creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Improvement of hydrogen permeability with
inert gas exposure in metallic membranes

234 A =22 ol8d
o sa T B4

2023d 2¢

2
kv
P}
>
[»
ot
ofd
1%
i



Improvement of hydrogen permeability with

inert gas exposure in metallic membranes
- E8AY VA =E2S ol 8%

PN 2~ = 5
%—lgvl' 'T'i ‘I‘:‘il'/‘é tﬂ:)g' -

£
rir
Md
o
of|

S BEEoR AET

20239 2¢¥

SRR REREE-L A
o] A &

o)A@ FeAA} o

do,

| = i) =Z. =
=& =%

2023d 2¢

ERCE (@)
n9% (@)

91 4 (]




Abstract

Improved hydrogen permeability with inert
gas exposure in metallic membranes

Chaehyeon Lee
Energy systems Engineering
The Graduate School

Seoul National University

Hydrogen is a clean and efficient source of energy, and the hydrogen-based economy is
now considered a potential solution for energy security and a sustainable future. Hydrogen
production technology based on natural gas uses synthetic gas composed of hydrogen and carbon
monoxide created through a catalytic reaction. Hydrogen production through natural gas
reforming will continue in the near future. Among them, membrane technology is known as an
effective method for ultra-high purity hydrogen purification. Hydrogen breaks down into atomic
states on metal surfaces, moves space between metal lattices, and then passes through metallic
membranes through a mechanism that bonds back into molecular states on the opposite surface.
Hydrogen atoms are fixed in the space between metal surfaces and crystals during hydrogen
permeation, resulting in low hydrogen permeability. Due to this mechanism, the metallic
membrane has the advantage of high selectivity for hydrogen, but it is necessary to solve the
problem of decreasing permeability during hydrogen permeation.

Therefore, by inserting an inert gas exposure process between hydrogen permeation tests,
hydrogen atoms between metal lattices are removed to recover permeability. In the first step, a
vanadium-nickel alloy membrane was used to explore the optimal conditions for hydrogen
permeability recovery of inert gas exposure, and in the second step, the optimal gas exposure
conditions were applied to recover the reduced hydrogen permeability of the Pd/V85Nil5/Pd

membrane. When both argon and nitrogen gases were exposed at 0.8 MPa and 43 hours, the



degree of increase in permeability was large compared to the initial transmittance. Due to argon
exposure, the hydrogen permeability of the metallic membrane increased by about 280%
compared to the initial stage after the first exposure, and an improvement of 508% was achieved
through the second exposure cycle. Since nitrogen is also non-reactive, it was confirmed that the
recovery effect of hydrogen permeability was significant. In the case of nitrogen, it increased by
131% and 156%, respectively, after the first and second recovery cycles. Argon was more
effective in recovery than nitrogen. In addition, the average hydrogen flow rate increased bymore
than 1 cm®/min (sccm) after the inert gas exposure cycle. Therefore, it was possible to switch from
the batch process to a continuous process, and the experiment was conducted by changing the
temperature of the process to 350, 400, 450, and 500 °C. As a result, the metallic membrane
showed high permeability at 400°C, and the overall hydrogen permeability pattern was also
stabilized.

These results indicate that the inert gas exposure process mitigates the decreasing trend
during the hydrogen permeation test and affects the improvement of the hydrogen permeability
of the Pd/VgsNiis/Pd membrane. If the inert gas exposure can guarantee high hydrogen
permeability through this study, it is believed that it can help increase the efficiency of the

hydrogen separation process using a metallic membrane.
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1. Introduction

1.1. Study background

Our Earth is facing serious climate change and global warming associated with manmade
CO:. The human impact has affected patterns of precipitation changes, global glacial decline, and
increased temperature on the Earth's surface. Humans have warmed the climate at an
unprecedented rate in the past 2,000 years. Observed warming is due to emissions from human
activities, with greenhouse gases. Among them, CO> has the largest contribution to warming. The
total degree of warming is determined by past and future CO; emissions. Historical records of
global surface temperatures show that human-induced long-term changes are clearly influenced
by variability. Therefore, global efforts are needed to reduce greenhouse gases. The primary
sources of greenhouse gas emissions in the United States are: transportation, and electricity
production. More than 50% of the CO, generation is discharged from the source, and it comes
from burning fossil fuels, mostly petroleum, coal and natural gas. Therefore, it is indispensable
to reduce CO, emissions from fossil fuel combustion. The United Nations agreement at the Paris
Climate Conference in 2015 highlighted the importance of reducing CO> emissions from fossil
fuel combustion.

Hydrogen is a clean and efficient energy carrier, the transition to a hydrogen-based economy
is a hot issue. It is also now widely regarded as a potential solution for the future of energy security
and sustainability. There are three different industrial methods for producing hydrogen: water
electrolysis, steam methane reforming (SMR), and coal and biomass gasification (Adhikari &
Fernando, 2006). In water electrolysis, electricity is used to break H,O molecules into H; and O».
It does not need any purification step and CO; neutral which is environmentally friendly method.
However, due to its high price to produce, electrolysis of water only accounts for about 4% of the
global hydrogen production. In SMR, hydrogen is produced from natural gas, such as CHs4. CH4
reacts with steam in high temperature (700-1000°C), high pressure conditions (4-20 bar) (Chen
et al., 2017) and produces H,, CO, and CO,. H; is purified by removing CO, and other impurities

from the mix gas stream in the final process. H» is produced by reacting various feedstocks such



as coal, biomass, or urban solid waste with steam or oxygen under high pressure and temperature,
and may contain water vapor, a small amount of sulfur compounds (H>S, COS), some ammonia,
and other H,, CO, and CO, through gasification of coal and biomass. The trace contaminant
carbon dioxide reacts with H,O to form more H, with CO, through the WGS reaction, and the last
generated H, is purified. SMR and gasification are common methods of producing hydrogen
which can meet the demand of large scale of industrial demand and economical ways. During the
transition from a carbon-based (hydrogen fuel) economy to a hydrogen-based economy due to
economic constraints, fossil fuel-based hydrogen production methods are considered essential and
good temporary options to follow. Hydrogen production combined with carbon gas compounds
is indispensable. The hydrogen production based on SMR or gasification needs purification step
in the final stage. Because this production process provides a mixture of H» rich gases that require
H, to be refined to a very high purity level (Sazali et al., 2020). Interest in ultra-purity hydrogen
production has increased significantly in recent years and this has put pressure on the development
of alternative methods of hydrogen purification.

Membrane separation technologies appear to be promising methods in gas separation
applications. General objective of membrane is to guarantee hydrogen with industrially available
purity. There are various types of membranes as shown in Table 1 (e.g. metallic membranes, silica
membranes, zeolite membranes, carbon-based membranes, polymer membranes) which separate
and purify pure hydrogen from a gas mixture such as CO, CO,, O,, N> for use as an energy source
(Ockwig & Nenoff, 2007). Membrane separation technology is simple and easy to operate and
the maintain. In addition, cost is low to separate and scale up (Bernardo et al., 2020). Membranes
can be categorized based on materials: organic and inorganic membranes. Organic membranes
are polymeric and biological. The gas transport mechanism through the polymer membrane may
vary depending on the difference in pore size. The gas transport method in the porous polymer
membrane is greatly influenced by the pore size and the size of the gas molecule. Inorganic
membranes are classified into ceramic and metallic membranes. Ceramic membrane can permeate
or selectively absorb hydrogen, however, ceramic materials has both mixed ionic conductivity

and electronic conductivity leading to limited permeability and low stability (Julbe et al., 2001).



Dense metallic membranes have potentials to transport hydrogen with sorption-diffusion
mechanism. It is attractive that hydrogen can permeate bulk metals with ensuring high purity of
hydrogen.
Hydrogen purification using metallic membranes has a long history going back at least 1950s.

The mechanism of hydrogen permeation through metallic membrane is different from porous
membranes. Hydrogen permeation through metallic membranes is illustrated as a sorption-
diffusion mechanism. Hydrogen diffusion occurs from a high pressure feed side to a low pressure
permeate side in the following steps (Rahimpour et al., 2017; Shi, 2014).

- Hz molecules move to the surface of the metallic membrane

- Reversible H, chemisorption on the metal surface

- Dissociation of H2 molecules into an atomic form at the membrane surface

- Diffusion of atomic hydrogen within metal lattice (generally rate limiting step)

- Association of atomic hydrogen at the metal surface

- Hydrogen molecular desorption from the surface of metal

- Transferring of H, molecules from the membrane surface to bulk flow

As shown in Figure 1, gaseous H pass through metallic membranes by adsorption and

desorption. First, hydrogen molecules adsorb and dissociate into atomic H on the metal surface
when exposed to feed side with high pressure. H atoms subsequently diffuse to interstitial sites in
the metal and recombine into molecular form on the other side of membrane where the pressure
of hydrogen is low. Partial pressure difference across the membrane leads to net transport of
hydrogen from feed stream to permeate stream (Sholl & Ma, 2006). Through this mechanism,
metallic membranes can have high selectivity for hydrogen over other impurities compared to
porous membranes which separate gas stream based on size distribution. Due to its high hydrogen
permeability and theoretically infinite hydrogen selectivity, the operation of pure hydrogen and

catalytic membrane reactors has been studied for a while (Uemiya et al., 1991).



Table 1 Issues in hydrogen permeation with membranes

Membrane type Advantages Disadvantages References

Polymeric Polymeric Physical properties (Lamb et al., 2019;

membrane membrane is easy to of plasticization and Park et al., 2017)
process and control  aging can be

Ceramic membrane

Metallic membrane

In a silica-based
ceramic membrane,
when small gas
molecules penetrate,
the temperature
increases and then
increases with the

activated  transport
mechanism.

Defect free,
chemical and

mechanically stable

obstacles to adopt in
a large scale.

The perovskite
membrane is a major
ceramic membrane,

and the electron
conductivity is very
low at high
temperatures,
resulting in poor
hydrogen
permeability.

In the presence of
small amounts of
impurities, it
exhibits
permeability
decrease

(Hashim et al., 2018;
Yang et al., 2021)

(Yan et al., 2021)



Feed stream
(high H, pressure)

Permeate stream

(low H, pressure) - “

Figure 1 Schematic diagram of the mechanism of H, penetration across a metallic
membrane.
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The hydrogen flux (Juz) of metallic membrane can be expressed as:
® d t
]H2 = E((PI-{zee »m— PI-zIJZermea e)n) (1)
This equation is derived from Fick’s law and Sieverts’ law combining. The permeability (mol m
I'stPa'?is ¢, the membrane thickness is 8, and partial pressures of hydrogen in feed stream

and permeate stream are expressed as Py, feed and P2, permeate. The rate limiting step of metallic
membrane hydrogen diffusion is bulk diffusion so that the exponential factor n is 0.5.

Each metal has its advantages and disadvantages. Palladium has been used with their high
selectivity to separate hydrogen from gas mixtures (Graham, 1866). The Pd or Pd membrane
exhibits high hydrogen permeability and chemical stability even in hydrocarbon gases, and after
undergoing a deteriorated flux by hydrogen permeation test, the membrane recovers the flux by
air treatment. Pure Pd can be an effective membrane at temperature above 300°C, but membrane
cracking is common at lower temperatures (Wolf et al., 1994). This problem arises because Pd-H
has two significantly different phases. At high temperatures, pure Pd membranes can be strongly
poisoned by chemical impurities, especially sulfur-containing species (Kamakoti et al., 2005).
These two difficulties be overcome by using metal alloys as membranes instead of pure Pd. In
addition, high price of Pd is also an obstacle to adopt in large scale. The current price of palladium
as of 2022 is $2,037.00 per ounce.

Group V metals such as vanadium, niobium and tantalum are also known as hydrogen
permeable metals (M. D. Dolan et al., 2012). In general, the difference in hydrogen permeability

is due to hydrogen s%Folubility. Group V metals are of great interest because of their high

permeation rates. Their permeability increase as the temperature decreased (Kim et al., 2013) due
to solubility. These metals are cheaper and more resistant to high temperatures than palladium.
Nevertheless, the fabrication of these metallic membrane is difficult because exposure to
hydrogen would lose flexibility in the presence hydrogen at room temperature. Because the
absorbed hydrogen affects the physical and chemical properties of the host metal (Louthan Jr et
al., 1972), group V metal embrittles when exposed to hydrogen (Ko et al., 2012). The poor surface
properties of metals that reduce hydrogen transport (i.e., the production of surface oxide layers)

are also another factor limiting their use.



Hydrogen embrittlement in group V metals is a major problem when these metals facing
hydrogen. The main mechanism of this phenomenon has not been clearly understood. However,
briefly, hydrogen concentration gradient makes hydrogen diffuse toward and accumulate at the
stress concentrated region. The absorbed hydrogen affects the physical and chemical properties
of the host metal (Louthan Jr et al., 1972). When the local hydrogen concentration reaches the
threshold, a mechanical failure occurs on the surface of the metal membrane. To prevent hydrogen
embrittlement, alloying is well known method by adjusting microstructure.

By increasing the amount of Ni, Al, Mo elements, it is possible to reduce the amount of C,
Si, P, and S elements that affect the hydrogen embrittlement. For example, in case of Mn-B metal,
when the C element content increases, the hydrogen embrittlement also increase (Zhang et al.,
2014). V-Ni alloys are known to be the most promising because of its permeability and thermal
stability (Nishimura et al., 1991). The effect of nickel as a second alloy element on the V-based
membrane was investigated (M. Dolan et al., 2012). The V-based alloys with Ni content up to
15 at.% are studied (Bellini et al., 2018; Nishimura et al., 2002; Shim et al., 2013). These alloys
maintain the BCC-structure up to the composition of VgsNijs, providing the best durability among
BCC-metals. However, V-Ni alloy indicates a clear decrease in hydrogen diffusivity at hydrogen
permeation condition as the Ni content increased, which leads to drastic decrease in total hydrogen
permeability compared to pure vanadium membrane. In addition, the preparation method may
have a serious impact on the final result. It has been found that cold rolling techniques to fabricate
the membrane reduce hydrogen permeability by increasing particle size, while subsequent
annealing recrystallization promotes large particle sizes containing fewer potentials, thereby
improving hydrogen permeability (Song et al., 2010). In fact, defect traps increase the solubility
of hydrogen due to an increase in diffusion activation energy while reducing permeability.
However, palladium, an FCC metal, is not affected by durability because its permeability is not
affected by changes in hydrogen solubility. It is common to deposit Pd on the double side of the
metal alloy to improve thermal stability at high temperature (Conde et al., 2017).

When palladium is coated on the surface of the membrane, decrease in hydrogen flux appears

to be related to the mutual diffusion between the palladium coated layer and the vanadium alloy



substrate, which affects the hydrogen permeation behavior (Edlund & McCarthy, 1995). It may
lead to rapid decrease in hydrogen flux over time. A similar phenomenon was observed in other
Pd-coated metal membranes. For example, it is reported that the mutual diffusion of Pd-coated
Ti-Al membranes facilitated flux reduction and produced pinholes on the membrane surface at
temperatures ranging from 500 °C to 700 °C (Zhang et al., 2011).

Air treatment on the metallic membrane can affect the membrane behavior. It is known that
oxygen pretreatment can affect hydrogen permeability by activating the surface of Pd-Ag
membrane and removing carbon-based pollutants on the surface (Pizzi et al., 2008).

In the process of oxidation and reduction of the metallic membrane, heat treatment in the air
was able to observe higher hydrogen permeability than the initial hydrogen permeability (Fort et
al., 1975; Keuler & Lorenzen, 2002). It also removes impurities from the surface by using air heat
treatment on the fresh membrane, but also to recover deactivated membranes after the hydrogen
permeation tests (Ali et al., 1994). This is because heat treatment in the air changes the properties
of the membrane surface. It is observed that the surface roughness increases after heat treatment
in the air, and the number of active sites for hydrogen dissociation increases (Wang et al., 2000).
It is found that the oxidation time or temperature could affect the degree of improvement in
penetration after oxygen treatment (Keuler & Lorenzen, 2002). The heat treatment in nitrogen
and argon at 400 °C shows almost the same result as the heat treatment in air at 300 °C. These
results show that the improvement of flux is largely dependent on both temperature and ambient
atmosphere (Mejdell et al., 2008). However, there is another research that extremely high pressure
of high molecular weight gases inhibits hydrogen flux. High molecular weight non-reactive gases
cause subsequent hydrogen flux degradation when exposed to the metal membrane at high
pressure. These effects were observed for N», Ar and CO; at 3.0 MPa and 500 °C, and a significant
reduction in hydrogen flux within 24 hours was recovered only to 60% (Lundin et al., 2017).
Therefore, the recovery of the reduced hydrogen flux in the metal membrane must be
accompanied by an appropriate conditions of gas treatment. Processing conditions can have a

significant impact.



1.2. Research objective

Numerous studies have been conducted on various metals as candidates for hydrogen
permeation membranes. Among them, the VgsNi;s membrane, which has relatively high price
competitiveness, was selected as a substrate to confirm hydrogen permission.

The V3sNiis membrane without Pd sputtering showed low permeability due to the oxide layer
on the surface. Therefore, a thin Pd layer was deposited to improve the hydrogen flux. In this
study, to recover the reduced hydrogen permeability during hydrogen permeation, hydrogen
permeation experiments were conducted with Ar and N, exposure processes in order to have a
greater effect than air treatment. To find the ideal transmission continuous process conditions, the
temperature change of the Pd sputter membrane alloy was also explored. The relative hydrogen
permeability results before and after the inert gas process have been described in detail. The
purpose of this study is not only to devise a process of recovering reduced hydrogen permeability
through this study, but also to design a process capable of stably using a Pd sputtered membrane

for hydrogen permeation.



2. Materials and methods

2.1 Membrane preparation

There are two types of membranes used in the experiment (Figure 2). Both are based on V-
Ni alloy membranes, one is a naked V-Ni alloy membrane, and the other is a membrane with Pd
sputtering on both sides. V-Ni alloy membrane was made using high purity V (>99.9%) and Ni
pellets. V and Ni were mixed and melted on a water-cooled copper hearth using an Ar arc melter
in the proportion of 85 wt% V+ 15 wt% Ni. Arc-melted V-15Ni alloy ingots were prepared and
heat treated at 1350 °C in pure-argon atmosphere for 12hours to ensure compositional
homogeneity. A total ingot was cut into sheet-shape and polished on both sides using a 2000 grit

abrasive paper. The final thickness of the tested membranes was measured 270-280 pm.

Pd thin films (100 nm) were prepared on both sides of the V alloy substrate using an electron-
beam evaporator (KOREA VACUUM TECH., LTD, KVE-E2004L). The Pd pellets (Taewon
Scientific Co., 99.99%) were placed in a tungsten crucible and subjected to e-beam evaporation.
A constant e-beam voltage of 7.5 kV and current of 70 mA was applied to maintain a deposition
rate of 0.5 A/s. The base pressure of the chamber during deposition was maintained around 10°

Torr.

10 :



vSﬁNiIS

270-280um Pd 100nm

(a) (b)

Figure 2 Fabricated metallic membrane diagrams: (a)VssNiis and (b) Pd coated VssNiis
(Pd/VssNiis/Pd)
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2.2 Gas permeation test cycles

A gas permeation equipment used in the experiment is largely divided into two parts between
metallic membrane. The feed stream side is connected to three different gases. In all stages of the
permeation experiments, gases with 99.999% purity (Hanmi gas, Korea) were used. Each gas was
injected into the cell using a mass flow controller (MFC; F-201CV, Bronkhorst). The metallic
membranes were fixed with 7 mm internal diameter circular Cu gaskets, resulting in an active
surface of 38.48 mm?. Three thermocouples were used to raise the temperature, and metal leads
outside helped maintain the temperature. The permeate stream side was connected to a mass flow
meter (MFM; F-110C, Bronkhorst) to measure the stream of the gas that penetrated the metallic
membrane. Ar connected to the permeate stream side is used to prevent pressure difference
between membranes. The hydrogen flux measurement setting was similar to (Mejdell et al., 2008).
Each membrane was placed in the apparatus and heated with a thermocouple located inside the
cell. The overall process of the membrane experiment is shown in Figure 3. A preliminary leak
test was conducted on both sides of the membrane using inert gas at room temperature to confirm
that the membrane did not leak. Hydrogen permeability was measure at 350 °C with pure H, gas
(purity of 99.999%) for 5 hours at 0.4 MPa with no sweep gas. Subsequent inert gas treatments
were conducted after permeability check. The membrane cells were filled with Ar or N on the
feed side and Ar on the permeate side at 350 °C. The flux is regenerated by air treatment (Lundin
et al., 2017), therefore the main component of air, N», was selected. Ar was chosen because it is a
non-reactive gas similar to N». Inert gas treatments were conducted to find out optimal recovery
treatment conditions. Inert gas pressure used both 0.4 MPa which is equal to the hydrogen
pressure and 0.8 MPa which is higher than the hydrogen pressure, and the exposure time differed
from 19 hours and 43 hours. If the pressure swing becomes large, there is a possibility of
mechanical defects in the membrane, so the maximum exposure pressure was limited to 0.8 MPa,
which is twice the hydrogen exposure pressure. After the treatment, the hydrogen permeability

was checked again (Figure 4).

Pd coated membranes were tested under optimal condition which was determined in

12



preliminary V-Ni alloy membrane. The impact of Ar and N, was tested in each membrane. After
3 cycles of inert gas treatments, both Ar-treated alloy membrane and N-treated alloy membrane
were tested in continuous process. A constant flow of H, was fed to the feed side using MFC. As
before, hydrogen was adjusted to 0.4 MPa, and continuous flow was fed at 2 cc/min. This series

of continuous process was repeated at 350, 400, 450 and 500°C.

Hydrogen permeability (®) was evaluated using the following equation (Collins & Way,

1993; Keurentjes et al., 2004):

e &=—22" (molm-1s-1Pa-172) (1)

TP -P,"

Where J: hydrogen flux (cc/min), Pi: feed pressure (Pa), P,: permeate pressure (Pa), L: membrane
thickness (m), A: area of membrane and n: rate limiting step. Typically, a rate limiting step of
metallic membrane permeation is the bulk diffusion, so the n-value was approximately 0.5 in

these tests.

In addition, if the Pd membrane with increased permeability due to inert gas treatment may
ensure a minimum flow rate for a continuous process, the process can be converted to continuous
process. Therefore, in a previous semi-batch process that checks the hydrogen flow rate on the
permeate side every 10 minutes without additional hydrogen injection for 5 hours, it can be
converted into a continuous process that checks the hydrogen flow rate through with continuous
hydrogen injection for 5 hours. In this process, the permeate valve was kept opened and checked

spontaneously.
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Figure 3. Schematic diagram of metallic membrane cell permeation
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Figure 4 Scheme of hydrogen permeation and inert gas treatment cycles
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3. Results and discussion

3.1 Optimal inert gas treatment condition

Hydrogen permeability was measured every 10 minutes during 5-hour permeation test.
Hydrogen permeability change of VssNiis alloy membrane for 5 days was illustrated in Figure 5.
After preliminary leak test, a hydrogen permeation experiment for Shours was conducted. Then
the feed side left hydrogen intact and the permeate side ventilated. Overall trend line graph
showed that the hydrogen permeability decreases over time for 5 days. To illustrate the tendency

of the permeability of membrane itself, permeation flux values were calculated.

The averaged-permeability of the first day was 4.61x10° mol/m s Pa'2. It decreased to
3.26x10” mol/m s Pa"? with no inert gas treatment. Between each hydrogen tests, the membrane
kept exposed to hydrogen. Permeability value maintained to 3.28 %10 mol/m s Pa'’? in the third
day. Permeability of VssNi;s membrane initially increases to about 30 hours, then gradually
decreases. Therefore, it decreased to 3.08x10° mol/m s Pa'?, 2.54x10° mol/m s Pa'?, and
2.79x10° mol/m s Pa'?in 4" | 5" day, and 6™ day, respectively. In 4 days of using, relative
hydrogen permeability was around 66% of initial permeability. When the surface of the feed side
membrane is exposed to hydrogen, hydrogen atoms cannot pass through the metal alloy by
moving the metal lattice. Generally, it is known that the hydrogen trapping phenomenon occurs
for the alloy membranes. If sufficient driving force is not continuously provided, hydrogen atoms
located between the metal lattice are not moving. As the number of metal lattices filled with
hydrogen atoms increases, the rate of movement decreases and the overall permeability decreases.
However, it is possible to provide a driving force to remove atoms between the lattice by removing

hydrogen and injecting inert gas between the hydrogen permeation tests.

The possible mechanism is that the pressure gradient which was made with feed side inert
gas makes the hydrogen atoms move to permeate side and metal lattices empty. And in the process,
the gas that makes the pressure difference may not react with the metal membrane to be effective.

Therefore, the inert gas affects the recovery. When comparing the initial permeability and the
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subsequent permeability by calculating them as relative permeability (Figure 5), it can be
confirmed that the trend gradually decreases over time. In the continuous hydrogen permeation
process, the hydrogen permeability did not recover to a similar level as the first time, and only

about 70% was achieved. In addition, the flux of the entire process decreased over time.

When the operation sequence was different that inert gas treatments were inserted between
hydrogen permeation test, the results changed (Figure 6). After initial permeability measurement,
treatment was performed with Ar and N» then hydrogen permeation experiments were conducted
again. Inert gas treatment was conducted with 0.4 MPa for 43hours. Compared to initial value,
Ar-treated membrane showed 133% increase while N»-treated showed 90% of initial value after
1* cycle of treatment. According to Figure 5, if hydrogen is continuously used, the permeability
decreases to the initial level of 77% on 4™ day, but if inert gas treatments with N, and Ar are used,
the permeability remained similar to the initial level or increased more. Ar was much more
effective than N,. Relative hydrogen permeability shows higher value with both types of gas
treatment than without any treatments. It can be assumed that on the metal membrane surface N,
decomposition. N atoms are intercalated and bound into the vacancy of the vanadium surface
(Zou et al., 2018). However, Ar can be assumed to have impact on hydrogen atoms in the V alloy
because there is no interaction between vanadium and Ar even if it is inserted into an empty space.
To determine the optimal condition of recovery, further experiments were implemented with

variation of time and pressure.
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To find out the overall long term tendency of metallic membrane, the hydrogen tests were
conducted with single membrane. During the test, the inert gas treatments were accompanied by
different conditions of argon exposure. In the preliminary tests using argon, it showed that the
degree of recovery of hydrogen permeability varies significantly depending on the inert gas
treatment conditions. Results of relative hydrogen permeability when treated under argon

treatment conditions in a 58-day long-term experiment (Figure 7).

Between each blue bars, argon treatment was performed under certain conditions, and the
orange lines were obtained by continuing to expose hydrogen without gas treatment. The initial
hydrogen permeability was set to 1, and the relative permeability of the other permeabilities were
calculated. Most relative hydrogen permeabilities were higher than 80% with Ar gas treatment.
Moreover, subsequent permeabilities were higher than the initial one with specific treatment
conditions. Argon treatment under different conditions was performed before and after each
permeability was conducted. However, as shown in the trend of hydrogen permeability over the
initial 10 days, when the argon exposure time was 1 day, it did not affect the permeability and
continued to decrease. When the exposure time is 19 hours, the permeability was 67% at the
beginning. However, the reduced permeability rose and recovered to 115% when the argon
exposure was extended to 67 hours. The permeability consecutively decreased to 86%, 89%, 77%,
and 79% with 19 hours. After 10 days, exposure time was prolonged to 67 hours which showed
significant impact on the permeability. Degraded membrane continuously enhanced its hydrogen
flux, and reached the value similar to the initial one and even higher. It can be assumed that with
argon treatment permeability has increased as more metal lattices can be involved in hydrogen
migration. The permeability, which rose to 137% due to argon gas treatment, decreased to 0.75 as
in Figure 7 when continuously performing the hydrogen transmission process. This means that
even if an inert gas is treated from the ultimate point of view, it cannot prevent the metal lattice
from being saturated and decreasing permeability. It can only be expected that the role of inert
gas is to free the hydrogen atoms located in the lattice so that the gas can move during the next
hydrogen experiment. Relative hydrogen permeability increased to 99% with 67 hours of

continuous Ar exposure. When hydrogen exposure was continuously carried out under the same
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argon conditions, the degree of permeability similar to the initial one continued to appear. This
can be used for stable hydrogen separation of argon operation. When hydrogen exposure was long
between 30 and 40 days, hydrogen permeability undoubtedly decreased. However, it recovered
after argon exposure, and this pattern was the same between 40 and 50 days. In conclusion,
hydrogen permeability degradation is reversible. It can be seen that it is effective in improving
hydrogen permeability only when a sufficient exposure time is guaranteed. Hence, when a new
approach with inert gas cycles was proposed in metallic membranes, the membrane permeability
itself did not decrease to the degree that cannot be used in the process, rather it showed recovery

and consistent value in long term process.
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Condition parameters are categorized into two main groups including exposure time and
pressure. To study how the different parameter in the treatment procedure affected the
permeability recovery and activation, some of the membranes were examined with certain
conditions with Ar and N,. The process was conducted for 5 hours. During the hydrogen
permeation, feed side was filled with hydrogen only and no additional gas injection. The hydrogen
flow rate was confirmed by opening the valve on the permeate side every 10 minutes, and the

results were shown as average.

The effects of argon exposure time were measured at 19, 43, 67, and 91 hours, respectively
(Figure 8). The experiment was conducted while the argon pressure was fixed at 0.8 MPa. When
Ar was exposed to a metal membrane having an initial average permeability of 3.37x10°® mol/m
s Pa'? for 19 hours and then hydrogen permeability was measured again for 5 hours, it was
2.23x10"® mol/ m s Pa'?, which was not recovered rather reduced. However, it can be seen that
after 49 hours of exposure, it increased to 3.62x10® mol/m s Pa!?. And the permeability of
3.86x10"® mol/m s Pa'2, 3.33x10® mol/m s Pa'? was measured after exposure for 67 hours and
91 hours, respectively. Compared to the initial permeability, 19 hours of exposure achieved 66%,
while 107%, 114% and 98% were achieved after 43 hours, 67 hours, and 91 hours of exposure,
respectively. Ar must be exposed for at least 43 hours to obtain results similar to initial
permeability. However, if the exposure time is too long, the recovery process is relatively long
compared to the permeation process, therefore 43 hours was determined as the optimal recovery
time. The mechanism of decrease in hydrogen flux has not been well discovered yet. However,
thermal treatment in air has been used to remove poisoning species from fresh membranes.
Similarly, argon gas also had comparable or much more significant impact on the metallic

membrane with prolonged exposure.

The effect of argon exposure pressure was measured at 0.4 MPa and 0.8 MPa. Since the
hydrogen injection pressure was 0.4 MPa, cracks were observed in the metallic membrane if the
pressure difference was greater than 0.8 MPa. Therefore, the experiment was conducted by setting
the maximum pressure to 0.8 MPa. The initial hydrogen permeability of the pressure experiment

was 1.09%10-8 mol/m s Pa'”?. After exposure to 0.4MPa, it was 3.81x10" mol/m s Pa'”?, and when
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argon of 0.4MPa was repeatedly exposed, the increase was 4.42x10”° mol/m s Pa?, which was

not recovered a lot. However, when the argon exposure pressure increased to 0.8 MPa, the
transmittance was consistently increased to 1.11x10® mol/m s Pa'?, 1.17x10® mol/m s Pa'2.
Comparing the relative permeability, 0.4 MPa achieved 35% and 41% compared to the initial
stage. This is a lot lower than the number of consecutive hydrogen penetration operations. Rather,
0.4 MPa had little effect as the relative permeability was much higher when continuous hydrogen
test was performed. However, if the argon pressure increased to 0.8 MPa, it was possible to

achieve 102%, 107%. Using as high pressure as possible on a line where the membrane does not

break is effective in restoring permeability by applying force for the hydrogen atom to move.
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This is the result of time and pressure when exposure treatment was performed with nitrogen.
(Figure 10, Figure 11). V-Ni membrane was treated with nitrogen with different time and pressure.
As Ar- treated membrane, N,- treated membrane was also tested with after 19, 43 hours of
exporsure with 0.8 MPa pressure (Figure 10). In the previous treatment, if the time is long, the
recovery effect is great, but the effect is insignificant compared to time, so the efficiency has
decreased. Therefore, 67 and 91 hours were not applied to nitrogen treatment. V alloy membrane
initial permeability was 6.29%x10” mol/m s Pa"2. With nitrogen treatment at 0.8 MPa for 19 hours,
the permeabilities were 5.43x10° mol/m s Pa'? | 5.49x10° mol/m s Pa'?, consecutively.
Calculating the relative permeability, it was 86% and 87% compared to the initial permeability,
which was more effective than the argon exposure experiment under the same conditions.
However, when the exposure time was prolonged to 43 hours, the results trend were different.

2 in consecutive permeation tests and

Hydrogen permeability values were 6.00x10 mol/m s Pa
its relative permeability was 95%. As more hydrogen atoms are removed between the metal lattice,
hydrogen permeability recovery occurs well. However, increasing permeability trend with
increasing exposure time was stronger in Ar treatment compared to N treatment. Compared to
argon which made the permeability increase even after the hydrogen tests, N, had the effect of
just restoring the initial level. It can be assumed that argon molecule (40 u) is even heavier than

nitrogen molecule (28 u) so that the impact of Ar was greater. This is because heavier physical

force can be applied.

Figure 11 shows the repeated permeation results with pressure variation. For the same reason
as the argon pressure difference experiment, the maximum applied pressure was limited to
0.8 MPa. The metallic membrane with the initial 6.26x10 mol/m s Pa'? decreased to 4.00x10~

mol/m s Pa'?

when the metallic membrane was exposed to nitrogen with 0.4 MPa after the
hydrogen permeation experiment. At this time, the time was used by adopting 43 hours, which
showed high efficiency in the previous experiment. After that, even if the experiment was repeated

12 was shown. Converting

under the same conditions, the permeability of 4.29x10 mol/m s Pa
the value into relative permeabilities were 63% and 68%. However, when the exposure pressure

increased to 0.8MPa, the permeability recover to 6.12x10 mol/m s Pa’?and 5.09%10° mol/m s
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Pa'2, It could be concluded that relative permeabilities were 97% and 81%, respectively. Similarly,
in the nitrogen pressure variation experiment, the higher the pressure, the greater the effect of
permeability recovery. However, the effect of the pressure value was different. Since the hydrogen
exposure pressure is 0.4 MPa, if the difference from this value increases, the load applied to the
metallic membrane increases, which makes significant influence. Like argon, nitrogen was found

to be effective in recovery as the exposure pressure was greater.
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Similar permeability decay and recovery has been reported with metallic membrane. The
membrane was exposed to air for 500 hours, after which the flux recovered to initial permeability
(Lundin et al., 2017). The membrane is exposed to air at 350 °C, and then stabilized hundreds of
hours after recovering its initial value. If the exposure gas changed to inert gas, the results of
experimental analysis were shown in Table 2. After using Ar and N2, the relative permeability

recovery efficiency results were analyzed based on the initial permeability.

As a result of the repeated experiment, the degree of permeability recovery increased as the
inert gas pressure increased and the exposure time increased. In the case of argon, the permeability
after treatment increased compared to the initial permeability, and enhancement was also shown.
All experimental results showed that the increase effect was consistent in the metallic membranes.
In the present study, after an initial rapid decline over 5 hours, the flux recovered to an around
90% of initial value after 43 h. The permeability recovery with Ar increased up to 133% with
0.8 MPa, 43 hours, and with N, recovered 97% with same conditions. If the pressure difference
between feed side and permeate side is large, the force of the hydrogen atom located between the
surface metal atoms becomes greater. Therefore, as more hydrogen atoms are removed, it can be

estimated that the permeability is high and stable in the next hydrogen experiment.

Unlike the vanadium metallic membrane, which generally suffers from an embrittlement
problem, the metallic membrane used in this study were robust enough to be used in practical
hydrogen separation applications if the inert gas experimental conditions were kept constant. The
cause of the embrittlement is that the process is operated at a low temperature, and at a temperature
0f 350°C or higher, it was robust without embrittlement. Except the case of the inert gas treatment
pressure should not exceed 0.8 MPa. The higher the pressure in the inert gas treatment, the more

effective it is, so it is efficient to apply the pressure as high as possible.

There is no leakage during the long-term test. The membrane used in this study endured
repeated hydrogen experiments and gas exposure without being destroyed. As a result of the
repeated experiment, both argon and nitrogen showed maximum efficiency when treated at 0.8

MPa and 43 hours. Therefore, further experiments with Pd coated membrane were conducted at
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0.8 MPa of inert gas for 43 hours.
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Table 2 Experimental result based on experimental condition differences; bolded conditions

are the most effective conditions in each inert gas

Efficiency compared to previous

no Gas Pressure (Mpa)  time (hr)
permeability (%)
65.5

1 N 0.4 43
(63-68)
86.5

2 N 0.8 19
(86-87)
91.4

3 N2 0.8 43
(89-95)
38

4 Ar 0.4 43
(35-41)
112

5 Ar 0.8 43
(101-133)

6 Ar 0.8 67 114

7 Ar 0.8 91 99
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3.2 Permeability test of Pd coated membrane

The high permeability of BCC V metal has been acknowledged for a long time, however
pure form of BCC metals makes crack rapidly on the surface when exposed to hydrogen due to
the high hydrogen solubility. Therefore, alloying with other metals can be a solution, but this can
largely induce permeability decrease. Metallic membrane sample surfaces were coated with Pd to

promote H» dissociation so that the influence of bulk alloy properties could be minimized.

When the Pd-coated membrane experiment is conducted for 5 hours, the hydrogen
permeability was initially measured to be 2.74x107 mol/m s Pa'? and 8.72x107 mol/m s Pa'”.
Compared to the naked VssNiis membrane of 1.65x10-6 mol/m s Pal/2, it was significant that
thin Pd coating made noticeable increase. Compared to the results of literatures, pure V shows
3.00x107 mol/m s Pa'? (Steward, 1983) and Ni has 7.80x10"!! mol/m s Pa'? permeability. To

prevent vanadium embrittlement, the permeability is 3.50x10® mol/m s Pa'”?

with palladium both
sides coating (Dolan et al., 2018). When vanadium and nickel are alloyed, the permeability is
decreased to 5.00x10® mol/m s Pa'? with Pd coating (Nishimura et al., 2002). Palladium coating
is effective when used alone, but alloyed palladium has also potent of hydrogen permeation
characteristics. Pd-Cu alloy coating is efficient in hydrogen permeation test with 6.00x10

12

mol/m s Pa"* permeability (Yang et al., 2007). It showed that the membranes used in this study

had comparable permeability value (Table 2).

However, during the overall 5 hours hydrogen permeability check, the Pd coated membrane
decreased drastically and converged to almost zero at the end of the experiment (Figure 12). The

permeability of the initial Pd coated membrane was 1.26x10° mol/m s Pa'”?

. Compared to non-
coated membrane, its initial permeability was 1.65%10° mol/m s Pa'2. Pd coating had 76 times
effect at initial stage. During experiment, the hydrogen flux showed repetitive fluctuation and

decreasing trend. Non-Pd membrane also indicated fluctuation during the test, but decreasing

trend was not observed. After 5 hours, the value converged to zero.

Drastic decrease in hydrogen flux over time at high temperatures seems to be related to

interdiffusion between palladium coating layers and V alloy substrates. The decrease in hydrogen
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flux seems to be related to the mutual diffusion between the palladium coated layer and the
vanadium alloy substrate, which affects the hydrogen permeation behavior (Edlund & McCarthy,
1995). Similar permeability decay and regeneration with air have been reported in Pd-based
membranes in the past. The fact that permeability is restored after air exposure shows that air
exposure is a surface phenomenon that restores hydrogen adsorption and dissociation rates. This
deterioration over time may be due to the rearrangement of the external Pd layer due to Pd

magnetic diffusion.

In addition, palladium phase transition with hydrogen made membrane permeability
decrease drastically, compared to naked vanadium-nickel alloy. In the case of membranes without
Pd coating, inert gases such as Ar and N» indicated hydrogen permeability recovery similar to
initial value or even higher than initial one. Therefore, inert gas exposure is assumed to be
effective in metallic membrane surfaces, so that similar procedures were conducted in Pd coated

membrane.
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Table 3 Comparison of hydrogen permeability between reported and experimental results

H, permeability
Metal Temperature(°C) References
(mol/m s Pa'?)
\Y% 3.00x107 400 (Steward, 1983)
Pd 1.60x107® 400 (Morreale et al., 2003)
Ni 7.80x10! 500 (Phair & Donelson, 2006)
Pd/VssNiis/Pd 5.0x10® 300 (Nishimura et al., 2002)
PdsoCuaso/VssNiis 6.00x10 300 (Yang et al., 2007)
PdAg 1.3x10°% 400 (Nayebossadri et al., 2019)
Pd/V/Pd 3.5x107 340 (Dolan et al., 2018)
Pd/V 1.65x107 500 (Cooney et al., 2014)
VssNiis 1.16x107°
Pd/VgsNis/Pd 2.74x107 350 Present work
Pd/VssNiis/Pd 8.72x1077
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As the effect of recovery and enhancement was much more significant with inert gases than
air in vanadium nickel alloy membrane. It can be assumed that similar effect can be found Pd
coated one. Air purge at 500 °C, which lasted for about 1 hour, is found to cause pore opening on
the surface of the Pd film. These processes create up to 30% more surface area especially in the
air-treated palladium membrane (Roa & Way, 2005). The previous vanadium membrane
permeation indicated that the permeation showed greater permeabilities with inserted inert gas

treatment than air treatment reported in literature (Dolan et al., 2018).

Therefore, inert gas treatment condition was applied under optimal conditions (Figure 12).
Optimal condition was inert gas using at 0.8 MPa, 350°C for 5 hours. The two membranes showed
initial permeability of 2.24x107 mol/m s Pa'’?, 7.12x107 mol/m s Pa'’. And treated at a pressure
of 0.8 MPa for 43 hours using Ar and N, respectively. Like vanadium membranes, the treatment
effect was greater in palladium coating membranes when inert gas was argon. After 1% cycle with
argon, the permeability increased to 6.27x107 mol/m s Pa'? which is 280% of initial value.
Meanwhile, the nitrogen treated membrane increased to 9.29x10”7 mol/m s Pa'?, but the ratio
between the initial value is 130%. 3™ permeation values which were results of after the second
were 1.14x10° mol/m s Pa'? and 1.11x10° mol/m s Pa'? with Ar and N2, respectively.
Calculating relative permeability compared to initial values, argon- treated membrane had 508%
increase, nitrogen-treated membrane had 155% increase. Both palladium-coated membranes
increased with inert gas exposure compared to initial permeability. However, the degree of

increase was much greater than that of the non-Pd coated membrane.

While the non-Pd membrane showed an average recovery of about 100%, the Pd membrane
showed a continuous increase in permeability after inert gas exposure. Immediately after the first
treatment, the increase in permeability was greater than that of the non-Pd membrane. This means
that the inert gas treatment effect is greater in Pd-coated V-Ni membrane than in naked V-Ni
membrane. In case of air treatment, there are more studies which subject is Pd coated membrane.
Pd is easily oxidized and active metal. It can form an oxide film on its surface with just heating.
And it is possible to increase hydrogen permeation by treating it with inert gas with maximizing

the action of the oxide film on the surface. In case of air exposure, the formation of palladium
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oxide is promoted due to the air exposure. The formation of palladium oxide reduces the size of
the original Pd crystallite to nano-size, possibly increasing the volume of grain on the surface.

More particle boundaries will enable more surface diffusion of H,.

In particular, air purge is found to be effective in restoring membrane activity in poisoned
membranes during exposure to gas flows containing hydrogen sulfide. The lattice changes
observed in the metal film exposed to air may also have some effect on the increase in H2 flux.
The X-ray diffraction pattern showed the production results of palladium oxide during air
treatment of the Pd film. As a result, nano-sized grains can modify the hydrogen transport
mechanism through the membrane by introducing much more surface diffusion of H», and slow
solid-state diffusion between membranes by generating more transport routes (Roa & Way, 2005).
Argon made much faster increase when comparing the increase rate. The initial permeability was
one-third that of the N, treated membrane, but the permeability became similar after gas

treatments.

Unlike vanadium-nickel alloy membrane, the reason for the increase in hydrogen
permeability in the palladium coated membrane is because of the phase transition of Pd. Pure Pd
membranes show phase transitions between alpha (o) and beta () phases due to changes in
temperature and hydrogen pressure. Hydrogen is dissolved in Pd to form an a-phase palladium
hydride. As the hydrogen concentration increases in Pd, the phase is separated from the o phase,
causing a rapid increase in the H/Pd ratio and expansion of the crystal lattice. Therefore, if the
hydrogen permeation test is conducted again after the inert gas treatment, the hydrogen

concentration increases and the crystal lattice expands, increasing the hydrogen permeability.

Pd absorbs a large amount of hydrogen and is accompanied by large lattice expansion, and
the system becomes a hydride phase called a § phase. As shown in Figure 14,  phase can store
more hydrogen in the lattice than the o phase. It can be assumed that hydrogen in the metal lattice
is removed as it transitions from P to o phase due to inert gas treatment. In addition, when the H
atom is absorbed into the Pd lattice, the Pd lattice expands due to lattice distortion around the H

atom (Dekura et al., 2019). Therefore, after lattice expansion and hydrogen removal, it can be
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possible to create conditions that allow hydrogen to pass through faster the next hydrogen
experiment. The inert gas pressure was opposite to the hydrogen pressure, which can cause rapid
phase transition when hydrogen is exposed to the Pd surface again. An increase in feed side
pressure with inert gas injection will lead to an improvement in surface rate
(adsorption/absorption) on the feed side and then surface resistance will become less important
compared to bulk diffusion in the metal layer, which is probably why hydrogen permeability

increases after a higher pressure inert gas exposure process.
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Detection limit of mass flowmeter is 1 cc/min. Therefore, to operate the membrane reactor
in a continuous way, the hydrogen flux should exceed that specific value. After 2" treatment with
inert gases (i.e. Ar, N»), the metallic membrane’s hydrogen flux exceed the minimum value. In
the previous process, the process is similar to semi-batch process. During the 5-hour hydrogen
permeation test, there was no additional hydrogen injection on the feed side, and the valve of the
permeate side was opened every 10 minutes to check the hydrogen flux. In this process, argon
connected to the bottom side was used for hydrogen removal and purification. However, if the
process is changed to a continuous process, the hydrogen valve on the feed side is continuously
supplied while being opened for 5 hours during the hydrogen experiment. Hydrogen supplied to
feed side travels through two paths. One is through the Pd-coated metallic membrane to the

permeate side, and the other is to ventilate hydrogen that has not passed through the membrane.

In that result, hydrogen flux of argon treated metallic membrane was illustrated in Figure 15.
The first measured hydrogen flux was 2.09 cc/ min. When measured by continuous flow of
hydrogen for 5 hours, the permeation was also partially reduced at the beginning. However, rather
than rapidly decreasing like the no inert gas treated membrane in Figure 12, it saturates after a
certain portion of reduction and converges to 1.45 cc/min. The membrane surface was expected
to be saturated with higher permeability than before inert gas treatments. For this reason, the

permeability converged to the higher value even in the continuous process.

Until now, hydrogen exposure tests have been conducted at 350°C. Due to the characteristic
of gas diffusion, as the temperature increases, the diffusion rate increases and a larger amount of
hydrogen can penetrate during the same time period. However, since the metallic membrane,
which is currently the subject of the experiment, was coated with palladium on a vanadium nickel
alloy substrate, the diffusion between the palladium film and the substrate increases as the
temperature increases. Moreover, there is a study about the argon gas treated membrane at 700 °C
shows no difference in recovery of decreased hydrogen flux compared to non-treated membrane.
Therefore, it was valuable that to which temperature does the inert gas exposure process have an

active effect.
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After inert gas exposure twice, argon membrane and nitrogen membrane showed
significantly stable value. Each membrane reached the minimum value of continuous process at
350°C and was modified exposure temperature. The hydrogen permeation results with different
temperature were illustrated in Figure 16 and Figure 17. Inert gas exposure was conducted in
0.8 MPa, 43 hours with difference in temperature. Between the hydrogen permeation tests, the
membrane reactor was heated up to 400, 450, 500 °C and inert gas was injected in the feed side.
After the recovery process, the reactor was cooled down to 350 °C where the hydrogen permeation

temperature is.

When comparing the hydrogen flux result with relative flux, it doubled with argon exposure

at 400 °C. However, the treatment temperature increased much more at 450°C, the flux did not

decrease anymore. It showed only 83% of the previous result. T Othe hydrogen flux got decreased

even the inert gas treatment temperature was much higher. Moreover, the stability got worse
resulting that the fluctuation during the hydrogen test expanded at 500 °C. Inert gas treatment

with argon in a continuous process was a lot more effective at 400 °C.

In case of nitrogen, the result trend was different. When the treatment temperature increased
to 400, 450, 500 °C, the permeation flux showed 114%, 107%, 107% of 350 °C permeation result,
respectively. However, fluctuation of full time scale in hydrogen tests was significantly similar
with argon exposure. Fluctuation reduced and permeation became stable at 400 °C. Afterwards,
as the treatment temperature rises to 500 °C, the ups and downs are repeated during the hydrogen
permeation for 5 hours. When the argon exposure temperature is 700 °C, the permeability
reduction phenomenon in the metallic membrane is not affected (Edlund & McCarthy, 1995).
However, the temperature of the inert gas treatment and hydrogen permeation test at 350 °C had
different impact on the membrane. According to other study (M. D. Dolan et al., 2012), the
permeability through Pd-coated VssNijs membrane has a weak dependence on temperature.
However, in this study, when the Pd coated V alloy membrane treated with argon, the
permeabilities varied depending on the temperature. Temperature can have impact on

arrangement of the metallic membrane component so that further study may reveal the
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relationship between diffusion in composite metals and permeation recovery with temperature
difference. Different expansion by inert gases causes structural components to mechanically
collide (contraction, compression) with each other. This in turn can affect the solubility and
diffusion of hydrogen in the micro-volume of the membrane alloy. However, the Pd membrane
can be delaminated from the substrate with temperature swing (inert gas temperature <> hydrogen
permeation temperature, 350°C) so that the permeability showed decreased with increasing

treatment temperature.

Another possible theory is that palladium phase morphology depending on the temperature.
At intermediate temperatures, the relative amounts of o and 3 phase are expected to vary in a
membrane (Elkina & Meldon, 2002). Since the solubility of hydrogen in the alpha phase is quite
high, the dissolved hydrogen concentration gradient will be abnormally large. However, if a phase
transition phenomenon occurs due to a temperature change, the tendency of hydrogen dissolution
may change. The improvement of hydrogen flux at around 400°C was attributed to lattice
expansion associated with crystal transition from o to f phases (Okazaki et al., 2006). However,
at sufficiently high temperatures, only the o phase prevails, so the permeability decreases again.

This phenomenon may occur similarly when palladium is coated on metal substrate.
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Figure 18 shows the change in X-ray diffraction pattern with inert gas treatment. Each gas
treated membranes were the membranes after Figure 15, Figure 16. It is assumed that inter-
diffusion between Pd coating and V-Ni substrate may occur in the membrane because inert gas

treatment was performed up to 500°C.

Before gas treatments and hydrogen permeation tests, the membrane pattern showed
consistent with Pd peaks. This means that palladium coating using deposition was properly
performed. However, changes occur when the membrane is exposed to high temperatures with
argon and nitrogen. A particularly noticeable change is that a new peak occurs at around 62°. And
this is much more maximized when treated with nitrogen. The approximate location is similar to
the peak shown in V-doped NiO materials (Park et al., 2013). After nitrogen treated at high

temperature, sputtered Pd can be delaminated much faster than with argon treatment.

It can be seen that nitrogen causes a greater change in membrane surface characteristics
because small peaks were illustrated when nitrogen treatment is performed among the two inert
gas treated membranes. Neither argon nor nitrogen is reactive, but argon is a little more reactive
than nitrogen, making it easier to maintain inert conditions. Therefore, inert condition on the metal
film has a significant effect on maintaining the Pd coating of the membrane. In addition, many
small peaks appeared when nitrogen treatment was performed. This is presumed to be due to the
uneven surface and the removal of palladium hydride. And as the temperature increases, the phase
transition phenomenon of palladium hydride is minimized, resulting in a change in the relative

hydrogen permeability.

And as the temperature increases, the phase transition of palladium hydride is minimized,

resulting in a change in the relative hydrogen permeability. One possible hypothesis is that as the

temperature increases, there is little movement from [ phase to a phase, resulting in slow

hydrogen permeation during the next hydrogen experiment.
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4. Conclusion

In this study, the impact of metallic membrane exposure to inert gas was evaluated using
permeation tests. The objective was to propose a new approach to increase their permeability and
recovery. Hydrogen transport in metallic membranes occurs through various sorption- diffusion
mechanisms, which include the dissociation of hydrogen molecules, the diffusion between metal
lattices in the form of atom and the association of atomic hydrogen into molecular form. The
lattice gaps in the hydrogen perm-selective metals only allow hydroge It can be assumed to pass
through, and the selectivity of metallic membrane to hydrogen is therefore theoretically infinite.
However, in practice, metallic membranes permeability decreases during hydrogen tests. Such
phenomenon was observed both with vanadium-nickel alloy membrane and Pd coated alloy
membrane in this study. In particular, Pd coated membrane permeability decreased 100 times after
5 hours of hydrogen permeation experiment. Therefore, recovery of permeability is necessary to

use the metallic membrane in a long-term perspective.

In this research, a new process which consisted of exposing the metallic membrane to an
inert gas between hydrogen experiments was proposed and tested. Results showed that both argon
and nitrogen treatment could contribute to hydrogen permeability over 90% recovery. However,
both types of membranes were much more effective when the gas was argon. Further experiments
were conducted to determine the optimal gas treatment conditions and gas exposure time and
pressure appeared to a have a significant impact on the treatment performance. For both nitrogen
and argon, the greater the exposure pressure and the longer the exposure time, the better the
permeability recovery. Based on these results, 43 hours was considered the optimal exposure time,
and increasing treatment time over 43 hours did not significantly increase recovery. Experiments
tended to show that increasing the pressure gradient between the inert gas pressure (feed side) and
the atmospheric pressure (permeate side) increased the recovery. However, increasing the
pressure gradient between the feed side and the permeate side also increases the risk of cracks.
Therefore, an inert gas exposure pressure was recommended as large as possible, but it should not

exceed 0.8 MPa in this study.
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As a result of applying inert gas treatment to Pd coated substrates with the previous optimal
conditions, the permeability recovery phenomenon by inert gas was significant. Similarly, this
impacts were also more effective in argon gas. This is assumed to be due to the phase transition
of palladium. In addition, the Pd membrane with increased permeability with inert gas treatment
may ensure a minimum flow rate for a continuous process. In this process, the permeability
changed significantly due to temperature. It showed a different pattern from previous studies, and
structural mechanical research seems to be needed. In addition, as a result of XRD analysis, argon
and nitrogen can cause changes in the Pd coating of the membrane. In particular, nitrogen

contributes more to the production of irreversible palladium hydride.

In conclusion, inert gas treatments appears to be a promising approach to increase metallic
membrane hydrogen permeability and recovery. Further study is, however, recommended to

evaluate the effect of gas temperature on the treatment efficiency.
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