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Abstract

On the verge of a global climate crisis, renewable energy is the best bet for the
academicians to reverse greenhouse effects and ensure sustainability. Hydrogen,
having the highest energy density per weight is considered the most promising leader
in this fight against adversity. However, hydrogen being a highly risky component, rises
concern in the case of its transportation and storage. So, among many alternatives,
ammonia is considered a suitable hydrogen carrier. However, upon ammonia cracking,
the hydrogen mixture possesses contaminant and requires separation and purification.
For a long time, researchers have considered Pd-based membranes a technically
promising technology for hydrogen purification. Furthermore, SINTEF industry has
advanced this membrane by addressing its permeability issue by designing thin Pd-Ag

based membrane using sputtering technology.

The aim of this thesis is to experimentally evaluate hydrogen transport through two Pd-
based membranes of differing thicknesses (5.5 um and 10 um), and to assess the
governing mechanisms influencing flux, permeability, and permeance. Experiments
were conducted under low pressure at various temperatures (300-400 °C) and feed
gas compositions. Various analyses have been conducted based on Fick’s First law as
well as Sievert’s Law. Permeability was extracted from the slope of the flux-driving
force plots and found to be higher for the thicker 10 um membrane, suggesting non-
diffusive mechanisms at play. Arrhenius analysis of temperature-dependent permeance
further supported the dominance of surface or interface-controlled transport rather

than bulk diffusion.

After studying and analyzing two Pd-based membranes, it can be concluded that
membrane thickness is not only determining factor of its performance, and that surface
topography, membrane support substrate, and synthesis method play a critical role.
Therefore, in order to design Pd-based membranes for optimum hydrogen purification
applications, it is crucial to emphasize on both mechanical stability and thickness
factors to achieve optimal selectivity and flux performance. Also, it is crucial to
emphasize on fabrication parameters to obtain the optimum structure and

composition.




Sommario

Sull'orlo di una crisi climatica globale, le energie rinnovabili rappresentano la soluzione
migliore per gli accademici per invertire l'effetto serra e garantire la sostenibilita.
L'idrogeno, con la piu alta densita energetica in rapporto al peso, e considerato il leader
piu promettente in questa lotta contro le avversita. Tuttavia, essendo un componente
altamente rischioso, I'idrogeno desta preoccupazione per il suo trasporto e stoccaggio.
Pertanto, tra le numerose alternative, I'ammoniaca € considerata un idoneo vettore di
idrogeno. Tuttavia, durante il cracking dell'ammoniaca, la miscela di idrogeno contiene
contaminanti e richiede separazione e purificazione. Per lungo tempo, i ricercatori
hanno considerato le membrane a base di Pd una tecnologia tecnicamente promettente
per la purificazione dell'idrogeno. Inoltre, l'industria SINTEF ha sviluppato questa
membrana affrontandone il problema della permeabilita progettando una membrana
sottile a base di Pd-Ag utilizzando la tecnologia dello sputtering.

L'obiettivo di questa tesi e valutare sperimentalmente il trasporto di idrogeno
attraverso due membrane a base di Pd di diverso spessore (5,5 pm e 10 pm) e valutare
i meccanismi che influenzano flusso, permeabilita e permeanza. Gli esperimenti sono
stati condotti a bassa pressione a diverse temperature (300-400 °C) e con diverse
composizioni del gas di alimentazione. Sono state condotte diverse analisi basate sulla
prima legge di Fick e sulla legge di Sievert. La permeabilita e stata estratta dalla
pendenza dei grafici delle forze di flusso e si e rivelata maggiore per la membrana piu
spessa da 10 um, suggerendo l'esistenza di meccanismi non diffusivi. L'analisi di
Arrhenius della permeabilita dipendente dalla temperatura ha ulteriormente
confermato la prevalenza del trasporto controllato dalla superficie o dall'interfaccia
piuttosto che dalla diffusione in massa.

Dopo aver studiato e analizzato due membrane a base di Pd, si puo concludere che lo
spessore della membrana non e 1'unico fattore determinante per le sue prestazioni, ma
che anche la topografia superficiale, il substrato di supporto della membrana e il
metodo di sintesi svolgono un ruolo fondamentale. Pertanto, per progettare membrane
a base di Pd per applicazioni ottimali di purificazione dell'idrogeno, € fondamentale
concentrarsi sia sulla stabilita meccanica che sui fattori di spessore per ottenere
selettivita e prestazioni di flusso ottimali. Inoltre, & fondamentale concentrarsi sui
parametri di fabbricazione per ottenere la struttura e la composizione ottimali.
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1. Introduction

Energy is the fundamental driving force in order to sustain our lives. We primarily get
energy from the Sun. Since humanity’s inception, we have been using solar energy in
different forms and shapes. However, human being is able to use only a fraction of the
solar energy available. During the dawn of humanity’s inception, we progressed one
step further by harnessing the control of energy with the discovery of fire. The sun
drives photosynthesis in trees, storing energy in the form of lignocellulosic biomass,
and with the discovery of fire, humans learned to harness this stored solar energy
through the combustion of firewood. Following many millennia of human development,
we have been able to bring about Industrial Revolution through the invention of labour-

reducing machines that were mainly powered by hydrocarbon-based fossil fuels.

1.1 Background and Motivation

With the advent of Industrialization, the predominant use of traditional hydrocarbon-
based fuels has altered the energy balance of the planet earth, emitting substantial
amounts of greenhouse gases and exacerbating climate change [1]. Therefore, average
global temperature has increased, and intense, erratic weather patterns are getting
evident gradually but effectively [2]. Climate events—such as droughts, floods, and
heatwaves—are significantly having adverse effects on various aspects of lives
including agricultural productivity collapse, sea level rise, species loss, newborn
mortality rises as well as food price hike [3,4]. At this rate, by 2050 the global
temperature is speculated to rise by 3-6°C, that will escalate the catastrophic events

and global crisis exponentially [7].

1.1.1 Global climate change and the shift to renewable energy

The escalating difficulties due to climate change require a shift to Renewable Energy
Sources (RES) to reduce carbon emissions and secure a sustainable future [5].
Renewable Energy is mainly extracted from natural sources without interrupting the
natural harmony and biodiversity. Apart from mitigating climate change, RES has made
significant contributions to crucial issues like Energy Security, by assuring
uninterrupted supply of energy for residential and industrial uses [1]. RES like solar,
wind, geothermal, biomass and hydro-power energies are reliable for generating power
without any emission. Since we can use these energy sources perpetually without

harming the environment, these are called sustainable energy sources [6].

12
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1.1.2 Hydrogen as a clean energy vector

Hydrogen is a crucial industrial chemical, possessing the highest lower heating value
(LHV) of about 142 MJ/kg. Furthermore, atomic hydrogen (H) is one of the most
prevalent natural elements on Earth [37]. Hydrogen is considered as a promising clean
energy solution to mitigate the Greenhouse Gases (GHGs) emissions. High energy
density and compatibility with renewable energy systems make it a suitable candidate
to decarbonize the sectors responsible for climate change [7,9]. Hard to abate sectors
like cement, steel, aviation and maritime industries are suitable candidates for
adoption of low carbon hydrogen. We can acquire hydrogen from different sources and
through different methods. While, blue hydrogen is derived from natural gas with
carbon capture and storage, green hydrogen is produced via water electrolysis with
exclusively renewable energy. Long-term forecasts indicate that green hydrogen will
prevail as renewable energy capacity increases, while worldwide demand for blue
hydrogen is anticipated to grow in near term owing to the current natural gas
infrastructure [8]. It is speculated that using low

Manme sectoe energy mix
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Figure 1.1: (a) Energy use by fuel in Aviation Sector (b) Marine Sector Energy Mix [11]

carbon hydrogen in cement production can reduce the emissions by 20-30%, while in
the case of steel manufacturing the reduction rate is as high as 80-90%. In the case of
highly carbon emitting sector like aviation, adoption of low carbon hydrogen can
reduce the release of GHGs by 9% [10]. The statistics make it clear why the demand of
green and blue hydrogen will be increasing both in short term and in long term. As
expected, some of the industries with highest demand of low carbon hydrogen will be

transportation sectors and industries. In the case of transportation sectors, apart from

Lo
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aviation and maritime, medium and heavy-duty vehicles will have a significant share in
this speculated demand. According to BP energy outlook, the demand and supply for
blue hydrogen will be as dominant as that of green hydrogen in both near term and long

term. So, the need for research in blue hydrogen is getting inevitable in the current time.
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Figure 1.2: (a) Low carbon energy demand by Sector (b) Demand of different types of
hydrogen by 2035 and 2050 [11]

1.1.3 Hydrogen transportation challenges and safety concerns

In comparison to conventional fuel like natural gas, hydrogen possesses numerous
hazardous attributes, including low minimum ignition energy, extensive flammable
range in air, broad explosion range, susceptibility to leakage, and embrittlement effects.
One of the earliest and most prominent accidents regarding hydrogen transportation
was the Hindenburg Disaster in 1937. A German passenger airship fuelled with
200,000 m3 hydrogen caught fire due to ignition of hydrogen leakage by a spark. The
catastrophe led to 36 deathsm[12]. In 2001, a transportation truck loaded with
compressed hydrogen cylinder collided with another vehicle. As a result, the cylinder
ruptured and ignited, producing intense flames and causing several injuries and
property loss [13]. So, from the unpredictable characteristics of hydrogen and the
mishaps that have taken place over course of history persuade us to look for innovative
techniques for hydrogen transportation. In the next section, we will discuss why

ammonia could be an apt candidate as a hydrogen carrier.
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Parameters Hydrogen Natural Gas Gasoline

Density (kg/m3) 0.082 0.67 4.4
Minimum ignition energy (m]) 0.02 0.3 0.3
Flammable range (in air) (vol%) 4-75 5-15 1-7
Diffusion coefficient in air (cm2/s) 0.61 0.16 0.05
Laminar flame speed (m/s) 2.1 0.4 0.3
Ignition point (K) 843 923 700

Table 1.1: Comparison of the safety parameters of different fuels [14]

1.1.4 Ammonia as a Hydrogen Carrier

Ammonia contains 17.6% hydrogen by weight, considerably greater than numerous
liquid organic hydrogen carriers (LOHCs). Ammonia is already a well-established
commodity worldwide being produced approximately 180 million tonnes per year.
Volumetric hydrogen density of liquid ammonia is much higher (121 kg-H,/m?) than
that of liquid hydrogen (70.8 kg-H,/m?) [15]. Furthermore, ammonia is liquefied under
significantly much more feasible conditions, particularly 8 bars at 20° C [16]. Apart
from that ammonia is a well-established commodity being produced approximately
235 million tonnes per year [17]. Even though traditional ammonia is mainly produced
from the hydrogen that comes from Haber-Bosch. However, there is a growing trend of
green and blue hydrogen production [16]. Therefore, ammonia is widely considered as

a suitable candidate as a hydrogen carrier.

Property Hydrogen Ammonia
Boiling point [°C] -252.7 -33.34
Melting point [°C] -259 -77.73
Gas density [kg/m?] 0.089 0.769
Liquid density [kg/L] 0.071 0.6819
LHV [M]/kg] 119.9 18.6
LHV as liquid [M]/L] 8.5 12.7
HHV [M]/kg] 141.9 22.5
HHV as liquid [M]/L] 10.1 15.3
Auto ignition [°C] 585 651
Flammability/air [-] 4-75% 15-28%

Table 1.2: Summary of chemical properties for hydrogen and ammonia [18]
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1.1.5 Ammonia Cracking and Impurities

With the development of high temperature fuel cells, ammonia can directly be used as
a fuel. If ammonia is not utilized as a direct fuel, it can be reverted to hydrogen. The
output acquired from ammonia cracking is not pure hydrogen, usually a mixture of
hydrogen, nitrogen and ammonia that necessitates efficient and cost-effective

separation and purification of hydrogen before its final application [19].

1
M i @ qenm Doy L ..

& Green H Ammonia Storage Mame storage and Ammaonia
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Figure 1.3: Ammonia value chain as a hydrogen carrier [19].

1.2 Hydrogen Purification

Hydrogen purification is a very crucial step in hydrogen value chain. With the growing
demand for low carbon hydrogen, hydrogen purification is now a crucial part of most
of the industries. In the following section, we will discuss about different sectors that

require high purity hydrogen.

1.2.1 Importance of high-purity hydrogen in energy and industry

Abbreviated decimal fraction (ADF) is a commonly used by manufacturers to denote
the purity of a gas. In simple terms, a gas with 99.99% purity can be marked with 4.0
purity in this system. Similarly, the expression 6.0 represents a gas with the purity of
99.9999% purity. Furthermore, the term 4.6 implies that the purity of the gas is
99.996%. We will use this system of expression throughout the thesis. [20]
Traditionally, semiconductor industry has been known to require ultra-pure hydrogen
with a purity of 6.0. Besides, general industries like steel and cement require 3.0 purity.
With the rise of green hydrogen industries, the demand for pure hydrogen has only
gone up. For instance, PEM fuel cell requires hydrogen fuel of 4.0 purity. [21]
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Fuel Type Grade Applications Purity (mole

fraction)
Gaseous I A Internal combustion engines for 98.0
transportation; residential or
commercial appliances. (All
applications, except fuel cells)
I B Industrial fuel, for use e.g. in power 99.90 /3.0
generation or as a heat energy source
I C Aircraft and space-vehicle ground 99.995/ 4.5
support systems
I D Fuel cells for vehicles 99.97/3.7
I E Fuel cells for stationary applications - 50.0
Category 1
Fuel cells for stationary applications - 50.0
Category 2
Fuel cells for stationary applications - 99.9/ 3.0
Category 3
Liquid I A Aircraft and space-vehicle on board 99.995/4.5

propulsion systems and electrical
energy requirements; land vehicles
except fuel cells
II B Fuel cells for transportation 99.97/ 3.7
Slush II Aircraft and space-vehicle on board 99.995/4.5

propulsion systems

Table 1.3: Hydrogen purity and its respective applications [20].

1.2.2 Methods of Hydrogen Separation

Hydrogen separation is an important processes in the process industry. Various ways
including distillation, adsorption, membrane, catalyst as well as electrochemical
devices have been used to acquire pure hydrogen. This topic will be discussed

comprehensively in the literature review section of this article.




1.3 Objectives

From the previous sections, we have been introduced to the motivation of the study.
Now, we will know the objectives of the study. For this study, we chose a particular
mode of hydrogen separation, namely Pd-based membrane. This membrane is an alloy
of Pd and Ag. In the literature review section, we will further study the criteria to select
this mode of hydrogen separation. In short, the objective of the research was to study
membrane performance under different conditions. Now, an elaborate description of
the objectives will be presented. Our primary goal was to measure flux, permeability,
and permeance under varied operating conditions including temperature, pressure,
feed gas composition to assess hydrogen transport via Pd-based membranes.
Furthermore, we wanted to evaluate the impact of membrane thickness (4 um versus
10 pm) on hydrogen separation performance. Later we examined the transport
pathways of hydrogen via Pd-based membranes utilizing Fick’s First Law and Sievert’s
Law. Finally, we presented insights for the design and improvement of membranes that
could promote the viability of Pd-based membranes in hydrogen purification for clean

energy systems.
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2. Literature Review

2.1 Various Techniques of Hydrogen Separation

2.1.1 Cryogenic Distillation

Cryogenic distillation is one of the oldest methods of hydrogen separation. It was
mainly used to separate hydrogen from a mixture of CO2, CO, and other impurities
produced by Steam Methane Reforming (SMR). Cryogenic distillation entails the
separation of gas mixtures through partial condensation at elevated pressure and
reduced temperature. When the gas mixture is cooled to cryogenic temperatures
(typically below -150 °C), the denser constituents condense and separate. Hydrogen
remains in the gaseous state due to its extremely low boiling point of -252.9 °C. This
makes cryogenic distillation a great way to get a lot of hydrogen back from big industrial
plants like petroleum refineries and ammonia synthesis units [25]. One of the
significant advantages of cryogenic distillation is its ability to process large magnitude
of inputs. This procedure is not cost-effective since it needs expensive tools and
machines. It also doesn't deliver well in the case of producing high purity hydrogen,
with a maximum efficiency of about 99% [24]. Even though, it is economically feasible to
make H» with SMR technology and gasification, but the purification phase makes up around

half of the expense.

2.1.2 Pressure Swing Adsorption

Pressure Swing Adsorption (PSA) employs multiple beds of solid adsorbents capable of
independently capturing contaminants. Unlike Cryogenic Distillation, PSA provides a
hydrogen purity of 4.0, which is suitable for many industries. Pressure Swing
Adsorption (PSA) presents multiple challenges: hydrogen recovery generally remains
under 90%, leading to reduced efficiency; the process requires numerous beds and
valves, complicating operational procedures; and its efficacy is heavily dependent on
the feed gas composition, with carbon monoxide and heavy hydrocarbons negatively
impacting the adsorbent's durability. Moreover, akin to cryogenic distillation, the

establishment and operational expenses for PSA are significantly elevated. Therefore,
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it is not economically feasible. [22,23] However, lower hydrogen recovery makes it

unsuitable for hydrogen separation.

. A~ A~ =

H,70 % Qut:
C0O,25 % +99.97 H,
CH, 4 % Rec. > 75%
CO1% CO<0.2 ppm

e e e

Figure 2.1: Schematic of PSA [27].

2.1.3 Electrochemical Purification

With the growing importance of decarbonization, the relavence of electrochemical
processes is getting more and more prevalent. Proton Exchange Membrane (PEM)
Electrolyzer is considered as one of the most promising technologies to decarbonize
the chemical separation and production processes. In the case of electrochemical
hydrogen separation, the feed mixture flows through anode, where among all the
components, only hydrogen is oxidized. The resultant electron travels through external
circuit and ends up in the cathode whereas hydrogen ion (proton) travels through the
nafion membrane to meet the electrons and forming molecular hydrogen [30].
According to Norwegian hydrogen giant company Nel Hydrogen, PEM Electrolyzer can
produce hydrogen with the purity of 5.0 that is suitable for most of the industry
requirements [31]. However, as PEM Electrolyzer operates at low temprature, certain
impurities including Carbon dioxide tends to decrease this purity because it permeates
hydrated membrane of PEM Electrolyzer ending up in the mixture of Hydrogen.
Another major issue of PEM is that the ion conductivity highly depends on the
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hydration of the Membrane. Therefore, requirement of too much water makes this

process not so sustainable [29].

e ?E{I e
} A
il
Fuel in
CO,C02, H*
N, CH,
H, H*
H;
H +
Depleted fuel and | — Depleted oxidant and
product gases out product gases out
Anode Hydrolyne Cathode
electrolyte

Figure 2.2: Schematic of PEM Elctrolyzer Reaction [28].

2.1.4 Membrane Separation

Upon going through other hydrogen separation methods almost all of them are not
economically feasible. However, membrane-based separation has showed promising
results in the case of hydrogen separation. Hydrogen comes primarily from fossil
sources and requires purification from mixtures comprising CO,, CO, CH,, steam, and
other substances. Traditional purification methods, such as PSA and cryogenic
distillation, are effective but are energy-intensive and costly at elevated purities. With
ultra-pure hydrogen purity, cost-effectiveness and durability, membrane technologies
are considered promising for hydrogen purification. In the next section, we will discuss

about different membrane technologies.
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2.2 Membrane Technologies for Hydrogen Purification

The primary criteria for the choice of a membrane are its technical performance, such
as permeability and selectivity, and practical feasibility for real-world application
including durability and cost-effectiveness [32]. Various membrane technologies
suitable for hydrogen separation and pros, and cons of them will be discussed in the

next section.

2.2.1 Polymer membranes

Organic polymers possess an extensive and significant history that dates back to the
1840s, marked by the discovery of nitrocellulose and the vulcanization of polyisoprene.
Polymeric materials have significantly influenced large-scale enterprises and the global
economy owing to their extensive availability and diversity in contemporary society.
Dupont’s 1970s hollow fibre membrane designed for hydrogen separation was one of
the first membranes of this kind [34]. Polymer membranes contain holes and channels
of various sizes and topologies [32]. Polymeric membranes represent the most
sophisticated membrane technology and are widely utilized across several sectors due
to their cost-effectiveness; yet they are very prone to fouling and chemical deterioration
[33]. Owing to its poor thermal resistance, polymeric membranes cannot withstand
temperature above 100°C that makes it invalidated for high temperature gas separation
applications. Polymeric membranes have been employed in industrial scale hydrogen
separation from ammonia mixture. However, due to its poor selectivity, the products
must go through multiple recycling before acquiring a high purity output. As a result,
this makes polymeric membrane technology an unaffordable alternative for hydrogen

separation. [37]

Figure 2.3: Schematic of Polymer Membrane [36].
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2.2.2 Zeolite Membranes

Owing to its thermal stability and chemical inertness, zeolite membranes are
considered superior to polymer membrane. Zeolite membranes uniquely integrate
pore size and shape selectivity with essential mechanical, thermal, and chemical
resilience required for sustained long-term separation operations. Even though zeolite
membranes do not selectively adsorb hydrogen, some zeolites show acidic zeolites

show affinity to carbon dioxide whereas some basic zeolites adsorb ammonia [34].

Figure 2.4: Zeolites used for CO2 Capture from syngas mixture [34].

2.2.3 Carbon-based membranes

Carbon membranes can be synthesized via the carbonization or pyrolysis of
appropriate precursor materials containing carbon, including thermosetting resin,
graphite, coal, pitch, and botanical sources, in an inert atmosphere or vacuum [34].
Carbon molecular sieve (CMS) membranes have become appealing gas membranes
owing to their adjustable pore structure and, as a result, superior gas separation
capabilities [39]. Carbon-based membranes are one to three orders of magnitude more
expensive per unit area than polymeric membranes. The substantial investment cost is
warranted only when their performance surpasses that of polymeric membranes.
Polyimide is presently the predominant precursor for carbon membranes, significantly
influencing the elevated manufacturing cost. Consequently, efforts have been
undertaken to utilize more economical precursor materials, such as polyacrylonitrile.
Nonetheless, the efficacy of these membranes continues to be subpar [38]. On the other

hand, carbon molecular sieve (CMS) membrane shows promising result in gas
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transport. However, it has major drawbacks including vapor induced pore blocking and

brittleness [32].

2.2.4 Ceramic membranes

Dense perovskite and fluorite (BCZY-GDC) based ceramic membrane is another great
option for hydrogen separation. With characteristics like high intrinsic selectivity,
tolerance towards contaminants including CO2, H2S as well as mechanical robustness
at high temperature up to 1000 °C, make it a viable candidate for gas separation
processes. Also, flexibility of surface engineering to enhance performance makes it a
versatile option. Moreover, owing to its material availability and affordability, it is a
cost-effective membrane. However, this membrane requires catalyst to promote
hydrogen adsorption and typically requires a high temperature above 900 °C to achieve

a high enough hydrogen flux to make the process feasible [40].

Ceramic Membrane Transports

Permeate

Figure 2.5: Transport Process of Ceramic membranes [41].

2.2.5 Metallic membranes

In Metallic membranes typically consist of dense sheets or films through which
hydrogen permeates as its constituent protons and electrons. The primary mechanism
of action in these dense metallic membranes necessitates the transfer of free electrons

and the existence of particular catalytic surfaces to dissociate H2 on the raw feed flow
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side and to recombine protons and electrons on the permeate side [34]. Metallic
membranes may serve as optimal options for hydrogen purification owing to their
capacity to provide extremely pure hydrogen at enough flux across a broad spectrum
of operational conditions; hence, they are frequently utilized in the semiconductor

industry, where clean hydrogen is essential [42].

H solubility hydride AH

hydride . H, permeability @ 500
et comyposition (G5 l:,/lcg@ 27 f?;;;‘;::;;‘ °(22 ‘()mol/ms P:X{l /2})
Ni NiH ~7.6 x107° -6 7.8x 10711
Cu ~8x 1077 49 x 10712
Pd PdH 0.03 +20 1.9x 1078
Pt PtH ~1x1075 +26 2.0 x 10712
\% VH, 0.05 -54 1.9 x 1077
Fe FeH 3x10°8 +14 1.8 x 1071
Nb NbH, 0.05 -60 1.6 x 107
Ta Ta,H 0.20 -78 1.3x 1077
Ti y-TiH, R~ 0.0014; -126
B~1.0
Zr ZrH, <0.01 -165
Hf HfH, R~0.01; B -133
~ 1.0

Table 2.1: Interaction Properties of H2 for Pure Metals [34].

As shown in the table, niobium, vanadium, tantalum, and palladium are the metals with
highest hydrogen permeability. Nonetheless, niobium, vanadium, and tantalum
generate stable oxides within the operational temperature range that serve as a barrier
to hydrogen diffusion. Palladium oxides can form at approximately 600°C; nevertheless,
they are reduced in a hydrogen atmosphere, resulting in unchanged hydrogen
permeability. As a matter of fact, palladium has historically been regarded as the most

technically promising for extensive hydrogen purification. [37,42]

2.3 Palladium-Based Membranes

In the context of ultra-pure hydrogen production and separation, dense metallic
membranes are favored, with dense palladium (Pd) based membranes being the most
promising option. Palladium membranes can effectively isolate hydrogen from gaseous
mixtures with exceptional selectivity and excellent permeability [43]. The use of such

membranes with suitable catalysts in membrane reactors facilitates hydrogen
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synthesis with CO2 capture, applicable in both small-scale bioenergy and combined
heat and power (CHP) plants, as well as in large-scale power facilities. Pd-based

membranes are considered a Key Enabling Technology (KET) to promote the shift

towards a knowledge-driven, carbon neutral, and sustainable economy.

Supplier Material Dimension Applications Performance
Parameters

Hysep-Energy Pd-Au/YSZ/SS 0.04 / 0.1 / Example: Coal-to- 3.5-6 Nm3/h with

Research Centre of 0.5 m? fuel project in 99.5-99.995%

The Netherlands New Zealand hydrogen at 21 bar
pressure difference,
from 33% reforming
H,

United Technologies Pd-Cu trimetallic — Coal gasification 0.23 mol-m™2%-s™* with

Research Center alloy syngas 99.9999% hydrogen

Tokyo Gas Pd-Y(Gd)-Ag/SS — Reforming 40 Nm3/h  with
99.99% hydrogen

CRI Pd and Pd-alloy OD: 2 inch; — 40-70

L: 48 inch Nm?3/h-m?-h*-bar®-®
with >99% hydrogen

REB Pd and Pd-alloy OD: 1/8inch Fluidized-bed 0.2 mol'm2s™* on

membrane
reactor

Pd-Cu alloy
membrane at 673 K,
3.03 bar of syngas

conditions

Table 2.2: Available commercial metal membranes for hydrogen separation [44].

2.3.1 Synthesis Methods of Palladium based Membranes

2.3.1.1 Chemical vapor Deposition (CVD)

Pd-based H, membranes synthesized via CVD are achieved by applying a thin, dense
film of Pd (or Pd-alloy) onto a porous support, which is pre-treated and frequently
refined with a ceramic interlayer. Prior to the actual process, the precursor is heated
typically at 300-500 °C. Later, the precursor undergoes decomposition on the heated
surface and at pore openings, while gaseous by-products are removed. The thickness
and continuity of the film are adjusted by temperature, precursor partial pressure, and

duration. Later the layer density is enhanced, and the microstructure is stabilized by a
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post-annealing in inert. When completed correctly, CVD produces high-purity,
extremely H,-selective Pd films [33].

Chemical vapor deposition (CVD)

Gas Fhase Reaction
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Figure 2.6: The heated precursor is deposited on the porous support [45].

2.3.1.2 Sputtering

Sputtering method includes bombarding a metal target (e.g., Pd or Pd-alloys) with
energetic particles, such as Ar*—ejecting atoms that condense on a nearby porous
support to construct a dense, semi-permeable layer. A plasma is prepared within a
vacuum chamber that has a little argon gas in it. Argon ions from this plasma hit a metal
target, like palladium or a Pd-alloy, and knock out single metal atoms. These atoms that
have been released go across the chamber and land on a support that is close by, like a
porous tube or sheet. If the support stays warm and the discharge stays steady, the
atoms will stick together to make a thin, dense, and continuous coating. This metal skin
lets hydrogen through but keeps bigger gases out of hydrogen-separation membranes.
The method is clean and exact since only metal atoms are deposited. However, it needs
high-vacuum equipment and careful preparation to avoid microscopic imperfections

called "pinholes,"” which are especially common on rough or very porous surfaces [33].
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Figure 2.7: The target metal is sputtered using the argon ion [46].

2.3.1.3 Electroless plating

Electroless plating (ELP) is an autocatalytic process that deposits target metal evenly
on a surface without needing external power, electrodes, or other machinery. Because
reduction takes place on the surface itself, it can cover complicated shapes and internal
pores. It can also minimize operational expenses compared to electroplating. However,
ELP frequently has a high rejection rate because of pinholes, nodules, and other

problems, which makes the overall cost go up [35].

2.3.2 Properties and Performance Characteristics

Palladium (Pd)-based membranes have become very promising materials for
separating and purifying hydrogen because of their unique physical and chemical
features. The main benefit of Pd is that it can break down molecular hydrogen into
atomic species. This lets certain types of atoms pass through the metal lattice, which is

what Sieverts' law says. Dense palladium membranes demonstrate elevated hydrogen
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permeability across an extensive temperature spectrum, while exhibiting significant

resistance to hydrogen embrittlement in comparison to body-cantered cubic metals [47,48].

Membrane Preparation 6Pd T AP H2 aH2 /N2
Method [um] [°C] [kPa] Permeability/Permeance

Pd-Y Cold- 80 400 25- 3.43x107%(1) N.D.
Rolling 300

Pd-Ag Cold- 762 400 =290 =~8x107°(1) N.D.
Rolling

Pd-Ag-Y Cold- 38 400 200 1.95x107%(1) o0
Rolling

Pd/y-Al203  ELP 88 350 100 =~4x107°(2) 3.45

Pd-Au/a- ELP 8 400 50 3.87 x 1073 (2) 500

Al203

Pd/Modified- ELP 7- 320- 202.6 1.47-2.07 x107°(2) 92-c0

PSS 8.53 380

Pd/PSS ELP-PP 20 395 200 =2.5x107*(2) >1000

Pd-Ag/PSS MS 10 450 200 3.4x107°(2) 39,000

Pd/Al203 ELP 5 350 30- 49x107°(1) 7935-

100 37,640
Pd/Ta ELP 1 450 250 5.9-12.2x 1078 (1) N.D.

Table 2.3: Pd-based Membrane Properties and Performance [47].

2.3.3 Applications in Real World uses

Pd-based membrane has numerous applications and the potential of this membrane in
real world applications is getting superior gradually. Major industries including fuel cell
manufacturing, cement production, and so will directly or indirectly are reliant on this

technology.

2.3.3.1 Air Separation

Air separation technologies are crucial in industrial gas generation, with polymeric and
cryogenic methods typically prevailing in the sector. Recent focus has shifted to
palladium (Pd)-based membranes owing to their remarkable selectivity and catalytic
characteristics. Pd membranes are especially beneficial for isolating hydrogen from air

or other mixed streams, as they facilitate the dissociation and transport of hydrogen
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atoms via the metallic lattice while efficiently excluding bigger diatomic molecules like
nitrogen and oxygen. The minor kinetic diameter disparity between N, (3.64 A) and 0,
(3.46 A) complicates their separation with traditional size-sieving membranes. Pd-
based membranes employ a solution-diffusion mechanism that selectively promotes
hydrogen permeability, hence facilitating simultaneous H; recovery and purification in
air separation processes. Palladium alloys, although not commonly employed for bulk

0,/N, separation, have shown potential to improve hydrogen rejection efficiency in

hybrid air separation systems for oxy-fuel combustion and gas purification applications.

Their durability under high operating temperatures and ability for near-infinite
selectivity make them attractive for specialized applications where hydrogen
impurities in air-derived streams pose challenges. Current research concentrates on
alloying palladium with silver, copper, or gold to improve stability and reduce poisoning

effects, hence broadening their applicability in air separation technologies.

2.3.3.2 CO2 Separation

Palladium (Pd)-based membranes, although preliminary used for hydrogen
purification, are also instrumental for CO, separation in pre-combustion capture
processes. In contrast to polymeric membranes that directly separate CO, from gas
mixtures like natural gas or flue gases, Pd membranes utilize their distinctive hydrogen
selectivity. In integrated systems like steam reforming or water-gas shift (WGS)
processes, Pd membranes selectively remove hydrogen from a CO,-laden gas mixture,
thereby indirectly facilitating CO, separation by concentrating CO, in the retentate.
This dual functionality enhances hydrogen recovery while altering the chemical
balance of reforming and water-gas shift processes, hence improving CO conversion

and overall process efficiency.

Palladium-based alloys, such as Palladium-Silver and Palladium-Copper, are promptly
utilized to enhance stability in carbon dioxide-rich environments and to mitigate
embrittlement at elevated temperatures. These membranes are particularly
appropriate for pre-combustion capture methodologies, wherein syngas is generated,
and hydrogen is extracted for fuel or electricity production, resulting in a concentrated
CO, stream for sequestration. Pd-based membranes, despite their limited use for post-

combustion capture owing to low CO; selectivity, are receiving heightened attention in
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hybrid topologies that integrate them with polymeric or ceramic membranes. This
integration underscores their capacity to facilitate efficient CO, capture in hydrogen-

focused energy systems.

2.3.4 Pd-Ag Membrane by SINTEF

Even though palladium-based membrane can achieve ultra-high selectivity of
hydrogen, however the permeability of this dense type of membrane is low. Earlier we
had to compromise permeability to get high purity. The underlying reason of lower
permeability is its dense structure and the researchers realised that this issue can be
dealt with by reducing the thickness of this membrane. Hence, it is called thin
palladium-based or palladium alloy membrane. Also, the reason behind using alloy
with palladium was to merely cut the cost as palladium is costly and a rare metal. In the
academia it has been determined that 23 wt. % Ag makes the optimum alloy for

hydrogen separation [49, 50].

2.4 Literature Gap

SINTEF assessed the inhibition of H,S and flux recovery in thin Pd-Ag membranes and
separately investigated the inhibition caused by light hydrocarbons. However,
combined exposures, order-of-exposure effects, and effective regeneration protocols
across different regimes remain underexplored. Furthermore, numerous datasets
consist of hundreds of hours at the laboratory scale; there is a necessity for over 5,000
to 10,000 hours of operation under realistic pressure and temperature variations, as
well as contaminant drifts, accompanied by standardized degradation metrics and
recovery protocols [51]. SINTEF identifies the poor cost-performance of thin Pd-23
wt% Ag membranes as a significant barrier, noting that the consistent techno-economic
analysis under actual duty cycles including capital expenditure, operational

expenditure, regeneration, replacement is insufficiently reported [52].
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3. Theory

3.1 Pd-H: System

Hydrogen Molecule

External Mass
Transfer
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Surface to Bulk
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Figure 3.1: Solution-diffusion transport mechanism through Pd-based membrane

adopted from [37,53].

Hydrogen permeation through Pd-based membrane can be modelled through solution-
diffusion mechanism. As presented in the figure above, the transport mechanism can
be described in the following steps:

a) Transport of molecular hydrogen from the bulk gas to the gas layer proximal to the
surface.

b) Adsorption onto the surface accompanied by molecular dissociation.

c) Transport of hydrogen atom from the surface into the bulk metal.

d) Diffusion of atomic hydrogen through the bulk metal.

e) Transport of atomic hydrogen from the bulk metal to the surface on the permeate
side

f) Reassociative desorption.
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3.2 Fick’s First Law

Assuming bulk diffusivity is constant, diffusion of hydrogen is rate limiting, and that the
driving force for transport can be represented by the sorbed phase atomic hydrogen
gradient, Fick’s Law gives the steady state hydrogen flux [54]:

_ —DN, dX

Ju, = 2 dz

Where,

Ju, is hydrogen flux (mol/m2-s)

D is the hydrogen diffusivity in the bulk metal (m2/s),

X is the bulk composition of hydrogen inside the membrane (mol H/mol Pd)
Nb is the bulk metal Pd concentration (mol Pd/m3)

z is the spatial dimension along the thickness of the membrane

Also, according to Sievert’s law hydrogen flux was found to be inversely proportional to
thickness with an approximately square root dependence on H2 partial pressure. This
behaviour is known as Sievert's law behavior. After applying Sievert's law on Fick’s first

law, the resultant equation is [54]:

P n n
]H2=?(P1_P2)

Where,

Ju, is hydrogen flux (mol/m2-s)

P is permeability

t is thickness

p1 is partial pressure on the high-pressure side

p2 is partial pressure on the low-pressure side

If the adsorption equilibrium constant is assumed to be the same on both the feed side
and the permeate side of the membrane, then the expression of equation above can be

simplified in the Sieverts’ Law format as follows [54]:

P
i = 7 (P25 = p§®)
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Rate Limiting Step Conditions

(i) Absence of mass transfer resistance

(ii) Temperature above 573 K
Diffusion (iii) t < 10um

(iv) Clean Pd

Desorption Low Temperature
Adsorption (1) low upst_rear_n H2 partial pressure
(ii) Contamination
DHt<10um
External mass transfer (ii) Low H2 partial pressure

(iii) Porous support present

(i) Film micro-structure, grain size,
surface or grain boundary,
contamination.

(i) t< 10 um

Fabrication Methods

Table 3.1: Rate limiting steps in the hydrogen permeation through Pd-based
membranes (Adopted from [53]).

It is established that if no external mass transfer resistance is present, practically
diffusion limited permeation is expected for uncontaminated palladium-based
membrane for temperature above 573 K with a membrane thickness down to 1 um.
However, as the membrane thickness descends down to critical thickness, the solid-
state diffusion will become prompt enough that other rate processes including mass
transfer, sorption and transition as well as surface topography will impact significantly,
and eventually limit, the permeation rate. This certain phenomenon is called deviation

from Sievert's law behavior [53].

3.3 Sieverts’ Law and Arrhenius Plot

3.3.1 Background and Significance

As discussed before, dense Pd-based membranes facilitate the separation of H, through

the solution-diffusion mechanism. H, dissociates on the feed-side surface, and atomic
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H dissolves into the metal, diffusing through the lattice before recombining or
desorbing on the permeate side. This process results in almost perfect H, selectivity
through a defect free membrane [68]. The transfer mechanism can be represented

through the following equation:

% Hy(g9) S Hpissowea)
This equation establishes a relationship between gas-phase pressure and the chemical
potential of dissolved hydrogen, forming the basis for the classical derivation of flux
laws [66]. In scenarios where bulk diffusion is the rate-limiting factor and surface steps
occur rapidly, the outcome is characterized by Richardson’s/Sieverts-type permeation
law, which exhibits a square-root dependence on pressure along with a permeability

prefactor. This notion can be represented as:
0.5 0.5
J x PHZ Feed ~— PHZ Permeation [66]'

In practical applications, real modules frequently encounter mixed feeds and gas-side
mass-transfer effects, such as concentration polarization or adsorption, which can alter
the pressure exponent from 0.5 and potentially skew transport parameters if not
properly considered. This underscores the necessity of explicitly testing Sieverts’ law

in Pd(-Ag) systems.

In the dilute-solution limit for dissociative gases, Sieverts' law indicates that the
concentration of dissolved hydrogen in a metal (e.g. Pd) is proportional to the square

root of the hydrogen partial pressure. According to Sieverts’ law:
C = KS pHZ [68]'

Where,
C is concentration or solubility
Ks is Sieverts’ constant

pHz is partial pressure of pure hydrogen

This equation is directly derived from the equilibrium equation of hydrogen diffusion,

by comparing chemical potentials. Also, for ideal dilute solutions, determining activity
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with concentration, it infers that solubility is proportional to the square root of
permeability [66]. The square-root dependence indicates the dissociation of a diatomic
hydrogen molecule into two hydrogen atoms before being dissolved into the lattice [69].
Deviations from the characteristics of C o P%5 occur at elevated H loadings (non-
dilute behavior) or when surface/mass-transfer resistances are significant,
necessitating more comprehensive analyses beyond the basic Sieverts model in

permeation experiments.

3.3.2 Integration of Flick’s Law and Sievert’s Law

Under steady state conditions governed by bulk diffusion, the integration of Fick’s law

and Sieverts’ law results in the established permeation expression.

DK

Ju, = — (p?® — p3>) [68].

From this relationship, we can derive that:

KS:

S| o

Where,

K; is Sieverts’ constant
P is Permeability

D is Diffusivity

If we would like to acquire diffusivity, from the above equation, we need permeability
and Sievert constant. We have already got the permeability from our experiments.
Furthermore, we will extract value of Sievert constant from the publication from Venvik

et. al. [70].
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Figure 3.2: Sievert's constant as a function of the thickness of Pd77%Ag23% thin film

membranes at various temperatures [70].

Hydrogen diffusivity in Pd-alloy membranes is thermally activated and is commonly

described by an Arrhenius form:

D (T) = Dye Epo/RT [67].

Where,

D is Diffusivity

D, is Pre-exponential factor

Ep is activation energy for diffusion
R is gas constant

T is Temperature

Taking natural logs gives the linear relationship:

Ep
InD =InD, — RT
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4. Materials and Membranes

Palladium membranes have garnered increasing attention in recent years for hydrogen
purification and H2 production via membrane reactors, attributed to their exceptional
permeability and selectivity for H2. Pure Pd membranes frequently suffer from
hydrogen embrittlement due to the ab phase transition of palladium hydride, which can
take place at temperatures below the critical threshold of 293 °C and pressures below
2 MPa. Palladium is frequently alloyed with silver to prevent embrittlement, which also
enhances hydrogen permeability by up to 70% relative to pure palladium. The optimal
hydrogen permeability is achieved with a silver content of approximately 23 wt.% Ag
(Pd77Ag23) [60-62]. During our experiments, we have evaluated the performance of
two membranes, including a 10 ym membrane made by SINTEF Industry and a 5.5 um
membrane made by Hydrogen Mem Tech. SINTEF Industry used DC Magnetron
Sputtering Method to make their 10 um membrane on perfect silicon wafer whereas
Hydrogen Mem Tech manufactured the 5.5 ym using Magnetron Sputtering on a glass

plate.

4.1 Magnetron Sputtering

There are numerous methods described in the scientific literature for deposition of Pd
and Pd-alloy layers onto substrates. Some of the prominent technologies are electroless
plating (ELP), chemical vapor deposition (CVD) physical vapor deposition (PVD)
including magnetron sputtering (PVD-MS). Magnetron sputtering can further be
distributed into DC Magnetron Sputtering and RF Magnetron Sputtering. Based on the
criteria of substrate, membrane synthesis technology can further be distributed into
two types: Self-supported membrane and Supported membrane. Magnetron sputtering
is a sub-type of sputtering method. The only difference is that there is a magnetron
present behind the target metal that with maintain a magnetic field perpendicular to
the electric field. The role of the magnetron is to create a spiral motion on the surface
of the metals to keep the electrons attached a bit longer [55]. Magnetron sputtering is
a very attractive deposition technique, as it delivers sub-micrometric homogeneous
layers with a meticulous composition across the thickness, with apt Ag contents that is

up to or higher than 23%. The advantages of this method include dense, uniform, and
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high-purity films with good adhesion, control over film composition and properties as

well as scalability and reproducibility [56].

4.1.1 Magnetron Sputtering on Si Wafer

According to Fernandez et al [56], a perfect silicon wafer is used as a temporary or
permanent support in different industries including semiconductor processing,
membrane manufacturing and advanced packaging. Its material and processing
characteristics make it one of the most reliable supports in pd-based membrane
manufacturing. It provides an abundantly fine and uniform surface for sputter-
deposited Pd or Pd-Ag films. This smoothness is instrumental to ensuring spotless,
super thin, homogeneous metal layers, which are crucial for high hydrogen

permeability and selectivity in Pd-based membranes [57].

4.1.2 Magnetron Sputtering on Glass plate

Glass plate is a suitable support for thin film deposition of Pd based membrane, as it is
flat, stable, and chemically inert. One of the major advantages of using glass substrates
are typically being able to clean the organic residues of the surface using plasma
cleaning or UV-ozone treatment, because of its diaphanous nature [59]. However, there
are numerous drawbacks in using this type of support, such as porosity challenge, heat
resistance lacking, weakness in durability, to name a few. The disadvantages of glass

plate support will be discussed in detail in section 4.3.

4.2 Membrane by SINTEF Industry

The SINTEF Industry membrane was manufactured by DC-Magnetron Sputtering in
two steps. First, a Pd/Ag23 wt.% target layer was deposited onto polished silicon
single-crystal substrates, then the films are carefully peeled away from the silicon
support and mounted to a porous stainless-steel support [56]. This enables the
fabrication of defect-free high-flux membranes, approximately 2-3 pm in thickness,
supported on macroporous substrates, suitable for operation at elevated pressures

[51].
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4.2.1 Topography of the membrane

The analysis of the Pd-Ag membrane thin films' surfaces was executed using atomic
force microscopy (AFM). The results reveal that the grain size increased from 120 nm
to 250-270 nm, as well as the film surface roughness rose from 4-5 nm to 10-12 nm as
the temperature was elevated from approximately 360 K to 510 K. Following the
determination of optimal conditions for achieving minimal grain size on silicon wafers,
thin Pd-Ag films were deposited on various porous support. The porous supports
significantly affect topography. Fine-pore supports (3-5 nm y-Al,03 or ZrO;) produce

dense columnar Pd-Ag films, whereas larger pore supports (=100 nm Al,03) facilitate

open columnar growth characterized by inter-grain voids. In the examined
membranes, defects manifested as pinholes due to stress and creep, resulting in
localized porosity that undermined selectivity. AFM analysis indicated that roughness
increases with both deposition temperature and thickness: approximately 4-5 nm root
mean square roughness observed at low temperatures (approximately 360-410 K). On
the other hand, approximately 10-12 nm root mean square roughness observed at

elevated temperatures ranging from 505 to 515 K [56,63].

4.2.2 Characteristics and Performance

The SINTEF Pd-23%Ag membrane, created through the sputtering of thin films onto
silicon wafers and subsequently transferred to porous stainless-steel tubes,
demonstrates both scalability and notable performance. The active layer, with a

thickness of roughly 2 um, attains hydrogen fluxes of up to 2477 mL-cm™*-min~*

2

(approximately 18.43 mol-m™2-s™%) at a temperature of 400 °C and a hydrogen feed

pressure of 26 bar Permeance is approximately constant at ~1.5x1072

mol-m~2.s71.Pa~0.5

across varying pressures, suggesting that transport adheres to
Sieverts’ law. Selectivity is notably high, exceeding 7500 at approximately 2 bar and
around 2900 at 26 bar. Long-term trials demonstrated stable operation exceeding one

year, with estimated lifetimes ranging from 1.6 to 2.5 years at 400 °C. [63].

4.3 Membrane by Hydrogen Mem-Tech

This particular membrane has been manufactured by Norwegian company Hydrogen

Mem-Tech. It is synthesized via magnetron sputtering on a glass substrate. The
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company website states that their membrane enables selective hydrogen separation
with recovery rates of up to 99%, allowing for the synthesis of both industrial-grade
and ultra-high-purity hydrogen from diverse feed gases. The design features
modularity, compactness, and scalability, utilizing ultra-thin membranes affixed to
substrate plates and organized in cassettes to promote efficient flow and seamless
integration at minimal expense. The operation is straightforward and secure, featuring
no moving components, no need for chemical cleaning, and a high tolerance for
vibrations, which guarantees dependable performance with minimal maintenance and
low noise levels [64]. Even though, this membrane is manufactured using the similar
technology as SINTEF Industry, the substrate used in this case is different. Hence, there
are some differences in case of characteristics and performance. We did not find any
specific literature from the manufacturers about this specific membrane. So, we

compared a similar membrane studied by Gobina et. al [58].

4.3.1 Topography of membrane

Pd-Ag membranes sputtered onto porous Vycor glass resulted in dense, continuous
films measuring approximately 5-8 pm in thickness, characterized by fine submicron
grains that coarsen with increasing thickness, as verified by SEM analysis. The
deposition successfully occluded the approximately 40 A pores of Vycor, creating a non-
porous upper layer essential for attaining 100% hydrogen selectivity.  Surface
examination indicated a homogeneous, dense structure with negligible roughness
variation (about 6.7%). The lack of nitrogen leakage further indicated well-packed
grain boundaries devoid of pinholes or open defects. EPMA confirmed that the alloy
composition (77:23 wt% Pd-Ag) remained intact, showing no evidence of
contamination, peeling, or cracking, which indicates robust adhesion and long-term

stability of the membranes [58].

4.3.2 Characteristics and Performance

Pd-Ag membranes on porous Vycor glass constitute a significant initial advancement
in the field of hydrogen separation research. Pd-Ag alloy films, approximately 5-8 pym
thick, were deposited via sputtering using Vycor tubes with pore sizes of around 40 A.
The membranes performed with total hydrogen selectivity, completely rejecting

nitrogen, with hydrogen recovery achieving up to 90% at a pressure differential of 7
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bar. The permeability inferred an Arrhenius relationship, with values approximately
2.3x107° cm3-cm/(cm?-s-atm®>) at 780 K. The operation demonstrated stability
during prolonged testing, with no instances of peeling or delamination noted. Vycor
demonstrated significant thermal and chemical resistance, despite exhibiting modest

flux relative to contemporary membranes [58].

4.4 Comparison between Glass membrane and Si Wafer Membrane

Characteristics/ Pd-Ag on Vycor glass Pd - 23%Ag (Si wafer — steel)
Performance (Gobina et al.) (SINTEF)
Film thickness 5-8 um (~6 pm) ~2 pm
Pressure tested Ap up to 7 bar (measured) 2 bar and up to 26 bar feed H,

At 400 °C, 26 bar:
2477 mL-cm™?-min~* (STP)

~ B
Flux not given directly ~18.43 mol-m™-s™ (SI)

Flux (as reported) (derived via Arrhenius)

At 2 bar:
~ 902 mL-cm™?-min™" (calc.)

~ 6.71 mol'm~2.s71

Flux (Calculated) 448 x 1072 mol/mz s 6.71 m0l/m2 _ ¢ (2bar)
Permeance 5.361 X 107> mol-m~2-s*.Pa 0.5 Permeance ~ 1.5x1072
(calculated) mol-m=2-s"1.Pa~°.5
0,
Se]ectivity 100% H, (no N, detected) >7500 (99.99%) (2 bar)

~2900 (99.96%) (26 bar)

Table 4.1: Performance comparison between Pd-Ag on Vycor glass (Gobina et al.) and

Pd-23%Ag (Si wafer — steel) (SINTEF) (Adopted from [58,63])
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4.5 Conclusion

Comparing Pd-Ag membranes on Vycor glass with those developed by SINTEF on
stainless steel supports reveals several differences. Even though the membrane on
Vycor glass display perfect selectivity, however its permeance is much inferior
compared to the SINTEF Industry membrane. Vycor glass support membrane exhibits
fine porosity and a smooth surface, facilitating excellent adhesion for sputtered films
and high-temperature resistance. However, its small pore size and fragile structure
restrict mechanical robustness and large-scale applicability. The control of grain size is
imprecise, and surface roughness may result in alteration of topography, thereby
reducing flux. On the other hand, while SINTEF Industry membrane shows superior
performance in the case of permeance, it yields a hydrogen with the purity of 99.99%
(4.0) at 2 bar and 99.96% (3.6) at 26 bar. Even though this purity is not acceptable in
semiconductor industry, this will be suitable for most of the industries including Fuel
Cells. The SINTEF Industry membranes utilize porous stainless-steel supports, which
enhance mechanical strength, pressure tolerance, and scalability. Thin films and
controlled grain growth reduce roughness, while Pd-Ag provides chemical resistance
to reactive gases. To sum up, SINTEF’s design integrates durability, high flux, and
industrial applicability, whereas Vycor support membrane demonstrates superior

selectivity primarily at laboratory scales and moderate pressures [58,63].
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5. Experimental

A set of experiments have been conducted to assess the characteristics and
performance of a particular model of aforementioned SINTEF Industry membrane with
a thickness of 10 um as well as a Hydrogen Mem-tech Membrane with the thickness of
5.5 um. To recap, the SINTEF Industry membrane has been manufactured through DC-
Magnetron Sputtering on a temporary Si Wafer support. On the other hand, the
Hydrogen Mem-Tech Membrane has been synthesized through Magnetron Sputtering
method on a glass plate support. As we have already discussed the characteristics and
performance of these membranes from literature, it will assist us while assessing the
membranes reviewed by us and find the underlying causes why they behave the way

they do.

5.1 Risk Analysis

The risks associated with experimental laboratory work were assessed, and the
findings are presented in Appendix F. The risk analysis was distributed into three steps
including bow-tie analysis, risk matrix and Failure Mode and Effects Analysis (FMEA).
In summary, leakage, fire, and exposure to toxic and flammable substances (NH3, H2)
were identified as the most probable occurrences and highest risks in this study. Then
relevant measures have been taken to minimize the risk level to close to zero.
Continuous leak testing was conducted prior to and during experiments to prevent

these occurrences.

5.2 Experimental Setup

Our experiment starts with the mounting of the microchannel membrane reactor. In
this section, it will be discussed how the microchannel membrane reactor is assembled
followed by how lab view was set up to control the experiments. Furthermore, the

equipment that have been used in the experiments will be described briefly.

5.2.1 Membrane Assembly

The assembly of the membrane module involves a precise, multi-step process aimed at

ensuring structural stability, leak-tightness, and optimal performance during
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operation. The procedure initiates with the precise alignment of the module's
permeate side with the copper gasket, succeeded by the positioning of the channel layer
to offer support and delineate the flow path [16]. All membranes were detached from
the silicon wafer and mounted in a microchannel configuration, facilitating hydrogen
permeation experiments with minimal gas transfer limitations. The effects of hydrogen
depletion in the configuration are mitigated by the increased flow of hydrogen. High
hydrogen concentration, combined with a small channel cross-section that restricts
diffusion distance, effectively minimizes concentration polarization [37]. The
placement of the feed side finalizes the layered structure, after which the module is
secured with bolts that are evenly tightened using a hex key and wrench to endure high
temperatures. Punched holes in the membrane were created using a copper wire to
indicate the positions of the screws. The channel housing was positioned on top and
secured by alternating the tightening of the screws to avoid straining the membrane.
Excess membrane was excised and placed in a bottle as residue. Upon assembly, the
module is affixed to the testing apparatus, with connections to the feed and permeate
gas lines established using suitable wrenches to avoid stress on the fittings. Leak
testing involves the introduction of inert gases, such as nitrogen or argon, under
controlled conditions, ensuring that all valves are appropriately configured to prevent
premature gas flow. The module integrates with mass flow controllers (MFCs) and is
monitored through a computer interface to regulate gas flow rates and validate
performance. This systematic method safeguards the integrity of the membrane
assembly, reduces the likelihood of leakage or mechanical failure, and confirms the

reliability of the configuration for future experimental testing [65].
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Figure 5.1: Microchannel parts and configuration

5.2.2 Lab View

LabVIEW was employed as the primary control and monitoring platform for the
experimental setup. The software facilitated interaction with the mass flow controllers
(MFCs) that manage nitrogen and hydrogen streams mainly on the feed side of the
membrane module in the context of our experiment. A custom-designed virtual
instrument (VI) was created to regulate flow rates, alternate gases, and record real-time
data during testing. The graphical programming environment facilitated ongoing
monitoring of pressure, temperature, and flow signals, thereby ensuring stable
operating conditions and precise control of experimental parameters. LabVIEW
facilitated automated data acquisition, reducing human error and allowing for
synchronized recording of permeation performance alongside process conditions. The
integration enhanced operational efficiency, increased reproducibility, and enabled

swift modifications during leak testing and membrane performance assessment.
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5.3.3 Gas Flow

The microchannel housing was positioned within a furnace in the hydrogen permeation
apparatus. Mass flow controllers (MFCs) were employed to regulate the flow of all
gases. The calibration of mass flow controllers for each gas was conducted utilizing a
soap film meter. A Micro-GC (Agilent) was utilized to assess potential failure or leakage
by introducing nitrogen. There was a needle valve placed between Micro GC and
Retentate stream. No instances of N2 were observed during the experimentations.

Therefore, the selectivity achieved was 100%.

Feed Retentate MNeedle
Valve
N, ———» MFC
Furnace
Microchannel —
H, ——————> MFC Membrane Micro GG
Reactor
Ar ———— 5 MFC Flow Meter
Sweep Gas Permeate

Figure 5.2: Gas flow of the microchannel membrane reactor system (Simplified, for

detailed, refer Appendix E)

5.3 Heat Treatment

Heat treatments were performed on Pd-Ag23wt% membranes with thicknesses of 5.5
pum and 10 um to enhance stability, reproducibility, and hydrogen permeation

characteristics. Two treatment procedures were utilized.

5.3.1 Heat treatment in air (HTA)

Membranes were subjected to ambient air at a temperature of 350 °C. Prior to the
introduction of air, hydrogen was removed from the system by passing nitrogen on the
feed side and argon on the permeate side for a duration of 15 minutes. Air was
introduced by opening the microchannel tubes, with each exposure maintained for one
hour. After each step, nitrogen and argon were reintroduced for a duration of 15

minutes to eliminate oxygen prior to the reintroduction of hydrogen.
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5.3.2 Heat treatment in H, /N, atmosphere

A subsequent treatment was conducted at 350 °C using a controlled H,/N, mixture
with a total flow rate of 400 ml/min and a H2 and N2 volume ratio of 80:20. This
treatment kept running until the permeation got stabilized. Exposing the membrane to
a hydrogen/nitrogen atmosphere maintains a metallic and clean surface, which may

influence the permeability of hydrogen.

5.4 Permeation Experiments

Experiments on hydrogen permeation were conducted to assess the transport
properties of Pd-based membranes across various operating conditions.
Measurements were conducted utilizing hydrogen and nitrogen mixtures under
varying total flow rates, partial pressures, and temperatures, without the presence of
sweep gas, to maintain clearly defined hydrogen partial pressures across the
membrane. The temperature was controlled using an oven and while changing the
temperature, a rate of 2 °C/ min was maintained so that any excessive stress is not
applied to the membrane. The temperature was monitored using an N-type
thermocouple positioned near the membrane housing. The permeance was assessed
as a function of feed pressure and temperature, with multiple repetitions conducted
during the experimental period to ensure reproducibility. As seen in the Figure 5.2, the
permeance was measured using a flow meter. The unit that the permeance was
measured in was mL/min. Later the measured permeance was converted into flux and

permeability. Refer Appendix A for detailed calculations of Flux and Permeability.

5.4.1 Permeation Experiments of 10 um Membrane

The 10 pm thick Pd-based membrane was investigated in a flat, self-supported
configuration to assess the effect of thickness, pressure, and concentration polarization
on hydrogen transport. Permeation behavior of pure hydrogen (purity 5.0) from a feed
mixture of hydrogen and nitrogen through Pd77%Ag23% membranes was studied as a
function of temperature, flow rate and partial pressure of hydrogen with no use of
sweep gas. Experiments were conducted at specified temperatures of 300 °C, 350 °C

and 400 °C. The 10 pm thick Pd-Ag23wt% membrane demonstrated stable and
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reproducible results in permeation experiments following heat treatment in air and in

H./N, (350 °C, H,/N, = 320:80 ml/min).

Experiment Thézl;l; 58 Temperature Total Flow Loy Il%\lazt;o (L
la 10 300 200 80:20
1b 10 350 200 80:20
1c 10 400 200 80:20
2a 10 300 400 80:20
2b 10 350 400 80:20
2c 10 400 400 80:20
3a 10 300 100 100% H2
3b 10 350 100 100% H2
3c 10 400 100 100% H2
4a 10 300 200 100% H2
4b 10 350 200 100% H2
4c 10 400 200 100% H2
5a 10 300 200 50:50
5b 10 350 200 50:50
5c 10 400 200 50:50

Table 5.1: Experiment Conditions in the case of 10 um Membrane

5.4.2 Permeation Experiments of 5.5 ym Membrane

The 5.5 um thick Pd-based membrane was assessed primarily to study hydrogen flux
increase due to reduced thickness, as well as to examine tolerance against possible

inhibiting species.
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Thickness Total Flow Flow Ratio

Experiment ) Temperature (°C) (H2+N2) (H2: N2)
6a 5.5 300 200 80:20
6b 5.5 350 200 80:20
6¢ 5.5 400 200 80:20
7a 5.5 300 400 80:20
7b 5.5 350 400 80:20
7c 5.5 400 400 80:20
8a 55 300 200 75:25
8b 55 350 200 75:25
8c 5.5 400 200 75:25
9a 5.5 300 400 75:25
9b 5.5 350 400 75:25
9c 5.5 400 400 75:25
10a 5.5 300 200 100% H2
10b 5.5 350 200 100% H2
10c 5.5 400 200 100% H2

Table 5.2: Experiment Conditions in the case of 5.5 um Membrane
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6. Results

6.1 Comparison to Literature

According to Vicinanza et al, the experimentally acquired permeability for 2.2 micron
membrane ranges from 2.0*10-8 mol.m-1s-1Pa-0->to 2.7*10-8 mol.m1s-1Pa-0> for different
temperatures and heat treatment conditions [37]. However, from Mejdell et al, for the
same thickness, the permeability ranges from 7.7*10-° mol.m-1s-1Pa-0> to 1.0*10-8
mol.m-1s-1Pa-05, When the thickness is increased to 5 micron from 2.2 micron, the
permeability goes as high as 1.6*10-% mol.m-1s'1Pa-05[16]. For our 5.5 micron
membrane, the permeability ranges from 4.21*10-° mol.m1s'1Pa-%-5 to 4.73*10- mol.m-
15-1Pa-05, So, the experimental acquired permeability is only third of the literature
reference value. From Vicinanza et al, the permeability for 11.1 micron membrane is
2.2 *10-8 mol.m1s-1Pa-0-5[37]. However, for our 10 micron membrane the permeability
ranges from 7.62*10-° mol.m1s1Pa-0> to 8.76*10° mol.m1s1Pa-05. Compared to
Vicinanza et al, the result is one third, whereas compared to Mejdell et al, our

permeability is pretty close.

Membrane Vicinanza et.al [37]  Mejdell et. al [16] This study
Thickness (mol.m-1s1Pa-05) (mol.m-1s1Pa-05) (mol.m-1s1Pa-05)
2.2 um 8.2*10°9- 1.1*108 7.7%109-1.0*108 -
4.7 um 1.3*108-1.7*10-8 - -
5um - 1.4*108-1.6*108 -
5.5 um - - 4.21*10°-4.73*10-°
8.5 um 1.6%10-8-2.1*10-8 - -
10 um ; i 7.62%10-9 - 8.76*10°
11.2 um 2.2*108 - -

Table 6.1: Comparison of the results of this study with Vicinanza et. al [37] and Mejdell
et. al [16].
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6.2 Gas mixture effects

6.2.1 Total Flow Dependency

At this section, effects arising from H2-N2 mixtures as well as the behaviour of hydrogen
alone have been analysed. The dependency of hydrogen permeability through the 10
pum thin Pd-Ag membrane on total flow of hydrogen and nitrogen has been studied at
different temperatures including 300 °C, 350 °C, and 400 °C. This analysis has been
made for different Hz/N2 flow ratio including 80:20, 100% Hydrogen and 50:50. The
reported permeability values reflect the average across various binary mixtures under
each condition. At 400 °C, it has been found that the dependence of hydrogen
permeability on total flow is insignificant that indicates of no influence of external mass
transport on hydrogen transport. At 80: 10 ratio, the permeability has shown
decreasing trend with increasing total flow. On the other hand, for 100% hydrogen,

there was barely any dependence of permeability with total flow.
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Figure 6.1: Total Flow Dependency of 10 pm Membrane (a) For 80:20 Flow Ratio,
(b)For 100:0 Flow Ratio

For the thin 5.5 pym Pd-Ag membrane, an opposite trend is observed. The hydrogen
permeability acquired for this membrane showed an increasing trend with increasing

total flow rate across all operating temperatures. The increase rate of permeability is
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approximately identical across all operating temperatures. This pattern of behaviour
indicates that for thinner membranes, increased feed velocities alleviate concentration
polarisation at the membrane surface, thus augmenting the effective driving force for
hydrogen permeation. To summarize, while the 10micron membrane is primarily
influenced by bulk transport within the metallic layer, but the 5.5 pym membrane is
significantly impacted by boundary-layer phenomena, rendering flow management a

crucial element for performance optimisation.
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Figure 6.2: Total Flow Dependency of 5.5 pm Membrane

6.2.2 Depletion and Concentration Dependency

This study examines the relationship between hydrogen permeability and hydrogen
concentration in a 10 um thin Pd-Ag membrane at temperatures of 300 °C, 350 °C, and
400 °C. For 10 pum membrane, hydrogen permeability showed an increasing trend
across all the temperatures with an increasing hydrogen concentration. However, the
effect is more pronounced for 300 degree celcius. Therefore, for 10 um membrane, the

dependence on hydrogen concentration is evident across all temperatures. like the 5.5
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um membrane, for the 10 pm membrane, hydrogen concentrations had less impact on

hydrogen permeation at higher temperatures compared to that of lower temperatures.

This study examines the relationship between hydrogen permeability and hydrogen
concentration in a 5.5 pm thin Pd-Ag membrane at temperatures of 300 °C, 350 °C, and
400 °C. The effect of hydrogen concentration on permeability in the 5.5 um Pd-based
membrane was evaluated by averaging data from different total flow rates. Across all
the temperature points, permeability displayed an increasing trend with increasing
hydrogen concentration. However, the effect is more pronounced for 300 degree Celsius

compared to other temperatures.
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Figure 6.3: Hydrogen Concentration effect (Along with deviation range) on (a) 10 um

membrane, (b) 5.5 pm Membrane.

6.3 Temperature Dependence

From Vicinanza et al, the relation between permeability and temperature is increasing.
So, with increasing temperature, the permeability increases from 2.22*10-8 mol.m-1s-

1Pa05t0 2.27*10-8¥ mol.m"1s-1Pa-0-5, However, for our experiment, we do not see a similar
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trend. Because, for 350 degree Celsius, we see a decreasing trend and increasing trend

for 400 degree Celsius.
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Figure 6.4: Temperature Dependence (Along with deviation range) on (a) 10 pm

membrane, (b) 5.5 pm Membrane.

6.4 Hydrogen Solubility and Diffusivity in Pd-Ag Membrane

As part of our next study, the natural logarithm of diffusivity and the correspondent
inverse temperature will be plotted to evaluate a linear dependency of both membranes
in accordance with Sieverts' law. This type of validation is crucial for verifying whether
the rate-limiting step is bulk diffusion through the metal lattice rather than surface
adsorption or desorption processes as well as mass transfer. The synthesis mode,
surface architecture and flaws could be identified as the underlying reason of the
deviations from linearity. If linearity with accordance with Sievert's law is identified for
amembrane, it assures that the permeability values that are produced are reproducible
and may be reliable in the design and performance assessment of hydrogen separation

membranes.

Under steady state conditions governed by bulk diffusion, the integration of Fick’s law

and Sieverts’ law results in the established permeation expression.

Permeability, P= KsD
Density, p=12.0e6
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Diffusivity, D= Kepe10-5

Diffusivity, D=
12K

From the equation P= K;D, we can get diffusivity (D) by inserting the values of
permeability and sievert constant into the equation. From figure 3.2, we can extract the
values of sievert constant and the values of diffusivity at specific membrane thickness
and particular temperature. Afterwards, with these values, we could do our

calculations.

6.3.1 5.5 pm Membrane

Sievert
Temperature Constant (Ks) Permeability D InD
(K) (umol/ (mol/msPa”0.5)
gPa”0.5)
573 0.77 4.50e-9 1.36e-16 -36.53
623 0.57 4.39e-9 1.95e-16 -36.17
673 0.45 4.68e-9 2.84e-16 -35.80

Table 6.2: Values for 5.5 pm membrane of Sievert constant and diffusivity adopted from

figure 3.2
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Figure 6.5:1n D Vs 1/T Plot for 5.5 pm Membrane.
Y=-2858.68X-31.55
R2=0.9977
Ea=23.76 k] /mol
6.3.2 10 pm Membrane
Sievert
Temperature Constant (Ks) Permeability D InD
(K) (umol/ (mol/msPa”0.5)
gPa”0.5)
573 0.7 7.78e-9 2.58e-16 -35.89
623 0.55 7.62e-9 3.50e-16 -35.59
673 0.4 8.46e-9 5.78e-16 -35.09

Table 6.3: Values for 10 um membrane of Sievert constant and diffusivity adopted from

figure 3.2

57



@ ® Data points
—— Fitted line: y =-3118.28x + -30.49
=35.2
—-35.4 4
[a)
=
—35.6 -
—35.8 -

0.00150 0.00155 0.00160 0.00165 0.00170 0.00175
ur

Figure 6.6:In D Vs 1/T Plot for 10 um Membrane.

Y=-3118.28x-30.49
R2=0.969
Ea=25.92 kJ/mol

From this calculation, we got to know an intrinsic characteristic of both membranes. In
the case of both membranes, they show temperature dependency. Therefore, it suggests

that both membranes follow Fick’s law and Sievert’s law.
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6.5 Anomaly of 5.5 pm membrane

In this section, a very peculiar anomaly regarding the 5.5 pym membrane will be
discussed. As mentioned earlier, this particular membrane has been manufactured by
Norwegian company Hydrogen Mem-Tech. It is synthesized through Magnetron
sputtering on glass plate substrate. According to the company website, their
manufactured membrane provides selective hydrogen separation with recovery rates
reaching 99%, facilitating the production of both industrial-grade and ultra-high-purity
hydrogen from various feed gases. As, this variant of the membrane is a thinner version
of Pd based membrane, we expected a more superior result in terms of hydrogen flux
and permeability. As speculated, the hydrogen flux output from this membrane was
superior to that of the 10 um membrane. We began the experiment with 320 ml/min
hydrogen and 80 ml/min nitrogen feed at 300 °C temperature. As expected, we got a
high hydrogen flux. Subsequently, we increased the membrane temperature to 400 °C.
Initially, we saw an increased hydrogen flux at the increased temperature. Therefore,
we were waiting for the flux to get stabilized. However, gradually but effectively, we
could see a trend of hydrogen flux decrease. For the next 417 hours, we ran the
experiment in order for the flux value to get stabilized. When the flux was stabilized
after long 417 hours, we decided to move on to the next experiment which was with
160 ml/min hydrogen and 40 ml/min nitrogen in the feed at 400 °C. Even though, the
flux for this membrane seemed to be twice as much as the 10 pm membrane. Eventually,
it went down to approximately the same level as the 10 um membrane. Even though, it
is mentioned in the company website that the selectivity of the membrane is 99%, we
can only speculate that the high selectivity could have been acquired at the cost of
hydrogen flux. This can further backed by the analysis we did in chapter 4. From table
4.1, we can see that the membrane based on glass substrate had superior selectivity.
However, it had much poorer flux. As, our 5.5 pm membrane is based on glass substrate,

we can understand why we are getting such anomaly.
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Figure 6.7: Alteration of behaviour of 5.5 pm Membrane

From the image below, it is evident that the 5.5-micron membrane has curled up. This
was unusual behaviour, indications some tension in the structure which might have
something to do with the anomaly behaviour. To further verify, we wanted to do MS-
AES analysis. The initial hypothesis about this anomaly was an impurity in the
fabrication, most likely related to cadmium but this was not found or verified. We have
requested the raw data, but due to some issues in sample digestion, our lab engineer

has been reluctant to just send them.
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Figure 6.8: Curled up 5.5 pm Membrane
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7. Discussion

7.1 Performance Analysis

To begin the performance analysis of both membranes we can take the comparison of
chapter 4 as an analogy. From chapter 4, we have come to know that although the
membrane on Vycor glass has excellent selectivity, its permeance is significantly inferior to
that of the SINTEF Industry membrane. We have mentioned earlier that the Vycor glass
support membrane is the closest to our 5.5 um membrane from literature whereas the
SINTEF Industry membrane from the chapter 4 is exactly same as the 10 pum membrane
we have used for our experimentation. Vycor glass support membrane has fine porosity
and a smooth surface, promoting superior adherence for sputtered films and resistance to
high temperatures. Nonetheless, its diminutive pore size and delicate structure limit
mechanical durability and extensive use. The regulation of grain size is inaccurate, and
surface roughness may lead to change of topography, thus diminishing flux. On the other
hand, while SINTEF Industry membrane shows superior performance in the case of
permeance, it yields a hydrogen with high purity. Thin coatings and regulated grain
development diminish roughness, but Pd-Ag offers chemical resistance against reactive

gases.

7.2 Determination of Rate Limiting Step

7.2.1 5.5 pm Membrane

Based on our experiments, the permeance we acquired is much less compared to
literature. However, this membrane follows Sievert’s law. Consequently, it is not
sensitive to total flow rate. According to table 3.1, when the membrane thickness is less
than or equal to 10 um as well as the cleanliness of the membrane is impeccable, the
rate limiting step is usually bulk diffusion. However, when we account for the results
acquired from the hydrogen permeation, the results are at least half as expected. The
reason could have something to do with the surface topography, which will be

discussed in later section.
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7.2.2 10 pm Membrane

In the case of 10 pm membrane, R is approx. 0.97. So, we have concluded that rather
than bulk diffusion, surface phenomena or mass transfer is the rate limiting step for
this membrane. From table 3.1, it is indicated that the reason behind deviation from
linearity might be due to contamination of membrane. However, the flux from this
membrane is excellent with perfect selectivity. This aspect of the membrane will be

discussed in the next section.

7.3 Discussion of Abnormal Phenomena of 5.5 pm Membrane

It is very crucial that we determine the underlying reasons behind this permeation
alteration phenomena. One of the reasons can be shift of rate limiting step. From, all the
analysis we have concluded that for this membrane, bulk diffusion is the rate limiting
step. However, it is possible that the rate limiting step has been altered gradually.
Furthermore, phenomena like Ag surface segregation or Mechanical stress on the
membrane resulting in wrinkling or deviating the structural integrity of the membrane

has enabled the alteration.

7.4 Limitation of Experimentation

The major limitation of the study was not to find a definitive factor behind the
functional anomaly of the 5.5 pum membrane. Besides, the possibility of microstructural
evolution can be another limitation. Furthermore, the resistance due to the substrate
has not been accounted for. Finally, a spectroscopy study of 5.5 pm membrane is crucial

to define its phenomena.
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8. Conclusion

The dependence of hydrogen permeability on total flow is opposite for both 5.5 pm and
10 pm membrane. Whereas 10 pm membrane showed a decreasing trend, 5.5 pm
membrane showed decreasing trend. However, the effect of total flow for 10 pm
membrane was insignificant at higher temperature. Moreover, 10 pm membrane did
not show any dependence on total flow at 100% hydrogen concentration. In the case of
hydrogen concentration, permeability showed a steady increasing trend for both 5.5
um and 10 um membrane. Thickness dependence for both membrane at 300 °C, 350 °C
and 400 °C is identical in terms of gradient. However, due to the surface anomaly the
thickness dependence does not follow the literature trend. In terms of temperature
stability, the 10 pm membrane has always been consistent and reliable. However, since
the issue in 5.5 pm has started when the temperature went from 300 °C to 400 °C, it can
be said that the temperature stability of the 5.5 pym membrane is not that great. But

overall, there was something in the fabrication of this membrane that went wrong.

To sum up, the membranes synthesized through magnetron sputtering method has
been proven to be superior in hydrogen separation. However, whereas the flux and the
selectivity of 10 um membrane is feasible and its technology ready level is very high,
the flux of 5.5 pm membrane has been measured to be poor instead of the selectivity to
be very high. The 10 um membrane design integrates durability, high flux, and
industrial applicability, whereas 5.5 pm membrane demonstrates superior selectivity
primarily at laboratory scales and moderate pressures. Overall, this anomaly can be
described as a fault in the fabrication, leading to unexpectedly low flux. However, if we
could address the issue of 5.5 um membrane, this could perform much better than the

10 um membrane.

Finally, the performance of 10 pm membrane has been proven to be superior, consistent,
reproducible and feasible. On contrary, 5.5 pm membrane require further study to

define its issues and rectify them.
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Appendix

Appendix A

In this section, it will be discussed how the raw data were processed and converted into

flux and permeability. The details raw data will be found in Appendix E. Let’s first have

a look at the raw data:

Flow
Experiment Théf}::; 53 Temperature Total Flow FE(I?IV;: I?\Iazt;o (l?r? ie/ p_H(lZD;f)eed

min)
la 10 300 200 80:20 22.32 164000
1b 10 350 200 80:20 21.55 164000
1c 10 400 200 80:20 21.90 164000
2a 10 300 400 80:20 20.33 164000
2b 10 350 400 80:20 19.93 164000
2c 10 400 400 80:20 22.10 164000
3a 10 300 100 100:0 36.42 205000
3b 10 350 100 100:0 33.52 205000
3c 10 400 100 100:0 35.18 205000
4a 10 300 200 100:0 35.87 205000
4b 10 350 200 100:0 34.87 205000
4c 10 400 200 100:0 35.52 205000
5a 10 300 200 50:50 0 105000
5b 10 350 200 50:50 0 105000
5¢ 10 400 200 50:50 0 105000

Fig: Raw data for the 10 ym membrane
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Flow
Thickness Temperature Total Flow Ratio Flow Rate p_H2_feed

Experiment = ) (H2+N2)  (H2: (mL/min)  (Pa)
N2)
6a 5.5 300 200 80:20 208 164000
6b 5.5 350 200 80:20 2001 164000
6¢ 5.5 400 200 80:20 2124 164000
7a 5.5 300 400 80:20 2141 164000
7b 5.5 350 400 80:20 2089 164000
7c 5.5 400 400 80:20 2227 164000
8a 5.5 300 200 75:25  17.64 153750
8b 5.5 350 200 75:25  17.87 153750
8¢ 5.5 400 200 75:25 1833 153750
9a 5.5 300 400 75:25 1848 153750
9b 5.5 350 400 75:25 1781 153750
9c 5.5 400 400 75:25 1879 153750
10a 5.5 300 200 100:0 3574 205000
10b 5.5 350 200 100:0 3470 205000
10¢ 5.5 400 200 100:0 3496 205000

Fig: Raw data for the 5.5 ym membrane

The hydrogen flow through the Pd-based membrane is given in the unit of mL/min. We

need to convert that into mol/s first.

1mL/min =1 cm3/min

So, xmL/min = x cm3/min
. . X
Again, x cm3/min = = cm3/s

Let’s consider hydrogen an ideal gas.

1cmd = mol
22414
ad 3
—=cm°/s = mol/s
60 60%22414

Now, if we divide the above term with membrane area, we will get flux.
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The membrane area is 2.4 cm? or 0.00024 m?

X mol

So, Flux, J=
60%22414%0.00024 m2s

Flux calculation:

X
0%22414%0.00024

Flux, J= mol / (m"2 s)

Let’s multiply membrane thickness with the above term and we get:

. x*t*107°
Flux * Membrane thickness = mol/ms
60%22414%0.00024

For 10 um thickness:

% . x*10%107°
Flux * Membrane thickness = mol/ms
60%22414%0.00024

For 4 um thickness:

. xx4%1076
Flux * Membrane thickness = mol/ms
60%22414%0.00024

Now, if we divide this term with difference of square root of the feed pressure and the

permeate pressure of hydrogen, we get the permeability.

Before doing that, we must know that the total pressure at feed side was 2.05 bar or
205000 Pa. Total pressure at permeate side was 1.05 bar or 105000 Pa. In our
calculation, we just accounted for the partial pressure of hydrogen. At the feed side, we
calculated the partial pressure based on the total feed pressure and composition of the

flow. For the permeate side, since 100% of the flow is hydrogen, the total permeate

pressure was accounted for in our calculation.
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For instance,

In the case of 1a, the composition of total flow was H2:N2=80:20 and the total feed
pressure was 2.05 bar. So, the partial pressure of hydrogen was 2.05*%0.8= 1.64 bar =
164000 Pa

Permeability Calculation:

For 10 um thickness:

x%10%107°

0.5
mol/msPa
60%22414%0.00024 (PY-5— pJ-5) /

Permeability, P =

For 5.5 um thickness:

x*5.5%107°
0%22414%0.00024 (PS5 PJ5)

mol/msPa®>

Permeability, P =2

Here,
P1 = Partial pressure of hydrogen at feed side

P2 = Partial pressure of hydrogen at permeate side
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For 10 micron Membrane:

Table: Values of Flux and Permeability for 10 micron Membrane

Thickness

e | Ty, | onwerors | ol | et | et | wigged | ez | i
1la 10 300 200 80:20 22.32 164000 0.691532 8.54E-09
1b 10 350 200 80:20 21.55 | 164000 0.066767 8.24E-09
1c 10 400 200 80:20 21.90 | 164000 0.067852 8.38E-09
2a 10 300 400 80:20 20.33 | 164000 0.062987 7.78E-09
2b 10 350 400 80:20 19.93 164000 0.061748 7.62E-09
2c 10 400 400 80:20 22.10 | 164000 0.068471 8.46E-09
3a 10 300 100 100:0 36.42 | 205000 0.112839 8.76E-09
3b 10 350 100 100:0 33.52 | 205000 0.103853 8.06E-09
3c 10 400 100 100:0 35.18 | 205000 0.108997 8.46E-09
4a 10 300 200 100:0 35.87 | 205000 0.111135 8.63E-09
4b 10 350 200 100:0 34.87 | 205000 0.108036 8.39E-09
4c 10 400 200 100:0 35.52 | 205000 0.110050 854E-09
5a 10 300 200 50:50 0 105000 0 0
5b 10 350 200 50:50 0 105000 0 0
5c 10 400 200 50:50 0 105000 0 0
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For 5.5 micron Membrane:

Thickness

Temperature

Total Flow

Flow Ratio

Flow Rate

p_H2_feed

Experiment (um) ©C) (H2+N2) (H2: N2) (mL/min) (Pa) Flux Permeability
6a 5.5 300 200 80:20 20.8 164000 0.064444 4.37E-09
6b 5.5 350 200 80:20 20.01 164000 0.061996 4.21E-09
6¢ 5.5 400 200 80:20 21.24 164000 0.065807 4.47E-09
7a 5.5 300 400 80:20 21.41 164000 0.066334 4.50E-09
7b 5.5 350 400 80:20 20.89 164000 0.064723 4.39E-09
7c 5.5 400 400 80:20 22.27 164000 0.068998 4.68E-09
8a 5.5 300 200 75:25 17.64 153750 0.054653 4.41E-09
8b 5.5 350 200 75:25 17.87 153750 0.055366 4.47E-09
8c 5.5 400 200 75:25 18.33 153750 0.056791 4,58E-09
9a 5.5 300 400 75:25 18.48 153750 0.057256 4.62E-09
9b 5.5 350 400 75:25 17.81 153750 0.055180 4.45E-09
9c 5.5 400 400 75:25 18.79 153750 0.058216 4.70E-09
10a 5.5 300 200 100:0 35.74 205000 0.110732 4.73E-09
10b 5.5 350 200 100:0 34.70 205000 0.107510 4.59E-09
10c 5.5 400 200 100:0 34.96 205000 0.108315 4.62E-09

Table: Values of Flux and Permeability for 5.5 micron Membrane
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Appendix B

Temperature (K) Sievert Constant (Ks) Permeability
b (umol/gPa~0.5) (mol/msPa”0.5)

573 0.77 4.50e-9

623 0.57 4.39e-9

673 0.45 4.68e-9

Table: Values for 4 pm membrane of Sievert constant adopted from figure 3.2 and

Experimental Values of Permeability (for H2:N2 = 320:80)

Temperature (K) Sievert Constant (Ks) Permeability
b (kmol/gPar0.5) (mol/msPa”0.5)

573 0.7 7.78e-9

623 0.55 7.62e-9

673 0.4 8.46e-9

Table: Values for 10 um membrane of Sievert constant adopted from figure 3.2 and

Experimental Values of Permeability

Determination of Equation
For gas transport through a metal:

P=DxS

Here,

P= Permeability [mol/(m - s - Pa®®)]
D= Diffusivity [m?/s]

S= Solubility

Sievert’s law gives:

C = KgPj>
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Here,
C = concentration of dissolved hydrogen [pumol / g]
K= Sievert constant

Py, = Partial Pressure of Hz

So the solubility per volume (not per mass) is obtained by multiplying by the density

(p):

S=Ksxp

P
Ks*p

So, finally: D =

Determination of density:

The Ideal Gas Law in terms of molar density:

PV = nRT
_n P
Pm =y = RT

At 300°C

e Temperature: T = 300 + 273.15 = 573.15K
e C(Calculation:
2.05 x 105 205000

= = = 43.02 mol/m®
(8314) x (573.15) 47646 mol/m

Pm

At 350°C

e Temperature: T = 350 + 273.15 = 623.15K

e C(Calculation:

B 2.05 x 10° 205000
~ (8.314) x (623.15)  5181.1

Pm = 39.57 mol/m?

At 400°C

e Temperature: T = 400 + 273.15 = 673.15K
e Calculation:
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2.05 x 10° 205000

= = = 36.62 mol/m?
Pm = 8314) x (673.15) _ 5597.5 mol/m
Determination of diffusivity for 4 pm membrane:
The equation:
_ P
" Ks*p
For573°C, D = ——¢=2 _ 1 36¢-16
0.8e6%43.02
For623°C, D = ——222__1.95e-16
0.57e6%39.57
For673°C, D = —=222__ ) 84e-16
0.45e6%36.62
Determination of In D for 5.5 pm membrane:
For 573°C, InD = In (1.36e-17) =-36.53
For 623°C, InD = In (1.95e-16) =-36.17
For 673°C, InD =1n (2.84e-16) =-35.80
Sievert
Temperature Constant (Ks) Permeability D InD
(K) (umol/ (mol/msPa”0.5)
gPa”0.5)
573 0.77 4.50e-9 1.36e-16 -36.53
623 0.57 4.39e-9 1.95e-16 -36.17
673 0.45 4.68e-9 2.84e-16 -35.80

Table: Values for 5.5 pm membrane of Sievert constant adopted from figure 3.2,
Experimental Values of Permeability, Calculated values of Diffusivity and natural

logarithmic values of diffusivity

79



—-35.8 ® Data points
— Fitted line: y = -2858.68x + -31.55

-35.9 1

—36.0 4

0.00150 0.00155 0.00160 0.00165 0.00170 0.00175
ur

Fig:In D Vs 1/T for 5.5 micron membrane

Linearity of 4 pm membrane:
SS

res

SSfOf
SSres =2 (¥ — yfit)z
SStot =L (y — )_’)2

RP=1-

Yrit =mx+b
— _ Y1ty2tYy3
Y= 3

From the graph, we get that, y=-2858.68x-31.55
Given,

X1=0.00149
X2=0.00161
X3=0.001745

y1=-35.80
y2=-36.17
y3=-36.53
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yiit, 1= -2858.68*0.00149-31.55=-35.81
yii,2= -2858.68%00.161-31.55=-36.15
yii, 3= -2858.68%0.001745-31.55=-36.54

_ —(35.80+36.17+36.53)
y = ; =-36.17

SS,s = (—35.80 + 35.81)2+(—36.17 + 36.15)2 + (—36.53 + 36.54)2
SS,0s = 0.0006

SS,or = (—35.80 + 36.17)2+(—=36.17 + 36.17)% + (—36.53 + 36.17)?
SS,or = 0.2665

0.0006
0.2665

R>=1-

R?% = 09977 = 99.77%

Determination of diffusivity for 10 pym membrane:

The equation:

_ P
Ksxp

For573°C, D = —22¢=% _ 9 58e-16
0.7e6%43.02

For623°C, D = —22¢7% __350e-16
0.55e6%39.57

For673°C, D = =2%¢"99 _578e-16
0.4e6%36.62

Determination of In D for 10 um membrane:
For573°C, InD = In (2.58e-16) =-35.89
For 623°C, InD = In (3.50e-16) =-35.59
For 673°C, InD =1n (5.78e-16) =-35.09




Sievert

Temperature Constant (Ks) Permeability D InD
(K) (umol/ (mol/msPa”0.5)
gPa”0.5)
573 0.7 7.78e-9 2.58e-16 -35.89
623 0.55 7.62e-9 3.50e-16 -35.59
673 0.4 8.46e-9 5.78e-16 -35.09

Table: Diffusivity value for 10 micron membrane

Table: Values for 10 pm membrane of Sievert constant adopted from figure 3.2,

Experimental Values of Permeability, Calculated values of Diffusivity and natural

logarithmic values of diffusivity

=35,2 -

=35.4 1

InD

—35.6 1

—35.8 1

@ Data points
—— Fitted line: y = -3118.28x + -30.49

0.00150 0.00155

Figure:InD Vs 1/T

Linearity of 4 pm membrane:
Ss

res

SStot

SSres =2 (¥ — yfit)z

RP=1-

0.00160 0.00165 0.00170 0.00175
ur
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SStor =2 (y — 37)2

Yrit =mx+b
— _ Y1tY2+ty3
V=T

From the graph, we get that, y=-3118.28x-30.49
Given,

X1=0.00149
X2=0.00161
X3=0.001745

y1=-35.09
yz:-35.59
y3=-35.89

yii, 1=-3118.28*0.00149-30.49=-35.136
yfi,2=-3118.28%0.00161-30.49=-35.51
yiit,3=-3118.28*0.001745-30.49=-35.93

_ —(35.09435.59435.89)
y = 3 = -36.52

SS,0c = (—35.09 — 35.136)2+(—35.59 — 35.51)2 + (—35.89 — 36.93)2
SS,.s = 0.010116

SS,or = (=35.09 + 35.52)2+(—35.59 + 35.52)2 + (—35.89 + 35.52)2
SS,or = 0.3267

0.0.0.16

R?=1-

0.3267

R?% = 0.969 = 96.90%




Appendix C

Codes for Flow Rate and Concentration

import matplotlib.pyplot as plt

Code-1:

x1l = [80, 100]

yl = [8.16e-9, 1.384e-8]

x2 = [80, 100]

y2 = [7.93e-9, 1.309e-8]

x3 = [80, 100]

y3 = [8.42e-9, 1.353e-8]

X scale =1

y_scale = 1le9

xls = [val * x scale for val in x1]
yls = [val * y scale for val in yl]
x2s = [val * x scale for val in x2]
y2s = [val * y scale for val in y2]
x3s = [val * x scale for val in x3]
y3s = [val * y scale for val in y3]

fig, ax = plt.subplots (facecolor="white")

ax.set facecolor ("White")

plt. plot(xls, yls, color="black", marker='o', label="300°C")
plt.plot (x2s, y2s, color="black", marker='s', label="350°C")
plt.plot (x3s, y3s, color="black", marker='"', label="400°C")

plt.title("")
plt.xlabel ("Total Flow")
plt.ylabel ("Permeability ($*107{-9}$) Smol.m"{-1}s"{-1}Pa~{0.5}s$")







plt.xlabel ("Total Flow")
plt.ylabel ("Permeability ($*107{-9}$) Smol.m"{-1}s"{-1}Pa~{0.5}s$")

plt.grid(False)
plt.legend()
plt.show ()

Code for Permeance Decrease analysis for 4 micron membrane
import pandas as pd
import matplotlib.pyplot as plt

import numpy as np

files = |
"2025-06-09 222644 2um HMT postHTAl 320-80 T300.txt",
"2025-06-12 151212 2um HMT postHTAl 320-80 T400.txt",
"2025-06-29 115416 2um HMT 160-40 T400.txt",

labels = {
"2025-06-09 222644 2um HMT postHTAl 320-80 T300.txt": "320-80 T300",
"2025-06-12 151212 2um HMT postHTAl 320-80 T400.txt": "320-80 T400",
"2025-06-29 115416 2um HMT 160-40 T400.txt": "160-40 T400",
}
USECOLS = [2, 10, 12, 18, 33, 34]
NAMES = ['time (s)', 'membrane T', 'Oven T', 'H2 flow',
'Permeate (mL/min)', 'Retentate (mL/min) ']
limits = {
"2025-06-09 222644 2um HMT postHTAl 320-80 T300.txt": ( 5000,

26000, 35, 42),

"2025-06-12 151212 2um_HMT postHTA1l 320-80 T400.txt": (0, 1450000,
15, 42),

"2025-06-29 115416 2um HMT 160-40 T400.txt": (0, 26000,
18, 25),
}

target duration h = 2.0




parts = []
offset h = 0.0

for £ in files:

df = pd.read table(f, decimal=',', header=0, encoding='latin',
usecols=USECOLS, names=NAMES)

df = df[['time (s)', 'Permeate (mL/min)']].copy()

df['time (s)'] = pd.to numeric(df['time (s)'], errors='coerce')

df ['Permeate (mL/min)'] = pd.to numeric (df['Permeate (mL/min)'],

errors='coerce')

df = df.dropna (subset=['time (s)', 'Permeate (mL/min) '])
# ——- crop using per-file limits ---
X min, x max, y min, y max = limits.get (f, (None, None, None, None))

if x min is not None:
df = df[df['time (s)'] >= x min]
if x max is not None:
df = df[df['time (s)'] <= x max]
if y min is not None:
df = df[df['Permeate (mL/min)'] >= y min]
if y max is not None:

df = df[df['Permeate (mL/min)'] <= y max]

if df.empty:
print (f"Skipped (no rows after cropping): {f}")

continue

t0 = df['time (s)'].min ()

df['time norm (s)'] = df['time (s)'] - tO0

actual duration s = df['time norm (s)'].max ()

if actual duration s > 0:

scale factor (target duration h * 3600.0) / actual duration s

else:

scale factor 1.0

df['time scaled (h) ']

df ['time norm (s)'] * scale factor / 3600.0

df ['time concat (h) "] df['time scaled (h)'] + offset h
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offset h += target duration h

df ['segment'] = labels|[f]

parts.append (df)

if not parts:

raise RuntimeError ("No data to plot (all parts were skipped).")

final df = pd.concat (parts, ignore index=True)

plt.rcParams.update ({

'font.family': 'serif',
'font.size': 14,
'axes.labelsize': 16,
'axes.titlesize': 18,

'xtick.labelsize': 12,

'ytick.labelsize': 12,

'axes.linewidth': 1,
'xtick.direction': 'in',
'ytick.direction': 'in',
})
segment order = [labels[f] for f in files]
color list = ["#1£f77b4", "#f£f7f0e", "#2cal2c"]

color map = dict(zip(segment order, color list))

fig, ax = plt.subplots(figsize=(10, 6))

for seg name in segment order:
seg = final df[final df['segment'] == seg name]
if seg.empty:
continue
ax.plot (seg['time concat (h)'], seg['Permeate (mL/min) "],
linewidth=2.5, label=seg name, color=color map.get (seg name,

'black'))

ax.set xlabel ('time (h)")

ax.set ylabel ('Permeate (mL/min)")




ax.set title('"')

scaled ticks = [0, 2, 4, 6]
real labels = [0, 7, 424, 431]
ax.set xticks(scaled ticks)

ax.set xticklabels([str(l) for 1 in real labels])

ax.grid(True, which='both', linestyle='--', linewidth=0.5, alpha=0.7)
ax.spines['top'].set visible(False)
ax.spines['right'].set visible (False)

ax.tick params (axis='both', which="'both', width=1)

ax.legend (fontsize=10)

plt.tight layout ()
plt.show ()

Code for Linearity Analysis
import numpy as np

import matplotlib.pyplot as plt

x = np.array([0.00149, 0.00161, 0.001745])
y = np.array([-36.11, -36.54, -36.89])

m, ¢ = np.polyfit(x, y, 1)

print (f"Slope (m): {m}")
print (f"Intercept (c): {c}™)

y fit =m * x + ¢

plt.scatter(x, y, color='red', label='Data points')

plt.plot(x, y fit, color='blue', label=f'Fitted line: y = {m:.2f}x +
{c:.2f}")

plt.xlabel ("1/T")

plt.ylabel('ln D'")

plt.legend()

plt.grid(False)

plt.show ()




Appendix D

Raw Data

The title of each experiment is given on the top-middle of each figure. The common
structure of the title: hydrogen flow rate-nitrogen flow rate, temperature. For instance:
320-80 T400. Here 320 (mL/m) represents the flow rate of hydrogen, 80 (mL/m)

represents the flow rate of nitrogen. Moreover, T400 (400 °C) represents the

temperature of membrane

5.5 ym membrane

320-80 T400
22.8
—— Permeate (miLmin)
- Ayerage: 22.27 mLimin
Averaging Range
22.6

Permeate [mL/min}

B500 TO00 1300 BODD 8500
Lime (s)
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Permeate (mL/min)

320-80 T350

21.4
—— Permeate (mL/min)
== fAyverage: 20.89 mL/min
Everaging Range
21.21

21.01

20.8

20.6
20.4 4 T t T T f -
TO000 72000 74000 16000 TRO00 BO000 B2000
time (s}

5
§
E
E
£

320-80 T300

= Permeate (mLimin)
== Average: 11.41 mLimin
Averaging Range

56000

SB000

60000

62000

E4000
time {5}

BEO00

GA000 o000 T2000
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Permeate (mLfmin)

rage Permeate |

19.4

15.2

18.4

18.2

300-100 T400

.

-

.

— Permeate {mL/min)
—=— Average: 18,79 mL/min
Averaging Range

3000

10000

15000

time (s)

20000

25000 30000
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300-100 T350

= Permeate (mLimin)
== Average: 17.81 mL/min
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4000

5000
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fgerags Permpate (ml/@in) from 200885 to

Permeate {mLimmn)

300-100 T300

19.0
—— Permeate (mLmin}
== pAyerage: 1848 mli/min

Averaging Range
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time (5}
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Permeate (mLmind

Permeate

{mL,/min}

from

200-0 T350

35.0 1

= Permeate (mLmin]
—= Average: 34,69 mL/min
Averaging Range
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64000

time |5}

66000

G000 0000
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5.2 Averaging Range
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5.4
35.2 1
350 T T T T T T T
20000 22000 24000 26000 28000 30000 32000 34000 36000
time {5}
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Permeate (mLimin)

ape Permeate (mb/min) from 170808s to 1976068
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|
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Permeate (mL/min)

160-40 T300

— Permeabte (mL/min]
21.2 == Ayerage: 20.80 mLimin
Averaging Range
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10 um membrane:

bverage Perseate {(wlfmin) from 58608s to §78909s: 23,18
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Permeate (mbL/rmin)
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& Permeate (mmin) from 133069685 to 157808s
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Appendix E

Gas Flow
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- Check valve MEC — Mass flow controller

- Needie valve BPC - Back pressure Controller
- Three-way valve FFm — Float flow metar

- Pressure gauge  MFm - Mass flow meter
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Appendix F

HSE Risk Assessment

Rmi aiovmend WS Catlnlyss, Stodgenl, 275 Shekh Mo Rosbomd Alnme 537 10 8760 - E08

MNV-IKP, Catalysis, Student, 2025, Sheikh Md Rashedul Alam Sa

Rish-10: Reported by: Reported:
G760 Shelkh Md Rashedul Alam Sayem 26.03.2025

Stabus: Responsible for risk: Deadline for closing:
Rewiew round Sheikh Md Rashedul Alam Sayem 25.05,2025
Reported from wnit: Assigned unit: Form:

Fakultet for ingeniervitenskap Fakultet for ingeniardienskap Riskovurdering HMS
Risk element

Frer erker” Angir enfer Bl den som ogpreties AsikovaraSrnget.
“Til enhet ™, Angie enhet som omfaties ov risifowardleringen, Demae kan endres,
“Riztkopnswarkg” Anglr den som appretter riskarsaningen. Denne personen har redlgeringstizong

HMS Risikovurdering BNTNU

Innledning

Tittel MAVLIEP, Catalysis, Stedent, 2025, Sheikh Md Rashedul Alam 5a
Hategor Labaratarie f verksted

Prosjekinr., arbeidsnr, emnekode, TPE-4950

annet

Delakere | rsikovurderingen &Hilde johnsen Venvk

EWillows Nadine Disd
&Estelle Marie Madeleing Vanhaeche
Lege bl eksterne deltokere (fritoksd)

Kommentar

sned kjmiballen Hall 0 2nd floos

Leserettighet K rissknansearfig (den som oppretter risikovurderingen)
Bakgrunn

Bakgrunn for risikevurdering Ny arbeidsoppgavesprosessfaktivitet

Arbeidsbeskrivelse

Evaluatlng performance of Pd Membrane for iydrogen separation from ammonia maxture. In our praject, we will observe the perr

and inhibition of ammania that & condidered & a hindrance to hydrogen permiability. Later we will analyse the materials of the n

understand the phenomenan better.

Avgrensninger / forutseminger

1. Pd mermbranes are prone 1o hydrogen embrittlement, especially at lower temperatures o under cyclic losding conditions, This

fallure of the membrane over ime. We are not exploring how to optimize on it.2, Falladium is an expensive material, which canm

appfications eooncmically challenging.

Last opp relevant dokumen tasjon

3"2_‘:-!1'3 pat tttpszifuedrogeni no'rasaarchycost-effectn
bl prinoadhs T bown

Blevh3 sds paf

FiRig 2.9 Owidation_Mernbranehov 2024, pdl

et can ey medomlogrng poderven. LOgreAnae e det § sipemaet

1=

105



Fsa aisment WSS Catnlyms, Shudenl, 05 Shevkh Mo Rasbaood Alnme 5@ 10 8760 - COS
Identifiser uonskede hendelser og vurder risiko

% Apne NTHUS HMSretningslinjer og pros

Arbeldsmiljefaktorer Kjmmisk og biologisk

Aktivitet 1 Hand ling ammaonda gas or ammonia-containing mixiures during experiments

Uansket hendelse 1 Amsmonia Exposyre

Eksisterende divak Swction Pointg, personal protectve equipment (PPE) like gloves, goggles, and respirators, Leak test

before experimentation, NH3 bottle is inside the rig where ventilaton takes place every & minutes,
ammeonia sensors for leak detection and proper ventilation systems

Sannsynlighet Lite sannsymilig
Konsekvans Mannaske - Kritisk Omdamme - Farlig

Ok fmateriell - Farlig fire milje - Farlig
Begrunnalse Ammania |5 highly tosic and corrosive, posing significant health and safety risks
Koemmantar / forslag
til nye tiltak

" Legg til ny uansket hendelse

Usnsket hendelse 2 Membrane Fouling

Eksisterende tiltak T

Sannsyniighet Sannsynlig

Honsekvens Mennesks - Ingen'titen fsrg . Omdamme « iIngendliben fare
Bk fmateriell - Farlig Yire miljs - Farlig

Begrunnelse Fouling reduces membrane performance and mcreases operational costs

Hommentar § forslag

til nye tiltak

Legg til ny uansket hendelse

«| Legg til ny aktidret

Aktivitet 2 Hand ling Hydrogen Gas
Uensket hendelse 1 Hydrogen Embrittiement
Eksisterende tiltak Uise of Pd alloys (e.g., Pd-Ag) to reduce embrittiement, periadic inspection af membranes
Sannsynlighet Sannsynlig
Konsekvens Mennaske - ke aktuell Omdemme - ingentliten fare

Ak materiell - Farlig Yere rlje - Farlig
Begrunmelse Hydrogen ambrittlement is a known issee with Pd mambranes, especially under cyclic loading.
Kormmentar § forslag Manitar membrane integeity regularty, vse hydrogen sensors, and explore alternative mermbrans
il tiltak materials

" Legg til ny uensket hendelse

Uansket hendelse 2 Fire o Explosion
Eksisterende ditak Use of flame arrestors, explosion-prood equipment, and hydrogen sensors
Sannsynlighet Lite sanmsynlig
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Konsekvens Menneske - Katastrofait Omdamme - Katastrofalt
Bk smateriall - Kritisk Yere imilpe - Farlig

Begrunnalse

Kommentar f forslag

il tiltak

Legg i ny usnsket hendelse

w* Legg til ny adgivibet

Aktivitet3 Membrane installation

Uensket hendelse 1 Membrane Damage

Eksisterende tilvak Lee of protective gheves and mools, and careful handling procedures

Sannsynlighet Mindre sannaynlig

Honsekvens Menneske - Ik aktued] Omdammie - Ingen'liten fare
Bk fmateriell - Farlig ‘fire milja - Farlig

Begrunnalse Pd membiranes are expensve and delicate, makeng them prone to damage during installation
But, It does not cancem H5E safety code,

Hommaentar / forslag Train persannel on proper handling techniques, use specialized tools for mstallation, and inspect

il ciltak mambranes before instatlaton,

" Legg tll ny uensker hendelse

Uensket hendelse 2 High-Temperature Exposure

Eksisterende tiltak Use of heat-resistant gloves and tools,

Sannsynlighet Mindre sannsynlig

Konsekvens Mennaske - Kritsk Omdemme - ingentliten fare
Bk./materiell - ingenditan . fire milja - Ingenfiten fare
fare

Begrunnalse

Hommentar § forslag

il tiltak

»* Legg tl ny uansket hendelse

Uensket hendelse 3 Gas Leaks

Eksisterende tiltak U of gaskets, seals, and leak detection methods

Smm‘rnﬂjhﬂ Sannsynlig

Honsekvans Menneske - Farlig Omdamma - ingendliten fare
@k fmaterigll - Ingenditon ¥ere milpe - Farlig
fara

Begrunnelse Suction Foint, personal protective squiprment (PPE) like gloves, gogeles, and respirators, Leak test
belore experimentatian, Gas Sensors

Kommentar / forslag |

il iitak

«" Legg til ny usnsket hendelse

Uensket hendelse 4 Contaminaton
Eksisterende ditak Cleaning the reactor before Installation

8
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Sannsynlighet Sanmaynlig
Honsokvens Menneske - Enyiss fare
Dk smateriall - Farlg
Begrunnelse It does not concern the HSE Safety Code
Kommentar / forslag Implemant strict cleaning protocos
il ciltak

Legg til ny uansket hendelse

« LEgE £l ny akdivitet

et antefoks melomiagrng eodeves Lagretnanp sederss | skfemoe

Ormdammie « En viss fare

‘fere milj@ - Enwiss fare

Omdamme - Ingenliten fare

¥re miljs - Ingensditen fare

Altivitot 4 Gas Chromatography
Usnsket hendelse 1 Electrical Hazards
Eksisterende tltak Use of grounded equipment, cirowit breakers, and insulated tools
Sannsynlighet Mindre sannsyrliy
Konsekvans Menneske - Enviss fare .
Bl imateriell - ingenfiten .
farg
Begrunnelse We have all the control measures (o avoid this adverse event
Hommentar / forslag Regularty inspect electrical systems
il tiltak

" Legg til ny uansket hendelse

Omdamme « Ingendliven fare

¥ere rmilje - Enoviss fare

Uanshet hendelse 2 Chemical Exposure
Eksisterende tiltak Swction point, PPE (gioves, goggles, lab coats) and proper ventilation,
Sannsynlighet Sannsynlig
Honsekvens Menneske - En wess fare
Ak materiell - En wiss fare
Begrunnelse We have sl the condral messures to sveid this adverse event
Kommentar f forslag
il tiltak

' Legg til ny uansket hendelse

Uansket hendelse 3 Hegh-Pressure Gas Cylinders mishaps

Eksisterende tivak Use of pressure regulators, secure storage of oyfinders, and proger training.

Sannsynlighet Mindre sannsynlig

Honsekvens Menneske - Enviss fare . Omdeammig - Ingenliten fare
Ak smateriell - Ingenditen . ¥ire miljp - Enowiss fare
fare

Begrunnelse W are working under |ow pressure

Kommentar / forslag

til tilzak

Legg til ny uansket hendelse

4y
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" Legg ol ny aktivicer

Aktviter 5 Data Analysis

Uansket hendelse 1 Experimental results and theoretical results do not match

Eksisterande tiltak Wi

Sannsynlighet Mindre sannsynlig

Konsekvens Menneske - Ingen'liten fare . Omdamrme - Ingendliten fare
Ok /materiell - iIngenditan . fire milja - Ingenfiten fare
fare

Begrunnalse It s not necessarily a safety concern

Kommantar f forslag

il ciltak

j Legg tl ny usnsket Hendelse

* Legg til ny aktivitet

Aktiviter § Handling samples or operating the $P5 instrument

Uensket hendelse 1 Contamination of Samples or Instrument

Eksisterende tilvak Use of cleanmom protocols and proper samgde handling technigues.

Sannsynlighet Mindre sannsynlig

Honsekvens Mennaskes - lkie akiued Omdamme - Ingen/liten fare
@k./materiell - En viss fare . Yere milje - ke akrued)

Begrunnalse

Kommentar / forsiag

il tiltak

" Legg til ny uansket hendelse

Uansket hendelse 2 ¥-ray Radiation Exposure

Eksisterende tltak Shielding {lead or lead-egquivalent materials), imterlocks, and radiation warning signs.

Sannsynlighet Mindre sannsynlig

Konsekvens Mennaske - Farlig Omdamme - En viss fare
@k imateriell - ingenditen . Yere milj@ - Ingenditen fare
fare

Begrunnalse

Kommentar / forslag

il tiltak

Legg bl ny uansket hendelse

" LEgg il ry akthviter

Aktivitet 7 Using compressed gasas (&g, hydrogen, nitrogen, ammania) in experiments

Uensket hendelse 1 Gas Leaks

Eksisterende tiltak Use of gas sensors, proger ventilation, fire extinguisher, central gas detector, and gas-tight
fatings

L1
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Sannsynlighet Mindre sannsyniig

Honsekvens Menneske - Kritisk Omdamme « Farlig
Bh.imateriall - En viss fara . ¥rre milja - Farlig

Begrunnelse Control measures are strong enough

Kommentar / forslag

il iltak

" Legg til ny uansket hendelse

Uensket hendelse 2 Explasion

Eksisterende tiltak Swction point, Central Gas Detector

Sannsynlighet Mindre sannsynlig

Honsekvens Meannasks - Kritiak Omdamme - Kritisk
Dh.smateriell - Farlig Yere rmiljs - Farlig

Begrunnelse Suction point, Central Gas Detector

Kommen tar / forslag

il tiltak

" Legg til ny uansket hendalse

Uensket hendelse 3 Running out of gases

Eksisterende tltak Plinning sl the stthdties accardingly ahd pee-ordér necesiasy gaiet i advancs

Sannaynlighet Mindre sannsyrilig

Honiekvens Menneske - ke akiuell Ormdamme - En viss Tafe
Bh/materiell - tkke aktuell fire milje - lkke akzuedl

Begrunnelse

Kommentar § forslag

til tiltak

w" Legg tl ny uensker hendelse

Uansket hendelse 4 Asphyriation

Eksisterende tiltak Lee of gas sensors, proper ventilation, and waming signs.

Sannsynlighet Mindre sannsynlig

Konsekcvans Merneske - Farlig Omdemme - En viss fare
Bk smateriell - kke aktuell Yire milje - ke akuel

Begrunnalse

Kommantar / forslag

il tiltak

Lege tl ny usnsket hendelse

" Legg til ny addivibet
e .'.H'll’ﬂ'.'ni'i A0 TR T LTy S, LR o ivEyD A ST ¢ SR 0T

Alktivitet 8 Profonged use of laboratory equipmeant or manual handling of samples
Uensket hendelse 1 Ergonomic Hazards

&8
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Eksisterende tiltak
Sannsynlighet Mimdre sannsynlig
Honsokvens Menneske - En viss fare

Ak materiell - kke akiuell
Begrunnelse

Hommantar / forslag
tll eilrak

" Legg tll ny usnsket hendelse

Ormdamme < En viss fare

¥ere milje - ke alauedl

Usnsket hendelse 2 Psychological Stress

Eksisterende tiltak Prowiding breaks, mental health resources, and workload management.
Sannsynlighet Sannsyniig

Konsekvens Mannaska - En wiss fare Omdamme - Faslig

Ak Smateriell « tkke aktuell
Begrunnelse

Koemmentar f forsiag
il riltak

Legg til ny uansket bendelie

w* Legg til ny aktnitet

¥ere rmilpe - ke asruedl

Altivitet 9 Maving @round the lab, espedally when carnying equipment or samples.

Usnsket hendelse 1 SHps, Trips, and Faks

Eksisterende tiltak Clear willoways, proper dignage, and non-slip loorkng

Sannsynlighet Mindre sannsymlig

Honsekvens Menneske - Farlig Omdamme - En viss fare

Bk materiell - Ingenditen

fare
Beagrunnelse Carelul handling
Kommentar / forslag
il tiluak

Legg il ny uansket hendelse

« Legg il ny asthitet

Aktiviter 10 Cleaning Equipments

Uansket hendelsa 1 Exposing to carrosive and acidic elements
Eksisterande tiltak Using gloves, FPE

Sannsynlighet Sannsynlig

Konsekvens Mennaske - Farlig

Bk fmateriall - En viss lare

Begrunnelse Careful handling, gloves, ppe

Kemmentar / forslag
til tileak

w* Legp Ui ny uansket hendelge

¥ere milje - ke abtued]

Omdamme - En viss fare

Yare milja - Ingensditen fare

L]
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Uansket hendelse 2 Glassware Breakage

Eksisterende tltak Use of safety glassware, gloves, and proper handling techniquaes

Sannsynlighet Sannsynlig

Honsekvans Mennaske - Enowviss fare Omdemme - En viss fare
Bk fmateriell - En viss fare fere miljs - kke aktuedl

Begrunnelse

Hommentar / forslag

til tilzak

Legg til ny uansket nendelse

Oppsummering

. Ikke akseptabel risiko Antall red: L]
Ristho ma vurderes Antall gul: 42

. Akseprabel risikn Antall granm; ]

Konklusjon

Gjar en larelwrdering ov om orbeidar kon wiferes ew. om det md gennomfiares fere tilcak.
Begrunnalse

After the thorough risk analysis, we can conclude that the risks that we found for this project can be brought down to as low asze
measures, 5o, the project is freasible

Gjennom faring av tivak Trykk for betkrivilse

Godkjenning av risikovurdering Trykk for betkrivelse
Skjul beskrivelse

Review rounds:

Thi fallowing review rounds are linked ta this risk elemant

Sgart date End date Status
26.03.2025 05042025 At
Commant from Estelle Marie Madeleine Vonhowecke, 27.03.2025

god job Rashed! plagse do not farger (o wrire down the feak test procedure thor Wilow will' show poo soon.
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