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A B S T R A C T   

The purification of the product gas from dehydrogenation of liquid organic hydrogen carriers (LOHC) by using 
PdAg-membranes is highly promising, since the low level of impurities in the released hydrogen stream allows 
low pressure operation and favours the coupling with the dehydrogenation step. Motivated by our recent short- 
term investigations indicating an influence of these impurities on the membrane performance the behaviour of 
the membrane by exposure to product gas was investigated in detail over a long period. In total, the membrane 
was operated for more than 200 days, including approx. 21 days under product gas from the LOHC- 
dehydrogenation. In the time period the performance has decreased by 88% and could be restored slowly but 
completely by using pure hydrogen. The degradation is caused by the coverage of active adsorption sites for the 
dissociation of hydrogen by hydrocarbons other than methane. The activation energy of permeation has almost 
tripled from 13 kJ mol 1 to 38 kJ mol 1 while desorption of impurities from the surface affect the process and its 
temperature dependence. SEM-analysis of the still 100%-selective membrane after more than 200 days of 
operation shows no significant changes in membrane morphology. Under the mild operating conditions, a life
time of several years seems possible.   

1. Introduction 

As an energy carrier, renewable hydrogen is crucial for reaching the 
German and global climate goals [1–3]. However, the nature of 
hydrogen poses great challenges for economically viable storage and 
transport [4]. Chemically bound to organic liquids (Liquid Organic 
Hydrogen Carriers, LOHC), mostly of aromatic structure, increases the 
handling, chemical and thermal stability, volumetric storage density and 
safety [5–10]. The LOHC-material system perhydro-dibenzylto 
luene/dibenzyltoluene (H18-DBT/H0-DBT) has already been estab
lished for commercial use, since it largely meets the selection criteria for 
a suitable LOHC [11,12]: commercial availability, fast dehydrogenation 
kinetics, low vapour pressure, low toxicity and a high cycle stability 
which is also related to a high stability of the organic carrier at the 
temperature of dehydrogenation. Dibenzyltoluene is a mixture of 
different stereoisomers of three toluene oligomers bound via the methyl 
group. 

Currently, scenarios and prospective areas of LOHC application are 
being investigated in which the distribution of hydrogen via the LOHC 
technology is economically useful, technologically feasible and 

sustainable [13–26]. One of these scenarios is the supply of hydrogen to 
hydrogen refuelling stations. For the use in fuel cell vehicles, high purity 
hydrogen according to the ISO 14687–2 specification is required [27]. 
However, hydrogen from LOHC-dehydrogenation contains up to 1000 
ppm of contaminants, not fulfilling the named standards [27]. The 
hydrogen purity is adversely affected by contaminants that originate 
from dibenzyltoluene production and further by decomposition and 
vaporization of LOHC-molecules in itself during the dehydrogenation 
process, which is operated at around 300 ◦C. In sum both impacts result 
in impurities of volatile hydrocarbons up to their saturation pressure in 
the hydrogen gas stream [27–29]. The raw material, dibenzyltoluene, 
which is used in technical quality, contains small amounts of low- and 
high-boiling contaminants including oxygenates [30,31]. As this 
contaminant level can exceed that occurring due to catalytic decom
position during dehydrogenation by orders of magnitude, pre- and/or 
post-treatment steps of the raw material are necessary. Bulgarin and 
colleagues have further shown that traces of water and other 
oxygen-containing components in the LOHC results in the formation of 
CO and CO2. Furthermore, the Pt-based catalyst, identical to the one 
used in our study, also shows an activity for methanation, so the released 
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CO2 reacts directly to CO and CH4 (see Ref. [32] supplementary file). 
With increasing pressure, the amount of CO decreases continuously 
while the amount of CH4 increases. These oxygen-containing residues 
can be removed by outgassing/drying. Cycling the LOHC material three 
times in the hydrogenation-dehydrogenation process while storing it 
under protective atmosphere is also an option for cleaning-up the LOHC. 
During these initial cycles the catalyst-related productivity increases. 
The contaminants in the released hydrogen, however, must be removed 
circumstantially by activated carbon filters or pressure swing adsorption 
systems [27,32]. 

The use of Pd-based membranes could partially or completely 
replace these procedures and further lead to a process intensification in 
the dehydrogenation [29,33]. Pd-based membranes offer an almost 
infinite permselectivity with respect to hydrogen [34–36]. Amongst 
them, PdAg-membranes are possibly best suitable ones for combination 
with dehydrogenation, because the increased amount of Ag in the 
Pd-lattice can lower the α-β phase transition temperature of pure 
palladium to enable the operation below 300 ◦C [37–42]. The small 
amount of impurities results in a high driving force of the separation 
already at moderate pressure differences (1–3 bar(g)), which thermo
dynamically favours the dehydrogenation. A hydrogen purity exceeding 
99.999% could already be achieved in our preliminary work [29]. 

However, it could be found that after 8 h of exposure to hydrogen 
contaminated with a sum of approximately 250 ppmv the hydrogen flux 
across the PdAg-membrane dropped significantly, but could be almost 
completely restored by treatment with pure hydrogen [29]. We have 
investigated this phenomenon in more detail in this work and want to 
address the following questions:  

(a) How does operating time with LOHC product gas affect the 
degradation/regeneration of the membrane?  

(b) How does degradation and regeneration affect the long-term 
stability of the membrane?  

(c) What are the limitations of the membrane-integrated LOHC 
dehydrogenation process? 

Several studies have already been carried out investigating the in
teractions between the level of other gas substances and Pd-alloy 
membranes. The hydrogen flux of the membrane generally decreases 
with increasing concentration of other “inert” substances due to reduced 
driving force (reduced partial pressure) and can even be limited by the 
mass transport towards the membrane, i.e. by so-called concentration 
polarisation if the hydrogen flux across the membrane is higher than the 
mass transport in the gas phase [43–50]. In general, the influence of 
dissociative adsorption of hydrogen increases with decreasing mem
brane thickness. At low membrane thickness, surface kinetics limitations 
can potentially lower the hydrogen flux and can further lead to a 
different dependency of the hydrogen flux on the partial pressure dif
ference between retentate and permeate side [51,52]. Also, the tem
perature dependence of the hydrogen flux can change due to the 
increasing importance of the activation energy of dissociation versus 
that of diffusion in the membrane bulk [53]. 

The most critical issue is, however, when traces of other substances i. 
e. impurities are present in the feed gas that can cover the membrane 
surface by stronger adsorption and thus take influence on the overall 
rate of dissociation and the importance of surface reactions in relation to 
the diffusion of hydrogen in the membrane bulk. Thus, surface reactions 
gain in importance at even higher membrane thickness [34]. 

In the dehydrogenation process, it is difficult to exactly predict under 
which conditions degradation will take place, especially when several 
components with different impact on the membrane are present. 
Therefore, an overview with focus on relevant levels of impurities for the 
LOHC-process is given in the following. A particular focus is given to CO, 
CO2, CH4 and saturated hydrocarbons. 

Chabot [3] could only detect a negative effect on a 250 μm thick 
PdAg-membrane at 0.2% CO below 200 ◦C, while Hou [54] observed a 

10% flux decrease on a 5–6 μm thick membrane at 270 ◦C (1% CO). The 
addition of CO leads to competitive adsorption of CO and H2, while the 
equilibrium is shifted in favour of hydrogen with increased temperature 
depending on membrane thickness. In case of a 3 μm thick Pd-membrane 
only temperatures above 350 ◦C favour full H2-adsorption [55]. Other
wise CO may be adsorbed on the membrane surface, whereby a single 
CO molecule can occupy several adsorption sites accessible to hydrogen 
and simultaneously increase the activation energy for dissociation [56, 
57]. It has been reported that the hydrogen flux of the membrane de
creases with decreasing temperature by exposure to CO [3,54,55, 
58–65]. O’Brian and colleagues [63] have found that methylene is 
formed besides the adsorbed CO below 250 ◦C, which additionally 
covers the surface. However, this assumes that CO dissociates, which can 
also happen on imperfect Pd-surfaces below 127 ◦C despite the high 
activation energy [66,67]. The addition of silver weakens the bond be
tween CO and the Pd-surface, which makes a PdAg-membrane more 
resistant to CO poisoning [59,68]. 

Chabot [3] could only detect a significant drop in the separation 
performance of a 250 μm thick PdAg-membrane at 9% CO2 below 
150 ◦C, while Hou [54] observed no change with a 5–6 μm thick 
membrane above 325 ◦C. The degradation caused by CO2 is significantly 
weaker on PdAg-membranes compared to CO and is practically negli
gible in the presence of CO [3,62]. In contrary it was found that CO and 
CO2 poison can be equally strong if the membrane is particularly thin (1 
μm) [69]. Long-term experiments show that CO2 slowly poisons the 
membrane related to the formation of CO or C. In addition, the degra
dation of the membrane by CO2 takes more time to regenerate than 
caused by CO, which suggests that CO2 promotes the formation of car
bon [61]. Gielens and colleagues have also observed this phenomenon 
and explained it with the weak catalytic activity of Pd for dehydroge
nation. The slow reaction kinetics lead to slow but steady degradation 
and regeneration by the formation of elemental carbon on the surface 
[70]. 

Chabot [3] observed a reduction in the hydrogen flux of a 250 μm 
thick PdAg-membrane at 9% CH4 only below 150 ◦C. Chen [71] found a 
10% decrease in permeance at 250 ◦C on a 700 μm thick 
PdAg-membrane with 10% CH4, which increases with rising tempera
ture and reduces the flux by up to 25% at 450 ◦C. No PdC compounds 
were detected afterwards. Most probably, the difference between the 
studies lies in the steam addition, which can lead to different options of 
methane to react either to carbon or steam reforming products. 

It has been shown that saturated hydrocarbons (ethane, propane, 
butane) behave similarly to methane and have a weak poisoning effect 
[72,73]. As soon as unsaturated hydrocarbons such as olefins (e.g. 
ethene, propene) are present, the permeate flow decreases more strongly 
[73,74] or stops as the surface is blocked completely [72]. These 
adsorbed species remain on the surface until they decompose or become 
completely hydrogenated by the present hydrogen [72,75]. While at low 
temperatures the adsorption of impurities at active dissociation sites is 
responsible for the decrease in flux, at higher temperatures the forma
tion of coke deposits or even entire layers leads to performance losses 
[72,76]. The higher the temperature, the more likely deposited carbon 
atoms will migrate into the material and change it, which will perma
nently interfere with the transport of hydrogen [34]. However, Easa and 
colleagues [65] were able to show that the reduction in flux depends 
only on the components adsorbed on the surface. 

The degradation is mostly reversible – the surface can be reactivated 
by post-treatment with air or pure hydrogen [60,61,76]. However, the 
structure of the adsorbed hydrocarbons evolves to become a more potent 
poisoning with increasing exposure time also at temperatures below 
350 ◦C, making them more difficult to oxidize. The way the structure of 
the adsorbed species changes was investigated by Easa et al. - most likely 
coke precursors are formed [61,65]. 

Cyclic hydrocarbons and Pd-based membranes are mainly investi
gated in literature in the context of membrane reactor systems in which 
high concentrations of these hydrocarbons are in contact to the 



membrane [75,77–87]. 
In contrast to literature this work specifically focuses on the impact 

of contaminations in extremely hydrogen-rich gas with a sum of 350 
ppmv contaminants from LOHC-dehydrogenation of perhydro- 
dibenzyltoluene which shall be cleaned ideally to levels of sub-ppmv 
according to the purity requirements of hydrogen in automotive appli
cations. The studies are performed on a 10 μm thick PdAg-membrane. 
The contaminants are mostly saturated and unsaturated (depending on 
the reaction progress) cyclic hydrocarbons. Long-term experiments, 
scarce in literature, have been performed to investigate the behaviour of 
the membrane at these low concentrations. Moreover, the permeability 
and permselectivity was determined at different points during these 
long-term experiments. At the end of the experiments the membrane 
surface and cross-area was analysed by scanning electron microscope 
(SEM). 

2. Materials and methods 

2.1. Membrane performance evaluation 

An illustration of the applied membrane module is shown in Fig. 1. 
As already presented in previous work, microstructures are used for the 
supply of feed and permeate gaseous streams [29,33,50,80,88]. A total 
of 34 channels measuring 4 cm × 200 μm × 200 μm (length × height ×
width) are provided on each side. The PdAg-membrane (77 wt% Pd, 23 
wt% Ag) used is 10 μm thick and is mechanically stabilized by two micro 
sieves (stainless steel, and without diffusion barrier layers) and inte
grated between the two foils with micro channels. The stack is then 
bonded by laser welding. The effective membrane area is 1.5 cm2 [29, 
80]. The growth side of the Pd-film was used as the feed side of the 
membrane in the module. The membrane was produced by magnetron 
sputtering and provided by SINTEF (Oslo, Norway) [89]. 

Fig. 2 shows the experimental test rig used in this study. Either ni
trogen (5.0) or hydrogen (5.0) can be fed from gas cylinders to the feed 
side and permeate side of the membrane. The feed side can also be fed 
with the product gas from the dehydrogenation process of perhydro- 
dibenzyltoluene. The main portion of LOHC is condensed at ambient 
temperature prior feeding to the membrane. Thus the dehydrogenation 
reactor and the membrane separator are thus thermally decoupled. A 
more detailed description of the reactor and the reaction system can be 
found in Refs. [29,33]. The pressure can either be controlled by an 
automated pressure retention valve (PIC) or manually by a needle valve. 
Retentate and permeate flow can be measured together or separately in a 
soap film flow meter (SFFM) manually, while their composition is 

analysed by gas chromatograph. Furthermore, a mass flow meter (MFM, 
0–2 NL min− 1) calibrated with pure hydrogen in range from 5 to 500 
NmL min− 1 has been added for continuous monitoring of the streams 
with an accuracy of ±0.1 NmL min− 1. 

2.2. Product gas analysis 

The analysis of the product gas was performed using a gas chro
matograph (Agilent 6890A, Agilent Technologies Deutschland GmbH, 
Germany) with an FID-TCD combination. A column system, consisting of 
a non-polar column (HP-1) for hydrocarbons, a HP-Plot Q for H2O and 
CO2, and a molecular sieve (HP-Plot 5A) for the permanent gases CO, N2, 
O2, was used. As carrier gas hydrogen 5.0 was used on all columns. On 
the FID methane was calibrated and for all other hydrocarbons the 
calibration of methylcyclohexane was used as conversion factor. 

2.3. Long-term experiment 

Initially, the membrane was heated up to 300 ◦C under nitrogen 
atmosphere (450 NmL min− 1) at a rate of 1 K min− 1. Subsequently, the 
long-term experiment was started with hydrogen feed (450 NmL min− 1) 
and pressure increase to 4 bar on the retentate side. A timeline of the 
more than 200-days experiment is shown in Fig. 3. The conditions 
applied to the membrane are divided in several periods and the 
respective parameters are listed directly under the timeline. 

In section ① the membrane was operated with pure hydrogen at 4 
bar for 46 days. After 360 h the permeances were determined between 
300 and 340 ◦C. The permeance Π is the proportionality coefficient of 
flux (ḞH2 ) and hydrogen partial pressure (pH2

) difference between the 
retentate and permeate side (see equation (1)). Using the measured flux 
at different retentate pressures, a linear regression for a constant 
Sieverts-exponent n can be applied with the slope being the permeance 
at constant temperature. For better data agreement, the Sieverts- 
exponent n was first adjusted [34,35,52,90]. 
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The permeance is defined as the quotient of the material-specific 
permeability Q and the membrane thickness s (see equation (2)). The 
temperature dependence of permeability can be expressed by the 
Arrhenius approach. Using the permeances at different temperatures (T 
in K), the activation energy EA and the pre-exponential factor Q0 were 
obtained. R corresponds to the universal gas constant [34,35,52,90]. 
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This procedure was repeated after 936 h and compared with the 
previous measurement. After 768 h a permselectivity measurement was 
performed to check for a potential leakage of the membrane. For this 
purpose, pure gas experiments with hydrogen and nitrogen (as inert 
component) were carried out at a feed flow of 450 NmL min− 1. Both 
permeate streams were measured manually by soap film flow meter. The 
ideal permselectivity S (see equation (3)) is the ratio between the 
permeate flows of pure hydrogen and pure nitrogen at identical pressure 
difference and temperature [50]. 
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In our previous work, the membrane was operated with product gas 
from hydrogenation for single periods of 8 h per day [29]. In contrast to 
this, a 24 h overnight experiment (see section ②) was attached directly 
after section ①. In section ③, pure hydrogen was again fed to the 
membrane for 10 days to study the regeneration behaviour after this Fig. 1. Structure of the microstructured membrane module.  



extended exposure to hydrogenation product. In section ④, the mem
brane was continuously operated 24 h a day with product gas over a 
period of 20 days. After 14 of these 20 days (after 1728 h), the tem
perature was first increased daily by 10 K up to 340 ◦C at a constant 
system pressure of 4 bar, and finally set back to the initial temperature of 
300 ◦C. As a function of the Sieverts’-exponent n (determined in the 
section ①), the measured flux was fitted to equation (1) as linear 
function for each temperature. The permeances were read off from the 
slope. From the permeances, the activation energy of the membrane 
transport, according to equation (2), was finally calculated under real 
conditions, i.e. product gas from LOHC dehydrogenation. During the 
operation with product gas the hydrogen recovery factor XH2 was 
calculated by the ratio of permeate (V̇Perm) and feed (V̇Feed) flow. 

XH2 [ ]
V̇Perm

V̇Feed
(4) 

In the last part of the long-term experiment, the membrane was 

treated with pure hydrogen over a period of 4 months. At the end (after 
4800 h) the permselectivity was measured again. In total the membrane 
module was thus operated for 200 days. 

3. Results and discussion 

3.1. Permeance measurements 

Fig. 4 shows a Sieverts’ plot of the permeance measurement after 
360 h time-on-stream with pure hydrogen. As expected, the H2 flux is 
observed to increase with both pressure difference and temperature. A 
value of 0.875 was determined for the Sieverts’ exponent, which is in 
good agreement with the value in Ref. [29]. The hydrogen transport 
through the membrane is inhibited by surface reaction, which is nor
mally seen during start-up and before full activation. It is noticeable that 
the pre-exponential factor is about 4 times higher in this work compared 
to Ref. [29], as can be seen in Table 1. For better comparability, the 

Fig. 2. Simplified flow diagram of the membrane test rig. A more detailed illustration can be found in our previous publication [29].  

Fig. 3. Timeline of the long-term experiment over a period of 200 days. The permeate pressure (pPerm) was held constant at 1 bar. Other symbols: membrane 
temperature T; retentate pressure pRet and volume flow V̇. 



Sieverts’ exponent shown in Table 1 was forced to 1 for all determined 
membrane parameters. The measurements differ only in the 
time-on-stream (72 h vs. 360 h tos). For this reason, a further permeance 
measurement was carried out after 936 h. The obtained results are 
plotted in Fig. 5. After 360 h the permeance of the 10 μm thick mem
brane is already 45% higher and after 936 h even twice as high as the 
permeance of the 5 μm thick membrane [29] after 72 h. This indicates 
that the membrane was not yet in a steady-state at 360 h and therefore 
not fully activated at this time according to Ref. [91]. The activation 
process takes place through the incorporation of hydrogen into the 
Pd-lattice, which removes contaminants. The high temperatures also can 
cause a change in the microstructure through grain growth and recrys
tallization as indicated in Refs. [34,92]. In addition, the pressure 
application on the PdAg-membrane retentate side causes deformation of 
the membrane into the holes of the micro sieves towards the permeate 
channels. This would result in an increase in the effective membrane 
area, combined with a slight decrease in membrane thickness. After 
about 1000 h Peters and colleagues report about an almost constant flux 
for a 10 μm thick Pd–Ag membrane integrated in a micro-configured 
module with 1 mm wide channels [89,91]. However, the temperature 
in their study was significantly higher (500 ◦C), which is a further 
indication that the flux may even continue to increase at our conditions 
after 936 h tos. An increase in flux is also possible due to the formation of 
defects and pinholes, which in the worst case can lead to rupture of the 
membrane. However, from the conclusion of the discussion on the 
measured permselectivity later in section 3.4, it seems not possible that 
the formation of pinholes has created such large effect on the hydrogen 
flux. Literature also indicates that when operating below 5 bars (as in 
this work), at least 50 days of continuous operation are possible without 

an effect of pinholes [89,91]. 
It has been reported that short-term treatment with oxygen or air 

ensures complete (re)activation of the membrane and the flux can be 
increased threefold [60,87,93–99] and thus reduce the required time for 
reaching steady state of the hydrogen flux. For reasons of comparability 
with previous work, treatment with oxygen was not considered in the 
current experimental series. Nevertheless, it could be introduced in the 
next experiments to speed–up the ramping-up phase. 

3.2. Product gas impurities 

The LOHC was dehydrogenated without prior treatment at 330 ◦C 
and 4 bars with an initial degree of dehydrogenation of 9.3%. The 
product gas fed to the membrane module consists only of hydrogen and 
the determined impurities as shown in Table 2. The species are divided 
in methane, hydrocarbons other than methane (further called only 
“hydrocarbons”), CO and CO2. Overall, the impurities of 300–350 ppmv 
are significantly lower than in the observations from Ref. [28] 
(0.1–0.6%), which is probably related to our catalyst. To suppress 
decomposition reactions the catalyst was pre-treated with sulphur, to 
deactivate particularly active Pt-sites and acidic sites on the support 
[100]. Compared to our previous work [29], the detected contaminant 
level is about 100 ppmv higher. The reason for this higher level may be 
caused by a different batch of the LOHC with different starting degree of 
dehydrogenation. The higher degree of dehydrogenation (9.3%), which 
means the higher content of unsaturated compounds, could imply that 
slightly more LOHC is decomposed at the catalyst and thus ultimately 
more low-boiling hydrocarbons are found in the gas. Besides, the change 
of the GC carrier gas from argon to hydrogen compared to previous 
work, has enabled better detection of CO. Nevertheless, the measured 

Fig. 4. Sieverts’ plot of the permeance measurement after 360 h time-on- 
stream with pure hydrogen (450 NmL min 1) as a function of temperature 
with a fitted Sieverts’ exponent of 0.875. 

Table 1 
Comparison of the characteristic membrane parameters with the previous work.  

Fit ​ for ​ n 1  EA,M[kJ ⋅mol 1
] Q0[mol ⋅m 1 ⋅Pa n ⋅s 1]

[29] after 72 h (s 5 μm) 11.67  1.33× 10 10  

This work after 360 h (s 10 μm) 13.14  5.29× 10 10   

Fig. 5. Sieverts’ plot of the flux at 300 ◦C after 72 h [29], 360 h and 936 h.  

Table 2 
Impurities in the hydrogen stream from the dehydrogenation of perhydro- 
dibezyltoluene at 330 ◦C and 4 bar(a), measured with GC-FID and -TCD. The 
degree of dehydrogenation of the starting material was 9.4%.  

Methane  
(CH4) 

Hydrocarbons without Methane  
(C7-equivalents) 

CO CO2 

40–50 ppmv 230–270 ppmv 10–20 ppmv Not detected  



CO values are not far from measurement noise and should therefore be 
interpreted with care even though the values for CO are in good 
agreement with the values of Luschtinetz [28], but higher than those of 
Bulgarin [32]. Differences can occur due to the content of 
oxygen-containing components in the starting LOHC material, but also 
due the reaction temperature. No CO2 could be detected during the 
whole test period, which may be explained by the increased methani
zation activity with increasing pressure. Methane is found as a decom
position product of the LOHC and from the methanation of CO2/CO in a 
concentration of 40–50 ppmv in the product gas. Note that the con
centration of impurities at the membrane will drastically increase while 
separating a large amount of hydrogen as function of the length of the 
feed channels above the membrane. The goal is to utilize as much as 
possible of the released hydrogen from the dehydrogenation. 

3.3. Long-term membrane penetration with product gas 

The flux and the hydrogen recovery factor during the long-term 
exposure of the membrane with product gas (see Fig. 3, section ④) is 
shown in Fig. 6. At the initial time of operation (TOS 1400 h), the 
product gas flow is recovered completely until the flux drops from 35 
NmL min− 1 to 19 NmL min– 1 within 25 h. Only in the initial first few 
minutes (approx.. 10 min) a dead-end mode occurs as the permeate flow 
is identical to the feed stream which generates an initial high concen
tration of impurities across the membrane; right after these few minutes 
the flow is divided in retentate and permeate and the impurity con
centration immediately decreases. From then on, the mean concentra
tion of impurities remains a factor of less than 5 higher than the feed 
concentrations. The initial decrease in permeate flow is due to the im
purities in the product gas interacting with the membrane surface. The 
immediate surface adsorption of these substances blocks active sites for 
the adsorptive dissociation of hydrogen molecules. Then the flux de
creases linearly until it reaches approx. 10 NmL min− 1 after 480 h 
( 70%). An intermediate temperature variation by 40 K, indicated by 
the hatched region in Fig. 6 does not change this trend. The gradual 
further decrease in flux can be explained by coke formation over time. 
However, it remains unclear which of the substances listed in Table 2 are 
mainly responsible for this degradation. If the components are examined 
separately, the influence of CH4 in the presence of CO is negligible [3]. 
There are no literature data available concerning low concentrations of 
CO. Based on the available data, however, it is questionable whether CO 
has any influence at all at this low concentration at a temperature of 
300 ◦C, since Hou observed a decrease in flux <5% at a concentration of 
1% CO on a 5–6 μm thick PdAg-membrane firstly at 275 ◦C [54]. As the 
drop in performance in the presence of CO decreases with increasing 
temperature and decreasing concentration, a much smaller decrease in 

flux than 5% can be expected [3,54,55,58–65]. At 300 ◦C, the temper
ature is too high for the formation of methylene to occur on the surface 
and too low for elemental carbon to be deposited on the surface within a 
short time [54,55,63,65]. Apparently, the group of hydrocarbons 
(without methane) must be responsible for the gradual degradation. The 
group contains low-boiling and mostly mono-cyclic hydrocarbons, 
which are already present in the starting material or are by-products of 
the reaction, and residual partial LOHC, which is not completely 
condensed out [27]. Within the low-boiling hydrocarbons, it has been 
shown that unsaturated hydrocarbons in particular can lead to a sig
nificant reduction in performance [73,74]. The interactions of the 
membrane with cyclic compounds are of particular interest here and 
were investigated in preliminary work especially in connection with the 
dehydrogenation of methylcyclohexane in membrane reactors [80–82]. 
In the methylcyclohexane process, solid carbon residues on the mem
brane could be detected [101]. 

Considering that the permeate flow of 235 NmL min− 1 (later in 
Fig. 10 and Fig. 11), immediately before the switch to product gas, is 
almost 10-times higher than the feed flow of the product gas, one would 
expect that despite pressure control, the retentate pressure would 
inevitably drop during switching. However, this could not be observed, 
which suggests that the impurities have made most of the membrane 
surface inaccessible to hydrogen within a very short time. The large drop 
of permeate flow at the beginning (Figs. 6 and 1400 h–1425 h) could be 
attributed to the adsorption of hydrocarbons molecules, since the 
poisoning effect of the other impurities is rather small or insignificant at 
these low concentrations as discussed before. In the period of further 
gradual decrease in permeate flow by coke formation should be 
considered as the hydrocarbons, once adsorbed, tend to decompose. At 
reducing flow rate across the membrane an established adsorption- 
desorption equilibrium of these species is unlikely the reason for a 
reduced decrease of permeate flow after 25 h of operation with product 
gas. We also don’t believe that in the initial exposure time the high 
residence time increases the poisoning effect of the species as reported 
elsewhere [55]. As concentration polarisation is excluded in our study it 
is unlikely that it could cover over further membrane inhibition after 25 
h of operation with product gas. We therefore hypothesize that these are 
two different mechanisms of degradation and that coke formation is an 
underlying effect from the beginning and becomes significant in the 
period >1450 h. 

As reported in Fig. 3, the long-term product gas penetration (shown 
in Fig. 6) is already the second product gas run. After the first product 
gas run with 24 h duration the membrane got regenerated by the 
following 10 d hydrogen exposure, but the flux was not fully recovered 
(around 80%, see later in Fig. 10). To find out, if the partial deactivation 
of the membrane after the first run influences the initial deactivation of 

Fig. 6. Permeate flow and hydrogen recovery factor of the membrane, fed with 
25 NmL min 1 product gas over a period of 480 h at 300 ◦C and 3 bar(g). 

Fig. 7. Comparison of the initial deactivation during product gas run 1 (1100 
h) and 2 (1400 h) along the first 24 h of operation. 



the second run, the permeate flow of both runs are compared in Fig. 7 
during the first 24 h of product gas exposure. During the observed time- 
frame both permeate flows are nearly halved. Furthermore deactivation 
progress for both runs is quite similar, which let us conclude that the 
partial deactivation does not impact the initial deactivation of the sec
ond run. 80% recovery of the effective membrane area, equivalent to the 
feed flow of 35 NmL min− 1, is enough to reproduce the deactivation 
data. 

The hatched area in Fig. 6 indicates a period where a temperature 
variation was performed and is shown in detail in Fig. 8. After about 
1720 h, the membrane temperature was increased in steps by 10 K from 
300 ◦C to 340 ◦C. The permeate flow clearly increases with rising tem
perature. Since the transmembrane transport has most probably already 
reached a state, where it is completely limited by surface reactions due 
to an overall low number of available surface sites, the temperature 
should increase the adsorption equilibrium in favour of desorption of 
impurities making adsorption sites re-accessible for hydrogen. 

For a quantitative analysis, the permeances at the respective tem
perature are shown in the Arrhenius plot in Fig. 9 and compared with the 
measurement at the beginning of the experiment (from Fig. 4) with an 
underlying Sieverts’ exponent of 0.875. The activation energy for the 
hydrogen transmembrane transport is with 38 kJ mol− 1, when exposed 
to product gas (see Table 3), about threefold higher than when exposed 
to pure hydrogen and comparable to a 25 μm thick Pd-membrane at 
170 ◦C [102]. In this case the determined activation energy is influenced 
by the desorption energy of contaminants. The pre-exponential factor, 
on the other hand, is about a factor of 10 higher than under pure 
hydrogen, which is clear due to the typical strong correlation between 
slope (EA,M) and Q0. 

3.4. Long-term membrane regeneration with pure hydrogen 

Regeneration of the membrane means cleaning of the surface by 
eventually hydrogenation of double bonds of the hydrocarbons and 
desorption of these compounds covering the active membrane surface. 
Also in our previous work [29] the degradation of the membrane under 
product gas for 8 h and its subsequent regeneration under pure hydrogen 
for 16 h by applying a reference point was examined. It could be shown 
that after 8 h the separation efficiency was reduced up to 30%, but as 
well that it could almost be completely restored [29]. As can be seen 
from the timeline in Fig. 3, the exposure to product gas in this work was 
extended in a first step to 24 h (section ②) with 11 days of regeneration 
(section ③) and subsequently even to 20 days (section ④) with 122 days 

of regeneration (section ⑤). The measured permeate flow at the refer
ence point (feed flow of pure hydrogen at 450 NmL min− 1 at 4 bar and 
300 ◦C) is plotted over the TOS in Fig. 9 (for a better overview up to 
2000 h TOS) and Fig. 11 (up to 5000 h TOS). The dotted line serves as a 
reference and indicates the measured permeate flow measured under 
pure hydrogen immediately before product gas was fed in for the first 
time. 

With respect to the reference flow, it makes almost no difference 
whether the product gas is applied to the membrane for 24 h (– 83% at 
approx. 1100 h) or 480 h (– 88% at approx. 1900 h). This clearly shows 
that most of the degradation proceeds at the beginning and supports the 
hypothesis that the active membrane surface is quickly covered by the 
hydrocarbon molecules, which instantaneously inhibit the dissociative 
adsorption of hydrogen. As mentioned before, the low feed flow rate 
might have a large effect, which should be investigated in further 

Fig. 8. Permeate flow as a function of time-on-stream during the stepwise in
crease of the temperature by 10 K/d from 300 ◦C to 340 ◦C under feed of 
product gas from dehydrogenation. 

Fig. 9. Arrhenius plot of the measurements with pure hydrogen and with 
product gas from LOHC dehydrogenation in dependence of adjusted Sieverts’ 
exponents of 0.875. 

Fig. 10. Permeate flow referred to the reference flow of 283 NmL min 1 along 
the experiment duration of 2000 h. The gray areas (sections ② and ④) indicate 
the operating time with product gas. 



experiments. 
The duration of product gas operation, however, has an enormous 

effect on the regeneration behaviour, which is clearly shown by 
comparing the permeate flows in section ③ and ⑤. With increasing 
operating time under product gas, the regeneration time increases. 
Following the dashed line drawn in Fig. 11 at 211 NmL min− 1 (corre
sponding to 75% of the reference permeate flow), the regeneration time 
is extended by a factor of 17. Furthermore, it should be noted that the 
membrane could be regenerated completely with hydrogen, even if it 
took as long as 3000 h. 

The extended regeneration time seems to be caused by the changed 
surface configuration of the deposited species with increasing exposure 
time to product gas. This fits to the conclusion provided by others: The 
amount of surface-adsorbed, sub-surface and bulk species increase 
sharply at beginning of the exposure. Sub-surface and bulk species are 
attributed to carbon atoms. The surface-adsorbed and sub-surface spe
cies reach a roughly constant value with increasing exposure time, while 
the amount of bulk species continue to grow. However, the influence on 
H2-permeation is mainly associated with surface-adsorbed species [65]. 

Assuming that in our study mainly hydrocarbon molecules adsorb on 
the surface, it can be concluded that the hydrogenation of these com
ponents on Pd is accompanied by the formation of coke precursors or 
coke [55,103–106]. In experiments with propylene, the formation of 
components that are difficult to desorb under permanent load was sus
pected, while no PdC was found at 300 ◦C in Ref. [65]. Similar to 
degradation, the regeneration rate in Fig. 11 (section ⑤) is much higher 
at the beginning, which can be explained by desorption of weakly 
adsorbed components. The further gradual regeneration is caused by 
slow reaction of solid carbon or carbon precursors. 

3.5. Permselectivity 

Prior to the first exposure to the LOHC product gas (after 768 h) and 
after complete regeneration (after 4800 h) the permselectivity was 
measured and is shown in Table 4. After 768 h of hydrogen operation a 
value of 3144 was obtained, which is relatively low compared to pre
vious studies [50], but not influencing the hydrogen flux at the applied 
pressure according to calculations. 

Since a certain leakage of helium under vacuum was detected 
immediately after integrating the membrane in the microchannel as
sembly by laser welding (initial validation procedure during manufac
ture), the permselectivity (always performed with nitrogen) is lower 
from the beginning and should not have changed much during the initial 
768 h. Although the operation of micro-structured Pd-membrane mod
ules can result in the formation of pores, up to holes and cracks, due to 
the membrane deformation and the simultaneous increase in surface 
area during activation, the formation of cracks and holes is unlikely at 
the mild conditions currently applied (4 bar(a) and 300 ◦C). 

During more than 4000 h of repeated product gas operation and 
subsequent regeneration, the permselectivity was nearly halved to a 
value of 1534. This decrease can usually be explained by the formation 
of pinholes due to the long operating time, which are caused by grain 
growth and intermetallic diffusion of silver and palladium [107]. 
Furthermore, the impact of adsorbed carbon is unknown. It has been 
reported that carbon can migrate from the surface of the membrane into 
the solid and cause an expansion of the PdAg-lattice [106]. During long 
term treatment with hydrogen, the carbon can also pass the material 
[106], leaving holes which increase the permeability for nitrogen. 

For better understanding of these findings, the experiment was 
stopped after 5000 h of operation and pictures of the membrane surface 
and cross section were taken by scanning electron microscope (SEM). 
Note, that the membrane was fully intact when the experiment was 
stopped. 

The cross section of the membrane module is presented in Fig. 12, 
where the hydrogen pathway is focused from the microchannel through 
a hole of the microsieve. The expected deformation of the membrane 
due to the pressure gradient between feed and permeate side can also be 
noticed. In comparison to Ref. [91], however, this deformation is 
significantly reduced. The reason for this is, on the one hand, the mild 
operating conditions of 300 ◦C and 4 bar(a), but also the different ge
ometry, which minimizes the deformation and extends the lifetime. The 
micro holes are only 70–100 μm wide, while channels of 200 or 1000 μm 
width were used in Ref. [91]. Further, the hole geometry leads to less 
stress compared to a long channel. The higher membrane thickness in 
the uncovered area compared to the covered area is against the expec
tation. A lower thickness would be result of bending; however, as 
preparation of the embedded cross section, lattice-hydrogen and 
enrichment of steel components are excluded, the reason for the thicker 
membrane below the micro holes remains unclear. Hydrogen was swept 
out by nitrogen at the end of the experiment and steel components have 
not been found in elemental analysis. The thicker region is not a sin
gularity, but has been detected in all holes. 

Elemental analysis (EDX, energy dispersive X-ray spectroscopy) in 
Fig. 13 was performed in the middle of the uncovered cross-sectional 
area of the membrane. Fig. 13 (b) shows a clear segregation of Pd to
wards the feed surface of the membrane in the direction of the feed side, 
while Ag-atoms accumulate in the bulk (see Fig. 13 (b)). This segrega
tion is explained by the strong binding energy of palladium and 

Fig. 11. Permeate flow referred to the reference flow of 283 NmL min 1 along 
the experiment duration of 5000 h. The gray areas (sections ② and ④) indicate 
the operating time with product gas. 

Table 3 
Evaluation of the activation energy and the pre-exponential factor from the 
temperature variation with pure hydrogen and product gas as a function of the 
adjusted Sieverts’ exponent of 0.875.  

Fit ​ for ​ n 0.875  EA,M[kJ ⋅mol 1
] Q0[mol ⋅m 1 ⋅Pa n ⋅s 1]

Pure hydrogen 12.98  2.69× 10 9  

Product gas 37.89  3.41× 10 8   

Table 4 
Comparison of permselectivity before product gas operation (after 768 h) and 
after complete regeneration.   

Permselectivity [− ] 

Before product gas operation (TOS 768 h) 3144 ± 13 
After completed regeneration (TOS 4800 h) 1534 ± 15  



hydrogen, which causes an energetic imbalance between surface on the 
feed site and bulk regarding the PdAg-distribution [108–110]. Since Pd 
is isolated in some part the benefit of the added Ag is not given anymore, 
as the suppressed phase transition can occur. An elemental analysis of 
carbon was also carried out (not shown), where carbon was detected on 
both surfaces of the membrane. However, the presence of carbon is 
mainly caused by the embedding material used to prepare the sample. A 
clear statement regarding the possible carbon deposits originating from 
the experiment can therefore not be made. Interestingly, both Ag and Pd 
signals are lower in a region of about 2 μm at the permeate side. No other 
material has been detected in this region. Thus, the density of Pd + Ag is 
different and might be an explanation of the thicker membrane under 
the holes of the micro sieve. The separation effect on permeate side and 
the lower “PdAg density” has not been detected in the covered region of 
the membrane. In analogy to Fig. 13 corresponding SEM-image and 
elemental mappings were applied for a region where the membrane 
were covered by the metal support (see Fig. 14). Fig. 14 (b) and (c) 
clearly do not show such kind of strong segregation – these maps are 
close to the original membrane before exposure. The covered area is 
much less accessible for hydrogen permeation, so that the hydrogen 
and/or product gas penetration and permeation seems responsible for 
the segregation. Although such severe segregation is not expected at the 
applied conditions and is never reported in literature, the long-term 
operation seems to promote changes within the membrane structure. 

Images of the surface on the feed and permeate side in the uncovered 
area of the membrane are shown in Fig. 15. Comparing the feed and 
permeate side, it can be noticed that the grains are larger on the feed side 
as on the permeate side. However, this finding is not a result of a 
stronger grain growth on the feed side, but rather caused by the 
manufacturing process. When sputtering onto a substrate, the grain size 
increases with increasing thickness [111]. Therefore, the permeate side 
corresponds to side facing the substrate during sputtering. Contrary to 
previous investigations of microchannel-integrated thin films [91], 
neither cracks nor holes are apparent on the surface. The surface of the 
feed side was examined at more than ten different locations with the 
same result. The reason is the low operating temperature of 300 ◦C and 
the low operating pressure of 3 bar(a) in addition to the good supporting 
properties of the applied microsieves that have much smaller di
mensions compared to the 200 and 1000 μm channels applied in 
Ref. [91], which barely change the surface morphology. As expected 
after a long regeneration with hydrogen, no carbon deposits have been 
found. 

In summary, the decrease in permselectivity is not the result of 

changes in membrane properties due to temperature, pressure, or 
contamination, but rather to the possible growth of existing leaks points 
originated from the laser welding. Under the applied operating condi
tions, the life estimation of 2–7 years is realistic [107,112]. 

4. Conclusion 

For the application of hydrogen in fuel cell vehicles from LOHC 
dehydrogenation, the post-treatment of the hydrogen is necessary since 
the required limits of carbon monoxide and hydrocarbons cannot be 
met. The purification of the product gas using PdAg-membranes is 
promising, since the membrane can be combined well with the operating 
conditions of the dehydrogenation. However, the impurities present in 
the product gas can reduce the performance of the membrane. There
fore, in this work we performed investigations at 300 ◦C and 4 bars for 
long-term degradation under product gas, regeneration under pure 
hydrogen and long-term stability. 

The impurities present in the product gas can cause an instantaneous 
strong decrease in hydrogen flux, subsequently the hydrogen flux is 
further declining at a constant rate. The initial strong decrease is not 
attributed to extreme concentration of impurities since the reactor and 
membrane coupling almost immediately leads to 25% retentate flow. 
Two different degradation mechanisms are assumed to be involved in 
this transition: the adsorption of hydrocarbon molecules (excluding 
methane) in the product gas stream and the formation of coke- 
precursors or even coke on the membrane surface over time. The 
longer the membrane is operated with product gas, the longer the 
membrane needs to be regenerated. The hydrogen flux has been 
completely restored by treatment with pure hydrogen. 

After the integration of the membrane in the module by laser weld
ing, an initial leakage was detected which resulted in a relatively low 
permselectivity of about 3100 in the time of membrane activation under 
hydrogen. Since such initial leakage occurs from time to time in the 
manufacturing process, the process of module welding must be 
improved to be more reproducible in the future. The reduction in 
permselectivity by 50% over an operating time of 4000 h is not related 
to an ageing phenomena of palladium membranes. Post-images show 
that the mechanical deformation of the membrane under pressure is not 
very distinct and neither holes nor pores are visible. Furthermore, no 
influence of the contaminants on the morphology of the membrane on 
feed side could be observed. The decrease in permselectivity is therefore 
only caused by the enlargement of the existing leaks that occurred 
during laser welding. These findings prove that the concept with the 
micro sieve used as membrane support has a high stability far beyond 
the investigated period of approx. 5000 h. In combination with the 
relatively mild conditions of 300 ◦C and 4 bar(a), the membrane lifetime 
can be estimated to many years. 

The permeation process in presence of the LOHC contaminants is 
limited by adsorptive dissociation of hydrogen on the membrane sur
face, which becomes critical after longer exposure times. The impurities 
result in a three-fold increase of the activation energy (38 kJ mol− 1) 
compared to pure hydrogen. Although the original separation efficiency 
could be restored by flushing with pure hydrogen, the technical imple
mentation of flushing with pure hydrogen is not practical given the rapid 
degradation and slow regeneration. In the next step, the pre- and post- 
treatment of the membrane with air or oxygen is planned in order to 
(re)activate the membrane faster. The installation of activated carbon 
filters for pre-cleaning the product gas is also planned to remove the 
hydrocarbon contaminants from the gas stream. 
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Fig. 13. Elemental mapping by energy dispersive X-ray spectroscopy of the uncovered section of the membrane illustrated in Fig. 12: (a) SEM-Image (b) palladium; 
(c) silver. The colours/level in the bar represent the signal of the component relative to the highest signal detected in this sample. The provided area% is not a 
concentration but the picture area which is covered from the colour/level in relation to the overall picture area. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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silver. The colours/level in the bar represent the signal of the component relative to the highest signal detected in this sample. The provided area% is not a con
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figure legend, the reader is referred to the Web version of this article.) 
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