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h i g h l i g h t s
� Six PdAgAu/Al2O3 supported membranes were prepared by electroless plating and PVD.

� Different membranes were tested under exposure to trace amounts (<2 ppm) of H2S.

� A Langmuir description shows that the influence of the partial pressure of hydrogen is negligible on the flux inhibition.
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Pd-based membranes have the potential to be used for hydrogen purification and pro-

duction in membrane reactors. However, the presence of impurities in the feedstock, such

as H2S can poison the membrane, thus decreasing the hydrogen permeation by blocking

and deactivating active sites of the Pd-alloy on the membrane surface. H2S at high con-

centrations can even destroy the membrane by the formation of Pd4S. It is known that

alloying of Pd with Au enhances the membrane resistance to H2S. This work reports the

performance of six PdAgAu/Al2O3 supported membranes, prepared by electroless plating

combined with PVD under exposure to trace amounts (<2 ppm) of H2S. The Au content

shows not to play a significant role at these low concentrations. Exposure results suggest a

dual influence of physisorbed H2S and chemisorbed S species. A Langmuir description

shows that the influence of the partial pressure of hydrogen is negligible on the flux in-

hibition. In the post characterization the absence of Pd4S was shown, however the surface

was affected by the exposure to H2S.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Demands for hydrogen production will continue to increase in

the future due to the steadily increasing demand from
cci).

ons LLC. Published by Els
chemical industry and the expected increased use of

hydrogen as a primary energy carrier. To meet these de-

mands, more efficient and sustainable technologies to pro-

duce hydrogen are required. In this context, palladium-based

membrane technology has gained significant attention
evier Ltd. All rights reserved.
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because of the high flux and theoretically infinite perm-

selectivity towards hydrogen [1]. One of the processes that

has the potential to become a viable technology utilizing Pd-

based membranes, is the production of hydrogen from

biogas [2]. Biogas is most commonly produced from anaerobic

digestion of biomass and from landfills. Biogas consists of

mainly CH4 and CO2, but also contains some trace compo-

nents such as hydrogen sulphide (H2S) (from 0 to 2000 ppm).

The presence of the H2S can damage equipment, catalyst and

the Pd-based membranes. The hydrogen permeation can be

decreased by the presence of low concentration (<2 ppm) of

H2S [3]. At higher concentrations of H2S, the formation of Pd4S

further decreases the flux and can result in deformation of the

palladium lattice, which can create pinholes deteriorating the

membrane performance [4,5]. Significant efforts have been

devoted to the understanding of the effects of H2S on the

membrane properties and in finding a way to increase the H2S

resistance of the Pd-based membranes. However, with the

current status the H2S in biogas, and also natural gas or syngas

from coal gasification, must be removed before being pro-

cessed via Pd-based membranes. Moreover, the presence of

other trace components such as siloxanes and NH3 in biogas

could affect the equipment in the system such as valves,

compressors and the catalyst. Therefore, cleaning of the raw

biogas remains imperative [6]. Technologies such as adsorp-

tion, absorption, membrane filtration and novel biological

desulfurization processes can reduce H2S levels. However,

these processes may not always reach 100% H2S removal ef-

ficiencies [5,7], also in view of economic constraints. It is

therefore of importance to assess the resistance and under-

stand the performance of Pd-based membranes under trace

concentrations of H2S.

Increasing the resistance of Pd-based membranes towards

H2S inhibition has been studied for many years. McKinley

identified already in 1967 that gold (Au) or copper (Cu) alloyed

with the Pd membrane can increase the resistance of the

membranes by increasing the barrier for the irreversible for-

mation of Pd4S [4,8e10]. Several groups have studied the use of

ternary membranes, such as PdAuCu and PdAgAu [11,12].

Peters et al. identified PdAgAu as an alloy with good properties

to reduce H2S poisoning [13], influencing the dissociation of

H2S by modification of the potential energy surface [14].

However, very different performance have been reported

under exposure of H2S [15], which could be related to differ-

ences in compositions and operating conditions, incomplete

alloying, and differences inmembrane thickness and surfaces

of the membranes [16].
Table 1 e PdeAgeAu membranes used in this study.

Membranes Pd estimated Ag estimated Au

wt% at% wt% at% wt%

M1 92.6 93.8 4.9 4.9 2.5

M2 90.3 92.4 4.8 4.8 5.0

M3 90.3 92.4 4.8 4.8 5.0

M4 90.3 92.4 4.8 4.8 5.0

M5 87.9 91.1 4.6 4.7 7.5

M6 87.9 91.1 4.6 4.7 7.5

M7 95.0 95.1 5.0 4.9 0
In this work, a set of PdAgAu membranes, with different

concentrations of Au, have been investigated. The mem-

branes were prepared by a sequential method, where first a

layer of PdAg was deposited on a porous support by elec-

troless plating, followed by PVD deposition of a layer of Au,

and after alloying the membranes were exposed to hydrogen

containing between 0.25 and 2 ppm of H2S at 400, 450 and

500 �C. Under these conditions, the H2S is known to inhibit

the H2 flux mainly by reversible adsorption [3,17]. A Lang-

muir adsorption isotherm is used to examine the inhibiting

effects of trace amounts of H2S on the hydrogen permeation

rate.
Materials and methods

Membrane preparation

The membranes used in this work were prepared by ELP

combined with PVD magnetron sputtering, as reported in

previous papers [18,19]. Alumina tubes (10/7 mm o.d/i.d.,

70e80 mm long) with an outer Al2O3 top layer (100 nm mean

pore size) were used as membrane supports (provided by

Rauschert Kloster Veilsdorf). First, a thin PdeAg layer (~4 mm

thick) was deposited onto a ceramic support by a simulta-

neous electroless plating technique followed by an annealing

treatment at 550 �C for 2 h, as reported elsewhere [20]. The Ag

content determined by inductively coupled plasma optical

emission spectrometer (ICP-OES) for these membranes was

5 wt%. The Pd and Ag deposited on the membrane was

calculated from the initial and final concentrations of the

metals in the plating solution. This characterization was car-

ried out for a membrane used as a reference and prepared at

the same conditions. Then, a thin Au layer was deposited onto

the ELP layer by DC-Magnetron Sputtering technique using a

“Cemecon CC800/8” apparatus. High purity (99.99%) Au rect-

angular plates (200 mm height e 88 mm width e 1.5 mm

depth) were used as target materials and high purity Ar

ionized gas was fed. The operating conditions used for the

deposition were similar to the ones reported elsewhere [18],

and the Au content on the final membranes was controlled by

adjusting the sputtering time. After the Au deposition by

Magnetron Sputtering, an annealing treatment was carried

out at 550 �C for 24 h to homogenise the selective layer at the

same conditions as reported in [12]. After the preparation, the

membranes were sealed with Swagelok fittings according to

the method presented by Fernandez et al. [21]. The layer
estimated Length [mm] ~Layer Thickness (mm)

at%

1.4 34.8 4

2.8 9.8 4

2.8 39.4 4

2.8 28.4 4

4.2 38.4 4

4.2 34.9 4

0 36.0 5
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Fig. 1 e Schematic description of the experimental setup

used in this work.

Fig. 2 e Stabilization of the PdAgAu membranes at 500 �C
and 1 bar DP.
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thickness usedwas estimated from the preparation time., The

Pd and Ag content obtained from the plating solution, the

estimated Au content, membrane length and the membrane

thickness of the samples are given in Table 1.

Permeation setup

Hydrogen permeation experiments were performed in a tube-

in-shell configuration. The setup is suited to perform perme-

ation experiments under the exposure of H2S, a schematic

representation of the setup is shown in Fig. 1. A three zone

ovenwas used to heat the reactor, where the temperature was

controlled by three independent thermocouples, and an

additional thermocouple was placed inside the membrane

tube. The pressure was controlled by a Bronkhorst back

pressure regulator and monitored both at the retentate and

permeate side of the membrane. Bronkhorst mass flow con-

trollers were used to feed the desired gases (H2, N2, H2/H2S and

O2). The H2S was added to the system from a bottle containing

10 ppm of H2S in H2 supplied by Linde HIQ. The H2 permeance

was continuouslymeasured using a Bronkhorstmini Cori flow

meter. The system was fully automated and controlled by a

computer. The N2 permeance was manually determined with

a Horibastec liquid film flow meter.

Prior to H2S exposure, the membranes were stabilized at

500 �C in pure H2 in order to start the experiments with a

stable hydrogen flux. Then, the hydrogen permeation at

several temperatures in the presence of H2S were measured.

Subsequently, the H2S adsorbed on the membranes were

removed by feeding pure hydrogen at 500 �C, and M1, M4, M5

and M7 membranes were step wise exposed to different

amounts of H2S during one single exposure. All exposures

were performed at a total pressure of 2 bar(a).

Post characterization

After the exposure experiments, a leak test was performed on

the membranes, by pressurising the permeate side with He.

To evaluate the leakage contribution the He pressurised

membrane was slowly immersed in ethanol. Ethanol blocks

the small pores and allows identifying inwhich position of the

membranes the leaks are concentrated. X-ray photoelectron

spectroscopy (XPS) was used to obtain surface details. The XPS

characterization was performed with a monochromatic

Thermo Scientific K-Alpha. Spectra were obtained using an

aluminium anode (Al Ka ¼ 1486.6 eV) operating at 72 W and a
spot size of 400 mm and sputtering was done with a beam

energy of 1000 eV at low current. Etching rate of Ta2O5

(reference sample) was 0.25 nm s�1, performed with argon

sputtering of 3� 10�7 mbar, 3000 eV and low current. Samples

before and after H2S exposurewere analysed. Themorphology

of the samples after the experiments were analysed using a

Phenom ProX Scanning Electron Microscope (SEM).
Results

Flux stabilization

To allow for a stable H2 flux, during the H2S exposure tests, the

membranes were first activated (removal of burnable con-

taminants from the surface) by treatment for 2 min with a

50:50 mixture of nitrogen and air at 400 �C. The ideal H2/N2

perm selectivity was calculated from pure N2 and H2 per-

meances; the ideal perm selectivity of the membranes ranged

from 1000 to 5000. Themembraneswere thereafter left in pure

H2 at 500 �C and a pressure difference of 1 bar for 72 h. From

Fig. 2 it is observed that first the hydrogen permeance was

increased in time until stable permeation was obtained;

membrane 1, having the lowest Au content, is the first to reach

stable conditions. The increase in the permeance is attributed

to uncomplete alloying of the membranes, concluding that

after 72 h all the membranes are completely alloyed. Mem-

brane 7 shows that without Au the membrane is found to be

stable within 20 h. Melendez et al. reported a stabilization

period of 24 h at 400 �C in pure H2 for a membrane containing

3.5% Au prepared by sequential ELP method [12]. In the work

of Melendez et al. it is suggested that the Au content can in-

crease the permeation by influencing the adsorption and

dissociation step. However, in this work no strong correlation

is found between the permeance and the Au content. This

could be related to slight differences in thickness of the se-

lective layer, since from the ELP technique a homogeneous

https://doi.org/10.1016/j.ijhydene.2019.06.194
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Table 2 e Results from activation energy and pre-exponential factor fitting.

Membrane M1 M2 M3 M4 M5 M6 M7

Ea (Activation energy) [kJ/mol] 9.7 14.1 9.5 11.3 9.6 11.0 13.2

Po (Pre-exponential factor) �10�2 [mol m�2 s�1 Pa0.5] 1.30 3.37 1.29 1.54 1.19 1.40 1.42

Permeability at 500 �C x10�8 [mol m�1 s�1 Pa�0.5] 1.30 1.33 1.22 1.14 1.17 1.18 0.75

Fig. 4 e Relative H2 permeance for membrane M2, M3 and

M4 respectively at 400, 450 and 500 �C.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 7 3 0 3e7 3 1 27306
thickness cannot be guaranteed. After the hydrogen flux was

stable the temperature was gradually decreased from 500 �C
by 25 �C where a permeance test was carried out for each

temperature until 400 �C. From these results the activation

energy and pre-exponential factor were obtained, which are

reported in Table 2 together with the permeability. The

measured permeability at 500 �C correlates well to what is

found by Melendez et al. and Peters et al. for PdAgAu mem-

branes, 1.0*10�8 mol m�1s�1Pa�0.5 at 500 �C and

0.93*10�8 mol m�1s�1Pa�0.5 at 450 �C, respectively [12,13]. The

activation energy however, was found to be significantly lower

than the 16 kJ/mol reported by Melendez et al. and Braun et al.

[12,22]. The obtained activation energies in this work were

closer to the activation energy of 11.3 kJ/mol obtained by

Okazaki et al. for a Pd90Au10 membrane [23]. Au is known to

affect the H2 adsorption and dissociation, the difference in

activation energy might therefore be related to differences in

the surface concentration of Au. Membrane 7 showed a much

lower permeability then expected for a PdAg membrane pre-

pared by ELP, which is around 1.5*10�8 mol m�1s�1Pa�0.5 at

400 �C [18].

H2S exposure

For the first exposures all membranes were exposed to H2

containing H2S at 1 bar pressure difference for 5 h. After that

the feed was switched to pure hydrogen and the permeation

was monitored for an additional 8 h. Fig. 3, Fig. 4 and Fig. 5
Fig. 3 e Relative flux during H2S exposure and recovery of

M1, M3, M5 and M7 at 450 �C.
show the results changing the Au content, temperature and

H2S concentration. The results are expressed in terms of

relative H2 flux which was obtained by dividing the measured

flux by the initial flux from pure hydrogen, as shown in Eq. (1).

Relative H2 flux ¼ JtH2

J0H2ðpure H2Þ
(1)

The loss of hydrogen permeance is the result of the

adsorption of H2S on the Pd surface, decreasing the number of

active sites available for adsorption of hydrogen (Eq. (2)); each

adsorbed sulphur atom could block 4e13 sites for H2 adsorp-

tion [9,24]. The adsorbed H2S on Pd is unstable and is cata-

lytically decomposed into H2 and S (Eq. (3)) [25]; the strong

repulsive interactions of HeS and S can result in further

blocking of H2 dissociation sites [25,26].

PdðsÞ þH2SðgÞ⇔Pd$H2SðsÞ ðphysisorptionÞ (2)

Pd�H2SðsÞ⇔PdSðsÞ þ 2HðsÞ ðchemisorptionÞ (3)

After the incorporation of S in the membrane, sulphides

such as PdS, Pd16S7, Ag5Pd10S5 and Pd4S can exist, which de-

pends on the concentration of H2S and the temperature

[27,28]. The formation of Pd4S is the most probable, as it has

the lowest free energy of formation [29]. The H2 permeability

of Pd4S is approximately 20 times less than pure palladium

[30]. The formation of Pd4S causes an irreversible reduction of

permeance and a failure in the membrane due to the

https://doi.org/10.1016/j.ijhydene.2019.06.194
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Fig. 5 e Relative H2 permeance of M5 and M6, respectively

exposed to 1 and 2 ppm of H2S at 450 �C.

Fig. 6 e Relative H2 permeance of M5 during sequential

exposure of different H2S concentrations at 400, 450 and

500 �C.
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formation of defects. The conditions applied in this workwere

below the thermodynamic limit for sulphide formation of

pure Pd at 450 �C of 5.67 ppm H2S [5].

From the exposure graphs the decreasewas found not to be

instantaneous as often described in literature [10,31]. Chen

et al. and Peters et al. also reported a gradual permeation

decrease during exposure [3,17]. The retentate concentration

was monitored and it was found that the decrease during

exposure was related to the adsorption of H2S on the perme-

ation system, which took some time to equilibrate until a

constant exposure concentration was obtained, at higher H2S

concentrations this equilibrium was obtained faster [17]. It

was assumed that the delay obtained here was also related to

the H2S adsorption on the system and the relative large size of

the reactor compared to the membrane surface in combina-

tion with the low concentration of H2S resulted in the delay.

After 30 min, a sharp decrease followed by a slower decrease

in the H2 permeation was observed.

To see the influence of Au content on the H2 flux, the

exposure of M1, M3, M5 and M7 to 1 ppm of H2S at 450 �C is

compared in Fig. 3. The permeance decrease observed for M1

was from 2.67*10�3 to 1.00*10�3 mol m�2s�1Pa�0.5 and for M7

from 1.5*10�3 to 6.60*10�4molm�2s�1Pa�0.5 corresponding to a

relative H2 permeance decrease of 0.37 and 0.44 for M1 (0% Au)

and M7 (Au 2.5%), respectively. M3 and M5 decreased to 0.48

and 0.45, respectively. The results of M3 and M5 are also

shown in Figs. 4e6. From these results no clear correlation

between permeance decrease and Au content could be

observed. The larger decrease of M7 could be explained by the

low permeability. After H2S exposure, pure H2 was introduced

into the system producing a slow recovery of the H2 flux. After

8 h of exposure all 4 membranes recovered up to ~0.85 of the

value before exposure. The physically adsorbed H2S can be

relatively easily replaced by H2 (Eq. (1)), however the
chemisorbed sulphur (Eq. (2)) is more difficult to be removed.

The addition of Au has shown to decrease the formation of

sulphides and to have a higher resistance towards the for-

mation of bulk sulphides [13]. However, from Fig. 4 it can be

seen that the extent of the permeance decrease or recovery is

not much influenced by the Au content. This suggest that at

these H2S concentrations the main influence on the per-

meance decrease is the adsorbed H2S and not so much the S,

SeH and sulphide species therefore the influence of Au is not

noticeable. Full recovery was achieved for the membranes at

500 �C in an additional 12 h (Not shown in this figure).

Relative decreases in flux of 0.15e0.47 have been reported

in literature for PdAgAumembranes [9,32,33]; however for H2S

exposure concentrations that were significantly higher

(>20 ppm of H2S) than applied in this work. In the work of

Peters et al. [3], a PdAg film was exposed to a trace amount of

2 ppm for a period of 1 h and a period of 10 min resulting in a

recovery time of respectively 2 h and <1 h. However, the re-

covery time was much longer when exposed to 20 ppm and

100 ppm of H2S [3]. In the work of Chen et al., an increased

duration of the exposure resulted in longer recovery times [9].

To investigate the influence of the H2S exposure tempera-

ture, membranes M2, M3 and M4 with the same estimated

composition (Au 5%) were exposed to 1 ppm of H2S for 5 h at

different temperatures (Fig. 4). The decrease pattern of the

relative permeation is very similar to that shown in Fig. 3.

However, the effect of the inhibition decreases as the tem-

perature increases, as expected since the adsorption and

possible dissociation of the H2S onto the palladium surface is

exothermic. The initial permeance for membrane M2, M3 and

M4 were 2.53*10�3, 2.82*10�3 and 2.64*10�3 mol m�2s�1Pa�0.5

respectively. The exposure to 1 ppm H2S reduced the H2 per-

meance to 0.07, 0.48 and 0.53 relative to the original flux for

M2, M3 and M4, respectively. The highest recovery up to a

relative flux of 0.96 was obtained with M4 at 500 �C, while for

membrane M2 at 400 �C the recovery reached only 0.63, and

full recovery was not possible in a practically achievable

https://doi.org/10.1016/j.ijhydene.2019.06.194
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period at this temperature related to the formation of chem-

isorbed sulphur [34]. Only by going to higher temperatures this

chemisorbed sulphur could be removed. Chen et al. also

showed that, for a PdAu (8% Au) membrane exposed to

54.8 ppm of H2S, lower permeance loss was obtained at higher

temperatures and more permeance could be recovered.

The influence of the H2S concentration on the H2 perme-

ation rate was investigated with membranes M5 and M6 (both

with 7.5% of Au) exposing them to 1 ppm and 2 ppm of H2S

respectively at 450 �C. The results are shown in Fig. 5. The

exposure to 2 ppm H2S (M6) causes a faster initial drop in the

permeance and a higher reduction in the H2 permeation

explained by the increased amount of H2S adsorption on the

membrane surface. However, the permeation recovery after

8 h is almost the same as for M5 (1 ppmH2S), in the same time.

The higher inhibition in this case resulted thus not in a lower

recovery as with M2 at lower temperature. The regeneration

and removal of chemisorbed S and SeH species seems to be a

much slower process in comparison to the relatively fast

desorption of the physisorbed H2S. Only by increasing the

temperature to 500 �C a fast and complete flux recovery can be

achieved. These results agree with the two mechanisms

mentioned above responsible for the decrease in H2 flux by

H2S. The first one is competitive adsorption between the H2S

and H2 molecules for dissociation sites. The second is the

energy barriers that are formed when the H2S is dissociated

into H2 -and S species. It is the removal of these species that

require higher temperatures and an extended period of re-

covery. A third effect that could further decrease the flux and

even result in failure of the membrane is the formation of

Pd4S, which in this work is, as mentioned before, avoided by

keeping the conditions bellow the thermodynamic equilib-

rium for the formation of Pd4S. The possible presence of Pd4S

was evaluated with post characterization, discussed later.

After theH2Sexposureexperiments, themembranesM1,M4,

M5andM7were regenerated for 12hat 500 �CwithpureH2until

they reached >90% of their initial permeance. These mem-

branes were used in a sequential incremental exposure to five

different concentrationsofH2S, (0.25, 0.5, 1, 1.5 and2ppm). Each
Table 3 e Relative flux for each membrane for the first exposu
recovery.

Membrane Relati

First H2S exposure After 12 h recovery
500 �C1 ppm 2 ppm After 8 h

recovery

M1

(Au z 2.5%)

0.37 e 0.85 1.00

M2 (Au z 5%) a0.08 e a0.61 e

M3 (Au z 5%) 0.48 e 0.80 e

M4 (Au z 5%) b0.53 e b0.95 1.05

M5

(Au z 7.5%)

0.45 e 0.82 0.91

M6

(Au z 7.5%)

e 0.26 0.88 e

M7 (Au ¼ 0%) 0.44 e 0.84 1.07

a Relative flux not at 450 �C but at 400 �C.
b Relative flux not at 450 �C but at 500 �C.
membrane was exposed to each concentration for 5 h; these

results, together with the first results, are summarized in.

Table 3. From this table it becomes first apparent that after

the recovery at 500 �C membranes M1, M4 and M8 are close to

or even above 1, whilemembraneM5 only reached 0.91. These

effects can be related to segregation or changes in the mem-

brane topography (larger membrane area) due to the H2S ex-

posures and subsequent regeneration. The permeance

decreases with increasing H2S concentration as shownbefore

in Fig. 4. Comparing the exposures to 1 ppm H2S from the

sequential exposures with the first exposure, a slight differ-

ence can be observed probably due to small fluctuations in the

H2S concentration.

To investigate the influence of temperature on the

decrease in H2 permeance with increasing H2S concentration,

membrane M5 was regenerated again for 23 h at 500 �C to

reach a relative flux of 1, and then sequentially exposed from

0.25 to 2 ppm of H2S at 400 �C, 450 �C and 500 �C. After the tests

at each temperature the membrane was fully regenerated at

500 �C for 20 h. The results are shown in Fig. 6. The permeance

decrease is higher at lower temperatures seems to flatten at

higher concentrations probably due to saturation of the active

sites for adsorption. From the results in Table 3 and Fig. 6 the

influence of the H2S concentration on the inhibition becomes

clear.

The Langmuir adsorption model has been used to describe

the H2S inhibition of Pd membranes [35,36]. In this work the

inhibition model proposed by Peters et al. was used to eval-

uate the obtained experimental results [35]. The relative flux is

compared to the inhibited surface coverage of hydrogen

divided by the surface coverage of hydrogen for the clean

membrane, this yields the Eq. (4). In this equation qH₂S/H₂ and

qH₂ represent the surface coverage with H2S and without

respectively, PH₂ and PH₂S are the partial pressures of H2 and

H2S and KH and KS are the adsorption coefficients of H2 and S

species.

Relative H2 flux¼
qH2S

H2

qH2

¼ 1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi
KHPH2

p
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

KHPH2

p þ KSPH2S

(4)
re and the second sequential exposure after exposure and

ve flux at 450 �C

at Sequential H2S exposure

0.25 ppm 0.5 ppm 1 ppm 1.5 ppm 2 ppm After 8 h
recovery

0.77 0.64 0.43 0.30 0.27 0.91

e e e e e e

e e e e e e

0.78 0.62 0.45 0.34 0.28 0.94

0.64 0.52 0.40 0.30 0.24 0.79

e e e e e e

0.88 0.74 0.55 0.40 0.34 0.95
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Fig. 7 e M5 Relative H2 flux vs ppm of H2S, with marks

experimental points and dotted lines the relative flux

description.

Fig. 9 e Model estimation of the influence of pressure on

the H2S flux inhibition at 450 �C.
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The adsorption equilibrium constant of hydrogen was

estimated with the method presented by Israni et al., see Eq.

(5) [37]. This �0.68 eV/molecule is in the range (�0.58 to

�1.22 eV/molecule) for Pd and PdAg alloys values reported

from DFT calculations in literature.

KH ¼ 6:17$10�10e

0
BB@0:68

�
eV

molecule

��
kBT

1
CCA

(5)

KH is then used in Eq. (4) to obtain KS for the results shown

in Fig. 6, the fitting obtained is shown in Fig. 7. The KS obtained

from the fitting was used to obtain the activation energy

shown in Eq. (6). The activation energy of �1.12 eV/molecule,

is close to the �1.20 eV for co-adsorption of S and H reported

by Peters et al.
Fig. 8 e Parity plot for the experiments applied in the fitting

(open dots) and experiments performed with a 75% H2 in

N2 mixture in hydrogen.

Fig. 10 e XPS depth profile of M3 after preparation and after

testing.
KS ¼1:78$10�7e

0
BB@1:12

�
eV

molecule

��
kBT

1
CCA

(6)
Table 4 e XPS measurement surface composition and
composition after 1000 s sputtering of the membrane in
mass %.

Membrane Surface
composition

[mass%]

Composition after
1000 s [mass %]

Pd Ag Au Pd Ag Au

M1 (Au z 2.5%) 87.7 11.5 0.8 85.1 12.4 2.6

M2 (Au z 5%) 80.8 17.0 2.2 81.9 13.1 5.0

M3 (Au z 5%) 80.0 17.4 2.6 84.2 11.2 4.7

M4 (Au z 5%) 81.4 16.8 1.8 81.3 14.1 4.6

M5 (Au z 7.5%) 83.5 14.1 2.4 87.7 7.8 4.6

M6 (Au z 7.5%) 79.6 15.6 4.8 82.1 10.1 7.8

M7 (Au ¼ 0%) 88.2 11.8 e 93.4 6.6 e
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Fig. 11 e SEM picture of the surface of M5(A) after several H2S exposure and M6(B) after a single H2S exposure.
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In practical applications the fraction of hydrogen with

respect to the concentration of H2S is however much lower

than inmost literature and these experiments. The implication

of Eq. (4) and the fitted parameters of Eq. (5) and Eq. (6) is that

the influence of the hydrogen fraction is negligible. This is also

confirmed with the results of a similar permeation experiment

on M5, however in this case performed with a 75% H2 in N2

mixture, at 450 �C. In Fig. 8 this experiment shows a good

agreement with the description relative flux obtained from Eq.

(4). It should however be considered that the thermodynamic

limit for Pd4S formation is lowered with a decrease in the

partial pressure of hydrogen [5]. The negligible influence of the

partial pressure of hydrogen implies that the influence of H2S

increases with the total pressure, as shown in Fig. 9.

Post characterization

In the literature, it is often reported that the selectivity de-

creases when the Pd-based membranes are exposed to H2S.

This decrease is often related to the formation of Pd sulphides

(mainly Pd4S) that results in changes of the alloy lattice pro-

ducing cracks in the membrane. The ideal perm-selectivity of

themembranes investigated in this work ranged initially from

1000 to 5000 except for membrane M3 which was 297, which

was mainly due to leakages from the sealing. Themembranes

showed, after testing, a leak increase of 30% on average, which

could be related to leakages from the sealing, which was

observed for some of the membranes when immersed in

ethanol and pressurised on the permeate side with He.

XPS analyses were performed on the tested samples. The

Pd3d, Ag3d, Au4f and S2p core level spectra of the surface of each

membrane was evaluated. No clear peaks for S0 2P1/2 or S
0 2p3/2

were observed in the S2p spectra. This indicates that no PdxS

was present in the samples. The depth profile of membrane

M3 is shown in Fig. 10 after preparation and after H2S testing.

The results for the othermembranes were very comparable to

the profile of M3. The average concentration on the surface

obtained from the XPS analyses is shown in Table 4 together

with the composition after 1000 s of sputtering. The 1000s is

estimated to correspond to around ~1% of the selective layer.
On average over the first 100 s of sputtering the fraction of

palladium on the surface is higher than towards the bulk of

the layer, indicating a slight migration of Pd towards the

surface.

The surface of the membranes was investigated by SEM

after preparation and after the H2S exposures. A clear differ-

ence could be observed between the membranes that were

only exposed to a single H2S exposure of 5 h (M2, M3 and M6).

The membranes which were regenerated and used again

showed a rougher topography with larger particle like grains.

This could be best observed comparing M5 and M6 as shown

in Fig. 11A and Fig. 11B. A grain formation similar to observed

for M5 has been reported byMelendez et al. and was related to

the formation of Pd4S [12]. In this work however, no indication

of Pd4S was observed from the XPS results, it is expected that

the formation of these grains is a result of themigration of the

palladium or the chemisorbed H2S, which was completely

removed during the regeneration, but may have resulted in

the deformation of the membrane surface. The rate of these

effects might be very slow, and due to the longer time of

exposure of M5 more evident than for M6. Excessive trans-

formation of the membrane surface could lead to the forma-

tion of pinholes, which could in the end significantly decrease

the selectivity.
Conclusions

In this paper six PdAgAu membranes and PdAg membrane

have been prepared and the effect of small amounts of H2S

(<2 ppm) in the H2 feed on the hydrogen permeation fluxes

were studied. The PdAgAu membranes were prepared by

sequential ELP and PVD deposition, and had an Au content

ranging from 2.5% to 7.5%. The membranes were sealed and

stabilized at 500 �C for 72 h in a hydrogen environment during

this period, stable hydrogen permeation was obtained sug-

gesting that complete alloying was achieved. The membrane

with the lower Au content reached stable conditions in the

shortest amount of time. After the stabilization the mem-

branes were exposed to up to 2 ppm of H2S, which is below the

https://doi.org/10.1016/j.ijhydene.2019.06.194
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thermodynamic limit for formation of palladium sulphides;

therefore, the inhibition was reversible. The membranes

showed a relative flux decrease of around 50%. The extent of

this decrease in H2S flux was shown to be influenced both by

temperature, due to the exothermic nature of H2S adsorption,

and the H2S concentration. Four of the membranes were

selected andwere fully recovered to the initial membrane flux

and were subsequently exposed to sequentially increased H2S

concentrations. The decrease in flux of these membranes did

not show a correlation with the Au content, in this work the

increase of Au content did not show beneficial results with

respect to H2S exposure. It is suggested that at these low

concentrations of H2S, the physisorption of H2S is dominating.

At higher concentrations, however, the Au addition could be

beneficial, since at these concentrations the effects of SeH, S

and sulphide species on the H2 dissociation are more pro-

nounced.With a Langmuir term themeasured inhibition of H2

permeation flux by H2S could be well described. The influence

of the partial pressure of hydrogen was found to be negligible

on the inhibition at low pressures, while it was shown that the

fitted inhibition parameters indicate that at higher operating

pressures the total pressure has a very significant influence

and this should be studied in more detail, since the desired

operation regimes for industrial application of these mem-

branes are at elevated pressures. The post characterization

showed that no sulphide formation was present at these

membranes after the tests, as expected, since the H2S tests

were carried out at conditions below the thermodynamic limit

of Pd4S formation. Studies over the past decades has shown

that the resistance towards the Pd4S formation can be

improved by alloying with Au, however, this work shows it is

not sufficient to limit the effects of inhibition and structural

changes of the membrane. Therefore, the approach of avoid-

ing contact between the H2S and the membrane should be

considered, as this will both avoid deterioration of the mem-

brane and inhibition of the membrane flux.
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