydrogen gas is one of the most produced gases in the world for industrial purposes, with applications such

as petroleum hydrogenation, crude oil upgrading, chemical processes, rocket- and general fuel. Generally

methane steam reforming (MSR) is seen as a viable way to produce hydrogen gas, as it has a high H:C ratio,

low reforming temperatures and can utilize biomass or natural gas as feedstock. The MSR reaction’s main

products are H2 and CO2, and CO due to the water gas shift reaction (WGSR), as well as decomposition of

methane [1]. The MSR-, methane decompositon- and WGS reactions are given in Equation 1 - 3. Because

of the byproducts in the hydrogen production process the hydrogen gas needs to be purified in order to

be utilized by the given processes. Membrane seperation is a promising alternative method of hydrogen

purification. The proton exchange membrane (PEM) fuel cell is an alternative to the conventional combustion

engine, but can not utilize hydrogen gas containing more than ∼ 10ppm CObefore electrodes deactivate [2].

Palladium (Pd) metal membranes can be used in the seperation process because of their high/total selectivity

towards hydrogen, as well as high- permeation and solubility of hydrogen.

CH4 + H2O ⇀↽ CO + 3H2 (1)

CH4
⇀↽ C + 2H2 (2)

CO + H2O ⇀↽ CO2 + H2 (3)

A combination of a hydrogen separation and MSR reactions in one catalytic membrane reactor can prove to

be advantagous. Total operating cost can be reduced as operating- pressures and temperatures are limited to

one compact reactor, where both processes are in the same temperture range of 300-500◦C [3]. Equilibrium

shift to product side in steam reforming is expected as hydrogen is removed from mixture, facilitating

more product conversion, and retention of CO2 can possibly be integrated with carbon capture in future.

Disadvantages with the process is the high palladium cost, compression requirements after a low pressure

process and membrane deactivation upon CO and sulphur exposure. The membrane will in addition be

exposed to other components from gas mixture, such as CO2, CH4, N2 and H2O.

1.2 Scope of work

This work is a continuation of a project work, fall 2013 at NTNU, investigating permeation of hydrogen on

Pd/Ag 23wt.% membranes, and the inhibiting effect of CO. Membranes were provided by SINTEF Mate-

rials and Chemistry in Oslo, and this study has reproduced some of the experiments conducted previously

[4, 5] to compare performance of the palladium based membranes, and to further examine their proper-

ties. Membrane properties were determined by volumetric sorption technique and permeation experiments.

Further, inhibition-, deactivation- and regeneration of hydrogen flux was examined with CO and H2O in

feed mixture to closer simulate industrial process conditions. All permeation measurements through Pd/Ag

membranes were done in a microchannel membrane configuration on experimental rig. The responsibility of

set-up design required continous upgrades and changes e.g. piping, process control, equipment, software etc.

Surface investigations were performed by X-ray photoelectron spectroscopy (XPS) on both used and unused
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membranes to consider what deactivation effects were present.
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2 Theory

2.1 Palladium based membranes

2.1.1 Transport mechanism

Palladium membranes have an exceptional selectivity towards hydrogen, as well as high hydrogen permeance

and hydrogen solubility, and it is recognized for its high potential for hydrogen seperation [6]. The permeation

of hydrogen shown in Figure 1 follows a solution diffusion mechanism, consisting of the following steps [7]:

1. Gas diffusion to membrane surface (Feed side)

2. Dissociative adsorption of hydrogen molecule

3. Transport of hydrogen atoms from surface to membrane bulk

4. Atomic diffusion through bulk

5. Transport of hydrogen atoms from membrane bulk to surface

6. Associative desorption of hydrogen atoms

7. Gas diffusion from membrane to surface (Permeate side)

Figure 1: Solution diffusion mechanism on a Pd/Ag 23wt.% membrane. [4, 8]

The hydrogen flux through the palladium-silver membrane, JH2
, can be expressed by Equation 4 and 5.

JH2
=
P

t
(pn1 − pn2 ) =

KSD

t
(pn1 − pn2 ) (4)

D = D0exp[−Ea/RT ] (5)

Where P is the permability of the membrane, t is the membrane thickness, p1 and p2 are the partial pressures

of hydrogen on high- and low pressure sides respectively, KS is the solubility constant, D is the diffusion
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coefficient, D0 is a pre-exponential factor, and Ea is the activation energy for the diffusion. P/t is defined

as permeance, and is used instead of permeability when the thickness of the membrane is unknown or

difficult to accurately measure [4]. The limiting step of the transport mechanism determines the n-value,

this is called the rate determining step (rds). Diffusion of hydrogen atoms through the membrane bulk

is often a rds when the membrane thickness is high, and the n-value is in these cases n = 0.5, following

Sieverts’ law [7, 9–11]. Hurlbert and Konecny showed that surface reactions were not the limiting step

for hydrogen permability through pure Palladium membranes of 20-150µm [11]. For thin membranes the

diffusion through the membrane bulk is faster, making other processes rds, such as external mass transfer or

adsorption/desorption. When the permeation is determined by surface processes, n approaches 1 [7, 9, 10].

Depending on the diffusion through bulk and the external mass transfer, a concentration gradient may occur

at the boundary layer at the membrane surface. If permeability is high, and the membrane bulk diffusion

is fast there might be diffusion limitations from gas phase to membrane surface. If permeability is low or

hindered, the pressure driven process can create an abundance of hydrogen at the surface [12].

Hydrogen permeation through a palladium based membrane follows a solution-diffusion mechanism, where

permeability dependent on diffusivity and solubility as shown in Equation 6

P = D ·KS (6)

where P is permeability of the membrane, D is diffusivity expressed in Equation 5 and KS is the solubility,

also known as the Sieverts’ Constant, giving the amount of atomic hydrogen on metal. Sieverts’ law explains

how the solubility is proportional to the partial pressure of hydrogen at constant temperature, with the

assumption that there is no atomic interaction in the dilute hydrogen solution on the metal [13]. This law’s

deviations have been determined to be at temperatures lower than 250◦C and H:Pd ratios of more than 0.006

according to Burch and Francis [14]. Evans reported another deviation, where the law is invalid at pressures

above 13.33 kPa due to increased concentration of absorbed hydrogen in palladium [15]. Diffusivity and

solubility of hydrogen are both dependent on temperature in a palladium system, as shown in Equation 7

where the Sieverts’ constant is expressed as a function of temperature [16].

lnKS = −∆H0

RT
+

∆S0

R
(7)

where ∆H0 is the solution enthalpy, ∆S0 is the solution entropy and R is the gas constant. Equation 7

indicates that the solubility decreases with temperature.

2.1.2 Palladium-silver alloy

Many different palladium alloys have been tested, but the Pd/Ag alloy is by far the most investigated

alloy. One advantage with a palladium-silver alloy is the reduced production cost, as silver is less expensive

compared to palladium. Solubility has been reported to increase with silver content until a maximum at

20-40%, wheras the diffusivity decreases [16, 17]. In addition to providing a decent mechanical stability with

23% wt. silver, it provides high permeability [18]. The permeability value of a Pd/Ag alloy is ∼ 1.7 times

as high as the permeability value of pure Pd, reported at 350◦C [19].

Below the critical temperature there are several phases in which pure palladium will exist. These phases are
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called α, α+β and β, and depends on the hydrogen concentration, temperature and pressure. The α−phase
is a denser phase compared to the β − phase which is more expanded, meaning the co-existing phase will

cause severe strain and distortion to the metal [20]. The phase transition must therefore be suppressed to

keep a stable material. This can be done by keeping the temperature and pressure fairly high (∼300◦C, ∼2

MPa) [8, 20], or by alloying with other metals. The phases and the transition is described in the hydrogen

pressure-composition isotherm for pure palladium, and is given in Figure 2. Alloy studies on the palladium

shows that silver as an alloy with palladium lowered the critical temperature, suppressing the undesired

phase transition, as well as increasing the permability of hydrogen [21].

Figure 2: Hydrogen pressure-composition isotherms in pure palladium [8]

2.1.3 Adsorption modelling

A challange with the PEM fuel cells is the deactivation of electrodes by CO, as it is generally present in

the MSR produced hydrogen. The CO is reported to reversibly adsorb onto the palladium surface com-

petitively with H2 [22–24]. The adsorption of CO will hinder dissociative adsorption of H2, and decrease

the flux through membrane. Additionally it has been reported that one single CO molecule can take up

more than one vacant site on the palladium surface [25]. CO will increases the activation barrier of H2’s

dissociative adsorption and the desorption energy [26]. The three elementary reactions 8 - 10 below describe

the adsorption of CO and H2 onto the palladium surface.

CO + ∗ k1−−⇀↽−−
k−1

CO∗ K1 = KCO =
k1
k−1

(8)

H2 + ∗ k2−−⇀↽−−
k−2

H∗
2 K2 =

k2
k−2

(9)

H∗
2 + ∗ k3−−⇀↽−−

k−3

2H∗ K3 =
k3
k−3

(10)

The overall dissociative adsorption of H2 is given in Equation 11
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H2 + 2∗ K−−⇀↽−−
K−

2H∗ (11)

Where:

K = KH2
= K2K3 (12)

And the equilibrium constants can be expressed by Arrhenius equation:

k
+/−
i = Aiexp[−E+/−

i /RT ] (13)

With the modelling done from Equation 8 to 13, a Landmuir expression for the competetive adsorption of

CO and H2 on the membrane surface can be made, and is given in Equation 14.

θCO =
KCOpCO

1 +KCOpCO +
√
KH2

pH2

(14)

According to the Equation the CO coverage is highly dependent on partial pressures of CO, as well as

temperature depence and partial pressure of H2. The partial pressure of CO highly determines the CO

coverage of the surface, as well as partial presure of H2 and temperature [24].

2.2 Heat treatment in air

It has been reported that hydrogen permeation of a palladium membrane can be improved by heat treatment

in air (HTA), where it is exposed to oxygen at elevated temperatures and forms an oxide layer [27], which

is subsequently reduced [28–34]. Hydrogen permeation is found to double in some cases when the treatment

is performed on thin membranes [28, 31, 35, 36]. There are three main hypothesis that describes the

effect behind HTA: Surface roughening, Pd segregation to surface and cleaning of surface. Mejdell et al.

investigated the effect of CO inhibiton on a palladium-silver membrane before and after heat treatment in

air, and determined that CO inhibition was significantly reduced by HTA [35]. The study suggests that the

HTA has a positive effect on CO inhibition because of an alternation in membrane structure and the surface’s

electronic properties, caused by the oxidation and subsequent reduction. Vicinanza et al. concludes that

heat treatment increases surface roughness and permeability through increased diffusivity, while hydrogen

solubility is unaffected [37]. Increased surface roughness will give a larger effective surface area, yielding

higher permeation of hydrogen. Theoretical electronic ground state predictions have found palladium atoms

to strongly segrate to membrane surface upon surface oxydation at elevated temperatures [38], possibly

increasing permeability due to a minimum hydrogen adsorption barrier to palladium [39]. In addition, heat

treatment in air is reported to recover the Pd based membrane after poisoning and deactivation effects

[40, 41].

2.3 Volumetric equilibrium sorption

The solubility of hydrogen in metals can be done by several methods, such as: volumetric- [32] and gravimetric

absorption, sample dilation, electrical resistence and temperature programmed desorption. However, with

common and conventional technology volumetric and gravimetric absorption is by far the most used, and

gives comparable results even though volumetric is a volume/pressure analysis and gravimetric is based on
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mass measurements. In this work ad-/absorption of light hydrogen gas is investigated on palladium metals,

hence the volumetric analysis is utilized due to the low mass of hydrogen molecules.

The volumetric sorption analysis is a relatively easy investigation where volume changes are detected as

ad-/absorption of hydrogen onto the metal occurs, at known temperature and pressure. This analysis is also

called the manometric (Sieverts) method, and the set-up is shown in Figure 3.

Figure 3: Schematic illustration of volumetric sorption technique, the manometric method [42].

Figure 3 shows the schematic of a volumetric sorption set-up where V1 and V2 are the known volumes of the

reservoir- and sample tube respectively, A-valve controls the flow of hydrogen in, valve C controls the flow in

and out of sample tube, V2, and valve B controls the outflow and vacuum of the set-up. The dead volume of

the sample tube is measured with inerts before any measurements. Both V1 and V2 are evacuated by opening

valves C and B, and at desired vacuum they are closed and hydrogen gas is introduced through valve A.

When closing valve A the initial pressure, Pi in V1 will be measured by the manometer, and by opening

valve C the sample will be exposed to H2. The pressure will drop as hydrogen gas in V1 fills V1 + V2. The

final pressure, Pf is recorded at equilibrium between hydrogen in gas phase and on the metal, at a specific

hydrogen partial pressure and temperature. The final amount of hydrogen absorbed on sample is calculated

through the universal gas law, where the final hydrogen uptake is expressed as the difference of hydrogen in

reservoir and gas phase at end: ∆n = ni − nf . The universal gas law is given in Equation 15

∆n =
PiV1
RT

− Pf (V1 + V2)

RT
(15)
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where T is the temperature and R is the gas constant. The described process is repeated with subsequent

gas expansions for increasing Pi in order to generate the isotherm results.
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2.4 X-ray Photoelectron Spectroscopy

2.4.1 Principle of X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy is a common experimental technique for investigation of surface compo-

sition and properties. The technique is based on the photoelectric principle, where a material surface emits

electrons when hit by photons. H. Hertz made this discovery in 1887 [43], and A. Einstein later explained the

phenomenon, awarding him the Nobel prize (1921) [44]. K. Siegbahn and his fellow researchers at University

of Uppsala developed the X-ray Photoelectron Spectroscopy technique in 1950-1970 [45]. K. Siegbahn was

awarded the Nobel prize in physics in 1981 based on this work.

Figure 4: Schematic of the XPS principle [46].

In Figure 4 the photon emission principle and

its energy levels are shown for XPS. The energy

conservation when a sample is irradiated by

light can be expressed as

Ekin = hν − EB + ΦS (16)

where hν is the energy of the incoming photon

that excites the core electron at EB relative

to the fermi level, Ef , Ekin is the energy of

the emitted electron from the surface, ΦS is

the energy required for the electron to get to

the vacuum level, Evac from Ef . In order to

have a photoemission effect the incoming pho-

ton must be of sufficient energy for the elec-

tron to overcome its binding energy EB and

the work function of the sample ΦS . The ki-

netic energy can be expressed with ionizing po-

tential, which is the energy difference in final

and initial state energies of the system

Ein + hν = Efin + Ekin (17)

where Ein and Efin are the initial and final

state energies of the system.

The binding energy of the emitted electrons is

obtained by measuring the kinetic energy dis-

tribution of the emitted photoelectrons.
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The core electron of an element has an unique and characteristic binding energy, which enables identification

of specific elements and chemical environments by surface investigation with XPS. The intensity of the core

levels are used to quantify the amount of specific element on the surface. Figure 5 shows a typical XPS

spectrum with intensity (here expressed as no. of electrons) against the binding energy, eV .

Figure 5: A typical XPS spectrum of an Al metal [47].

The spectrum shows an oxidized Al metal with carbon contaminants, and it gives both quantitative and

qualitative information on components present on the surface. The amount is indicated through the area of

the peak, wheras the shape and binding energy indicates the specific element and its state. Recognizable

peaks in this spectrum are: O 1s, C 1s, Al 2s and Al 2p, as well as the O Auger peak. Photons are commonly

provided by X-ray sources such as Al Kα (1486.6 eV) and Mg Kα (1253.6 eV). The Auger emission peaks,

Ekin, are independent on the photon energy, hν, making it distinguishable when the photon source is varied.

Tunable photon energy can be done by non-conventional synchrotron radiation sources, and provides further

investigation oppurtunities. Each element has an unique length at which the electron can travel through

a solid without loss of energy, this is called the inelastic electron mean free path [47, 48], an overview for

several elements is given in Figure 6. Synchrotron photon sources may therefore be tuned to change the

surface sensitivity of detection. This opens up for investigations of bulk and surface contributions in the

spectra. Thus, the case where the photon sources cannot be tuned, the background of inelastic electrons

cannot be varied. The valance level spectra, here seen close to EB=0 has an analytical value, but does not

significantly contribute to this work, hence not dicussed any further.
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Figure 6: The electron mean free path, Å, against the electron energy, eV, for several elements [48, 49].
Stippled line indicates the theoretical calculations done by Penn [50]

2.4.2 Analysis and Spectra fitting

Identification of elements is done using databases and litterature tables of element’s specific binding en-

ergy. Further analysis of a photoelectron spectra is generally done by curve fitting, with the assumption

that every photonelectron peak is represented by parameters describing its binding energy, area and line

shape. Lorentzian and Gaussian functions are commonly used when describing line shapes, along with an

assymetric factor. These are applied for the detailed quantification and analysis of chemical environment.

The precision depends on the cross section (signal) from the core-level and the instrumental resolution of

the equipment. Generally, high intensity photon, coherent photon sources and advanced photon detectors

enable high resolution. Background contributions due to inelastic electrons must be substracted in order to

estimate the peak instensity and for quantification purposes. Linear or Shirley backgrounds are a commonly

used for this substraction, the latter is based on the assumption that the intensity of inelastic electrons at

EB is proportional to the integrated intensity of peak at EB (minus the background), as shown in Equation

18.

IB(E) α

∫ E

E0

(I(E)− IB(E))dE (18)

Where IB is the intensity of inelastic electrons, E0 and E is the low- and high energy side of the photoemission

peak respectively, and I is the intensity of the peak.
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3 Experimental

3.1 Risk analysis

Risks associated with experimental laboratory work were evaluated, and the risk assessments are given

Appendix A. Overall, leakage, fire and exposure to toxic and flammable substances (CO, H2) were determined

to be the highest likelyhood of instance, and highest risk in this work. Continous leak testing before and

during experiments were performed to avoid these instances. Experimental rig had CH4 and CO detectors

installed, both cross detecting H2. In addition the pipes were checked with soap solution at inert flow.

Hand held H2 detector(Cross detecting CO) were used with hydrogen gas on stream. During permeation

experiments the pressure was monitored, as a pressure drop might indicate a leak in the system.

3.2 Preperation of membrane and reactor

A thin self-supported Pd/Ag 23wt.% membrane was provided by SINTEF Oslo, which was produced by a

two-step magneton sputtering process onto a silicon wafer [51]. The microchannel configuration consisted

of: a channel housing, membrane, perforated plate, copper gasket and a permeate housing. The seven feed

channels corresponded to an active surface area of 0.91cm2. The microchannel configuration shown in Figure

7 was first polished by silicon carbide grinding paper of the grits 1200, 2500 and 4000, in respective order.

Polishing was done in the presence of water at 150rpm, until a clear surface was observed. The copper

gasket was only polished with a grit of 2500, to ensure a efficient sealing. The configuration was cleaned

by submerging the pieces in ethanol in an ultrasonic cleaner for 10 minutes. Configuration pieces was dried

both externally and internally by compressed air, followed by compressed argon. The membrane was cut in

an appropriate size by both stanley knife and a scalpel. By the means of regular scotch tape, the membrane

was lifted from the wafer and onto the perforated plate, ontop of the permeate housing and the copper

gasket. Growth side of membrane was placed facing the feed/retentate side, wheras substrate side faced the

permeate/sweep side. Holes were punched through the membrane by using a copper wire, indicating the

position of screws. The channel housing was placed on top, and fastened with an alternated tightening of

the screws, to not strain the membrane. Excess membrane was cut off and put in a bottle as residue. A

detailed mounting procedure is given in Appendix B.
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Figure 7: Microchannel parts and configuration

3.3 Permeation experiments

All experiments performed are listed in order of time performed in Table 1, along with their main parameters.

Experiments 1a-3d were done with a feed side total pressure of 2.2 bar, which was measured and kept constant

by a back-pressure controller. Experiment 4a-6c were done without any pressure control and ∼ ∆P = 0 over

the membrane. During experiments the total volumetric gas flow was kept at 400 NmL/min by the use of

a series of mass flow controllers (MFC). Gas velocity was kept high in order to avoid concentration profiles

along the membranes, and to eliminate mass transfer limitation from gas bulk to surface. MFC Calibrations

are given in Appendix C. A Micro-GC was used in order to check and detect leakages through membrane.

Calibration of Micro-GC is given in Appendix D.

The reactor was ramped to the initial temperature with nitrogen and argon on stream, on feed side and

permeate side respectively, ramping at 2◦C/min. Hydrogen was not introduced to the system before 300◦C

was reached, in order to supress phase transition of the palladium-silver material. The membrane was sta-

bilized with a hydrogen:nitrogen mix of 9:1. Permeability and permeance was calculated from the permeate

flow, measured using a bubble flow meter or a micro-GC. The hydrogen concentration was kept at 90 %

for all experiments, and remaining 10% consisted of N2 and CO. CO concentrations varied in the range of

0-5.0 % depending on type of investigation. The amount of N2 correlated to CO, giving a total feed flow of

400NmL/min. CO was introduced in stream when membrane flux had stabilized. Experiment 1a-3d have a

constant CO concentration throughout, wheras experiment 4a-6c has an increasing CO concentration over

time. The membrane reactor set up flow sheet is given in Appendix E.
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Table 1: Order of experiments done, and their main parameters

Experiment Thickness [µm] Temperature [◦C] CO Concentration [%] HTA ∆P [Bar]

1a ∼2.2 300 0.5 % no 1

2a ∼ 4.7 400 0.5 % no 1.2

2b ∼ 4.7 400 2.0 % no 1.2

2c ∼ 4.7 350 0.5 % no 1.2

2d ∼ 4.7 350 2.0 % no 1.2

2e ∼ 4.7 300 0.5 % no 1.2

2f ∼ 4.7 300 2.0 % no 1.2

3a ∼ 4.7 400 0.5 % yes 1.2

3b ∼ 4.7 400 2.0 % yes 1.2

3c ∼ 4.7 350 0.5 % yes 1.2

3d ∼ 4.7 350 2.0 % yes 1.2

4a ∼ 4.7 400 0.5 % yes 1.2

4b ∼ 4.7 400 2.0 % yes 1.2

4c ∼ 4.7 350 0.5 % yes 1.2

4d ∼ 4.7 350 2.0 % yes 1.2

4e ∼ 4.7 300 0.5 % yes 1.2

4f ∼ 4.7 300 2.0 % yes 1.2

5a ∼ 2.2 300 0-5 % no 0

5b ∼ 2.2 400 0-5 % yes 0

5c ∼ 2.2 300 0-5 % yes 0

6a ∼ 4.7 300 0-5 % no 0

6b ∼ 4.7 400 0-5 % yes 0

6c ∼ 4.7 300 0-5 % yes 0

7a ∼ 10.0 300 0-5 % no 0

7b ∼ 10.0 400 0-5 % yes 0

7c ∼ 10.0 300 0-5 % yes 0

8a ∼ 10.0 300 0-4% CO + 0-4% H2O yes 0

8b ∼ 2.2 300 0-2% CO + 0-4% H2O yes 0

Note that in the experimental series of 2 and 3 the same membrane was used, but the membrane underwent

HTA before series 3 started. Appendix F shows the flux of the 4.7 µm non-HTA membrane over experiments

2a-2f.

3.3.1 Stabilization of hydrogen flux

Before starting any CO exposure experiment the stabilization of hydrogen flux was monitored. The standard

routine for a membrane-gas phase equilibrium check, was to monitor the hydrogen flux. The flux was

considered stable when measurements were approximately constant over time.
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3.3.2 Short term exposure of CO on a Pd/Ag membrane

Inhibition of CO on a 4.7 µm Pd/Ag 23wt.% membrane was investigated over a short time. The stable

hydrogen flux was measured at 400◦C, 350◦C and 300◦C, before 0.5% CO was introduced. The flux was

closely monitored for 1.5 hours, where 60 minutes consisted of CO exposure and 30 minutes of regeneration

in absence of CO. Thereafter the hydrogen flux was loosely monitored until approximately full regeneration

of flux under 9:1 H2:N2 (generally over night). The membrane was then introduced to 2.0% CO, and the

procedure was repeated. The experiments were done with CO concentrations of 0.5% and 2.0% on the

temperatures 400◦C, 350◦C and 300◦C in respective order. The total feed side pressure was kept constant

at 2.2bar during the entire experiment. These experiments are labeled 2a-2f in Table 1.

3.3.3 Short term exposure of CO on a used HTA Pd/Ag membrane

After the series of experiments in section 3.3.2, the membrane was left at 400◦C for two days. The flux was

measured before a heat treatment in air(HTA) at 400◦C. The HTA was done by flushing retentate side with

50NmL/min N2 and the permeate side with 50 NmL/min Ar for 15 minutes. The reactor configuration was

then detached in order to expose the membrane to air, and left for an hour at 400◦C before an additional

N2/Ar-flushing for 15 minutes. The flux after HTA was left to stabilize and was measured at the temperatures

400◦C, 350◦C and 300◦C within the scope of one day. The flux was measured again after a day to ensure

stable flux. Experiments with exposure to 0.5% and 2.0% CO were done in the same manner as section 3.2.3

at 400◦ and 350◦, with a total feed side pressure of 2.2 bar. These experiments are labeled 3a-3d as shown

in Table 1.

3.3.4 Short term exposure of CO on a unused HTA Pd/Ag membrane

The experiments described in section 3.3.3 above were performed following the same procedure with an

unused membrane from the same wafer. This was done due to the membrane in section 3.3.3 being exposed

to a fair amount of CO, and total regeneration of flux was never complete. The new 4.7µm Pd/Ag 23wt.%

membrane underwent a HTA like section 3.3.3 describes before exposure to any CO. 0.5% and 2.0% CO

exposure was done at temperatures of 400◦C, 350◦C and 300◦C. These experiments are labeled 4a-4f in

Table 1.

3.3.5 Long term exposure of CO on a Pd/Ag membrane

Inhibition of CO on a 2.2 µm Pd/Ag 23wt.% membrane was investigated over a longer period of time.

The hydrogen flux was stabilized at 300◦C, before CO was introduced. The gas composition was set to

contain 0.5% CO, and the flux was measured irregularly over three consecutive days. Upon CO removal, the

membrane regeneration was monitored for two days at 300◦C then at 400◦C for two days. This experiment

is labeled 1a in Table 1.

3.3.6 CO exposure on a Pd/Ag membrane without transmembrane pressure difference

Inhibition of CO on a Pd/Ag 23wt.% membrane was investigated with no transmembrane pressure difference.

This was done with membrane thicknesses of 2.2µm, 4.7µm and 10.0µm. Hydrogen flux was stabilized and
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measured at 300◦C and 400◦C. The membrane was exposed to 0.5%, 1.0%, 2.0% and 5.0% CO, for 45

minutes each in increasing order.Hydrogen gas flow on permeate side was measured using a Micro-GC. CO

inhibition experiment was done at 300◦C, before a HTA. The HTA was done like in section 3.3.3, by flushing

retentate side with 50NmL/min N2 and the permeate side with 50 NmL/min Ar for 15 minutes. The reactor

configuration was detached in order to expose the membrane to air, and left for an hour at 400◦C before

an additional flushing at 15 minutes. The flux after HTA was left to stabilize and was measured at the

temperatures 400◦C and 300◦C. CO exposure was then done at 400◦C followed by complete regeneration of

hydrogen flux over night,with the absence of CO. CO inhibition experiment was done again at 300◦C, and

this procedure was done for the membrane thicknesses. These experiments are labeled 5a-7c in Table 1.

3.3.7 CO and H2O inhibition effect on different membrane thickness

Inhibition of CO and H2O on a Pd/Ag 23wt.% membrane was investigated with no transmembrane pressure

difference. This was done with membrane thicknesses of 2.2µm and 10.0µm. 10.0µm membrane used in

section 3.3.6 was used as hydrogen flux was close to fully regenerated. Membrane of 2.2µm was taken from

a new wafer and mounted. Hydrogen flux was stabilized and measured at 300◦C and 400◦C, before it was

Heat treated in air. The membranes were exposed to 2.0% CO (Only 10.0µm), then 2.0% CO and 2.0%

H2O, and finally 4.0% CO 4.0% H2O. Each step was done overnight until hydrogen flux was stabilized.

Water was supplied from an installed water tank, under pressure. The liquid flow controller was calibrated

by weighing weight at variating set points. The calibration is given in Appendix G. Mettler Toledo XA204

Delta Range Analytical Balance was used to determine the water mass. Hydrogen gas flow on permeate side

was measured using a bubble flow meter, and Micro-GC was used to monitor species present in retentate

flow. The inhibition experiments were done at 300◦C after a Heat treatment in air was performed, like

described in section 3.3.3.

3.4 Sorption measurements

The solubility of as-grown Pd/Ag membranes of 2.2µm, 4.7µm and 10.0µm thicknesses were measured using

a volumetric sorption technique. Membrane samples were cut from silicon wafer and placed in glass reactor.

The sample weight was determined analytically using a Mettler Toledo XA204 Delta Range Analytical

Balance, and was aimed to be 0.1 grams for accurate sorption measurements, in addition to have results

comparable to that of Vicinanz et al. and Ness. The sorption measurements were conducted using an

ASAP 2020 Chemisorption Analyzer (Micrometics Instrument Corporation) with hydrogen partial pressure

of 0.02 - 90.66 kPa, and at 300◦C, 350◦C and 400◦C. A degassing procedure was performed prior to any

measurements in order to clean sample surfaces. Hydrogen was introduced at 300◦C for all samples, in order

to avoid phase transition in the Pd/Ag alloy. Helium was present in heating stages to avoid embrittlement

of the membrane. All measurements were done twice at the same temperature, and the final sample weight

after measurements was determined and used to correct the sorption results. The mass correction was done

due to possible reduction in sample mass upon degassing. Table 2 shows the apparatus sequence set in

order to perform sorption measurements. The respective sequences done at 350◦C and 400◦C are given in

Appendix H.

25



Table 2: Apparatus sequence of sorption measurements performed at 300◦C.

Task Gas Temperature [◦C] Rate [◦C/min] Time [Min]

Evacuation Helium 100 10 30

Evacuation Helium 300 101 15

Evacuation 300 101 120

Leak test 300 101 -

Evacuation 300 101 60

Analysis Hydrogen 300 101 -
1 Temperature rate is given here without stepwise increase in temperature. This is an apparatus setting in

order to keep constant temperature.

3.5 Surface investigation by X-ray photoelectron spectroscopy

The membrane thicknesses of 10µm, 4.7µm and 2.2µm, both growth- and substrate side were investigated

using X-ray Photoelectron Spectroscopy. The membrane samples were cut from the silicon wafer and attached

to a sample plate with carbon tape. Two 4.7µm membranes which underwent experiments were investigated

on the growth/feed side. The channels of these membranes were cut out of the reactor configuration after

experiment 3d and 4f, (Table 1), and placed on sample holder with carbon tape. A survey acquisition was

done on all membranes on both sides, with further investigation on the peaks present in the survey. The

peak specific acquisition was done with a Hybrid lens mode and a pass energy of 20, with 3-10 sweeps each.

Curve fitting was done using CasaXPS ver.2.3.16, Casa Software Ltd. All fittings were done with a Shirley

background. The synthetic line shape used was a Gaussian-Lorentzian function GL(m) where m=0 is pure

Gaussian and m=100 is pure Lorentzian, as well as the line shape LA(a,b,n), which is a Lorentzian assymetric

function form convuluted with a Gaussian. The curve fittings of the three key peaks in these spectrums; Pd

3d 5/2, Ag 3d 5/2 and C 1s are given in Figure 8, 9 and 10 respectively. The line shape is displayed as a

brown solid line, and the measured data poins are shown as a dashed red line. The complete list of all the

curve fittings done is given in Appendix I.
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Figure 8: Curve fitting of a Pd 3d 5/2 peak from a XPS spectrum of as-grown 4.7µm Pd/Ag membrane

Figure 9: Curve fitting of a Ag 3d 5/2 peak from a XPS spectrum of as-grown 4.7µm Pd/Ag membrane
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Figure 10: Curve fitting of a C 1s peak from a XPS spectrum of as-grown 4.7µm Pd/Ag membrane

Curve fitting of Pd 3d 5/2 spectrum was made using two components and the same line shape functions for

all the samples. Some minor adjustments to the line shape function was done for optimal fitting. Curve

fitting of Ag 3d 5/2 spectrums was possible using one component, with close to identical line shapes. The

fitting of C 1s spectrums were done using three or four components, as this was the most varying of the

peaks, hence the line shape functions varied accordingly.

Quantifications of surface components were done by calculations on area of the synthetic line shape for Pd

3d 5/2, Ag 3d 5/2 and C 1s, for each membrane thickness and side.
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4 Results

4.1 Membrane performance

4.1.1 Hydrogen- permeability and permeance of membranes

All membranes investigated in this work were provided by SINTEF Materials and Chemistry. Hydrogen flux

through membrane measured at 300◦C, 400◦C, and on some occasions 350◦C. Permeance and permeability

were calculated from flux in order to compare with other Pd/Ag 23wt.% membranes provided by SINTEF.

A n-value of 0.5 were used in calculations in all the results shown. n=0.5 is valid when bulk diffusion is the

rate determining step, making the permeability a material constant, and permeance inversely proprotional

to membrane thickness. The permeance and permability of membranes used in this work, as well as Pd/Ag

membranes investigated by Mejdell et al. and Vicinanza et al. are shown in Table 3, both before and after

HTA.

Table 3: Permeance and permeability of Pd/Ag 23wt.% membranes at 300◦C, 350◦C and 400◦C, provided
by SINTEF Materials and Chemistry in Oslo.

Thickness Temperature ∆P 1
T Permeance Permeability

[µm] [◦C] [bar] [mol·m−2·s−1·Pa−0.5] [mol·m·m−2·s−1·Pa−0.5]

no-HTA HTA no-HTA HTA

∼ 2.2 300 0 2.6 ·10−3 4.9 ·10−3 5.9 ·10−9 1.1 ·10−8

∼ 2.2 400 0 6.2 ·10−3 8.2 ·10−3 1.4 ·10−8 1.8 ·10−8

∼ 2.2 300 1.2 6.8 ·10−3 - 1.5 ·10−8 -

∼ 2.2 [28] 300 0.5 3.5 ·10−3 8.6 ·10−3 7.7 ·10−9 1.9 ·10−8

∼ 2.2 [28] 300 0.5 4.6 ·10−3 9.2 ·10−3 1.0 ·10−8 2.0 ·10−8

∼ 2.2 [52] 300 0-1.0 5.0 · 10−3 5.9 · 10−3 1.1 · 10−8 2.0 · 10−8

∼ 4.7 300 0 1.3 ·10−3 2.6 ·10−3 5.9 ·10−9 1.2 ·10−8

∼ 4.7 400 0 2.4 ·10−3 4.7 ·10−3 1.1 ·10−8 2.2 ·10−8

∼ 4.7 300 1.2 4.8 ·10−3 5.2 ·10−3 2.3 ·10−8 2.4 ·10−8

∼ 4.7 350 1.2 4.8 ·10−3 5.2 ·10−3 2.3 ·10−8 2.6 ·10−8

∼ 4.7 400 1.2 5.0 ·10−3 5.5 ·10−3 2.3 ·10−8 2.6 ·10−8

∼ 5.0 [28] 300 0.5 3.1 ·10−3 4.0 ·10−3 1.6 ·10−8 2.0 ·10−8

∼ 5.0 [28] 300 0.5 2.7 ·10−3 3.9 ·10−3 1.4 ·10−8 2.0 ·10−8

∼ 4.7 [52] 300 0-1.0 3.6 · 10−3 4.5 · 10−3 1.7 · 10−8 2.1 · 10−8

∼ 10.0 300 0 1.4 ·10−3 1.2 ·10−3 1.4 ·10−8 1.2 ·10−8

∼ 10.0 400 0 1.8 ·10−3 1.9 ·10−3 1.9 ·10−8 1.9 ·10−8

∼ 8.5 [52] 300 0-1.0 2.5 · 10−3 2.6 · 10−3 2.1 · 10−8 2.2 · 10−8

1 Total pressure difference across membrane. With ∆PT ≤0.5 bar, sweep gas was used as driving force.

Table 3 shows that the permeation properties of the membranes used in this project generally was lower

than others provided by SINTEF Materials and Chemistry, Oslo at 300◦C. Only one instance of higher

permeation than Mejdell et al. and Vicinanza et al. was observed, which is with an applied transmembrane
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pressure difference of 1.2 bar. Although the permeability is a material constant when transport is bulk-

limited, it was seen to vary in several cases. Most notable dissimilarity in permeability values was on 4.7µm

membranes, where flux was measured with and without a transmembrane pressure difference. With a pressure

difference across the membrane, permeability is observed to be similar for all temperatures tested. This is

not the case for membranes where sweep gas was used as driving force instead of pressure difference, where

permeability varied with temperature to a larger degree. The permeability value of 2.2µm membrane utilized

in experiment 8b was not included in this table, due to extremely poor performance, and not functioning as

a well structured- or clean membrane.

Figure 11 compares permeance as a function of inverse membrane thickness at 300◦C and 400◦C, for non-

HTA and HTA membranes. Permeance was calculated with n = 0.5 and ∆P = 0 over the membrane. The

stippled line indicates the mean permeance value of 100µm thick Pd/Ag 23wt.% at 300◦C [53].
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Figure 11: The permeance of palladium based membrane plotted against the inverse thickness, at 300◦C and
400◦C for samples non-HTA and HTA. Stippled line indicates an average permeability value of 1.5·10−8 mol
s−1 m−2 Pa0.5, at 300◦C [53].

Figure 11 indicates an increase in permeance with temperature and HTA, and the effect of temperature

and HTA on permeance was reduced for thicker membranes, as oppose to thinner ones. The stippled line

indicates the permeance of a 100µm thick membrane at 300◦C, where membrane bulk diffusion is assumed

to be the transport limiting process. At 300◦C it was apparent that permeance values deviate from this line

as membrane thickness decreases, and all permeance values of 10µm show similarity to that of bulk diffusion

limitations.

4.1.2 Solubility, diffusivity and activation energy of membranes

Volumetric absorption was used to measure the uptake of hydrogen gas for the palladium-silver alloy at

constant temperatures of 300◦C, 350◦C and 400◦C. The hydrogen solubility of a 4.7µm membrane is provided

in Figure 12, while the isotherms for the membrane thicknesses of 2.2µm and 10.0µm are given in Appendix
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Figure 12: Volumetric adsorption of hydrogen as a function of hydrogen partial pressure for a 4.7µm Pd/Ag
membrane at 300◦C, 350◦C and 400◦C, with two parralells each. Linear trend lines for each plot are shown
as stippled.

Figure 12 shows that solubility decreases with temperature. The linearity of the plot was reduced at higher

pressure, and a larger degree of deviation between the two paralells was observed at >200 Pa0.5. The

mean slope of the two paralells were calculated and defined as the solubility constant (KS). However, only

datapoints below 200 Pa0.5 were used, as Sievert’s law is invalid at higher pressures, as discussed in section

2.1.1. The Sieverts’ constant of 2.2µm, 4.7µm and 10.0µm at 300◦C, 350◦C and 400◦C are given in Figure

13.
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.

Figure 13 shows an increase in Sieverts’ constant with reduced- thickness and temperature, with an exception

for 10.0µm at 300 ◦C. This datapoint is higher than the respective one for 4.7µm at 300 ◦C, and does not

follow the overall solubility trend. The hydrogen solubility constant and permeability of the membranes

tested were used to calculate the diffusivity by Equation 6. The activation energy was determined by

plotting logarithmic hydrogen diffusivity against inverse temperature, and the plot is given in Figure 14.

The diffusivity-activation energy relation is described in Equation 5.
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Figure 14: Arrhenius plot of the logaritmic diffusivity versus the inverse temperature for Pd/Ag membranes
2.2µm, 4.7µm and 10µm thick.
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Figure 14 displays a steeper slope for 2.2µm and 4.7µm membrane compared to 10.0µm. 4.7µm membranes

yields approximately the same diffusivity as 2.2µm at both 300◦C and 400◦C. Since there are only two

datapoints for each membrane thickness, it yields a perfect fit to a linear line with a coefficient of determi-

nation of 1. The activation energies calculated from this plot are given in Table 4 along with comparable

values from Vicinanza et al.[52]. The activation energy values showed close similarity to that reported for

10.0/11.2µm. 4.7µm was determined to be most dissimilar to that reported by Vicinanza. An overall trend

showed increasing activation energy with reduced thickness.

Table 4: Comparison of activation energy for 2.2µm, 4.7µm and 10.0µm Pd/Ag membranes in this work,
and that of Vicinanz.

Membrane thickness Activation Energy [kJmol−1]

[µm] This work Vicinanza [52]

2.2 35 28

4.7 31 18

10.0 22 -

11.2 - 21

4.2 CO exposure experiments

4.2.1 CO inhibition as a function of temperature, heat treatment in air and CO concentration

The hydrogen flux of a 4.7µm palladium-silver membrane was monitored with CO exposure over a short

period of time. Several CO exposure experiments were performed at different temperatures, CO concen-

trations and with/without HTA. Figure 15 shows the flux over time at given conditions. The first point

at time 0 indicates a stable hydrogen flux, either regenerated or unexposed to CO. The membrane was

introduced to CO for one hour, then replaced by N2. The flux was monitored for about 90 minutes, with

60 minutes of constant CO concentration (0.5% or 2.0%), and 30 minutes after removal of CO to investigate

the regeneration of H2 flux.
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Figure 15: Hydrogen flux of a 4.7µm Pd/Ag membrane exposed to CO at 300◦C, 350◦C and 400◦C, with
and without HTA. Hollow points indicates the regeneration phase where no CO is present. a) 0.5% CO. b)
2.0% CO. Total feed flow consisted of 400NmL/min, 90%H2, (10% - X%CO)N2

Figure 15 shows a reduction in hydrogen flux for a 4.7µm Pd/Ag membrane exposed to CO under different

condtions. Reduction in flux was observed to be more severe at lower temperatures, as opposed to high, and

heat treated membranes were less affected by the exposure. After one hour, the flux seemed to stabilize at

a reduced value relative to the initial flux, for all experiments with the exception of 0.5% CO at 300◦C in

Figure 15a. Hydrogen flux decreased with increasing CO content in the total feed flow gas. According to

Figure 15a the effect of flux reduction was delayed by about 30 minutes at 0.5% CO, wheras an immediate

and short lived effect of increased flux was seen in Figure 15b, at 2.0% CO.
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4.2.2 Heat treatment effect before and after CO exposure

In addition to invesigating a heat treatment in air on membrane before CO exposure, such treatment was

done after a sequence of CO exposure experiments(2a-2f) to check regeneration and inhibiting effect of CO.

Figure 16 shows the flux over time when exposed to 2% CO at 350◦, for a non-HTA membrane, a membrane

with HTA before CO exposure and a membrane that underwent HTA after CO. The same experiment was

conducted at 400◦, and with 0.5% CO at 350◦ and 400◦, associated results are given in Appendix K.
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Figure 16: The flux of a 4.7µm Pd/Ag membrane as a function of time on stream at 2% CO exposure at
350◦C, for heat treatment before and after experiment, as well as a membrane only stabilized in hydrogen.
Hollow points indicates the regeneration phase where no CO is present.

According to Figure 16 heat treatment before any exposure to CO reduces the inhibiting effect. However,

the heat treatment performed after a series of experiment does not show the same improvement in hydrogen

flux or resistence to CO exposure. The heat treatment in air after CO exposure was observed to regenerate

flux to a higher degree than regeneration in hydrogen permeation, but not back to initial flux. These trends

were seen at all temperatures and concentrations, and a membrane that underwent HTA after a series of

experiments did not perform better than membrane without heat treatment in air.

4.2.3 Long term exposure of CO on a Pd/Ag membrane

The Pd/Ag membrane of 2.2 µm thickness was exposed to 0.5% CO for ∼ 70 hours at 300◦C, before CO

removal. The regeneration of flux was measured for 47 hours at 300◦C, before investigation of flux recovery

at 400◦C. Figure 17 shows the relative hydrogen flux over time, with and without CO on stream.
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Figure 17: Relative hydrogen flux of a 2.2µm Pd/Ag membrane at long-time exposure to 0.5% CO at 300◦.
Hollow points indicates hydrogen flux after CO removal, and red lines indicates a temperature of 400◦C.

Figure 17 displays a reduction in hydrogen flux of 60% over 20 hours when 0.5% CO is introduced. The

hydrogen flux was reduced further over time, and equilibrium was not reached at the time of CO removal,

as the flux measurements do not stabilize at one level. Upon removal of CO there was a 17% increase in

the flux after two hours. Additional 3% of the flux is recovered after increasing the temperature to 400◦,

over 50 hours, but the membrane was not regenerated back to initial flux (1.03 mol s−1 m−2).

4.2.4 CO inhibition effect on different membrane thickness

Pd/Ag membranes of 2.2µm, 4.7µm and 10.0µm were exposed to CO concentrations of 0-5% at 300◦C, and

300◦C and 400◦C after heat treatment in air. The experiments are labeled 5a-7c, and were conducted with

no transmembrane pressure, and Ar as sweep gas on permeate side, as described in section 3.3.6. Figure 18

shows relative hydrogen flux as a function of CO content in the total feed flow.

36



0,0

0,2

0,4

0,6

0,8

1,0

1,2

0,0 1,0 2,0 3,0 4,0 5,0
R

e
la

ti
ve

 h
yd

ro
ge

n
 f

lu
x 

[-
]

CO content in total feed flow [%]

400°C HTA 
(0.884)

300°C HTA 
(0.631)

300°C 
(0.431)

(a)

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0,0 1,0 2,0 3,0 4,0 5,0

R
e

la
ti

ve
 h

yd
ro

ge
n

 f
lu

x 
[-

]

CO content in total feed flow [%]

400°C HTA 
(0.608)

300°C HTA 
(0.398)

300°C 
(0.279)

(b)

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0,0 1,0 2,0 3,0 4,0 5,0

R
e

la
ti

ve
 h

yd
ro

ge
n

 f
lu

x 
[-

]

CO content in total feed flow [%]

400° HTA 
(0.352)

300°C HTA 
(0.216)

300°C 
(0.249)

(c)

Figure 18: Relative hydrogen flux at CO exposure concentrations of 0-5%, with no transmembrane pressure
difference at 300◦C, 300◦C HTA and 400◦C HTA. a) 2.2µm, b) 4.7µm, c)10.0µm. Initial flux [mol s−1 m−2]
is denoted in parenthesis. Total feed flow of 400NmL/min, 90%H2, (10% - X%CO)N2

As shown in section 4.2.1, Figure 18 illustrates that CO inhibition is dependent on temperature, where high

temperature (400◦C) have higher hydrogen flux and the CO inhibiting effect is reduced, compared to a lower

temperature (300◦C). The flux reduction was minimal for all membrane thicknesses at 400◦C HTA, however,

at 300◦C with- and without HTA the flux reduction is dependent on thickness as well. According to Figure

18a the hydrogen flux in presence of CO was strongly dependent on temperature and HTA, wheras Figure

18b and 18c illustrates a decreasing dependency on HTA and temperature. Heat treatment was observed

to increase the resistence to CO for a 2.2µm membrane, but the effect was minimal or not existing in the

case of 4.7µm and 10.0µm membranes. An increase in CO concentration from 2% to 5% did not yield a

signigicant flux reduction in any of the cases shown above.

4.3 CO and H2O inhibition effect on different membrane thickness

Hydrogen flux in the presence of both CO and H2O was investigated on thin (2.2µm) and thick (10.0µm)

membranes. Both membranes were heat treated before exposure, and was left over night until stabilized

flux upon CO and H2O presence. Flux measurements were taken at 0-4 % CO and H2O at 300◦C, and are

shown in Figure 19.
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Figure 19: Relative hydrogen flux of 2.2µm and 10.0µm Pd/Ag membrane at exposure to 0-4 % CO and
0-4% H2O at 300◦C. Initial flux [mol s−1 m−2] is denoted in parenthesis

Figure 19 provides relative hydrogen flux with CO and H2O in feed flow. As oppose to previous trends, the

hydrogen flux of 10.0µm Pd/Ag membrane was observed to increase at CO exposure. Further increase in

flux was seen as H2O was added, and with increasing concentration of both components. An examination

of the inhibition at 400◦C was started, but membrane broke upon the temperature ramping. 2.2µm Pd/Ag

membrane was observed to have a lower initial flux both before and after HTA than 10.0µm. Different

from the thicker membrane, the thickness of 2.2µm showed a reduction in flux upon 2%- CO and H2O.

This investigation was not completed as the hydrogen flux of 2.2µm membrane was minimal, and showed

extremely poor performance. CO2 was not detected on micro-GC in retentate flow at any point during runs,

as oppose to CO. H2O presence was validated by water in condenser.

4.4 Deactivation and regeneration of Pd/Ag membrane

Section 4.2.1 showed a reduced hydrogen flux at CO exposure over 60 minutes and regeneration (increase

in hydrogen flux) of membrane over an additional 30 minutes. By measuring the regeneration of flux after

removal of CO, the deactivation of membrane could be seperated into irreversible and reversible deactivation.

The irreversible deactivation was defined to be the percentage of starting flux in experiment that did not

recover after 30 minutes in a H2/N2 gas mixture. The reversible deactivation was defined as the flux that

recovered within the 30minutes after CO removal. Table 5 shows the percentage of deactivation of membrane

caused by each short term CO exposure experiment with ∆P=1.2 across the membrane.
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Table 5: Deactivation and regeneration of palladium-silver membrane after exposure to CO, for short term
CO exposure experiment with total pressure difference across membrane of 1.2 bar. Deactivation is expressed
as total flux reduction, and it’s ireversible/reversible part, their relationship and total regeneration after a
∼24hrs. The irreversible and revirsible deactivation are defined by the flux after 30 minutes of regeneration,
and adds up to the total reduction.

CO HTA T Total flux1 Irreversible1 Reversible1 Reversible1 Regeneration2

[%] [◦C] reduction [%] [%] [%] Irreversible1 [%]

0.5 no 400 1.9 1.4 0.5 0.37 99.7

0.5 yes 400 1.8 1.2 0.6 0.45 96.4

2.0 no 400 7.9 5.5 2.4 0.38 99.4

2.0 yes 400 6.0 7.5 -1.5 -0.20 105.6

0.5 no 350 8.2 5.7 2.4 0.42 97.7

0.5 yes 350 6.0 3.1 2.9 0.91 96.7

2.0 no 350 35.4 28.1 7.3 0.26 98.1

2.0 yes 350 16.5 12.9 3.6 0.28 94.1

0.5 no 300 35.3 19.7 15.6 0.79 99.4

0.5 yes 300 31.4 14.6 16.8 1.15 92.7

2.0 no 300 65.5 38.1 27.3 0.72 92.0

2.0 yes 300 58.2 14.5 43.7 3.1 96.0

1 Defined by hydrogen flux after 30 minutes of regeneration without CO present in feed gas.
2 Defined by hydrogen flux ∼24 hours of regeneration without CO present in feed gas.

According to Table 5 the hydrogen flux reduction of membrane occured in all experiments. It was observed

that deactivation increased with decreased temperature, as previously discussed. The deactivation was

more dominant as concentration of CO increased, as expected. Total flux reduction can be seperated into

irreversible and reversible deactivation, with a varying ratio. Reversible deactivation was mostly dominant at

300◦C, while irreversible deactivation was observed to be responsible for most of the inhibition in total. This

is shown in the deactivation ratio reversible/irreversible, which was below 1.0 for most experiments. There

are trend indications in the deactivation ratio, but significant deviations are observed. The rev./irrev.-ratio

is seen to be ∼0.4 at 400◦C, if -0.2 is excluded. The latter value was observed to regenerate to a higher

hydrogen flux than initially measured, giving a negative reversible deactivation value, which can bee seen in

percent regenerated as well (over 100 %). Regeneration of flux after short time CO exposure was observed to

be at a minimum of 92% relative to the initial hydrogen flux, before start of experiment. The deactivation

was lower for HTA membranes in all cases, with higher significance at more straining conditions. Two

membranes were utilized in these experiments; with and without HTA. With slight irreversible deactivation

for each experiment adding up, these membranes had an ending flux of 87% and 67% relative to the flux

before any experiment or CO exposure, respectively.

4.5 Surface investigation by X-ray photoelectron sepctroscopy

The membranes used in permeation experiments were investigated on XPS in order to identify what atom

species were chemically bound to the surface. Unused membrane samples of different thicknesses were
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investigated on both growth and subsrate side, wheras the used membranes were studied only on growth/feed

side.

4.5.1 Spectra

XPS spectra of as-grown (unused) Pd/Ag membranes are displayed in Figure 20. Figure 20a shows the

growth surface, while Figure 20b shows the surface corresponding to the substrate-film interface during

growth.

Figure 20a displays 1s, 3p and 3d peaks for both Pd and Ag, as well as O 1s and C 1s. Valence and Auger

peaks are present in the spectra for low and high EB respectively. Figure 20b shows the same peaks as in

Figure 20a with the exception of Si 2s. Silica was not detected in acqisition of substrate 2.2µm and 10µm

membrane, or any growth samples. The silver peaks, such as Ag 3d 5/2, are significantly higher on substrate

side than growth side, and palladium peaks such as Pd 3p 1/2 are lower. This is looked further into in the

quantitative analysis in section 4.5.2.

40



Survey/2

x 10
4

5

10

15

20

25

30

35

40

45

50

C
P

S

900 600 300 0

Binding Energy (eV)

P
d

  3
d

 5
/2

P
d

  3
d

 3
/2

C
 1

s

A
g 

3
d

 5
/2

A
g 

3
d

 3
/2

P
d

 3
p

 3
/2

   
O

 1
s

P
d

 3
p

 1
/2

A
g 

 3
p

 3
/2

A
g 

 3
p

 1
/2

P
d

 1
s

A
g 

1
s

A
u

ge
r

V
al

en
ce

(a)

Survey/21

x 10
4

5

10

15

20

25

30

35

C
P

S

1200 900 600 300 0

Binding Energy (eV)

P
d

  3
d

 5
/2

P
d

  3
d

 3
/2

C
 1

s

A
g 

3
d

 5
/2

A
g 

3
d

 3
/2

P
d

 3
p

 3
/2

   
O

 1
s

P
d

 3
p

 1
/2A
g 

 3
p

 3
/2

A
g 

 3
p

 1
/2

P
d

 1
s

A
g 

1
s

A
u

ge
r

V
al

e
n

ce

Si
 2

s

(b)

Figure 20: XPS Survey spectrum of a) unused growth side 4.7µm Pd/Ag membrane, b) unused substrate
side 4.7µm Pd/Ag membrane.

The growth/feed surface of two other 4.7µm Pd/Ag membrane samples previously utilized in experiments

were investigated with XPS. Figure 21a shows a XPS spectrum of the membrane used in experiment 4a
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through 4f, meaning there was HTA performed on the membrane before any CO exposure experiements

were conducted. The survey spectrum given in Figure 21 displays a growth/feed surface of a 4.7µm Pd/Ag

membrane previously used in experiment 2a through 3d. The membrane was exposed to CO in six sequential

experiments before it underwent HTA, and was further utilized in four additional experiments exposing it

to CO.

Both spectra in figure 21 shows similar peaks and binding energies to that of an unused growth side membrane

in Figure 20. However, Figure 21b shows a spectrum of a Pd/Ag surface contaminated with traces of sulphur,

as indicated by S 2s and S 2p peaks. No sulphur poisoning were detected on any other samples investigated

on XPS. In comparison, Figure 21a has no additional peaks detected relative to the unused growth spectrum.

The XPS survey spectra of 2.2µm and 10.0µm are given in Appendix L.
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Figure 21: XPS Survey spectrum of a) growth/feed side 4.7µm Pd/Ag membrane that underwent HTA
before CO exposure, b) growth/feed side 4.7µm Pd/Ag membrane that underwent HTA after CO exposure,
then subjected to further CO exposure.

Figure 22 compares the different carbon 1s peaks from three different Pd/Ag surfaces. The top peak is the

4.7µm membrane unexposed to any experiment (Figure 20a), wheras the two other were investigated after
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experiments. Middle spectrum underwent HTA before any experiment was conducted (Figure 21a), and

bottom spectrum underwent HTA after a series of experiment involving CO (Figure 21b).

Figure 22: Overlayed and normalized C 1s peak spectrums. Top) As-Grown 4.7µm Pd/Ag membrane.
Middle) Growth/Feed 4.7µm Pd/Ag membrane from experiment 4a-4f. Bottom) Growth/Feed 4.7µm
Pd/Ag membrane from experiment 2a-3d.

According to Figure 22 there is a difference in carbon species on the membrane surfaces, dependent on

their use. The spectrum indicates that there is more than one carbon peak, with the assymetric tail and

the additional peak on the high energy side. This is further shown in the fitting of the curves in section

2.4.2, where three or four components are used per fitting of carbon spectrum. The membrane surface that

underwent HTA before use is observed to have least carbon species on the surface, while the membrane with

CO exposure before and after HTA is shown to have most, by the total lineshape area. The latter is seen to

have a signigicant peak growth at a binding energy of ∼ 289 eV. The assymetric tail of the unused membrane

is observed to have a different shape than the ones utilized in experiments.

4.5.2 Quantification

The membranes utilized in this project were investigated by XPS, and the components present on the

membrane surfaces were quantified by calculating the area of fitted synthetic line shapes. Only Pd 3d 5/2

Ag 3d 5/2 were used in the quantification done, to reduce the errors from sensitivity factors. Table 6 shows

relative amounts of Pd, Ag and C on the membranes thicknesses 2.2µm, 4.7µm and 10µm both Substrate

and As-Grown sides, with two additional used 4.7µm membranes.
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Table 6: Relative amount of species on Pd/Ag membranes investigated by XPS spectra

Membrane

thickness [µm]
Side

Pd

Pd+Ag
[%]

Ag

Pd+Ag
[%]

C

Pd+Ag
[%] Experimental exposure

∼ 2.2 Growth 69 31 4 No experiment

∼ 2.2 Substrate 62 38 6 No experiment

∼ 4.7 Growth 69 31 9 No experiment

∼ 4.7 Substrate 60 40 7 No experiment

∼ 10 Growth 69 31 7 No experiment

∼ 10 Substrate 62 38 6 No experiment

∼ 4.7 Growth/Feed 66 34 10 CO - HTA - CO - H2

∼ 4.7 Growth/Feed 67 33 6 HTA - CO

Table 6 indicates a silver enrichment relative to the growth side on all substrate side samples. Despite not

being exposed to CO experimentally, both substrate and growth samples contained carbon species. The

membranes exposed to CO experimentally did not show a significantly higher amount of carbon than the

unused ones in comparison, and no clear trends were observed on the carbon quantification. Growth/feed side

membrane with the most severe experimental exposure and treatment did have the highest relative amount

of C on the surface, followed closely by a unused growth sample of 4.7µm thickness. It should be noted that

the growth/feed with most C present was regenerated with pure H2 permeation, wheras the growth/feed

with the least amount of C on surface was not regenerated, but taken straight from CO exposure to inerts,

then XPS investigation. No standard/reference was used on the surface to accurately quantify the amounts

of species, but the overall peak ratio is approximately 70/30 Pd/Ag.
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5 Discussion

5.1 Pd/Ag membrane properties

The permeability and permeance of membranes used in this work were observed to be in the same range, but

generally lower than what is reported by Mejdell et al. and Vicinanz et al. [28, 52] for Pd/Ag membranes

provided by SINTEF Materials and Chemistry in Oslo. Experiments performed with a transmembrane

pressure difference of 1.2 bar showed higher permeability than reported. This difference may be due to

high pressure differences causing metal stretching, increasing membrane permeation area [28]. Mejdell and

Vicinanz’s [28, 52] had generally higher values, but specified using feed pressures when measuring flux. It

is evident that higher transmembrane pressure differences are applied, permeability values increases. Hence

sweep gas as a driving force does not get as high permeability values as feed pressure do, but will keep

from material stretching. The partial pressure of hydrogen gas may be different at membrane surface than

calculated from bubbleflow meter and Micro-GC, especially if concentration polarization occurs. In this case

the values of permeability and permeance will be inaccurate, and possibly lower than expected. Correct sweep

gas flow is therefore important in order to reduce concentration gradients at membrane surface. Permeability

is in principle a material constant if the bulk diffusion is the transport limiting step for membranes of same

composition, thickness and structure. Variations in permeability values in this work can also be due to

thickness variations over a single Pd/Ag covered wafer, different storage times or contaminations. It was

shown that all permeance values for 10.0µm membranes were close to that of bulk limitations reported [3]. It

is evident that thinner membranes (≤ 5 µm) are limited by surface phenomena, as the permeability deviates

from that reported for a bulk limited membrane at 300◦C. Clearly, membranes in this work is in agreement to

what is reported by Mejdell and Vicinanza. They state that bulk diffusion is limiting for thicker membranes

(≥ 5µm), wheras thinner ones are limited by surface effects at 300◦C [4, 5]. The 4.7µm Pd/Ag membrane

is in this work observed to not be bulk-limited at 300◦, with ∆P = 0, which is consistent with literature.

However, 4.7µm does not show complete surface limitations, indicating it is a compromize between the two

limitations. Permeability values at 400◦ have different temperature dependencies than at 300◦, thus not

compared.

Hydrogen permeation was observed to increase in the temperature range of 300-400◦C, for all the experiments

done. This is in agreement of what has been reported previously [54, 55]. This could possibly be explained

by increased transport of atomic hydrogen through membrane bulk with temperature. Which means both

bulk- and surface limited membranes have increased permeation with temperature. In the case of a thin

membrane, surface effects are most likely the limiting step of the transport. The hydrogen adsorption is

dependent on temperature through Arrhenius equation (Eq.13) and Langmuir isotherm. This dependency

shows that lower temperatures will give stronger bonds between the atomic hydrogen and the palladium-silver

surface, thus permeation of thin membranes are increased with temperature on both surface and through

bulk. Permeability is dependent on both the solubility constant and diffusivity, which are both dependent

on temperature, as shown in section 2.1.1. There is a trade-off with increased temperature as solubility

decreases and the diffusivity increases. In the case of Pd/Ag23.wt%, permeability was observed to increase

with temperature, meaning diffusivity increases more than solubility decreases. However, this may be due

to the H2 adsorption model as a function of temperature.
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Heat treatment in air was observed to increase the permeability of the Pd/Ag membranes, in compliance with

other works [28–34, 37]. The treatment procedure has a reduced effect on thicker membranes as oppose to

thinner ones, as reported in literature [28, 37] which states that permeability approaches a constant value of

2.1·10−8 mol m s−1 m−2 Pa0.5 at 300◦C. The mean permeability value at 300◦C for heat treated membranes

here is comparable, with a value of 1.9·10−8 mol m s−1 m−2 Pa0.5. Peters et al. found the n-value to decrease

upon HTA, which indicates that transport limitations of the Pd/Ag membrane is moved from surface to

bulk [36].

Volumetric sorption technique was used to determine the solubility constant of some membranes utilized.

The solubility constant decreases with temperature for all thicknesses, as described in Equation 7. There

was some degree of deviation between the two subsequent measurements at high pressures, which indicates

that sorption- or experimental effects are contributing. Irreversible adsorption could possibly be a factor,

reducing sorption area, giving variation in the two measurements. Linear fittings of the isotherms were

however based on data points below 200 Pa0.5 which defines the valid region of Sieverts’ law. The amount

of measurements taken in this region could be expanded in order increase accuracy and validity.

The solubility constant was found to be dependent on thickness, which could be unexpected, as the solubility

constant is an intrinsic material property, and should be independent of material form. This was however

discovered by Vicinanza and coworkers as well [52]. The solubility was observed to decrease with increased

membrane thickness, with one unconsistent data point for 10.0µm at 300◦C. Vicinanza et al. concluded by

atomic force microscopy (AFM) that the trend of decreasing solubility with increasing membrane thickness is

due to lower avarage density of grain boundaries for thicker Pd/Ag films, where surface roughness on growth

side increases with membrane thickness [52]. The increase of surface roughness with membrane thickness

for Pd/Ag membranes provided by SINTEF has previously been reported by use of AFM [28, 33] as well as

X-ray diffraction (XRD) and transmission electron microscopy (TEM) [34].

The membrane diffusivity was calculated through permeability- and solubility values acquired experimen-

tally, and membrane activation energy was obtained by plotting the diffusivity against inverse temperature.

Activation energies were extracted from trendlines based only on two measurements which gives a perfect

linear fit. In retrospect, more datapoints should have been measured and used. The activation energies of

2.2µm, 4.7µm and 10.0µm Pd/Ag membranes were compared to respective thicknesses from Vicinanza and

coworkers’ work [52], and showed close similarity. A membrane of 10.0µm was calculated to have an activa-

tion energy of 22 kJ mol−1 while Vicinanza reported 21 kJ mol−1 for a thickness of 11.2µm. Both values

are close to that reported by Holleck [16], of 22 kJ mol−1 (5335 cal g−1) for a Pd80Ag20 with a thickness

range of 0.0800 to 0.2025cm. With the assumption that a transport through a Pd/Ag membrane of 0.0800

to 0.2025cm thickness is only bulk limited, activation energy will be ∼ 20-22 kJ mol−1, which indicates bulk

transport limitations for a 10.0µm Pd/Ag membrane as well.

The activation energy of a 2.2µm Pd/Ag membrane was calculated to have an activation energy of 35 kJ

mol−1, corresponding well to 28 kJ mol−1 stated by Vicinanza [52]. The higher activation energy observed

is dissimilar to the bulk limitited membranes where Ea = ∼ 20-22 kJ mol−1. Thus, transport limitations in

thinner membranes with higher activation energies are assumed to be governed by surface processes. 4.7µm

can possibly be controlled by both surface and bulk limitations, but surface phenomena is assumed the

most dominant as Ea = 31 kJ mol−1. When surface phenomena is the rate limiting step, the assumption
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of proportionality between hydrogen flux and the square root of partial pressure no longer holds, hence

n-value 6=0.5. When the rate limiting step of transport is only limited by surface processes, the n-value=1.

By varying n-value, the best linear fit between hydrogen flux and hydrogen partial pressure difference can

be obtained. Peters et al. found n=0.79 for 1.9-3.8µm non-HTA membrane [36], while Mejdell et al. found

n=0.61 for a 1.4µm membrane [56]. This indicates that thinner membranes most likely are not governed

only by surface processes, but have some bulk limitations as well. Vicinanza et al. [52] claims no significant

change in Ea as 1 and 0.7 are applied as n-values for calculational purposes. The value of n is not investigated

thoroughly in this work, and all calculations have used a value of 0.5. To further validate assumptions made,

hydrogen flux plotted against Pn
ret - Pn

perm could be done with varying n for best linear fit. Determination

of exact n-values have proven to be difficult as very wide pressure ranges are required [36, 56]. Permeability

value is affected by other parameters as well, such as composition gradients, material structure, fabrication

method, concentration gradients, set-up condititions and measurements. The adsorption of hydrogen onto

palladium surfaces have been reported to be almost without barriers [39]. However, desorption is stated to

have a larger barrier, which is increased with the presence of silver [57]. Hydrogen desorption at membrane

substrate side may be the transport limiting process in thin membranes, and the silver enrichment on the

Pd/Ag membrane substrate side found by XPS further validates this assumption.

5.2 The inhibiting effect of CO on Pd/Ag membrane

The site coverage of CO on the surface is determined by pressure and temperature, as stated in the Langmuir

expression and Arrhenius Equation 14 and 13, in section 2.1.3. This was shown experimentally as the

inhibiting effect of CO on palladium surface was investigated. Hydrogen permeation was observed to decrease

with increased CO concentrations, in compliance with literature which states that inhibition of the palladium

surface increases with partial pressures of CO [22, 54, 55]. Short term CO exposure experiments showed

that with 2.0% CO in total feed, the hydrogen flux had an immediate increase for all experiments before

inhibition occured. There was no instant drop in hydrogen permeation at 0.5 % CO exposure, and it generally

took some time before the inhibition of surface sites occured and flux was reduced. With high gas velocity

(400NmL/min) in the set-up this could possibly be considered a surface effect. There was no significant

delay of CO from source to membrane when detected by Micro-GC. None of these unexpected effects are

similar to any reported cases found, neither the immediate flux increase in flux at 2% CO introduction, or

the 30 min delay at 0.5% CO.

Increased temperatures displayed a reduced inhibiting effect of CO, in agreement with reported observations

[40, 41, 54, 55]. It is apparent that CO adsorbs competitively on the palladium surface with hydrogen. This

is indicated by the significant reduction in hydrogen flux upon CO introduction. Thus, surface adsorption

is considered the main rate determining step of permeation when inhibited by CO. 10.0µm Pd/Ag exposed

to 0-5% CO at 400◦C shows little to no deactivation, possibly being limited by bulk diffusion only. It is

noticable how the membranes can be limited by both effects. The competitive adsorption of H2 is favored

at high temperatures in a system with CO according to the observations made. This is due two different

temperature dependencies of CO and H2, as shown in the Langmuir expression.

The deactivation of a 4.7µm palladium-silver membrane was determined not to regenerate back to its initial

stage at any point, with a few instances where regeneration was close to complete, e.g. 99.7% (0.5% CO at
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400◦C). This means that some site deactivation is irreversible, or the right method of regeneration is not

utilized. The membranes were seen to recover over time with hydrogen on stream, in agreement with Li et

al. [55]. Most deactivation at CO exposure is irreversible, and generally the ratio Reversible/Irreversible

-deactivation increases with CO concentrations and lower temperatures. Desorption of CO may be hindered

at lower temperatures due to energy barriers. The lowest ratio of reversible/irreversible deactivation is

observed with 2.0 % CO at 350◦ CO, deviating from the overall trend. Li et al. [55] reports CO adsorption

to be the predominant deactivation mechanism at temperatures below 350◦, while carbon deposition occurs

at higher temperatures. Similarly permanent deactivation can be considered to be the irreversible adsorption

of CO, as temperatures never exceed 400◦. Coke formation on the metal surface may occur, but catalytic

activity on Pd metal membrane is reported to take place with CO concentrations of 20-30% of feed flow at

higher temperatures than utilized in this work [55]. Irreversible adsorption may in fact be reversible at other

tempereatures, and deactivation can possibly be effected by other phenomena as well. After being utilized

in several experiments with only partial regeneration in between, the 4.7µm membranes with- and without

heat treatment in air had a final flux of 87- and 67% relative to initial flux. This shows that heat treatment

in air procedure increases resistance to CO and valuable lifetime is possibly gained.

Membranes exposed to CO were never fully regenerated back to their initial flux. This means that the starting

flux presented in figures have already been effected by CO, and in most cases been inhibited irreversibly.

Consequently the data are not as comparable as possible, since membranes were used in several experiments.

This was done due to the fact that Pd/Ag material is highly expensive, and the installation of new membrane

for each experiment would be time inefficient. The order of experiments was planned to decrease high

amount of deactivation early, and to keep permeability high for as long as possible. This was done by doing

elevated temperatures and low CO content early, and more straining conditions later. Mejdell et al. suggests

that regeneration of hydrogen flux after CO is more difficult at higher pressures [56]. Regeneration and

deactivation is in this work only investigated with experiments at 2.2 bar on feed side. Examination and

comparisons of CO inhibition with total feed pressure and sweep gas only should be done.

The inhibiting effect of CO on the membrane was observed to be lower for a membrane that underwent

HTA, which is in compliance to what Mejdell et al. reported [35]. It is reported that a heat treatment in air

increases the surface area through roughening [28, 33, 52], which may increase adsorption and desorption sites

for hydrogen. Meaning, if membrane transport of hydrogen is limited by surface processes, the permeability

increases after HTA. Site alteration may favor H2 adsorption over CO, reducing the inhibiting effect. Mejdell

et al. [35] uses a modelling study combining model equation from Barbieri et al.[58] and microkinetic

modeling to indicate that a restructuring due to oxidation-reduction changes heats of adsorption, but are

unable to predict the effect on the competetive adsorption of H2 or CO. However, with a reduced inhibiting

effect of CO after HTA, H2 adsorption can be assumed to be favored on surface. HTA was performed before

and after membrane was exposed to CO, and indicated significant differences. By heat treating after several

exposure experiments the hydrogen flux was lower than for untreated membrane and was more affected by

further CO introduction. There is a great difference in performance dependent on whether HTA is performed

before or after CO exposure. It is evident that Heat treatment in air has a positive effect when applied before

CO exposure.

Regeneration of membrane was observed for both HTA after and before, showing that the treatment can
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remove impurities, in agreement to literature [40, 41]. The oxide layer formed after HTA [27] could possibly

interact with CO, forming CO2, which will cause a reduced inhibition of Pd-surface. However, the oxidelayer

was subsequently reduced with H2 present, and no CO2 was detected on retentate side by micro-GC. In the

case of CO2 presence, it is below the detection limit of equipment and calibrations.

After 50 hours of exposure to 0.5 % CO at 300◦C the flux of a 2.2µm Pd/Ag 23 wt.% membrane was reduced

by 60% . After CO removal the membrane only regenerated 20 % of initial flux over 90 hours, even with an

increase in temperature to 400◦C for 50 hours. In comparison a 4.7 µm Pd/Ag 23 wt.% membrane exposed

to 0.5 % CO at 300◦C for an hour had a reduction in flux by 30%, followed by a recovery of 20 % over an hour

without CO. The two results are difficult to compare specificly as there may be a thickness dependencies.

The results are however interesting, as time of CO exposure may be a key factor to membrane inhibition and

regeneration, and longer exposure may cause a higher fraction of irreversible/reversible adsorption of CO on

Pd/Ag surface. Long term CO exposure experiments should be done on thicker membranes to compare the

effects.

0-5% CO exposure was investigated with membrane thickness of 2.2µm, 4.7µm and 10.0µm with no trans-

membrane pressure difference. Heat treatment was observed to reduce the inhibiting effect for 2.2µm, but

had smaller effect for 4.7µm and 10.0µm, with the latter to be least affected. Vicinanza et al. showed that

the beneficial effects of HTA occured in thinner (≥ 5µm) membranes, as surface restructuring is one of the

main attributes to HTA [37]. Temperature dependency of the hydrogen flux with CO on stream was observed

to increase with reduced thickness. 2.2µm membrane was mostly effected by temperature as transport is

limited by adsorption/desorption, which is a function of temperature. As discussed earlier, the 10µm mem-

brane is limited by bulk diffusion, meaning heat treatment and temperature will not effect transport to the

same degree as 2.2µm. As mentioned earlier in this chapter, the permeability of a bulk limited membrane

can increase with temperature as diffusivity increases, explaining the high flux at 400◦C relative to 300◦C

for a thicker membrane. 4.7µm thick membranes were assumed to be governed by both surface effects and

bulk diffusion, as it displays properties similar to both 2.2µm and 10.0µm. The hydrogen flux was observed

to vary between the CO range of 0-2%, while the reduced flux stabilized at 2-5%.

Hydrogen flux was monitored for 2.2µm and 10.0µm Pd/Ag membranes in the presence of CO and H2O.

Unexpectedly, an increase in hydrogen flux of 10.0µm membrane was observed at exposure to CO and H2O.

Arstad et al. states that CO inhibits a thin membrane, and H2O contributes with only a dilutional effect [3].

Earlier results and reports indicate that thicker membranes are bulk limited, therefore components affecting

surface processes should have restriced effect on 10.0µm Pd/Ag membranes. This membrane was however

utilized in earlier experiments involving CO exposure, and was left in ambient conditions over several weeks.

It is also notable how the membrane broke upon further temperature ramping. The increase in hydrogen

flux may have been a result of an already broken membrane, leaking undesired components into permeate

flow. This could not be verified as permeate flow was not condensed, and a concern of H2O in Micro-GC

was raised. The Pd/Ag membrane of 2.2µm thickness showed extremly poor permeation properties, with

hydrogen flux lower than for 10.0µm. Heat treatment in air did improve the performance shortly, before

stablization at 0.197.mol s−1 m−2. During exposure to CO and H2O the flux was reduced to a value close

to zero, consequently experiment was cancelled. This membrane was of the same batch as other 2.2µm

membranes previously investigated. A possible reason for the poor performance may be due to faults in
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production, experimental set-up, procedure or contamination of surface. No CO2 was detected in retentate

stream during experiments, which indicates conditions not favoring water gas shift activity on palladium.

5.3 Surface investigation by X-ray photoelectron spectroscopy

In this work the surface of a Pd/Ag membrane was investigated by XPS, and the signature peaks were

identified by appropriate software. The binding energy of palladium bulk 3d 5/2 was measured to be ∼335.3

eV, and are comparable to that of an oxidized Pd75Ag25 surface, found by Walle et al.[59] to be 335.4 eV.

Ag 3d 5/2 was found to be ∼367.8 eV. The quantified peak ratio of ∼70/30 on growth side agrees reasonably

well with the membrane composition of 77/23wt.% Pd/Ag. The Pd/Ag distribution was determined to have

a silver enrichment shift on substrate side relative to the growth-side, for all as-grown (unused) samples.

This may be due to the patented two-step magnetron sputtering process [51] in which the Pd/Ag membranes

are made. Svenum et al. based on theoretical electronic ground state predictions state a strong segregation

of Palladium to surface under heat treatment in air as the surface is oxidized [38], and similar effect could

possibly argument for the Pd-enrichment on as-grown membrane side exposed to air. Heat treatment in air

however, is done at elevated temperatures, and may not hold for this case where oxidation occurs at room

temperature where atoms are less likely to migrate. The detection of Si 2s peak in one of three substrate

spectrums can be assumed to originate from the silicon wafer on which the membrane is sputtered, or

contaminated equipment.

Oxygen and carbon species were present on all surface samples investigated, without any clear trends on

their respective amounts. Literature states that these surface components detected by XPS originates from

air exposure and excludes irreversible build-up of oxygen and carbon in a used membrane [3, 33]. Carbon

species of used membranes did not significantly surpass unused ones in amounts, but did have a different

shape with an additional peak rising on the high energy side. The membrane that underwent HTA before

experimental exposure to CO showed less carbon components in comparison to the others. This is in

agreement with Yang et al. who report a deacrease in surface carbon concentration from 67 to 32% after

HTA [60]. The membrane utilized with HTA after a series of experiments contained sulphur. HTA can

therefore be suggested to reduce carbon species on surface when applied before CO expousure at elevated

temperatures, and may hinder sulphur poisoning of the Pd/Ag surface. Associated, Yang et al. claims a

cleaning of surface where sulphur impurities are oxidized to sulfate species [60]. The source of sulphur may

originate from the experimental set-up, gas lines or contaminations. No sulphur was detected by micro-GC

on retentate or permeate side during experiments. The palladium contributions were found to vary by a high

degree, for the used membranes. These results are only shown in Appendix I, Figure A10 and A11. Many

factors can possibly be affecting these measurements, as the membrane have undergone heat treatment, CO

exposure experiment and ambient air exposure. Thus it is difficult to draw conclusions, and further studies

should be done with seperate treatments.

Only two membranes utilized in the experimental set-up were investigated, and more data should be recorded

before any clear conclusions can be made. Comparisons should have been done with a HTA without any

further experiments as well. Quantifications made may contain errors due to different intensities of spectrum

and sensitivity factors, and the amount of signature peaks examined can be increased. The amount of samples

studied should be increased for the purpose of accuracy, and the curve fittings may contain errors as there are
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few pure element peaks, but broad contributions from several components. Further studies should consider

an aqcuisition etching process to conclude bulk and surface contributions in the spectrum, since top bulk

provides signals on XPS as well.
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6 Conclusion and further work

Hydrogen permeability through Pd/Ag 23wt.% of thickness 2.2µm, 4.7µm and 10,0µm membranes increased

over a temperature range of 300◦C - 400◦C. Transport through thinner membranes (2.2µm) is limited by

surface adsorption and desorption. Heat treatment restructures the Pd/Ag surface, and this is seems to

result in increased hydrogen permeation for thin membranes. Membranes heat treated in air show very

similiar permeability, and are assumed to become bulk limited by the treatment. Therefore no or little

enhancement is seen in permeability of thicker membranes (10µm) after HTA, because transport is already

governed by bulk diffusion. 4.7µm shows a compromise of the two limitations dependent on conditions.

Solubility decreases with temperature and increased membrane thickness, while diffusivity increases. The

activation energy was found to increase with decreasing membrane thickness, reflecting a change in the

limiting phenomena.

CO inhibition on the membrane surface reduced the hydrogen flux through the Pd/Ag membrane and the

reduction of flux increased with CO concentration/partial pressure, clearly indicating that adsorption to

surface is the rate determining step. With no significant reduction in flux with CO present, the membrane

transport can be assumed to be bulk limited. Heat treatment in air procedure and high temperatures reduced

the CO inhibition effect, confirming previous findings for similar membranes. There was reversible adsorption

of CO on the palladium-silver surfaces in nearly all cases, but irreversible deactivation was the most dominant

deactivation in short term experiments. Long term exposure to CO may cause severe reduction in hydrogen

permeability and a higher degree of irreversible adsorption than short term.

The unused Pd/Ag membranes were determined to have a silver enrichment on substrate side by performing

surface investigations with XPS. Carbon and oxygen species were found in all samples, and can be assumed

to result from exposure to air. Membranes exposed to CO displays different C 1s peak positions, dependent

on exposure time and heat treatment, where a membrane heat treated in air showed slightly less carbon. Due

to the masking of C-signal because of sample transfer under air, no definite conclusion on carbon build-up

can be made.

Better regenerational procedures could be investigated in order to lengthen the lifetime of the palladium-silver

membrane. Long term exposure to CO should be further studied to check possible industrial performance,

as well as the effect of CO2, CH4 and H2O in feed flow. Additional characterization of the palladium mem-

brane should be done before and after the exposure to the CO, to determine what deactivaiton mechanisms

is present, such as XPS in situ and IR spectroscopy. XPS should also be performed with an depth profiling

to determine bulk and surface contributions in spectra, as well as further quntifications with more peaks in-

cluded. A cost analysis can be performed estimating: lifetime, production cost, thickness versus permeability

investigations and more material strength/brittleness.
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Abbreviations

Symbol Description

AFM Atomic force microscopy

Ag Silver

Al Alumina

C Carbon

CH4 Methane

CO Carbon monoxide

CO2 Carbon dioxide

GC Gas chromatography

H Atomic hydrogen

H2 Hydrogen

H2O Water

HTA Heat treatment in air

LFC Liquid flow controller

MFC Mass flow controller

Mg Magnesium

MSR Methane steam reforming

N2 Nitrogen

O Oxygen

Pd Palladium

rds Rate determining step

S Sulphur

Si Silicon

TEM Transmission electron microscopy

WGSR Water gas shift reaction

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Symbols

Symbol Description Units

D Diffusion coefficient [m−2 s−1]

D0 Pre-exponential factor of diffusion [m−2 s−1]

Ea Activation energy [J mol −1]

E Energy [J mol −1]

∆H Enthalpy change [J mol −1]

hν Photon energy [J mol −1]

I Peak intensity [-]

J Flux [mol m−2 s−1]

KS Solubility constant [mol m−3 Pa−0.5]
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k Adsorption/desorption constant [-]

K Equilibrium constant [-]

n Coordination number [-]

P Permeability [mol m m−2 s−1 Pa−0.5]

P Pressure [bar]

p Partial pressure [Pa]

ΦS Work function [J mol −1]

R Gas constant [J K−1 mol−1]

∆S Entropy change [J mol−1 K−1]

t Membrane thickness [m]

T Temperature [K]

Θ Surface coverage [-]

V Volume [L]
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B Membrane Module Mounting

  

Polishing 

Polish the feed side of the module and the channel in “Sliperom”. Use 1200, 2400 
and finally 4000 polishing disc. Polish the copper gasket as well with 2400 polishing disc 
to ensure that the sealing is efficient. A new copper gasket is used for every new 
module. 

Cleaning 

Pour some ethanol in a beaker then put the beaker in the ultrasound bath. Put 
both feed and permeate side of the module in ethanol. Let it run for about 10 minutes. 

Dry out most of the ethanol from the parts with compressed air, and connect one 
at a time each tube of the module to the argon tap on the wall to dry the inside of the 
pipes: 

 

viii



  

Assembling the module 

The whole module is built-up as shown on this scheme: 

1. First, mount the permeate side of the module and the copper gasket on the vice 
as depicted below, trying to align the smaller holes with the edge of the vice so that the 
screw holes are easier to find later on. 

2. Put the channel on top and tape it to the vice. 

 
3. Then cut away the membrane from the as-sputtered wafer. Put gloves on and 

put the wafer with film side up on a dust-free paper. Prepare tape bits approximately the 
size of the channel side, forming little handles. Stick them on the film so that the tape-
free area is approximately that of the channel area and leave some sticky surface free 
so that it can be stuck on top of the vice. 

4. Cut along all edges with a scalpel. Pull away the membrane from one side then 
from the other side. Pulling from one side only can cause the film to rip from where the 
other piece of tape is stuck. 

5. Lay the film on the channel trying to make it sit flat. 

1. 2. 

ix



  

 

 

 

 

6. Cover it with the feed side of the module. Align it by looking from the sides. If 
possible, hold the upper tubes by hand or gallows, at least at first, to avoid wrinkling the 
film. Pierce the first hole with a pointy object like tweezers not to crack the film any 
further. Put a screw in and drive a bolt on.  

7. Repeat this operation for these other holes. 

  

8. Cut away the surplus of film, not too close to the screws area so it does not tear 
apart. Peel away any remaining tape bit. 

9. Screw the bolts on evenly. Undo the vice and rotate the whole module. Tighten 
the vice and put the last screws in. Screw all the bolts as tight as possible with a hex 
key and a no. 6 wrench; screws will tend to come loose overtime with high 

3. 4. 

5. 

6. 7. 

x



  

temperatures. Use force on the wrench not to break the key. Connect the pipes to set-
up. 

 

Unmounting a module after testing 

After testing, leave the support feed gas (N2) and sweep gas (Ar) only and shut the 
rest of the valves on the set-up. Remaining hydrogen should be swept away for about 1 
hour at high temperature (300°C or over). 

The module should then be cooled down to room temperature. Apply a downward 
temperature ramp with the oven controller and take the fibreglass rolls off the oven. 

Once at room temperature, put the N2 and Ar controller setpoints to 0.0 in LabView 
/ MiniLab and close switches on the set-up. 

Undo pipe bolts on the module and unscrew all six bolts. Pick up the copper 
gasket with pliers. 

9. 
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C Mass Flow Controller Calibration

The mass flow controllers were calibrated by checking correlation of set-points and flowrates. The set-points

used were in the range of 5 - 95%. The data from the calibrations as well as the calibration curves are given

in below.

Set Point [%] Time [s] Volume [ml] Flowrate [ml/min]

5 518.76 100 37.79

15 51.28 100 117.02

30 25.49 100 235.36

50 30.26 200 396.56

70 21.61 200 555.38

85 17.76 200 675.80

95 16.00 200 750.00

Table A1: Calibration data for the H2 MFC

Figure A1: Calibration Curve of H2

Set Point [%] Time [s] Volume [ml] Flowrate [ml/min]

50 209.35 200 57.32

70 149.61 200 80.21

90 110.18 200 108.91

Table A2: Calibration data for the N2 MFC
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Figure A2: Calibration Curve of N2 MFC

Set Point [%] Time [s] Volume [ml] Flowrate [ml/min]

30 51.84 200 231.50

50 30.59 200 392.32

70 21.70 200 553.12

90 15.97 200 751.41

Table A3: Calibration data for the second H2 MFC

Figure A3: Calibration Curve of the second H2 MFC
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Set Point [%] Time [s] Volume [ml] Flowrate [ml/min]

5 7.77 9 69.50

15 25.28 90 213.61

30 12.45 90 433.74

50 7.43 90 726.78

70 5.16 90 1046.51

85 4.28 90 1261.68

95 3.78 90 1428.57

Table A4: Calibration data for the Ar MFC

Figure A4: Calibration Curve of the Ar MFC

Set Point [%] Time [s] Volume [ml] Flowrate [ml/min]

40 664.81 100 9.02

70 379.28 100 15.82

95 271.13 100 21.34

Table A5: Calibration data for the CO MFC
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Figure A5: Calibration curve of CO MFC
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D Micro-GC Calibration

Micro-GC was utilized in this work for several reasons. Retentate flow was examined in order to validate

that membrane was intact after mounting. Permeate and retentate flow were checked to determine the gases

present on respective sides during experiment. Hydrogen flow on permeate stream was monitored for long

term experiments. A calibration of the micro-GC was performed by the follwing ways:

1. Identification of components and fractions from gas mixture set with calibrated MFCs.

2. Identification of components and fractions from calibration gas

3. Quantification of hydrogen gas flow compared to calibrated MFC flow.

1. Table A6 shows identification of components and respective fractions, where gas mixture was set with

calibrated MFCs.

Table A6: Detection of components by Micro-GC, and their respective fraction with 200NmL total flow

Component Set point fraction [%] Determined fraction [%]

H2 47.0 46.5

N2 47.0 49.8

CO 5.0 3.7

CO2 1.0 0.1

2. Table A7 shows identification of components and respective fractions, from a calibration gas bottle.

Table A7: Detection of components by Micro-GC, and their respective fraction from calibration gas bottle.

Component Set point fraction [%] Determined fraction [%]

N2 86.0 78.2

H2 10.0 16.3

CO 1.0 2.1

CO2 1.0 3.1

He 1.0 0.3

CH4 1.0 0.0

3. Figure A6 shows calibration of Micro-GC with the aspect of hydrogen gas flow quantification by Micro-

GC, compared to a flow set by calibrated MFC.
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Figure A6: Calibration Curve of H2 flow detected by Micro-GC by calibrated MFC.
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E Membrane Reactor Setup Flowsheet

6
/5

/2
0
1
4

1

2

3

4

C
a

ta
ly

ti
c

m
e
m

b
ra

n
e

re
a

c
to

r
la

b
o

ra
to

ry

v
e

n
t

G
C

v
e

n
t

2

S
V

L
F

C

water tank

v
e

n
t

v
e

n
t

v
e
n

t

1

C
a

li
b

m
ix

v
e

n
t

v
e

n
t

H
e

M
F

C

H
2

H
2

M
F

C

M
F

C

C
O

M
F

C

A
r

M
F

C

P
C

 2
  

P
C

 1
  

v
e

n
t

v
e

n
t

v
e

n
t

v
e

n
t

v
e

n
t

v
e

n
t

v
e

n
t 1

C
U

21

v
e

n
t

s
w

e
e

p

b
y
p

a
s
s

T
-l
o

g
g

e
r 

  
 

1

5 64 37 2

8 9
1

2

1
1

1
4

1
3

ºC

ºC

T
1

T
2

T
3

T
4

T
5

T
R
2

T
R
1

1
5

T
6

1
6

1
7

V
1

0
V

1
8

H
1

H
2

b
y
p

a
s
s

re
te

n
ta

te

p
e

rm
e

a
te

fe
e

d

liq
u

id

re
a

c
ta

n
ts

retentate

permeate

c
a

lib
ra

ti
o

n

n
a

fi
o
n

V
1

9

T
7

N
2

xviii



M
F

C

S
V

L
F

C

h
o

k
e

 v
a

lv
e

th
re

e
-w

a
y
 v

a
lv

e

n
e

e
d

le
 v

a
lv

e

re
d

u
c
ti
o

n
 v

a
lv

e

o
n

e
-w

a
y
 v

a
lv

e

re
lie

f 
v
a

lv
e

p
re

s
s
u

re
 i
n
d

ic
a
to

r

g
a

s
 d

ri
e

r

o
x
y
-t

ra
p

p
a

rt
ic

le
 f
ilt

e
r

m
a

s
s
 f
lo

w
 c

o
n

tr
o
lle

r

liq
u

id
 f
lo

w
 c

o
n

tr
o
lle

r 

w
it
h

 S
e

n
s
o

r 
a

n
d

 V
a

lv
e

p
re

s
s
u

re
 c

o
n

tr
o

lle
r 

(<
 8

 b
a

r)
P

C

c
o

n
d

e
n
s
in

g
 t
a

n
k

fl
o
w

 i
n
d

ic
a
to

r 
(r

o
ta

m
e

te
r)

h
e

a
te

d
 li

n
e

s
 (

h
e

a
ti
n

g
 t
a

p
e

)

w
it
h

 t
h

e
rm

o
c
o

u
le

V
o

lt
ro

n
 e

ff
e

c
t 
re

g
u

la
to

r

n
a

fi
o
n
 d

ry
e

r

m
ic

ro
 h

e
a

t 
e

x
c
h

a
n

g
e

r

T
 o

r 
m

ic
ro

 m
ix

e
r

d
P

-c
e

ll

V
1
1

F
L

O
W

 S
H

E
E

T
 S

Y
M

B
O

L
 L

IS
T e

v
a

p
o

ra
to

r

o
v
e

n

4
-p

o
rt

 v
a

lv
e

E
u

ro
th

e
rm

1

2

3

4

ºC

xix



F Lifespan of Membrane over experiments 2a-2f

Figure A7: Hydrogen flux over experiment 2a-2f conducted.
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G Liquid Flow Controller Calibration

The liquid flow controller was calibrated by checking correlation of set-points and flowrates. This was done

by weighing mass of water after approximately 6 minutes at different set points. The set-points used were

100, 75 and 50, and three parallells were done at each set point. This range was chosen as the LFC range was

very small, and lower amounts could possibly lead to more evaporation from sample. Calibration is given in

table and figure below.

Set point [%] Set point flow [g/hr] Determined flowrate [g/hr]

100 2.00 1.92

75 1.50 1.40

50 1.00 0.86

Table A8: Calibration data for the H2O LFC

Figure A8: Calibration Curve of H2O
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H Volumetric Sorption Apparatus Sequence

Table A9: Apparatus sequence of sorption measurements performed at 350◦C.

Task Gas Temperature [◦C] Rate [◦C/min] Time [Min]

Evacuation Helium 100 10 30

Evacuation Helium 300 10 15

Evacuation 300 10 120

Leak test 300 10 -

Evacuation 300 10 60

Flow Hydrogen 300 10 15

Analysis Hydrogen 350 10 -

Table A10: Apparatus sequence of sorption measurements performed at 400◦C.

Task Gas Temperature [◦C] Rate [◦C/min] Time [Min]

Evacuation Helium 100 10 30

Evacuation Helium 300 10 15

Evacuation 300 10 120

Leak test 300 10 -

Evacuation 300 10 60

Flow Hydrogen 300 10 15

Analysis Hydrogen 400 10 -
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I Curve Fittings

Figure A9: Curve fittings of Pd 3d, Ag 3d and C 1s on growth side of 10.0µm Pd/Ag membrane

Figure A10: Curve fittings of Pd 3d, Ag 3d and C 1s on substrate side of 10.0µm Pd/Ag membrane

Figure A11: Curve fittings of Pd 3d, Ag 3d and C 1s on growth side of 2.2µm Pd/Ag membrane
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Figure A12: Curve fittings of Pd 3d, Ag 3d and C 1s on substrate side of 2.2µm Pd/Ag membrane

Figure A13: Curve fittings of Pd 3d, Ag 3d and C 1s on substrate side of 4.7µm Pd/Ag membrane

Figure A14: Curve fittings of Pd 3d, Ag 3d and C 1s on 4.7µm Pd/Ag membrane from experiment 2a-3d
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Figure A15: Curve fittings of Pd 3d, Ag 3d and C 1s on 4.7µm Pd/Ag membrane from experiment 4a-4f.
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J Volumetric Hydrogen Adsorption Isotherms
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Figure A16: Volumetric adsorption of hydrogen as a function of hydrogen partial pressure for a 2.2µm Pd/Ag
membrane at 300◦C, 350◦C and 400◦C, with two parralells each. Linear trend lines for each plot are shown
as stapled.
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Figure A17: Volumetric adsorption of hydrogen as a function of hydrogen partial pressure for a 10.0µm
Pd/Ag membrane at 300◦C, 350◦C and 400◦C, with two parralells each. Linear trend lines for each plot are
shown as stapled.
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K Heat treatment effect before and after CO exposure
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Figure A18: The flux as a function of time on stream at 0.5% CO exposure at 400◦C, for heat treatment
before and after experiment, as well as a membrane only stabilized in hydrogen. Hollow points indicates the
regeneration phase where no CO is present.
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Figure A19: The flux as a function of time on stream at 2% CO exposure at 400◦C, for heat treatment
before and after experiment, as well as a membrane only stabilized in hydrogen. Hollow points indicates the
regeneration phase where no CO is present.
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Figure A20: The flux as a function of time on stream at 0.5% CO exposure at 350◦C, for heat treatment
before and after experiment, as well as a membrane only stabilized in hydrogen. Hollow points indicates the
regeneration phase where no CO is present.
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L XPS Survey Spectra
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Figure A21: XPS Survey spectrum of unused growth side 2.2µm Pd/Ag membrane
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Figure A22: XPS Survey spectrum of unsued substrate side 2.2µm Pd/Ag membrane
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Figure A23: XPS Survey spectrum of unused growth side 2.2µm Pd/Ag membrane
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Figure A24: XPS Survey spectrum of unused substrate side 10.0µm Pd/Ag membrane
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