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ABSTRACT

With the advent of hydrogen and its derivatives being the emerging green fuel sources in aviation, the question
of its sustainable production arises. Out of the various production methods, anion exchange membrane water
electrolysis (AEMWE) stands out because of the less corrosive environment and the use of base metal
electrocatalysts. Even so, for better performance, the expensive and exhaustible Platinum Group Metals -
Platinum, Iridium, Ruthenium, etc. are the preferred electrocatalyst choices. The rarity of these metals has
earned them a place in the European Union’s Critical Raw Materials (CRM) list. Furthermore, the commonly
chosen Nickel and Cobalt electrocatalysts are also CRMs. For the purpose of a circular economy and to ensure
the uninterrupted supply of these CRMs, the current work estimates the amount of Nickel, Cobalt and Platinum
exhausted in AEMWE electrocatalysts per year from 2035-2050.

To convey the issue of membrane degradation in alkaline media and the importance of catalysts for electrolysis,
lab-scale electrolyser cell runs and material characterisation were carried out using the best-performing
commercial anion exchange membrane, Sustainion X37-50 Grade RT. Thermogravimetric analysis, Fourier
Transform InfraRed spectroscopy, and chronopotentiometry were performed. Even for a lower current density of
0.3 A/lcm2, 1.890 V was required. The unstable nature of the chronopotentiometry curves and the higher
potential needed to maintain a small current emphasized the need for catalysts. The shift in the degradation
temperature and the FTIR spectra variation confirmed the degradation of the membrane.

Following this, the amount of CRMs exhausted from 2035-2050 was calculated by assessing the global
hydrogen aviation demand evolution and AEMWE’s contribution. LDS, MDS, and HDS of 10%, 30%, and 60%
denoting the hydrogen demand met by AEMWE production were fixed. Using Enapter’s 1 MW capacity AEM
Nexus 1000 electrolyser model specifications and state-of-the art catalyst loading trends, Nickel, Cobalt, and
Platinum exhaustion trends were determined.

The final step was analysing the retrieval strategies available for CRM recovery. New developments in
hydrometallurgy, pyrometallurgy, and bio metallurgy were researched and weighed against current industry
practices. The weighing was based on time, temperature, pH, and recovery efficiency. Microwave-assisted
hydrometallurgy using aqua regia was the optimal route for Platinum. For Nickel and Cobalt, ultrasound-
assisted hydrometallurgy with lemon-juice/H,O; leachant system was the viable technique. Employing these
techniques, 98.3% Platinum, 100% Nickel, and 100% Cobalt can be recovered. It was also determined that for
nickel and cobalt, the analysed bio metallurgical methods could be employed for retrieval, if they could be
modified for time optimization.
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1. INTRODUCTION

Out of the ten major challenges facing humanity in the upcoming decades, energy ranks first, followed by water,
food, environment, and poverty amongst the top five. With fossil fuels running out, the world is turning towards
renewable energy sources to meet the ever-increasing demand. The glaring issues with solar, geothermal, tidal
and wind energies is their dependence on geography and time of the year [1].

In addition, the critical materials that would be necessary to bring about the energy transition are also
geopolitically constrained with countries like Chile, China, Indonesia, etc. commanding the mining arena, and
China dominating the processing field and supplying 60% of the world’s refined manganese and lithium, 70% of
cobalt, and 100% of dysprosium and natural graphite. According to the graph from the International Energy
Agency’s (IEA) World Energy Outlook 2023 edition (Figure 1), a 10% increase is expected in coal supply

investment [2].
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Figure 1: Energy sector investment (Note: 'e' represents estimated values) (Source: [2])
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Even though the values for the fuel sector look bleak, the geopolitics and climate crisis scenarios have led to
increased policies in hydrogen, CO. capture (Carbon Capture Utilization and Storage (CCUS)), and bioenergy
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Figure 2: Capacity additions for hydrogen electrolysis and CCUS projects (Source: [2])
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Furthermore, a spur in the policies will be seen because of the 1.5°C goal of the Paris Agreement treaty set in the
2015 United Nations Climate Change Conference. The treaty’s overarching goal is to constrain the rise of global
temperature within 1.5°C pre-industrial levels.! To attain this, a 45% emission reduction must be realized by
2030 and by 2050, there must be a 100% reduction. This is termed the Net Zero Emission (NZE) scenario.?,® To
meet the energy transition infrastructure needed for this, a 60-65% representation of renewables in the electricity
generation sector - around 33,000 GW of renewable power - is needed [3][4][5]. For a complete overview of the
power situation, renewable energy production and consumption by all the countries, the reader is directed to
IEA’s Electricity Market Report 2023 [6] and IRENA’s Renewable Energy Statistics 2023 [7].

1.1. AVIATION AND THE NZE SCENARIO

Global aviation contributed to 2.4% of the total CO; emissions in 2019 [8]. During the Covid-19 pandemic, the
value dipped, but the 2022 contribution was already 800 Mt tonnes, reaching about 80% of its pre-pandemic
value. According to IEA’s findings, the aviation sector is deemed not to be on track for meeting the NZE
scenario based on its current trajectory. International collaborations, private sector strategies, governmental
policies, technological developments in the airframe, material and engine designs, and innovation in fuels are
needed for a radical change. In particular, sustainable aviation fuels (SAFs) are considered important for
decarbonising the aviation sector.* A noteworthy initiative is the European Union (EU)’s ReFuelEU legislation
which has the objective of increasing the supply and demand of SAFs.5 In lieu of this, 7 and 104 additional SAF
production plants are needed by 2030 and 2050, respectively, just to meet EU’s aviation demands.® While
talking about SAFs, hydrogen and hydrogen-based fuels are frontrunners due to their greener combustion
product - water.

1.1.1. POTENTIAL OF HYDROGEN

Hydrogen as a fuel source has been gaining impetus in the recent years, as evidenced by the increase in
hydrogen research publications which jumped from 500 p. a. in 2010 to 1000 p. a. in 2021 [9]. Hydrogen is
found aplenty on Earth in combination with many elements, with water and hydrocarbons being the chief
sources due to their ready availability. In addition to being a SAF, it can also be used as feed for other SAFs,
storage media and energy carrier [10][11]. Hydrogen is known for its non-toxicity, zero emissions, immense
energy content, sustainability, and renewability [12][13].

For the fast-developing aviation sector, CSIRO (Commonwealth Scientific and Industrial Research
Organisation) has identified several hydrogen technologies by 2050 (summarized in Figure 3). Of particular
interest are the fuel cells (FC) being developed for propulsion systems [14]. For example, Universal Hydrogen
conducted test flights with a 40-seat regional aircraft with one of its engines being FC-powered. Another
instance is ZeroAvia’s hydrogen electric engine powering a 19-seater.* These systems are designed to
incorporate hydrogen and hydrogen-based jet fuels like ethanol, methanol, ammonia, dimethyl ether, methane,
etc. [14] The various SAFs and their pros and cons are given in Table 3.

1 https://unfccc.int/process-and-meetings/the-paris-agreement

2 https://www.un.org/en/climatechange/net-zero-coalition

3 https://www.iea.org/reports/global-energy-and-climate-model/net-zero-emissions-by-2050-scenario-nze
4 https://www.iea.org/energy-system/transport/aviation

5 https://www.consilium.europa.eu/en/press/press-releases/2023/10/09/refueleu-aviation-initiative-council-
adopts-new-law-to-decarbonise-the-aviation-sector/

6 https://www.easa.europa.eu/eco/eaer/topics/sustainable-aviation-fuels/current-landscape-future-saf-
industry#production-capacity-and-demand-beyond-2030-t0-2050
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Figure 3: Hydrogen technologies in aviation sector (Source: [14])

Table 3: Hydrogen-based jet fuels (Adapted from [14])

SAF ADVANTAGES DISADVANTAGES
Hydrogen (Hz) e Produces H,O as the May lead to increased NOy at higher
combustion byproduct combustion temperatures
o Excellent specific energy
density
Ammonia (NHs) e \Well-developed product and Toxic
transport infrastructure Requires high ignition temperatures
NOxy released upon combustion
Dimethyl ether | e«  Low particulate emissions Displays interactions with elastomers
(CH3sOCHs) that are different from the
conventional kerosene

Ethanol (CszOH) °

Already a well-established
fuel

Like dimethyl ether, it displays
interactions with elastomers that are
different from the conventional
kerosene

Methane (CH.) .

Can use existing
infrastructure of natural gas
Already researched and used
in turbines

To reach adequate densities, cryogenic
temperatures must be reached

Methanol (CH3;OH) .

Cheaper than ethanol
Water-extinguishable flames

Has clear flames while burning that
are difficult to detect
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By 2050, IATA predicts 120 Million tonnes (Mt) of hydrogen would be needed, out of which 20 Mt would go
into H, powered aircraft and 100 Mt into the manufacture of aviation fuel.” Extracting hydrogen can be done via
conventional methods which involves using fossil fuels or via environment-friendly renewable technologies
where it is obtained from water or biomass [15]. The various feedstocks for hydrogen production are shown in
Figure 4.
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Figure 4: Hydrogen feedstocks (Source: [9])

Depending on the energy utilized, method of production, emission levels, and the cost, this colourless
commaodity obtained can be classified as grey, blue, pink/purple, yellow, red, white, turquoise, green, aqua, and
brown or black hydrogen. A thorough review of the hydrogen types, including the production methods and the
economic evaluation is covered by Santos et al. [16] Briefly, ‘brown/black hydrogen” encompasses technologies
such as coal and biomass gasification. It is considered the least environment friendly, as it emits 20 kgs of CO;
per 1 kg of Hy. ‘Grey hydrogen’ has techniques such as steam methane reforming, autothermal reforming, and
partial oxidation. Of these, steam methane reforming is an established technology and meets 80% of the global
hydrogen demand. The global focus is to shift from brown/black and grey hydrogen to green hydrogen. Green
hydrogen employs water-splitting which results in minimal carbon footprint. For this aspect, it is also known as
renewable, low-carbon, or clean hydrogen [16]. The splitting is achieved via,

e Electrolysis — Splitting is achieved by passing direct current through water.

e  Thermolysis — Water is heated to above 2,500°C.

e Photolysis — Light energy is used for the splitting. For this purpose, photocatalysts such as titanium
dioxide (TiO2) and graphitic carbon nitride (g-CsNa) are used for visible light absorption [15].

Regular electrolysis as a means of hydrogen production has been favoured because of the ease of the process,
high purity end product, easy source availability, facile scalability, and upon combining with renewable power
sources, a zero carbon footprint process [17][18]. It can be sub-categorised into alkaline water electrolysis
(AWE), proton exchange membrane water electrolysis (PEMWE), and anion exchange membrane water
electrolysis (AEMWE). A history of electrolysis development is presented in Figure 5.

7 https://www.hydrogeninsight.com/transport/global-aviation-industry-projected-to-need-120-million-tonnes-of-
clean-hydrogen-a-year-by-2050-iata/2-1-1371024
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Figure 5: Electrolysis development over the years (Source: [19])

A detailed mechanism of an electrolyser cell and the reactions that occur are explained in the subsequent
chapter. In brief, a water electrolyser cell consists of 2 electrodes — a cathode and an anode, present in an
electrolyte solution. Upon current application via an external circuit, ion transport is facilitated by the
electrolyte, and hydrogen is produced at the cathode and oxygen evolves at the anode. In an AWE, these
electrodes are separated by a porous diaphragm. OH- is the transported ion and alkaline electrolytes are
employed. The diaphragm is replaced by a membrane in PEMWE and AEMWE. The membrane provides better
contact between the electrodes and enhances ion transportation. Since PEMWE uses H* ions, highly acidic
electrolytes are used. Consequentially, the cell requires electrodes and catalysts made from resilient platinum
group metals (PGM) — Osmium, Iridium, Platinum, Palladium, Ruthenium, and Rhodium. Hence, its
counterpart, AEMWE, has been garnering attention as it combines the advantages of both AWE and PEMWE. It
has the ability to provide better contact between the electrodes (which is absent in AWE) and the ability to use
non-platinum group metals as catalysts (which is the drawback of PEMWE), because of its mildly alkaline
environment [20][21]. A schematic overview of their working is presented in Figure 6.
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current
collector

Current
collector

Current
collector

Current
collector

PGM anode
PGM cathode
PGM-free anode

PGM-free cathode
PGM-free anode

Figure 6: Working of PEMWE, AWE, and AEMWE (Reproduced from [21])

Though AEMWE has the option of using non-PGM catalysts, most of the research done still use PGM-based
candidates for an optimized performance. In addition to the PGM group, manganese, cobalt, vanadium, and light
rare-earth elements (LREE) such as cerium and lanthanum are also employed [22]. All the stated elements
belong to the European Union’s (EU) fifth Critical Raw Materials’ list (Figure 7) published in 2023 - Study on
the critical raw materials for the EU 2023 : final report [23]. This list is formulated based on a material’s supply
risk and its economic importance. In lieu of this, nickel, despite its diversified availability, is part of the
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Strategic Raw Materials category. This was to reflect the private contract agreements and ownership of
production capacities and projects based on this metal [23].
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Figure 7: Critical Raw Materials global share - 2023 (Source: [24])

Amongst the 34 CRMs published by the EU, the literature study performed identified platinum, nickel, and
cobalt as prospective electrocatalysts for future AEMWE plants. Especially for platinum, out of the estimated
70,000 metric tonnes present in Earth’s reserves, 10,000 tonnes have already been mined from 1741, with
around 180 metric tonnes being mined just in 2023.8,°,10

The question of their continued supply can be answered by creating a circular economy. The 10RO framework
developed by Reike et al. [25] has the following designation: RO- refuse, R1- rethink, R2- reduce, R3- reuse,
R4- repair, R5- refurbish, R6- remanufacture, R7- repurpose, R8- recycle, and R9- recover. RO, R1, and R2 fall
under short loop and relates to better manufacturing and utilization. In cases where this is not achievable,
medium loops (R3-R7) are sought after, which deals with lifetime expansion of a product and its components.
Long loops — R8 and R9 come next, where material value is recaptured. The framework is visualized in Figure
8.

8 https://online.kitco.com/fundamentals/platinum-investment

9 https://learn.apmex.com/answers/how-much-platinum-is-in-the-
world/#:~:text=There%20have%20been%20about%2010%2C000,reserves%20in%20the%20Earth's%20crust.
10 https://www.statista.com/statistics/1170691/mine-production-of-platinum-worldwide/
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Figure 8: The 10R strategies for a circular economy (Source: )

The lower the R number for an economy, the more circular it is. But it is to be noted that R9 is still better than
the detrimental action of incineration or landfill, where no resource is recovered and pollution levels are raised.
Especially for the present discussion of electrocatalysts and CRMs, applying all the R strategies wherever
possible is highly desired. Dealing at the R9 level, there are many routes available for catalyst recovery and
recycling, which primarily falls under the broad category of metallurgy. In brief, the metallurgical routes are
sub-categorised as pyro-, hydro-, and bio-metallurgy. Many metal mining, refining, and recycling plants like
Boliden AB, Anglo American Platinum Limited, Johnson Mathhey PLC, Umicore N.V., etc. avail pyro- and
hydrometallurgy techniques for both primary and secondary source-based production of catalysts. A detailed
explanation for the recovery routes is covered in the literature analysis section and those that can be
incorporated in existing plants is discussed in this thesis.

1.2. THESIS DOCUMENT GUIDE

The current thesis recognizes the potential of AEMWE technology in hydrogen production and takes advantage
of its infancy to propose various strategies to recycle Platinum, Nickel, and Cobalt, which can then be
implemented industry wide. After presenting the literature study that expands on the working principle of the
electrolyser, different state-of-the-art electrocatalysts and material retrieval strategies available in Chapter 2.
LITERATURE ANALYSIS, the scope is presented in Chapter 3. RESEARCH QUESTION FORMULATION.
In Chapter 4.4. EXPERIMENTAL WORK, the report delves into the experimental section of the thesis that was
performed to showcase basic anion exchange membrane degradation and convey the relevance of catalysts. As
the title suggests, “Chapter 5. RETRIEVABLE CRM PREDICTION FROM 2035-2050” model the CRM
exhaustion. Using global aviation hydrogen demand data and electrolyser model equipment specifications from

11 https://www.circularise.com/blogs/r-strategies-for-a-circular-
economy#:~:text=Enter%20the%2010%20R%2DStrateqies,R8%20Recycle%20and%20R9%20Recover.
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the leading AEMWE company, Enapter, the recyclable amount estimates for Platinum, Nickel, and Cobalt from
2035-2050 are provided. “Chapter 6. BENEFIT ANALYSIS OF THE CATALYST RECOVERY STRATEGIES”
navigates through available recovery strategies, assessing them using benefit analysis. The thesis report comes
to an end with a summarization of the chapters in Chapter 7. CONCLUSION, and a provision of
recommendations in Chapter 8. GUIDELINES FOR FUTURE WORK.
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2. LITERATURE ANALYSIS

For understanding the role that catalysts play in water electrolysis, the working principle and the components of
an AEMWE cell must be known. Then the ways in which catalysts are developed for alkaline media and the role
CRMs play in this must be understood. Following this, ways of recovery available in the industry must be
known. To achieve this comprehension, this chapter has three distinctions - first, the components and working of
an AEMWE cell are described. Next, the reader is presented with various state-of-the art catalysts and then,
descriptions of the several metal recovery techniques available are explored.

2.1 ANION EXCHANGE MEMBRANE WATER
ELECTROLYSER CELL

Being similar in its working to PEMWE, AEMWE comprises similar components with the obvious difference in
the membrane material. An exploded view of a lab-scale AEMWE cell is presented in Figure 9.

Current collector MEA Current collector
Gasket Gagket
Liquid outiet T
l GDL GDL
ipol la
Eplate Bipolar plate  EnCPlate

Figure 9: AEMWE exploded view (Source: [19])

Beginning at the outer ends, the electrolyser has the end plates, the current collectors, the bipolar plates in which
flow channels for the electrolyte are present, gaskets, transport layers, catalyst layers and the anion exchange
membrane. The gas diffusion layers, catalyst layers and the membrane together are considered the core of the
electrolyser cell and are collectively called the Metal Electrode Assembly (MEA). A brief description of the
components is presented below.

2.1.1. ENDPLATES

The function of the endplates is to hold the entire set-up together with the help of bolts and provide necessary
compression. They are usually made of stainless steel or aluminium. The material choice is defined by the
working temperature of the electrolyser (60-80°C) and good alkaline stability in case of leakage. Stainless steel
has better stability compared to Aluminium [22].
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2.1.2. CURRENT COLLECTORS

Power to the electrolytic cell is supplied via the current collectors by means of leads connected to a potentiostat.
Gold-plated copper is used as it provides high electrical conductivity, thus reducing the resistance input to the
overall cell [22].

2.1.3. BIPOLAR PLATES

Made from alkaline-compatible metals like nickel or stainless steel, the flow fields channelize the electrolyte to
and from the cell. Owing to the passivation of nickel from oxidation and the iron impurities from stainless steel
leading to an increase in the OER kinetics in systems using Ni and Co catalysts, switching to the conventional Pt
or Au coatings can cause a fairly stable contact resistance value [22].

2.1.4. GASKETS

Next to the bipolar plates are the gaskets that frame the MEA components. Polytetrafluoroethylene (PTFE) is
chosen due to its thermal and chemical inertness, low co-efficient of friction, availability, excellent insulation,
good compressibility, manufacturing ease, and resistance to corrosion. The gaskets provide necessary
compression to the cell [26][27]. Depending on the pressure needed, the gasket thickness on the cathode and the
anode side can be varied. It is key to remember that gaskets are used when ambient pressure is maintained.
Industrially, sophisticated machinery is required to supply the needed pressure [22].

2.1.5. TRANSPORT LAYERS

Transport layers, also known as gas diffusion layers (GDL) or porous transport layers (PTL), give structural
support, allow for the circulation of the fluid reactants and products — electrolyte, cathodic hydrogen, and anodic
oxygen, and prevent electron and gas crossover [22][28]. Being in contact with the electrolyte, they must be
alkaline-compatible. They must also facilitate electron movement between the current collectors and catalyst
particles. This requires them to be electrically conductive, and they should also not block the active sites of the
catalyst. At the anode half, GDL/PTL must endure large potentials often exceeding 2V. Given these
requirements, the materials used are meshes made from nickel or its alloy and stainless steel. Carbon paper is
used on the cathode side alone. In the anodic half, the high potentials combined with the high pH oxidises and
degrades the carbon GDL.

Adding a microporous layer (MPL) at the interface of the PTL and catalyst leads to enhanced electronic and
ionic contacts and better site accessibility. The difference between MPL and GDL lie in their size. The MPL
thickness is in the micrometre range and it possesses smaller mesh dimensions [22].

2.1.6. ELECTROCATALYST LAYERS

The role of the electrocatalyst is to lower the activation barrier associated with the water-splitting reaction [29].
1
H20q) = Hz(g) + 5 02(g)

For the above water electrolysis reaction to take place at standard pressure and temperature, a thermodynamic
lower energy limit given by AG=237.2 kd/mol is required. Practically, it translates to 33 kwWh to produce 1 kg of
hydrogen at 1.23 V. In reality, due to the losses incurred during the electrolyser’s operation, operating voltages
ranging from 1.60 to 2.00 V are observed [30]. The role catalysts play in reducing the activation energy, and
hence, the overall cell potential is depicted in Figure 10. In general, different catalysts are employed for the
cathodic and anodic half-cells to facilitate the different Kinetics pertaining to each half.
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Figure 10: Role of electrocatalysts (Source: [29])

2.1.6.1. OER and HER kinetics

2.1.6.1.1. Oxygen Evolution Reaction Kinetics

The oxygen evolution occurs at the anode and is a 4-electron process. A lot of intermediates are involved in this
process. The first step involves M-OH formation from OH™ adsorption on the electrocatalyst.

M+OH - M-0H+e
This intermediate couples with another OH™ to generate M-O.
M—-0OH+0OH - M-0+e +H;0
Oxygen then evolves by the diffusion of two M-O, given by,
2M -0 - 2M + 0,

In an indirect route, the M-O intermediate couples with an OH™ to give M-OOH, which in turn couples with
another OH™ in a proton-coupled electron transfer to produce oxygen.

M—-0+0H - M—-—0O0H+ e
M — OOH + OH™ —)M+H20+02+€_

Because of the amount of complex steps involved, oxygen evolution kinetics is relatively slow, and a lot of
research revolves around developing stable and efficient OER electrocatalysts [31].

2.1.6.1.2. Hydrogen Evolution Reaction Kinetics

In an electrolyser, hydrogen evolves at the cathode in a 2-electron process. In alkaline medium, this occurs via
the Volmer step, followed by the chemical Tafel step or the electrochemical Heyrovsky step. In the Volmer step,
a water molecule reacts with an electron to generate an adsorbed hydrogen atom (Hags) on the electrocatalysts.

H,0 +e - OH + Hyy,

This Hags can then combine with another Hags to produce hydrogen, termed the Tafel step.
2H .45 = H;

The Hags may also react with an electron and a water molecule to produce hydrogen. This route of hydrogen
production is called the Heyrovsky step.

Hgags + H20 + ¢ — Hy + OH™
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Prior to hydrogen adsorption, the tightly bound H-O-H bond must be broken. Hence, hydrogen binding energy,
water dissociation ability, water adsorption on active sites, and aqueous OH™ adsorption are the main factors that
determine HER Kkinetics [31].

2.1.6.1.3 Catalyst performance metrics

A catalyst’s performance is measured in terms of its overpotential, mass/specific activity, turnover frequency,
stability, and Faradaic efficiency.

The overpotential, n, is defined as the difference between the applied potential, Eappiies, and the
thermodynamically defined potential, Eo, for a particular current density under equilibrium.

n= Eapplied —Ey

For the comparison between electrocatalysts (both OER and HER), a current density of 10 mA/cm? is
considered the benchmark. This value takes into account the photoelectrochemical water-splitting efficiency of
12.3% [31].

It is also crucial to include the resistance contributed by conducting the ions and electrons, named the ohmic
resistance, iR. The ohmic corrected overpotential is then given by,

N = Eappriea — Eo — IR
Mass activity

At a given overpotential, the mass activity is the normalization of current based on the electrocatalyst’s mass
loading. This value has more importance when evaluating critical metals as more activity would imply lesser
amount of catalyst [31].

Specific activity

Specific activity is the normalization of current per unit surface area. The selected area can either be the
Brunauer-Emmet-Teller (BET) surface area or the electrochemically active surface area (ECSA). Generally,
ECSA is chosen for SA normalization because it takes into account the active sites available for the catalyst a
opposed to BET which relies on nitrogen adsorption and desorption sites which, in reality, may or may not be
available for the catalyst [31].

Tafel slope and exchange current density
The Tafel equation is given by,

n = melnj, — melnj

The current density, j, is given by the Butler-Volmer equation, which is the total of the oxidation and reduction
reaction currents,

. . anFn (1—a)nFn
]=]o(€ RT — e RT

Where, a is the charge transfer coefficient, F is Faraday’s constant, R is the universal gas constant, and n is the
number of transferred electrons. jo, termed the exchange current density, is another intrinsic parameter which is
proportional to the reaction rate measured at equilibrium when the cathodic and anodic currents are equal, i.e.,
total current = 0. Higher jo values indicate lower driving forces to start a given reaction due to enhanced charge
transfer reactions. The response sensitivity of the current to an applied overpotential can be gleaned from the
Tafel slope, my. It is calculated as follows,

RT

mT =
naF

The lower the Tafel slope, the lower the n needed to obtain the same j, implying faster electron transfer kinetics
[31][30]. The Tafel slope can be obtained from voltammograms of Linear Sweep Voltammetry (variation in
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current at the working electrode when the potential is varied linearly). E.g.: Figure 11 and Figure 12 show the
LSV voltammograms and the corresponding Tafel plots for Pt, a-Ni(OH)-Pt, and 3-Ni(OH),-Pt.
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Figure 11: LSV curves for Pt, a-Ni(OH)2/Pt, -Ni(OH)2/Pt (Adapted from [30])
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Figure 12: Tafel plots for Pt, a-Ni(OH)2/Pt, f-Ni(OH)2/Pt (Adapted from [30])
Turnover frequency (TOF)

Turnover frequency is the rate of conversion of reactants into products, per active site per second. Numerically,
it is calculated using the equation,

jNav

nFr

TOF =

where, j is the current density, Nay is the Avogadro number, n denotes the number of participating electrons, F
represents Faraday’s constant, and T is the active site concentration [30].

Faradic efficiency

An electrocatalyst’s selectivity is determined from its Faradic efficiency value, which is the ratio of the target
gas produced to the theoretical prediction [31].

27



Stability

A durable catalyst is required for ensuring higher AEMWE lifetimes. The catalyst stability is affected by
material degradation, passivation of the surface, catalyst layer delamination, and corrosion [31]. Metrics such as

MEA and catalyst layer lifetime and more recently, the S-number (X22urtof produced oxygen/hydrogeny 4o goqq

amount of dissolved catalyst metal

indicators of a catalyst’s stability [28].
Volcano plot

The catalytic activity in a reaction can be characterized via volcano plots. It involves the calculation of the
change in Gibb’s free energy of the intermediates formed during OER and HER. It is based on Sabatier’s
principle that states that the adsorption energy of an ideal electrocatalyst must not be too low nor too high in
comparison to the formed intermediate, i.e., the closer the value of AG is to zero, the better the catalytic activity
[30][32]. This implies that the rate of the reaction is low at very weak and very strong adsorptions. Weak
adsorption/binding strength indicates the slow formation of the intermediates, whereas a higher
adsorption/binding strength means that the release of the formed intermediates would be slow [33][34]. The plot
is generally constructed by plotting either the current density or the overpotential against AG of the
intermediates. The HER and OER Volcano plots are displayed in Figure 13 and Figure 14, respectively. It can be
observed that Platinum dominates as the HER catalyst. In the non-PGM category, Nickel and Cobalt display
good HER activity. In OER, oxides of cobalt and nickel can be seen exhibiting higher catalytic values than their
commonly used PGM (IrO-) counterparts [32].
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Figure 13: HER volcano plot (Source: [35])
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2.1.7. ANION EXCHANGE MEMBRANE

The purpose of the membrane is to transport the ions of interest and water, prevent crossover by blocking the
gas generated and give anode-cathode distinction. Since OH™ are the ions of interest in alkaline water
electrolysis, anion exchange membrane are made from polymer backbones attached with positive functional
groups [36]. The backbones are usually polyolefin-based — polystyrene, polyethylene, polytetrafluoroethylene,
polynorborene; poly(arylene ether)-based — poly(arylene ether ketone), polyphenylene oxide, poly(arylene ether
sulfone); or backbones having cationic moieties — poly(phosphazene), poly(benzimidazole). The positive
moieties are made from alkaline-stable groups like benzyl trimethylammonium, tertiary diamines, quaternary
ammonium, imidazolium, cobaltocenium, phosphonium, guanidinium, etc. Quaternary ammonium is popular
owing to its high ionic conductivity [28].
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Figure 15: Common alkaline-stable AEM cations (Reproduced from [28])

Key membrane performance metrics include its thickness, water uptake, swelling ratio, ion conductivity, ion
exchange capacity (maximum amount of ions that can be exchanged), and its mechanical, electrochemical, and
thermal stabilities. Some well-known commercial anion exchange membranes include FAA3 by Fumatech, the
AEMION series offered by lonomr, TM1 by Orion, and Sustainion membranes by Dioxide Materials [37]. Of
these, till date, the best performance has been achieved by Sustainion 37-50 which maintained a stable 1 A/cm?
current density at an applied voltage of 1.85 V over 10,000 cycles with a degradation rate of just 1 uV/hr [38].
The polymer chemistry of Sustainion is based on poly(4-vinylbenzyl chloride-co-styrene) chemistry (see Figure
16). The presence of styrene makes these membranes really brittle in their dry state. To combat this, the
company offers “classic Sustainion” which has a water-soluble plasticizer [37].
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Figure 16: Sustainion structure (Source: [39])

The major drawback that must be addressed while designing an AEM is its alkaline stability. When coupled with
the fact that these membranes are run at temperatures > 40°C, alkaline degradation is exemplified following the
van’t Hoff rule which expounds a doubling of the rate of a chemical reaction for every 10°C raise in temperature
[37]. Some of the degradation mechanisms identified include nucleophilic addition and displacement
(pyridinium), ring opening (N-spirocyclic ammonium,
nucleophilic Sn2 benzyl substitution, Sn2 methyl substitution, dehydrofluorination of the backbone, etc. Of
these, Hofmann elimination and nucleophilic substitution are observed in quaternary ammonium containing

AEMs (see Figure 17) [28].
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Figure 17: Alkaline degradation mechanisms in QA groups (Source: [28])
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2.1.7.1. Parameters affecting AEMWE
The cell output is influenced by temperature, flow rate, electrolyte concentration, and the applied voltage.

Higher temperatures lead to increased OH™ mobility, thereby decreasing the charge transfer resistance, leading to
better cell performance. But because the glass transition temperature of the commonly used AEM polymers is
~60°C, operating temperatures must be maintained below this limit.

Increasing the flow rate removes the hydrogen and oxygen bubbles formed on the GDL surface, thus reducing
the charge transfer and ohmic resistances. Conversely, very high flow rates (typically greater than 40 mL/min)
reduce the contact between the OH™ ions and the catalyst surface, increasing the ohmic resistance.

Higher electrolyte concentrations also enhance the cell’s performance. Increasing concentrations imply higher
amounts of OH™ ions available and a corresponding decrease in the charge transfer resistance.

When it comes to the applied voltage, increasing the voltage increases the energy available for crossing the
activation barriers for electron transport via the external circuit and OH™ transport via the membrane. It is
observed that charge transfer resistance dominates in the lower voltage range (1.5-1.7 V) and ohmic resistance is
the key player at higher voltages of 1.8-2.2 V. Above 2.1 V, the ohmic resistance is observed to increase sharply,
indicating catalytic degradation or bubble formation [40].

2.2. STATE-OF-THE-ART AEMWE ELECTROCATALYSTS
2.2.1. DESIGN STRATEGIES

Porosity is a coveted property in catalyst design as it leads to increased active sites for adsorption, aids fast
bubble detachment and provides supplementary bubble flow channels. This is by virtue of the increased surface
roughness that generates superaerophobicity, thus reducing the bubble adhesion. Intrinsic activity can also be
increased by controlling the binding energy of the active sites by adding intermediates, tuning their electronic
structures, and developing dual active sites. Increasing the wettability via phase engineering and
superhydrophilicity is another technique that increases site accessibility. To address the stability requirement,
self-supported electrodes that enhance the substrate-catalyst dynamics and catalyst encapsulation by carbon can
be adopted. Finally, self-supported catalysts developed on conductive substrates (Ni foam, carbon cloth, carbon
fiber, Cu foam, etc. [31]) lead to rapid mass and charge transfer kinetics [41].

Alloying: Alloying is a simple design technique which includes adding non-metallic inclusions in metals via
vapor deposition, melting, or sintering; or the diffusion of the atoms of two or more metals. Choosing synergetic
metal compositions can tailor selectivity and activity. The surface area and mechanical strength are also
enhanced through refined grain size. Also, combining non-precious metals with precious metals can reduce the
amount of either metal used, thus reducing the cost [42].

Amorphization: Modulating the amorphous phases at short-range atomic scales increases the active site density
of a catalyst [30][42].

Facet engineering: A catalyst’s performance varies depending on its exposed surface’s facet because of the
variance in the adsorption capacity. Preferentially developing the facet required for targeted reactions can reduce
the catalyst amount needed [30][42].

Nanoarchitecture: Hollow structures, core-shell structures, nanowires, nanosheets, nanoparticles, etc. are some
of the morphologies that fall under nanoarchitecture. This design strategy is deemed the most effective as there
is a tremendous increase in the ECSA owing to the increase in the active sites and better electrolytic contact
[30][42].

Atomic doping: Another widely adopted strategy is doping where via the inclusion of non-metallic or metallic
elements in the catalyst lattice, its electronic structure and ergo its properties are modified [30].

Defect engineering: Intrinsic defects including plane defects, line defects, volume defects, and point defects,
form dangling groups that alter the surface and electronic properties (e.g., electronic density), thereby increasing
chemical reactivity [30].
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Interface engineering: In hybrid materials made up of two or more elements, also referred to as
heterostructures, the interface exhibits distinct chemical and physical characteristics that dictate a catalyst’s
capacity to adsorb, convert, and transfer the intermediates, adsorbents, and electrons. Experimental observations
of the electronic property modulations and enhanced electron transfer at the interface, signify the need for better
interface creation [42].

Polymorph engineering: Polymorphs are varying crystal forms of the same compound. As explained,
modifying the atomic scale arrangement (in this case, transforming the crystalline phase) leads to increased
catalytic activity.

From an electrochemical design perspective, Kanokkanchana et al. [43] have published an extensive review and
suggest catalyst design strategies for effective OER, HER, ORR, etc.

2.2.1.2. PGM-based electrocatalysts:

For both acidic and alkaline electrolytes, Platinum dominates as the HER catalyst. In fact, with a measured
ECSA of 62 m?/ge;, commercial 46 wt% Pt/C is considered the benchmark catalyst for evaluating novel
electrocatalysts. Combining Pt with Ni, like growing Ni(OH). clusters on Pt(111) demonstrated an 8-fold
intrinsic activity increase due to hydrogen spillover mechanisms. Platinum is also alloyed with other PGMs like
Ru. Of particular interest is the PtiRuiss alloy which exceeded Pt/C performance owing to electronic
interactions [28].

Next to platinum, iridium is used widely for its OER performance. Like Pt/C for HER, IrO; sets the benchmark
for OER. One particular powder of iridium oxide displayed 275 A/g mass activity at a Tafel slope of 0.35 V.
Recently, Lu et al. [44] developed organically capped Ir nanoparticles that served as a bifunctional catalyst
capable of outperforming the Pt and Ir benchmarks. A low cell voltage of 1.495 V was needed to produce a 10
mA/cm? current density.

Oxides of Ru (RuO; in particular) are also preferred OER choices [28]. In addition, recent design developments
have led to better performing catalysts. E.g., Ru-NG750 and Ru-Fe3O4/C have Tafel slopes of 8 mV and 11 mV,
respectively, in 1M KOH [45].

Palladium [46], rhodium [47], and osmium [48] can also be employed as electrocatalysts for acidic and alkaline
media, but compared to their counterparts, their usage in alkaline water electrolyser cells is limited.

2.2.1.3.Non-PGM based catalysts

To shift away from PGM, the research focus on transition metals and their various forms, including oxides,
phosphides, (oxy)hydroxides and alloys, increased. Especially, Ni, Co, Fe, and Mn are coveted for their use as
excellent bifunctional catalysts in alkaline media [49]. In particular, oxides of nickel have shown higher activity,
with higher valence states exhibiting better OER activity [50]. Combining Ni, Fe, and Co in a Metal Organic
Framework, Abdelhafiz et al. [51], developed OER catalysts and performed experiments in an industrial
AEMWE cell under industrially expected current densities of 750 and 1000 A/cm? and recorded stable
performance for 550 hours. In-situ characterization attributed the performance to metal oxygen vacancy
formation and oxygen-metal covalency. The research done on Co, Mn, and Fe can be followed in [52], [53], and
[54].

Rare earth elements have also been used, either in combination with both PGM [55][56] and non-PGM [57][58]
elements as alloys or polymetallic oxides, or also on its own as single metal oxides [59].

Key takeaway

Though AEMWE is emphasized for its advantage of non-PGM based catalysts, the shift from PGM to non-PGM
catalysts is gradual. Moreover, even non-PGM based catalysts still incorporate some quantities of PGM. Even in
the non-PGM realm, developments of Ni, Co, Fe, and Mn stand out, amongst which Ni, Co, and Mn fall under
the EU’s CRM category.

As discussed, to realize an ideal circular economy, the RO-R7 (short and medium loops) of the 10RO framework
are preferred. Unless there is a major breakthrough in catalyst and/or AEMWE technology, this is not possible.
Hence, the R8 and R9 routes of recapturing the material’s value must be explored. To this end, the upcoming
section deals with the different strategies available.
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2.3. MATERIAL RETRIEVAL STRATEGIES

In this section, the various industrial and emerging strategies for the recovery of metals are explored. In general,
there are three steps involved — pre-treatment, enrichment, and refinement. Pre-treatment is carried out for
reducing the particle size, activation, and/or removing the impurities. Enrichment, as the name suggests, leads to
a more enriched or concentrated metal form, followed by refinement, in which the metal is recovered from the
product of the enrichment phase [60]. The most commonly employed technologies across all three stages are
pyro-, hydro-, and bio-metallurgy. Pyro- and hydro-metallurgy are collectively referred to as extractive/chemical
metallurgy [61].

2.3.1. PYRO-METALLURGY:

Pyrometallurgical methods involve subjecting the feedstock to elevated temperatures for retrieving the metals of
interest. Techniques such as chlorination, carbothermic roasting, smelting, pyrolysis, etc. exist [62]. Out of
these, the most availed industrial process is smelting. Here, the feedstock is mixed with flux components,
reducing agents and metal collectors at temperatures above 1000°C in a furnace to produce precious metals-
enriched alloys. The role of the flux is to produce low-viscosity molten phase called the slag which melts the
non-metallic catalyst supports. Commonly used flues include CaO and Na.COs. Collectors are generally base
metals such as copper, lead, or nickel that combine with the precious metals to form alloys. The molten phase
that contains this alloy is termed the matte phase. Further refining can be used to get the pure metals [63]. The
smelting process using copper as the collector is shown in Figure 18.
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Figure 18: Smelting using copper collector (Adapted from: [64])

The recyclability of spent catalysts is influenced by three main factors: the metal concentration, the nature of the
materials supporting the catalysts, particularly the presence of refractory substances and wash coat additives,
and the level of impurities that vary with the catalysts' uses. The uncomplicated operation, streamlined
processing, and scalability has established pyrometallurgy as the front-runner in industries, alongside
hydrometallurgy [63]. But it should be noted that pyrometallurgical processes are highly energy-intensive and
lead to the emission of toxic gases [65].

2.3.2. HYDROMETALLURGY:

Hydrometallurgy/wet metallurgy is a technique that makes use of solvents for metal recovery via reactions
including reduction, oxidation, coordination, replacement, hydrolysis, neutralization, etc. For enrichment,
leaching is the most prevalent technique. Acids, bases, salts, water, and/or chelators can be used as the leachants
that strip the metals from the feedstock. The metal-rich solution is then refined to recover the metal.
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Hydrochloric acid, aqua regia, and sulphuric acid are some of the effective leachants. Hydrometallurgy also
plays a major role in metal refinement via precipitation and electrowinning [66]. The processes are depicted in
Figure 19.
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Figure 19: Hydrometallurgical processes (Adapted from: [67])

The main drawback of hydrometallurgical process is the use of copious amounts of highly concentrated
acids/bases and the expenses related to the subsequent treatment of this chemical waste [65].

2.3.3. BIO-METALLURGY:

As an emerging branch of metallurgy, bio-metallurgy is the least developed of all the techniques. Nevertheless,
given its green nature, the field holds a lot of potential. Like the name indicates, bio-metallurgy relies on the
interaction between living organisms and metal constituents. The organisms range from various bacteria, fungi,
archaea to plants. Bioleaching and bioaccumulation are the main routes availed.

Bioleaching involves the use of acidophiles (organisms that thrive in highly acidic environments) that produce
lixiviants upon interaction with the feedstock. The commonly used organisms are chemolithotrophs — capable of
utilizing inorganic compounds for energy generation, chemoorganoheterotrophs — requiring organic compounds
for energy generation, and cyanogenic organisms — capable of generating cyanide (Refer Figure 20) [68].
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Oxidation, reduction, protonation and complexation of the feedstock are the ways in which lixiviants are
generated [69]. Figure 21 lists the common bioleaching species and the retrieval pathways they follow. Similar
to hydrometallurgy, the costs associated with the treatment of the acid wastage is a major disadvantage of
bioleaching. An in-depth explanation of the reactions involved in the various leaching pathways are given in the
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In bioaccumulation, the importer complexes transport the metals via the lipid layers of the cell wall. Once in the
intracellular space, peptide ligands and proteins facilitate the sequestration of the metals. This metabolically
active process should not be confused with biosorption which involves the adsorption of metals through the cell

wall via chelation, ion exchange, and/or physical interactions [70]. The biosorption and bioaccumulation
mechanisms are depicted in Figure 22.
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3. RESEARCH QUESTION
FORMULATION

3.1. KNOWLEDGE GAP AND RESEARCH OBJECTIVE

The overarching objective of the current work is to contribute to sustainable aviation. This goal can be achieved
by analysing the production level of the broadly accepted green fuel — hydrogen. From meticulous literature
evaluation of the trends in PEMWE and state-of-the art research focus in AEMWE technology, it has been
established that hydrogen production by AEMWE is economically favored. Even then, catalysts that are being
developed for alkaline electrolysis still make use of elements that have been deemed critical by the EU. Below
presented metals are the top five AEMWE electrocatalyst candidates:

1. Platinum
2. lridium

3. Ruthenium
4. Nickel

5. Cobalt

Current catalyst technology dictates that in the foreseeable future, platinum usage is indispensable. Nickel and
cobalt are the frontrunners in transition-metal based OER and HER electrocatalysts. As seen from the volcano
plots, Nickel and Cobalt-based catalysts already surpass the performance of Iridium-based candidates for
alkaline electrolysis. This thesis therefore covers platinum recovery, followed by the non-PGM-based nickel and
cobalt. The strategies discussed for platinum are also widely applicable for the recovery of the other PGM
metals.

3.2. RESEARCH QUESTION

To attain the objective of environmental-friendly aviation at a fundamental level, the following research
question can be used.

What is the most viable retrieval strategy that mitigates the material demand of Platinum, Nickel, and
Cobalt CRMs from AEMWE catalysts within the context of hydrogen in global aviation?

This broad question can be answered using sub-questions that capture the research work executed.

1. How much hydrogen would be required to meet the global aviation sector demands from 2035 till
20507

2. How much CRM (Platinum, Nickel, and Cobalt) is exhausted in catalysts as a result of membrane
degradation in AEMWES used for hydrogen production?

3.  What is the state-of-the-art in the strategies available for CRM retrieval?

From the formulation of the questions, it is established that this thesis is applicable within a 15-year temporal
bound with a global spatial boundary.

The first sub-question is covered by Chapter 5. RETRIEVABLE CRM PREDICTION FROM 2035-2050.
Studies by different aerospace organizations are explored and the best prediction is selected.

The second question is addressed by Chapters 4. 4. EXPERIMENTAL WORK and 5. RETRIEVABLE CRM
PREDICTION FROM 2035-2050. Awvailing the state-of-the-art commercial anion exchange membrane,
Sustainion X37-50 Grade RT, lab-scale cell tests are performed, and the degradation behaviour recorded using
Fourier transform infrared spectroscopy, thermogravimetric analysis, and chronopotentiometry measurements.
This can be viewed further in Chapter 4. Chapter 5 delves into the exhausted CRM prediction for platinum,
nickel and cobalt based on the hydrogen needs of the global-aviation industry from 2035-2050.
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The final sub-question is answered in Chapter 6. BENEFIT ANALYSIS OF THE CATALYST RECOVERY by
analysing the current industry practices in recycling and weighing them against emerging techniques via a
benefit analysis.
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4, EXPERIMENTAL WORK

To stress the importance of CRM retrieval, the degradation rate of Sustainion X37-50 Grade RT was studied. As
evidenced from the literature review, at the time of writing this thesis, Sustainion is the best performing AEM in
the market with the ability to maintain a current density of 1 A/cm? over 10,000 hours at 1.85 V. A degradation
rate of less than 1 pV/hr was observed [38]. This chapter explains the methodology followed, the variables
obtained and provides an interpretation of those variables to better understand membrane degradation.

4.1. MATERIALS

Sustainion X37-50 Grade RT, with an ethylene glycol plasticizer — anion exchange membrane with a dry
thickness of 50 um. (Supplier - Dioxide Materials™, USA)

Potassium hydroxide (KOH) — for membrane activation and as the electrolyte in the electrolyser

De-ionized MilliQ water — for membrane storage to prevent membrane dehydration till use.

4.2. METHODOLOGY
4.2.1. MEMBRANE ACTIVATION

Sustainion in its dry state is present in Cl- (chloride) form. For optimal performance, any ion exchange
membrane is soaked in an electrolyte that contains the ion of interest. This is usually the electrolyte that is
employed in the cell. For example, to be utilized in CO, electrolysers, the membrane is soaked in sodium
bicarbonate (NaHCOs3) solution to be converted to its bicarbonate form (HCOgs). For use in AEMWE, the
electrolyte of choice is 1M KOH to emulate industrial standards [38].

4.2.2. DETERMINATION OF THE OPTIMAL RUNNING CONDITIONS

To determine the best activation time and electrolyte flow rate for Sustainion, three different soaking times - 24
hrs, 48 hrs, and 72 hrs; and 4 different KOH flow rates — 7.6 mL/min, 11.4 mL/min, 15.2 mL/min, and 19
mL/min were tested. (NB: These are the flow rates that corresponds to 40 rpm, 60 rpm, 80 rpm, and 100 rpm of
the peristaltic pump employed in the experiments.) The optimal values were determined by means of
chronopotentiometry using a lab-scale electrolyser cell. An operating temperature of industrially adopted 60°C
was maintained [38].

4.2.3. ELECTROCHEMICAL CHARACTERIZATION

A laboratory-scale 5 cm? electrolyser cell (supplied by Dioxide Materials) with serpentine flow channels for the
electrolyte was used for the electrochemical characterization tests. Nickel foam was the material for both the
cathode and the anode. Polytetrafluoroethylene (PTFE) gaskets of varying thicknesses provided insulation
between the two electrodes. The anion exchange membrane was sandwiched between the anode and the cathode,
and the cell was secured with nuts and bolts. The electrolyte (1M KOH) was stored in borosilicate glass
containers and refreshed weekly to make sure that the concentration was not diluted with the formation of
carbonate compounds. Tubes from the containers went to a peristaltic pump with a maximum of 100 rpm that
controlled the electrolyte speed to and from the cathode and anode. The reason for using borosilicate glass was
to ensure the durability of the containers when high temperature runs were performed. The containers were
placed over heating plates to provide temperature control over the electrolyte, whereas a lab-made heating cell
with a thermocouple ensured the precise heating of the MEA. The provision for heating was to maintain the cell
at 60°C. A laptop with a software termed ‘NOVA’ controlled the potentiostat (that applies the required voltage or
current) and the booster (for signal amplification). The sense and working electrode leads of the potentiostat
were connected to the anode. The inert and counter electrode leads were connected to the cathode. Data
acquisition and storage was done via NOVA. The entire set-up is shown in Figure 23. The cross-section of the
MEA with the membrane is presented in Figure 24.
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Figure 24: MEA cross-section

4.2.3.1. Chronopotentiometry

Chronopotentiometry is a galvanostatic technique used to determine the ohmic portion of the system’s total
resistance. For this, the potentiostat applies a current between the counter and the working electrodes. The drop
in potential is sensed via the sense electrode [71]. For the optimization tests, a current density of 300 mA/cm?
was maintained over 1800 s (30 minutes) and the potential needed to maintain this current was measured for the
different flow rates and activation times.

4.2.4. MATERIAL CHARACTERIZATION

4.2.4.1.Thermogravimetric analysis (TGA):

Thermogravimetric analysis (TGA) is a technique that measures the degradation temperature, Td. Td is the
measure of a sample’s heat resistivity. For membranes used in low temperature electrolysers, the sample must
be thermally stable in the range from RT - 100°C [72]. Thermogravimetric analyser is the instrument used to
deduct the thermal behaviour of the membrane sample. The machine used in this project is Perkin Elmer’s
TGA4000, which is situated in the Aerospace faculty of TU Delft. The device is shown in Figure 25. A sample
of 2-5 mg in mass is placed in a crucible which is then placed in a closed furnace. The temperature range
required for the analysis is controlled using the ‘Pyris’ software. As the temperature progresses, the sample
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degrades structurally and forms oxides, eventually displaying weight loss, which gives an overview of its
thermal stability [72].

Figure 25: TGA4000 thermogravimetric analyser

After determining the optimal operation conditions, a suitable Sustainion sample is taken out of the activation
electrolyte, heated overnight at 120°C to remove the moisture, and placed inside the TGA4000. For comparison,
a pristine Sustainion is also tested following the same drying protocol. As done by Luo et al. [73], they are then
placed inside the TGA4000 and heated from RT-600°C under a nitrogen atmosphere of 20 mL/min and at a
heating rate of 10°C/min.

4.2.4.2.Fourier Transform Infrared (FTIR) Spectroscopy

The principle of FTIR is as follows. When exposing a sample to infrared, certain frequencies are absorbed, and
the rest are transmitted. This absorption depends upon the bonds present in the sample, as different bonds have
characteristic bond energy associated with them. The spectrum is obtained in the time domain which is then
converted to the more useful frequency domain using Fourier Transform [74]. A sample FTIR spectrum of
cellulose with the different bonds identified is shown in Figure 26. The peaks in the fingerprint region of the

spectrum are characteristic of a molecule as a whole [75].
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Figure 26: FTIR spectrum of cellulose (Source: [75])
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For the present work, the degradation kinetics of Sustainion inside the MEA cell can be learnt. Perkin Elmer
Spectrum 100 device situated in the Aerospace faculty of TU Delft (Figure 27) was used. Minimal sample
preparation was required. The surface wetness alone was removed using paper towels. The spectrum was
recorded by the SpectrumTM 10 software and further analysed.

Figure 27: Spectrum 100 FT-IR spectrometer

4.3. RESULTS AND DISCUSSION

4.3.1. CHRONOPOTENTIOMETRY CURVES

4.3.1.1. Flow rate selection:
Figure 28 gives an overview of the curves obtained for the different flow rates tested.
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Figure 28: Chronopotentiometry curves for various flow rates
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4.3.1.2. Data interpretation

In chronopotentiometry, higher the potential needed to maintain a particular current, higher the internal ohmic
resistance of the cell. This helps determine the membrane system that is the least energy intensive. In addition,
the stability of the system can be inferred from the noise and how flat the curve is over the tested time. From
Figure 28, it is clear that as the flow rate increases, the potential at the working electrode reduces. This is
because the bubbles generated on the electrodes’ surface is immediately carried away by the electrolyte flow.
This not only reduces the bubble overpotential but also provides better contact between the membrane and the
electrodes, thus reducing the overall cell resistance [20]. One can also observe that the 19 mL/min curve shows
the least noise and most flatness compared to the other flow rate values. An average potential of 1.924 V is
required to maintain a 300 mA/cm? current density over the 30-minute period. Table 4 provides an overview of
the average voltage values obtained for the different flow rates.

Table 4: Voltage obtained from chronopotentiometry for different electrolyte flow rates

FLOWRATE (mL/min) VOLTAGE (V)
76 2.050
11.4 2.013
15.2 1.977
19 1.924

4.3.1.3.Activation time:
Figure 29 displays the CP curves for the various activation times tested.
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Figure 29: Chronopotentiometry curves for different membrane activation time.

4.3.1.4.Data interpretation

Following the same logic as for the flow rate selection, it is evident that 72hrs-activated membrane shows the
best performance. Though the 48hrs-activated membrane closely follows the 72hrs-activated membrane’s curve,
the performance deteriorates after 10 minutes of operation, whereas the potential required to maintain 300
mA/cm? is fairly constant at 1.885 V over the 30-minute testing period for 72hrs-activation. Since, 48 and 72 hrs
of activation already produce similar performances, longer activation times were not tested. The average voltage
essential for maintaining the 300 mA/cm? for the various activation times are shown in Table 5.
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Table 5: Voltage obtained from chronopotentiometry for different membrane activation times.

ACTIVATION TIME (hrs) VOLTAGE (V)
24 1.925
48 1.890
72 1.885

More importantly, the importance of catalyst can be gleaned from the CP curves - Figure 28 and Figure 29.
When catalysts are employed, curves that are highly stable even over hundreds of hours and at lower potentials
are obtained. An example curve is displayed in Figure 30, where the researchers employed Sustainion anion
exchange membrane, Pt/C and stainless steel as the cathode and anode electrocatalysts, respectively. They
maintained a stable current density of 1 A/cm? over 25 hours at 60°C and 2V [76]. In yet another work, the
authors attribute the system stability to the presence of the large amount of the electrocatalysts used [77].
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Figure 30: Chronopotentiometry curve for an electrolyser system employing catalysts (Source: [76])

4.3.2. TGA CURVES

A comparison of the TGA curves for pristine and 72-hrs 1M-KOH activated membranes is as shown in Figure
31.
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Figure 31: TGA curves of pristine and 72-hrs 1M KOH-treated Sustainion

4.3.2.1.Data interpretation

The curve for the pristine membrane matches those present in literature, with a decomposition of the backbones
and ionic groups occurring around 200-480°C. This value is in agreement with those observed for polystyrenes
[73]. For the 72hrs-activated membrane, the curve has shifted to lower temperature values of 150-460°C and
displays increased weight loss. As evidenced from this shift, it can be deduced that the alkaline environment has
caused some membrane degradation.

4.3.3. FTIR SPECTRUM
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Figure 32: FTIR spectra of the membrane before and after the cell run
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4.3.3.1.Data interpretation

For interpreting the spectra obtained (Figure 32), it is compared with the FTIR data of Cook et al. (Figure 33)
[78], who studied, amongst various membranes, the membrane degradation of Sustainion after 24 hours
immersion is different media.
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Figure 33: FTIR spectra of Sustainion under different media (Source: [78])

As the FTIR spectrum was taken for the KOH-activated Sustainion membrane, the spectrum displayed in Figure
32 matches closely with the KOH-immersed spectrum in Figure 33 rather than the spectrum for the pristine
membrane. The spectrum after the cell run exhibits distinct transmittance reduction in the following regions:

e 3200-3400 cm™
e 1250-1700 cm™
e 600-800 cm™

Assigning characteristic bonds to the peaks from literature [75], the broadened peak at 3200-3400 cm™
correspond to H-bonded alcohols. The broadening results from the inherent nature of the OH groups to be bound
to each other. The C=N of the imidazole group is assigned the 1650 cm™ peak. The change from 1330-1370
cm™! can be from changes in the C-N, C=0, O-N=0, and C=N bonds [75][78]. The peaks in the 1475-1600 cm™
correspond to aromatic C=C bond [75]. The peaks in the fingerprint region (600-800 cm™) are characteristics of
polystyrene [79]. The change in transmittance in the regions of 1330-1370 cm™ and 1650 cm™ indicate the
degradation of the charge-carrying group by means of either electrochemical oxidation or nucleophilic OH™
attack [78]. The alkaline instability of Sustainion for exposure to 1M KOH even for short durations is evident
from the FTIR spectra. The presence of catalysts and different layers in industrial conditions delay this
degradation considerably, but it cannot be entirely avoided.

46



5. RETRIEVABLE CRM
PREDICTION FROM 2035-2050

The need for recovery strategies can be further emphasized by performing an analysis of the potential
recoverable AEMWE electrocatalysts. The parameters necessary for these calculations can be obtained from
different sources. The methodology and calculations are covered in this section for predicting the Platinum,
Nickel, and Cobalt demands from 2035 till 2050, within the limits of global aviation demands.

5.1. METHODOLOGY

In order to determine the amount of CRMs that can be recovered from the End-of-Life AEM electrolysers used
for hydrogen production, the first step was fixing the low-, medium-, and high-demand scenarios. Several works
were availed, and a well-reasoned one chosen to elect the hydrogen demand till 2050.

Following this, the current catalyst loading values of the electrocatalysts employed in AEMWE were analysed.
Per catalyst, various sources have been collected and their respective electrolyser performance examined. The
works that were deemed compatible with the current AEMWE technological progress were chosen and their
corresponding catalyst loadings tabulated. Logically, the further calculations were carried out for the minimum
and maximum loading.

Next, to arrive at realistic calculations, electrolyser stack details, including number of stacks, hydrogen
production per day, electrolyser efficiency, etc., of selected products from the AEMWE producer Enapter were
studied.

5.1.1. HYDROGEN DEMAND PREDICTION

The work of Grimme et al. [80] was selected as the starting point for fixing the aviation hydrogen demand
because of its recency (2024) and meticulous compilation of predicted demand from various aerospace
organizations. The companies include consulting firms such as McKinsey & Company and Steer, and core
aerospace organizations and coalitions including NLR, DLR, and Air Transport Action Group. ATAG predicts a
direct demand of 43 MtH- and 79 MtH: by 2050 and 2060. The European Hydrogen Backbone (EHB) makes a
rather conservative 0.27 MtH: and 2.04 MtH- for 2040 and 2050. By 2050, a study performed by Steer and DLR
predicts 6.1 MtH.. NLR follows closely with a prediction of 4.9 MtH.. The stark contrast in these forecasts
underscores the uncertainty and ongoing debate surrounding the adoption pace of hydrogen in aviation. Factors
like technological advancements, infrastructure development, and policy support are likely to play key roles in
determining which predictions prove most accurate. The demand predicted by different firms are shown in
Figure 34.
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Figure 34: Global direct hydrogen demand prediction by various organizations till 2050 (Source: [80])

The reason for the wide discrepancy between the demand forecast of Grimme’s earlier work, along with co-
author Braun, titled “Estimation of potential hydrogen demand and CO. mitigation in global passenger air
transport by the year 2050” [81] and the other predictions can be attributed to the conservative assumptions
regarding hydrogen’s role in long-range flights. Also, McKinsey & Company and the European Commission
consider earlier retirement of conventional aircraft (15-18 years) compared to the 22 years in [81], which further
elevates the demand. Moreover, for the scenario presented in Figure 34, Grimme and Braun assume a 2040
entry. The authors acknowledge in their original work ([81]) that if the market entry year were taken as 2035, an
additional 8 Mt demand would be needed.

Comparing the key assumptions, scenarios, and sensitivity analyses of Grimme and Braun [81], McKinsey &
Company [82], and the European Commission’s estimate (edited by DLR and Steer) [83], the demands forecast
by European Commission were deemed best-suited for further calculations, as their assumptions align with the
developments unfolding in the aviation sector. A notable instance is their entry assumption of 2035 which
reflects, amongst many companies, the real-time efforts of Airbus’ ZEROe project — to bring into existence the
world’s first commercial hydrogen-powered aircraft from 2035. An important milestone was attained in late
2023, when their hydrogen fuel system reached its full power potential of 1.2 MW. They achieved this by
developing hydrogen fuel stacks for powering the electric propulsion system in collaboration with the
automotive supplier ElringKlinger.*2

Moreover, the assumptions for the estimate include deliberations with diversified stakeholders - hydrogen fuel
experts, aviation authorities, airports, airlines, aircraft manufacturers, and banks. The following were the
assumptions considered:

5.1.1.1. Cost of hydrogen

Due to policies like the EU’s Fit-for-55 package, hydrogen prices are assumed to be on par with conventional
fuels by 2035. From a price of 0.053 €/MJ, it is expected to fall to 0.033 €/MJ in 2050. This is including an extra
0.0083 €/MJ for the liquefaction processes at the airports. Other SAFs are presumed to be more expensive
owing to the complex production processes.

5.1.1.2. Fleet Size

The report assumes an accelerated replacement of conventional aircraft. Their modelling predicts that by 2040,
the global fleet would include 1,885 hydrogen fuel cell aircraft and 5,795 hydrogen turbofan aircraft, out of a

12 https://www.airbus.com/en/newsroom/stories/2024-01-first-zeroe-engine-fuel-cell-successfully-powers-on
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total of 9,914 new aircraft. In 2050, out of 50 million global flights, 32 million would employ hydrogen-
powered aircrafts.
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Figure 35: Operational fleet of hydrogen-powered aircraft (2035-2050) (Source: [83])

5.1.1.3. Aircraft Retirement

The historically accepted retirement age of 25 years is discarded, and 18 years is selected as the new standard to
reflect policy measures such as carbon pricing and financial incentives for retiring conventional aircraft.

Turboprop Aircraft: Retirements for turboprop aircraft are expected to increase from over 100 aircraft to
almost 300 per year between 2036-2040.

Regional Jets: Retirements are projected to reach around 200 aircraft per year from 2035-2040, up from the

current 120.

Narrowbody Jets: Annual retirement rate is expected to rise to around 800 aircraft compared to the present

300.
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Figure 36: Global flight retirement trend (Source: [83])

5.1.1.4. Airport Infrastructure

Airports are predicted to have distribution and transmission systems for hydrogen via trucks and/or pipelines
depending on the individual airport’s needs. Initial hydrogen infrastructure is limited to major airports and
tankering — refuelling at the home base is assumed to be practised during the initial stages. These assumptions
facilitate a reduction in the immediate need for numerous refuelling stations. The report also assumes that
logistical and space-related constraints would not be an issue, provided the airports employ off-site storage and
mobile refuelling facilities.

5.1.1.5. Aircraft Productivity

Similar to conventional aircraft, hydrogen aircraft is also assumed to have the following annual utilization rates
— 2000 flights for regional aircraft with a range of 400 Nm (nautical miles), and 1600 flights for short- and
medium-haul turbofan aircraft having a range of 800 Nm plus reserves. Calculating the annual hydrogen
demand from these numbers, the report arrives at 600 and 2400 tonnes of annual hydrogen need for regional and
short/medium-haul aircraft, respectively.

5.1.1.6. Traffic Growth Rate

The average annual growth rate for air traffic within the EU is taken as 1.9% per year, with a specific growth
rate of 1.7% from 2019 to 2040. These values are in line with other major forecasts like the Airbus Global
Market Forecast and Boeing’s Commercial Market Outlook. For extra-EU traffic, the model assumes a growth
rate of 2.1% per year between 2035 and 2050.

5.1.1.7. Policy and Market Assumptions

Measures such as carbon pricing, tax incentives, and public investment in green aircraft technologies are
predicted to fasten both the integration of hydrogen infrastructure and the retirement of conventional aircraft,
thus leading to accelerated introduction of hydrogen aircraft. The market adoption is assumed to have no
selection-bias by airlines. The aircraft would hence be suitable for a wide variety of carriers, including low-cost,
charter and network airlines. In a nutshell, a high adoption rate is assumed, provided the operational and
commercial characteristics of hydrogen aircraft meet the industry standards.

With the above assumptions, a bottom-up approach was used to determine the hydrogen demand (Figure 37).
The report projects a 2.6 Mt, 15.9 Mt, 27 Mt, and 36.8 Mt demand for 2035, 2040, 2045, and 2050.
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Figure 37: Global hydrogen demand (Source: [83])

5.1.2. CATALYST LOADING SELECTION

Now that the hydrogen demand has been established, the catalyst loading must be determined. For this purpose,
current OER and HER electrocatalyst loading trends for alkaline water electrolysis was pursued. The commonly
assumed value of 2 mg/cm? ([84], [85]) could have been chosen, but from the way the electrode and catalyst
design is evolving (refer [86], [87]), it was decided to showcase both the extremes. It is crucial to mention that
the extremes were chosen only based on the stated literature.

The results per platinum, nickel, and cobalt are summarized in Table 6, Table 7, and Table 8. As expected, most
of the works provide the total catalyst loading including the catalyst support, alloyed element, etc. The pure
metal content was calculated based on the molecular weight of the compound. From the values, it is clear that
some values overshoot and some undershoot the 2 mg/cm? assumption. Therefore, as stated, the material
demand methodology involves selecting the minimum and maximum loading per CRM. These values are
highlighted in the catalyst loading table for each metal.

5.1.2.1. Platinum

Table 6: Platinum loading in literature

CATALYST FORM OER/HER Pt loading (mg/m?) REFERENCE
40 wt% Pt/C HER 0.1,0.2,0.5 [88]
Pt/C HER 0.5 [89]
Pt/C HER 1 [20]
PtRu/C HER 2 [90]
7.1 wt% Pt in Pt-Ni HER 0.0018 [86]

nanowires

Pt/C HER 0.5 [91]
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5.1.2.2. Nickel

Table 7: Nickel loading in literature

CATALYST FORM OER/HER Ni loading (mg/cm?) REFERENCE
60 wt% NiosMoo 1/Vulcan HER 2.7 (Calculated from 5 [92]
carbon mg/cm?  total  catalyst
loading)
Ni nano powder HER 2 [93]
10% Ti impurities in OER 4.6 (Calculated from 20.3 [94]
NiFe;04 mg/cm?  total  catalyst
loading)
NiFe204 OER 498 (Calculated from [94]
19.8 mg/cm? total catalyst
loading)
Ni(OH): HER 0.00823 (Calculated from [95]

0.013  mg/cm?  total
catalyst loading)

Ni-Fe-Co HER 1.69 (Calculated from 5 [96]
mg/cm?  total  catalyst
loading)
NiAIMo (Ni 39 wt%, Al OER 16.65 (Calculated from [87]
44 wt%, Mo 17 wt%) 42.7 mg/cm? total catalyst
loading)
5.1.2.3. Cobalt
Table 8: Cobalt loading in literature
CATALYST FORM OER/HER Co loading (mg/cm?) REFERENCE
Li0.21C02.7904 OER 1.79 (Calculated from 2.5 [93]
mg/cm?  total  catalyst
loading)
CoP nanosheets OER, HER 3.28 (Calculated from 5 [97]
mg/cm?  total  catalyst
loading)
Cu05C02504 OER 6.06 (Calculated from 10 [98]
mg/cm?  total  catalyst
loading)
CogSg hanowires HER 0.74 (Calculated from 1.1 [99]
mg/cm?  total  catalyst
loading)
Ni-Co-S OER, HER 1.06 (Calculated from 2.7 [100]
mg/cm?  total  catalyst
loading)
CoMoSy OER, HER 0.21 (Calculated from 1 [101]
mg/cm?  total  catalyst
loading)

5.1.3. AEMWE SYSTEM SPECIFICATIONS

Calculating the amount of catalyst used in a real AEM electrolyser is the next step. Being the current established
commercial AEMWE player, the electrolysers manufactured by Enapter (founded in 2004) were surveyed. The
specifications of their two prominent models with different capacities — AEM Flex 120 (120 kW capacity) and
AEM Nexus 1000 (~ 1 MW capacity) are given in Table 9.

Table 9: Equipment specifications for AEM Flex 120 and AEM Nexus 1000 (Source: [102], [103])

| Specifications | AEMFIex120 |  AEM Nexus1000 |
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Number of stacks 50 420
Number of cells per stack 23 23
Hydrogen production 53.9 453
(kgH-/day)

Scale (kW) 120 1000
Hydrogen purity (%) 99.95 99.95
Turndown ratio 8:1 33:1
Nominal water consumption 23 190
(L/hr)

Specific power consumption 53.3 53.3
(kWh/kgH-)

In real life, systems having a higher capacity are preferred to reduce the expenses associated. For example, the
estimated Balance of Plant (BoP) costs for a 1 MW vs 5 MW AEMWE plant were $542 and $291, respectively
[84]. Thereby, for the catalyst demand calculation, the 1 MW AEM Nexus 1000 is selected. This electrolyser has
420 stacks [103], each stack having 23 cells.® Each cell accommodates an MEA unit. As earlier discussed in the
literature analysis chapter, each MEA is home to an anion exchange membrane. Hence, the number of MEA
units present in AEM Nexus 1000 is 9660. Multiplying these values by the electrode surface area gives the total
surface area in which the catalyst is loaded.

5.1.4. MEMBRANE AREA CALCULATION
The membrane area can be calculated from the current density.

_ Current

Area

The current density of Enapter systems as determined by the Ammonia Energy Association is 0.2 A/cm2.%* The
current can be calculated from the nominal power supplied to the system. At this juncture, it is important to note
that the voltage is in AC. All electrolysers use DC for stability. This implies the presence of a rectifier that
converts the AC to DC before applying it to the stacks. Also, in the datasheet, the nominal power consumption is
mentioned to be for the entire system. Based on this knowledge, extra research was carried out and the
specifications for a single stack supplied by Enapter was availed. Enapter supplies single stacks that work on
DC as well. Comparing the details between the stack that work on DC and AC, the nominal power consumption,
hydrogen production, specific power consumption, maximum heat dissipated, stack dimensions, etc. are the
same. Only the voltage varies. For the AC stack, 220-230 VAC is the voltage range whereas for the DC stack,
48-60V is nominal. Both of them have a nominal power consumption of 2.4 kW.

In Enapter’s maintenance website, the end of life of a stack is said to occur when the cell voltage crosses 2V.*
Considering that the cells in their stacks are arranged in series following a bipolar design, the voltage for the 23
cells come to around 46V even at EoL.*® Therefore, to determine the total current, 48V is chosen (rather than
54V — the midpoint between 48 and 60V).

Power = Voltage. Current
2400 = 48 * Current
Current = 504

The area of the membrane is then,

13 https://www.enapter.com/kb_post/how-many-cells-are-within-one-
stack/#:~:text=There%20are%2023%20cells%20in%20each%20stack.

14 https://ammoniaenergy.org/articles/technology-status-anion-exchange-membrane-aem-electrolysis/
15 https://www.enapter.com/kb_post/how-is-the-end-of-lifetime-of-enapters-electrolysers-defined/

16 https://www.enapter.com/kb_post/what-is-enapters-aem-technology-and-how-does-it-work/
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0.2 = 50
=7 Area

Area = 250 cm?

For a single cell/membrane, the area is,

Membrane area = =3 = 10.87 cm?

The stacks supplied by Enapter are standardized.'® This means that the membrane area can be multiplied by the
number of stacks and cells for AEM Nexus 1000 to determine the total membrane area of the entire unit. The
same value is assumed for all the years as future plants are likely to adhere to a fixed electrode and membrane
area to avoid incurring costs associated with major equipment modifications.

Finally, a stack’s lifetime is given to be >35000 hours [104]. Since all the stacks will not be replaced at the same
time, around 20% of stacks are assumed to be replaced every year. Note that even if particular cells in a stack
degrade, the stack is still operated. Stack replacement is performed only when the average cell potential supplied
crosses 2.0 V and 15% stack degradation is observed.’Al

5.1.5. LDS, MDS, HDS

It is not prudent to assume that the entire hydrogen demand can be met with the hydrogen produced by
AEMWE. Several technological, geopolitical, and economical factors come into play.

Global energy supply security is a major factor. Adopting a single production process will lead to market
monopolization by select companies and countries. At a global scale, grid infrastructure is seen as an instrument
to increase a territory’s power transcending physical boundaries. Though this is more serious in the case of
internet infrastructure, the digitization of electricity grids plays a role in increasing the threat. Cross-border
electricity connections can shape economic and social environment around the concerned region. One particular
instance can be the situation involving China. The country is leveraging its Belt and Road Initiative (BRI) to not
only export equipment and components but also to establish Chinese norms and standards internationally. This
strategic move includes appointing the president of the International Electrotechnical Commission, enhancing
China's influence in global standards setting [105].

There is also the issue of resource availability for the construction of elaborate plants per region. The resource
limitation can be monetary, arising from a deficit in the technological development, or material unavailability
for manufacturing the AEM components. Assuming global resource sharing for the common goal of a
sustainable future, though ideal, is impractical. As a recent example, the Russo-Ukrainian war that began in
2014 led to sanctions being imposed on Russia that targeted the defence, financial, and oil industries [106].

Moreover, hydrogen infrastructure development is dependent on a country’s policies and subsidy provisions. If
any policy or regulation is revised, it might cause adverse effects if only one production path is used.

Finally, there could be significant breakthroughs in other energy forms which might further bring down the
contribution of AEM-based hydrogen or even the total hydrogen. From IEA’s “Hydrogen Production and
Infrastructure Projects Database”, it was gleaned that even within the realm of electrolysis-based hydrogen
production, there are over 1500 plants of differing capacities and technologies either under construction or
already in operation (excluding demo and feasibility facilities). Including the plants for hydrogen-based fuels,
this number crosses 2500.® An Excel file detailing all the project details can be downloaded from their
webpage.

Taking all these elements into account, conservative scenarios of LDS — 10%, MDS — 30%, and HDS — 60%
were applied, i.e., 10, 30, and 60% of the global aviation hydrogen demand would be met by AEMWE-based
production. The HDS was purposefully taken higher to account for a highly optimistic case.

17 https://www.enapter.com/kb _post/how-is-the-end-of-lifetime-of-enapters-electrolysers-defined/
18 https://www.iea.org/data-and-statistics/data-product/hydrogen-production-and-infrastructure-projects-database
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5.2. PLATINUM, NICKEL, AND COBALT
RECOVERABLE AMOUNT CALCULATION

Combining the different elements of calculation, the recyclable amount of platinum, nickel, and cobalt were
determined for their respective minimum and maximum loading from 2035 till 2050. To comprehend the
method of calculation, the LDS, MDS, and HDS 2050 values for the high catalyst loading of platinum is
presented below.

2050 predicted global aviation hydrogen demand— 36.8 Mt = 36800000000 kg
LDS — 10% of the total demand — 3680000000 kg

MDS - 30% of the total demand — 11040000000 kg

HDS - 60% of the total demand — 22080000000 kg

Daily hydrogen production rate of AEM Nexus 1000— 453 kg/day

Yearly hydrogen production rate of AEM Nexus 1000— 365 x 453 =165345 kg/year (assuming uninterrupted
service)

3680000000

To meet the global LDS demand of 3680000000 kg, daily H, production = =10082191.78 kg

11040000000

To meet the global MDS demand of 7360000000 kg, daily H, production = =30246575.34 kg

22080000000

To meet the global HDS demand of 22080000000 kg, daily H2 production = Py

=60493150.68 kg

Hence, the number of AEM Nexus 1000 systems needed to meet the global demand:
For LDS = 22256

For MDS = 66769

For HDS = 133539

Each system has 420 stacks, and each stack has 23 cells (so, 23 MEA). Combined with the 10.87 cm2 membrane
surface area and the 20% replacement rate assumed, the total surface area that the catalyst needs to cover
reaches:

LDS = 22256 x 420 x 23 x 10.87 x 0.2 = 467394695.04 cm?
MDS = 66769 x 420 x 23 x 10.87 x 0.2 = 1402205085.96 cm?
HDS = 133539 x 420 x 23 x 10.87 x 0.2 = 2804431172.76 cm?
For the high Platinum catalyst loading of 2 x 10 kg.cm™, the following values are obtained:
2050 LDS Platinum recyclable amount = 467394695.04 x 2 x 10 = 934.79 kg
2050 MDS Platinum recyclable amount = 1402205085.96 x 2 x 108 = 2804.41 kg
2050 Platinum recyclable amount = 2804431172.76 x 2 x 108 = 5608.86 kg
5.2.1. RECYCLABLE AMOUNT PROJECTION

Since the hydrogen demand values of the European Commission report are of a linear nature - 2.6 Mt in 2035,
15.9 Mt in 2040, 27 Mt in 2045, and 36.8 Mt demand in 2050; the LDS, MDS, and HDS recyclable amount of
the CRMs were determined using linear curve fitting, using the average between the minimum and maximum
catalyst loading, with each curve displaying an R? > 0.99 indicating the correctness of the fit. The obtained
curves for recyclable Platinum, Nickel, and Cobalt per year from 2035 to 2050 are shown in Figure 38, Figure
39, and Figure 40, respectively.
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Figure 38: Platinum available for recycling per year from 2035-2050
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Figure 40: Cobalt available for recycling per year from 2035-2050

For a better comprehension of the numbers, Table 10 summarises the recyclable amount per element in LDS,
MDS, and HDS in 2050.
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Table 10: Recyclable CRM amounts in 2050

CRM RECYCLABLE AMOUNT IN 2050 (kg)
Low loading High loading
LDS | MDS | HDS LDS MDS HDS
Platinum 0.84 | 252 5.05 | 934.79 | 2804.41 | 5608.86
Nickel 3.85 | 1154 | 23.08 | 7782.12 | 23346.71 | 46693.78
Cobalt 98.15 | 294.46 | 588.93 | 2832.41 | 8497.36 | 16994.85

When considering the fact that supply from primary sources have an extremely low yield - about 1-5 grams of
platinum + rhodium + gold + palladium in 1 tonne of the ore [107], secondary sources (recycling and recovery
of spent catalysts, batteries, and other e-waste) must be availed to meet future CRM demands.
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6. BENEFIT ANALYSIS OF THE
CATALYST RECOVERY
STRATEGIES

Ways of material recovery can be reviewed from different fields, of which the ones pertinent to the current work
can be attained from the fields of ore mining, spent catalyst and metal recovery from e-waste and automotives.
The former comes under primary source extraction and the latter under secondary source extraction. Players
were chosen based on market size in extraction and recovery - both primary and secondary sources, from sample
reports obtained from Research Divel®, IMARC Group?, Industry Growth Insight®, and Allied Market
Research?. A conglomeration of the top players was compiled.

e Umicore
e Tanaka
e Heraeus

e Johnson Matthey

e BASF Catalysts

e Boliden

e Materion Corporation

¢ Anglo American Platinum Limited (Anglo American PLC)
e  Glencore International AG

e Impala Platinum Holdings Limited (Implats)

Each company has its proprietary recovery method, but the predominant trend involves combining pyro- and
hydro-metallurgical processes. Though the companies’ websites provide meagre information about the
chemicals involved, looking through their past and recent patents (Table 11) gives valuable insights.

Table 11: Patents related to metal recovery technologies.

COMPANY INTERESTED US PATENT NUMBER
TECHNOLOGY
Aleon Renewable Metals, LLC. Nickel and cobalt recover 11682801B1

from spent catalysts of Ni-
MH and Li batteries

Boliden Aktiebolag Pyrometallurgical recovery of 4613365A
PGM and precious rich in
halogens
Boliden Aktiebolag Electrowinning recovery 4738762A
Boliden Mineral Nickel, cobalt precipitation 6342189B1

19https://www. researchdive.com/8365/precious-metal-e-waste-recovery-market
2https://www.imarcgroup.com/precious-metal-companies

21https://industrvq rowthinsights.com/report/global-spent-catalyst-recycling-market/
22https://www.alIiedmarketresearch.com/precious-metals-e-vvaste-recoverv-market-A3139O
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Boliden Mineral Metal recycling from waste 20050284261A1
with high organic content

Boliden Mineral AB Leaching acid purification 6406676B1

Boliden Mineral AB Metal recovery from sulfuric 6383255B1
acid leachant

Heraeus Deutschland & GMBH | Activated coal supported 10393374B2

& Co. KG PGM catalysts incineration

Johnson, Matthey & Co., Limited | PGM recovery from aqueous 4123500A
phase

Johnson Matthey Public Limited | PGM recovery from catalyst 4511539A

Company

Johnson Matthey Public Limited | PGM recovery from scrap 4427442A

Company

Johnson, Matthey & Co., Limited | PGM recovery from wash- 4074865A
coated catalysts

Johnson Matthey Public Limited | Pt/C recovery from 7122167B2

Company heterogeneous and
homogeneous catalysts

Johnson Matthey Public Limited | PGM  precipitation  with 5165901A

Company polyamine

Umicore Nickel and cobalt recycling 7169206B2
from batteries

Umicore PGM concentration  from 8101304B2
fluorine-rich fuel cell
recycling

Umicore Nickel and cobalt recovery 10164302B2
from lithium batteries

Umicore PGM recovery from silicon 11879164B2
carbide-rich catalysts

Umicore PGM recovery from spent 9249477B2
homogeneous catalysts

From research, two major recycling routes were identified — an integrated process where both PGM and base
metals are recovered, and one that was dedicated purely to either precious metal recovery or base metal
recovery. The latter mostly catered to metal extraction from ores and battery recycling, especially from lithium
and nickel metal hydride batteries. For better insight of how the processes look like, process flowcharts of
various companies are presented in APPENDIX A. Major recycling companies tailor the recycling recipe based
on the feedstock received. The feedstock can include sweeps, hydrometallurgical residue, tank house slimes,
copper cement, matte, flue dust, PM-containing slag, dross, electrolyser and fuel cell catalysts and/or MEA,
bullions, incineration bottom ashes, integrated chips, Central Processing Unit, connectors, cell phones, smaller
IT devices, PCBs, laptops and screens, spent industrial and automotive catalysts.?3 2425 26 27 28 29 30 31

23 https://pmr.umicore.com/en/recyclables/incineration-bottom-ashes/

24 https://pmr.umicore.com/en/recyclables/e-scrap/

25 https://pmr.umicore.com/en/recyclables/spent-industrial-catalysts/

26 https://pmr.umicore.com/en/recyclables/spent-automotive-catalysts/

27 https://pmr.umicore.com/en/recyclables/other-materials/

28 https://pmr.umicore.com/en/industrial-by-products/

2 https://www.umicore.com/en/newsroom/news/fuel-cells-challenges-for-circularity/

30 https://www.boliden.com/sustainability/case-studies/largest-electronic-material-recycler-in-the-world/
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6.1. INDUSTRIAL RECYCLING METHOD

To showcase the intricacies of industrial recycling process, the approach of Umicore — a prominent recycler is
discussed.

Their recycling process starts with sampling and assaying. Here, the material that arrives from diverse sources
are individually tested in facilities near the Hoboken plant. An a la carte approach is applied for creating a
recycling recipe with maximum recovery.32

Following this, the feedstock is sent to the Precious Metals Operations. Three main processing steps are present:
the smelter, the copper leaching and electrowinning plant. Raw materials are optimally introduced into the
process based on their analytical fingerprint, physical characteristics, and precious metals content. The smelter
uses Isa smelt submerged lance combustion technology. Fuel and oxygen-enriched air are injected in a molten
bath from which precious metals are collected in a copper bullion. Other metals are collected in a lead slag and
sent to the Base Metals Operations. After copper is leached out in the electrowinning plant, the remaining
precious metals residue is refined in the precious metals refinery. The precious metals refinery combines
classical methods like cupellation with proprietary processes, enabling the treatment of various ratios of
precious metals and platinum group metals at the Hoboken facility.%?

The lead slag collected undergoes three main processes in the Base Metals Operations step: the blast furnace,
the lead refinery, and the special metals plant. The blast furnace reduces the oxidized lead slag along with high
lead-containing third-party raw materials, forming impure nickel speiss, lead bullion, copper matte, and depleted
slag. The impure lead bullion contains most of the non-precious metals and is further processed in the lead
refinery to produce pure lead and special metals residues. These residues are refined in the special metals
refinery to produce high-quality metals and intermediates. Nickel is leached from the nickel speiss and
converted into nickel sulphate. The remaining precious metals residue is sent to the precious metals refinery.
The copper matte is recycled back to the smelter, and the depleted blast furnace slag is repurposed to be used in
concrete industry or as dyke fortification material.>> The complete flowchart is depicted in Figure 41.

Major flowsheet investments

PMO BMO

Sulphuric acid plant Sampling & assaying

2005 Double absorption f e 2011-2013 Make-over
3 . ‘! Water treatment
” N VR 2012 Make-over
Smelter ! B ;I_jj— Lead blast furnace
1997 New plant 1995-2000 Plant make-over
2007-2009 Spent industrial 2007 Glas cleaning
catalysts installation
Leaching & -J 4— Lead Refinery
electrowining 1999-2005 Plant make-over
2003 New plant 2008 Gas burners
PM refining Special Metals Refinery
1995-2001 Make-over 2006-2008 Make-over
2008 New concentration PR X
plant 50, [ ©d, b, Ro, It n, S, Te  5b, 8
2008 Rh capacity increase

Figure 41: The Umicore recovery process (Source: [108])

81https://www.heraeus.com/en/hpm/recycling_solutions/recycling/precious metal _scrap/precious_metal scrap.h
tml
32 https://pmr.umicore.com/en/about-us/process/
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An overview of other prominent processes can be seen in APPENDIX A.

6.1.1. PYRO-METALLURGICAL PROCESS

Pyrometallurgy gained impetus after World War 1l to aid country rebuilding and economy expansion. Several
groups emerged for learning the physical chemistry behind these processes [109]. As a result, pyrometallurgy
for metal recovery is highly advanced. From the patents US7169206B2, US8101304B2, US9249477B2, and
US11879164B2 pertaining to battery and catalyst recycling, smelting was determined to be industry preferred.
The various additives added to form the metallic bath can also be determined from the mentioned patents. For
instance, for fluorine-containing fuel cell recycling, US8101304B2 recommend inorganic additives of 1A, IIA,
and 1A group, i.e., mono-, di-, and trivalent metals to bound the fluorine. The compound can be in the form of
hydroxides, carbonates, nitrates, sulphates, phosphates, hydrogen phosphates, oxalates, and formates. The patent
goes in so far as to recommending hydroxides and carbonates as highly preferred choices. Patent US7169206 B2
gives a slag composition having a minimum of 20 wt. % Fe and a maximum of 20 wt. % of Co or Ni and 4-20
wt. % coke as the reducing agent. Slag formers identified from the patents include CaCOs (limestone), SiO»
(silica), Al:O3 (alumina), CaO, and MgO. Copper, lead, silver, nickel, cobalt, and iron are mentioned as
prominent collectors used for matte phase creation. The work of Liu et al. [110] mentions a smelting processing
time of 4 hours and a temperature of 1500°C as being the optimum for platinum recovery (98%) from spent
catalysts. For nickel, a smelting temperature of 1525°C and 2 hours yields 96.82% recovery [111]. Applying
Ausmelt furnace technology, Cobalt recoveries ranging from 91-98% have been reported for a temperature
range of 1300-1400°C [112]. In another work, Ni and Co recoveries of 98.39% and 98.83% were recorded using
copper slag at 1450°C for 30 minutes [113].

6.1.2. HYDROMETALLURGICAL PROCESS

From Umicore’s flowsheet for their lithium and nickel metal hydride battery recycling (shown in Figure 42) and
other flowsheets presented in APPENDIX A, HCI is identified as a common leaching agent for nickel and cobalt
recovery. The mention of nickel being leached in its sulphate form from the speiss in Umicore’s precious and
base metal recovery operations also implies sulphuric acid as a potential lixiviant.®?

Spent

LIB
Coke SHAFT FURNACE )
Slag Formers ] 300°C-700°C-1450°C FAlLiSHg
Reagent—>» LEACHING —>»Fe, Cu
HCI—» LEACHING —>» Ni(OH);

Figure 42: Umicore Lithium battery recycling route (Source: [114])
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6.2. OPTMIZATION ROUTES

For a greener economy, there are three levels of implementation which leads to waste reduction, reuse, or
elimination:

e Level 1 - source reduction
e Level 2 —internal recycling
e Level 3 - External recycling or biogenic cycles [115].

| Cleaner Production

Waste elimination and
minimization

Level 1 @‘E Level 3
Source Internal External Biogenic
reduction recycling recycling cycles

Waste reuse

Modification Modification
in the in the
product process
F |
of raw changes
materials

Figure 43: Clean production strategies (source: [115])

Here, the ecological footprint of recycling plants is predominantly tackled by recommending changes to the
current technological practices.

6.2.1. PYROMETALLURGICAL PROCESS OPTIMIZATION

A patent on battery recycling, US7169206B2, mentions coke as a reducing agent. The papers on WEEE
recycling process [116], [117] mention that this requirement is partially fulfilled by the organics present in
plastics. As a niche improvement, the implementation of biochar is put forth. This can also be used to replace
the graphite electrodes used in electric arc furnaces. Biofuels extracted from agricultural yield like corn, rice
husk, sugar, etc., or aquatic feedstock, or inedible biomass of lignocellulosic origin can also be implemented in
the molten phase. More optimization strategies including the application of induction furnaces, Seebeck-based
thermoelectric systems, CCUS, gas-scrubbing, etc. in the review by Kentaro et al. [118] Hydrogen as a reductant
is also a viable alternative [119]. Hydrogen has the capability to reduce hot metal oxides/sulfates/carbonates of
metals, to their metallic form. The use of hydrogen as an activator for Adams’ catalyst (PtO2.H,O) is well-
known. The catalyst gets reduced by the hydrogen to its elemental form Pt(0) which is the actual catalyst [120].
Likewise, the kinetics for cobalt and nickel reduction from their oxides by hydrogen can be seen in [121] and
[122] respectively.

In addition to using hydrogen as a reducing agent, it can also be used to generate the entire energy requirement
of the PMT process. An LCA conducted on the PMT vs HMT recovery of spent ternary Li batteries in China
calculated a 38.02% reduction in fossil energy consumption and a 29.41% in the global warming potential by
the year 2060 for a scenario where hydrogen is used as the energy source [123]. The exact HMT and PMT
recovery processes they analysed is given in Figure 44. Other alternative energy options include solar, wind, etc.
[119]
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Figure 44: PMT and HMT processes utilized in the LCA (Source: [123])

Microwave-assisted pyrometallurgy can reduce the energy consumption significantly as the expensive torches
used to attain higher temperatures can be replaced. The radiation enables localised heating of the metals, and the
time of the process is also highly reduced. The procedure is as shown in Figure 45. Availing this technology,
Tang et al. [124] got a 98.59% Pt recovery yield in 2 hours at 1250°C (set by microwave radiation). Fu et al.
[125] recovered Lithium, nickel and cobalt from Li ion batteries using MW-assisted carbothermic reduction.
When exposed to 500 W for 30 minutes and then leached using 1M aqua regia at 15 g/L pulp density, Ni and Co
recoveries of 97.65% and 97.85% were recorded.
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Figure 45: Microwave assisted smelting (Source: [124])

Likewise, ultrasound can also be availed. Both electro- and mechano-acoustic systems have been used for their
streaming (occurrence of steady flow as a result of the ultrasonic absorption), radiation pressure (pressure
exerted by the waves around any object - even different volumes of the same medium) they encounter, and
cavitation (bubble formation when the pressure crosses the cavitation threshold) properties. From an equipment
standpoint, these systems have aided in dust removal from the high temperature exhaust gasses, enhanced
combustion via improved mass transfer and mixing in the molten phases, better fuel combustion rate by fuel
vapor-oxidant mixing (especially at resonant frequencies), degassing the slag phase via cavitation, and
controlling slag foaming. Coming to the metals, they are used for atomization (creating fine droplets from
liquified metals) to create fine metal powders, structurally modifying the solidifying metals, etc. [126]
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6.2.2. PYROMETALLURGY ELIMINATION/ HYDROMETALLURGY
OPTIMIZATION

The patent US 7169206B2 points out the operational costs associated with solvent recycling and further refining
as the drawback of HMT. The patent was filed in 2005. Over the past 2 decades, developments in solvent
technology mitigates this drawback. This can also be evidenced by the venture of Australian-based Podium
Minerals. The company is exploring purely hydrometallurgical routes for PGM recovery. Even at atmospheric
leaching conditions, it reported > 90% recovery rates for Platinum®:. A more well-known route is the Kell
process (Figure 46). Using a modified pressure oxidation step, Cu, Ni and Co can be removed. The PGM
residue obtained is then heated to make the following chlorination step easier. The route allows for a >95%
recovery of Pt, Pd, Au, Ni, Co, Rh, and Cu [127]. Though the process has been around since the 90s, presently it
is implemented by Sedibelo Platinum Mines Limited in South Africa®.
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Figure 46: Kell's process (Source: Sedibelo Resources®*)

In another case, LCA conducted by Guo et al. [123] illustrated that HMT consumed 17.8% less energy than
PMT, in the case of Li battery recycling.

Like in pyrometallurgy, microwave and ultrasound can also be applied to HMT processes. Patil et al. [128]
attained an 85% Co recovery rate when leaching LiCoO, under 180 W irradiation for 25 min with a mixture of
ascorbic and citric acids. Parhi et al. [129] extracted 99.2% Ni within 5 minutes of 1000 W irradiation from
spent desulphurization catalyst using sulphuric acid as the leachant. Jafarifar et al. [130] irradiated catalysts
containing Pt and Re at 150 W for 5 minutes and recovered 98.3% of Pt using aqua regia at a solid/liquid ratio
of 2. The same process without the irradiation yielded <70% recovery efficiency. The effect of weight,
temperature (adjusted by microwave), and time on Platinum recovery from spent CCR (Continuous Catalyst
Regeneration) platforming catalysts was carried out by Shauma et al. [131] using aqua regia. The results are
presented in Table 12.

Table 12: Platinum recovery at various temperatures (Adapted from [131])

Catalyst wt. Recovery at different temperatures (%)

(9) 180°C 190°C 200°C 210°C 220°C
0.04 36.88 37.34 38.28 39.06 39.06
0.06 51.41 55.00 57.19 57.34 61.25
0.08 83.13 86.56 87.81 89.53 91.88
0.10 86.09 90.16 91.09 93.13 94.06

33 https://www.miningweekly.com/article/smelterless-low-energy-platinum-processing-concept-advances-
further-in-australia-2023-03-31
34 sedibeloresources.com/kell-process/
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Ultrasound can improve the mass transfer and diffusion kinetics of the leachants, enhance solubility of the
metals, hence increasing the leaching efficiency. The mechanical, thermal and cavitation effects of the
ultrasound play key roles in this. Research in this area is pretty extensive as evidenced by the review work of
Bao et al. [132] Some relevant examples include the usage of 30 kHz waves at 90°C for 50 minutes to retrieve
95% Ni from spent catalysts with HNOs, 37 kHz at 40°C for 35 minutes retrieving 100% Ni and Co from spent
Li-ion batteries with lemon juice-H;O- as the leachant [133], and disintegration of Pt from Pt/Al,O3 catalysts
using aqua regia in the presence of ultrasonic waves (details not specified) getting a 50.2% platinum
concentration after 10 minutes [134]. Hongying et al. [135] recovered 97.17% Pt from dehydrogenation spent
catalysts using 400 W ultrasound at 90°C for 150 minutes using a HCI-H,0,-NaClOs-AlICl; leachant system.

Adjustments can also be made to adapt to current solvent technology. Some unconventional solvents include
alkaline glycine, iodide systems, bromide systems, chloride systems, thiocyanate, thiourea, thiosulfate, etc.
[136] From literature survey, it was inferred that the use of non-aqueous solvents, i.e., ionic liquids, deep
eutectic solvents, is the current trend (Refer Table 13). Organic solvents are also good choices but their volatile
nature is a major drawback [137]. Another interesting strategy is the use of subcritical water. Khan et al. [138]
were able to retrieve 96.38% and 99.96% of Ni and Co from nickel-cadmium batteries using PVC-mixed

subcritical water at 300°C and 120 minutes reaction time.

Table 13: Novel solvents used in hydrometallurgy

Metal Chemicals Solvent Recovery Reference
technology efficiency (%)
Platinum | HCI + H,0; + polySILP lonic liquid 86 [139]
Diaion PA308 lon exchange 99.4 [140]
resin
Trioctylphosphine oxide Hydrophobic 98.9 [141]
+ 1-butanol deep eutectic
solvent
Tetraoctylammonium Deep eutectic 99.8 [142]
bromide+Hexanoic acid solvent
Nickel 0.4M EDTA Chelating agent 72.7 [143]
trialkylmethylammonium Hydrophobic >99 [137]
chloride + decanoic acid deep eutectic
solvent
Subcritical water Subcritical water | Not provided [144]
extraction
Subcritical water + PVC | Subcritical water 96.38 [138]
extraction
[P24414][CI]-NaCI-H,0 lonic liguid Not provided [145]
[Pssss][Oleate] lonic liquid 100 [146]
Cobalt Subcritical water + PVC | Subcritical water 99.96 [138]
extraction
1:2 choline | Deep eutectic >99 [147]
chloride:formic acid solvent with
microwave-
assistance
trialkylmethylammonium Hydrophobic >99 [137]
chloride + decanoic acid deep eutectic
solvent
p-toluene sulfonic | Deep eutectic >90 [148]
acid+choline chloride solvent
p-toluene sulfonic acid+ | Deep eutectic >90 [148]
polyethylene glycol solvent
[P24414][CI]-NaCI-H,0 lonic liguid Not provided [145]
[Pssss][Oleate] lonic liquid 100 [146]
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6.2.3. BIO METALLURGY

It is widely accepted that biology-based routes have the least emissions of all the technologies. Though many
mining companies use these techniques for the leaching of ores, at present, bio recovery for recycling purposes
is still nascent. This drawback notwithstanding, biotechnological developments with regards to Pt, Ni and Co
which can be implemented at a larger scale in the future are explained in detail.

Bioleaching (using lixiviants generated by biological means) is an attractive option for a profound reduction in
carbon footprint. Both one-step and two-step bioleaching can be utilized. The main advantage of two-step
bioleaching is that microbial death by the catalysts’ toxicity can be prevented. But a single-step process, if
optimized, can be economically and environmentally more beneficial. A few works done in the bioleaching of
platinum, nickel and cobalt from secondary source are summarized in Table 14.

To understand the process, the work of Park et al. [149] is explained in detail. The team used a two-step leaching
process for the recovery of Pt, Pd and Rh from spent automotive catalysts. With the help of Chromobacterium
violaceum bacteria, they acquired cyanide which was then employed for the extraction. Out of the various
conditions tested, the optimal temperature and cyanide concentration were determined to be 150°C and 1000
mg/L leading to a Pt recovery rate of 92.1%. To produce sodium cyanide, 1g/L of glycine precursor, >5 N NaOH
traps, and a pH value of 11 were determined to be optimal. Overall, the cyanide production and accumulation in
the NaOH trap reaches a maximum before the completion of 2 days, after which the stationary phase starts, and
production rate degrades.

100 -
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Leaching efficiency (%)

20 —@— Biogenic cyanide
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Leaching temperature (C)

Figure 47: Platinum recovery rate at 150°C using NaCN from Chromobacterium violaceum (Source: [149])

Table 14: Bioleaching advances in Platinum, Nickel, and Cobalt recovery

Metal Organism Species Leaching Recovery | Reference
conditions efficiency
(%)
Platinum Chromobacterium violaceum | Bacteria | Two-step NaCN 92.1 [149]
leaching
150°C
pH 11

Bacillus megaterium Bacteria | Two-step HCN 50 [150]
leaching

pH9

Pre-treatment - <45
pm particles after
ball-milling and
sieving
Pseudomonas fluorescens Bacteria | Two-step HCN 58 [150]
leaching
pH 10
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Pre-treatment - <45
pm  particles after
ball-milling and
sieving

Bacillus megaterium

Bacteria

Two-step HCN
leaching

30°C

pH9

Pre-treatment - <75
um particles after
decoking, ball-
milling, and sieving

15.7

[151]

Pseudomonas
plecoglossicida

Bacteria

Two-step  cyanide
leaching
pH7.2

0.2

[152]

Nickel

Penicillium simplicissimum

Fungi

One-step oxalic and
citric acid leaching
30°C

pH 3

100

[153]

Aspergillus niger

Fungi

One-step oxalic and
citric acid leaching
30°C

pH 2

>05

[153]

Thiobacillus ferrooxidans +
Thiobacillus thiooxidans

Bacteria

Two-step ferric iron
and sulfuric acid
leaching

30°C

pH 4

>90

[153]

Guyparkeria halophila VKM
B-2757D + Acidithiobacillus
sp. KZ-02

Bacteria

Subsequent  formic
and sulfuric acid
leaching

pH5-54

28°C

69.75

[154]

Cobalt

Aspergillus niger

Fungi

Citric and oxalic
acid leaching
pH1

30°C

86

[155]

Penicillium
KBS3

chrysogenum

Fungi

Ferulic acid leaching
pH 3.3-3.7
30°C

60

[155]

Aspergillus niger

Fungi

Ultrasound-
enhanced, citric,
oxalic, malic, and
tartaric acid

pH 6

28°C

71

[155]

HQO0211 (patented)

Bacteria

pH 15
45°C

96.5

[155]

Acidithiobacillus thiooxidans
+ Acidithiobacillus
ferrooxidans

Bacteria

Ferric iron and
sulfuric acid
leaching
pH 2
30°C

91

[155]

Acidiphilium
multivorum + Leptospidillum
ferriphilum

Bacteria

Reduction and
oxidation of iron
species
pH 2.05
30°C

>99

[156]
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Many other mechanisms such as siderophore leaching (e.g., platinum and palladium recovery from PGM ore
[157]) is also gaining impetus. Use of ultrasound for bioleaching, termed sonobioleaching was explored in the
late-90s and early 2000s for nickel leaching from its ores [158][159]. The waves help in removing carbon
dioxide and oxygen, accelerate the nutrient process intake, increase mass transfer inside and outside the cells,
etc. thereby providing an optimal environment for the organisms [159]. Using Aspergillus niger, a nickel
recovery of 95% was achieved in a one-step leaching process using 20 kHz ultrasonic pretreatment of the
biomass for 30 minutes using an intensity of 1.5 W/cm? by Panchanadikar at al. [158] When they increased the
intensity to 2.25 W/cm?, the same could be achieved with 15-minute exposure [159]. Using a modified version
of this process, Anjum et al. [160] extracted 71.1% of cobalt from black shale.

Biosorption using bacteria, fungi, algae, proteins, and even plants have been studied. Those pertinent to the
metals of interest are presented in Table 15.

Table 15: Biosorption of Platinum, Nickel, and Cobalt

Metal Organism/Compound | Species Efficiency, in Reference
terms of the
adsorption
capacity
(mmol/g)
Platinum | Chitosan derivatives — Not 0.006 [161]

carboxymethyl groups | applicable
Chitosan derivatives — Not 0.628 [161]
glycine groups applicable
Desulfovibrio Bacteria 0.32 [161]
desulfuricans

Nickel Candida spp. Fungi 0.797 [162]
Nickel adapted Fungi 0.525 [162]
Candida spp.
Stenotrophomonas Bacteria 0.00852 [163]
MB339
Escherichia coli | Bacteria 0.015 [70]
JM109

Cobalt Escherichia coli | Bacteria 0.000204 [70]
JM109, BL21-DES,
MC4100, ARY023
Deinococcus Bacteria 0.000204 [70]
radiodurans R1
Mortierella Coem. Fungi 17.61 [164]
(1863) SPS403
Rhizopusarrhizus Fungi 0.124 [164]
A Fisch. (1892)

Genetic engineering can improve the metal selectivity of organisms. Gene manipulation (e.g., nixA), enzyme
overexpression (e.g., serine acetyltransferase), genome replication, gene deletion, etc. have been used to
increase the bioaccumulation. Taking Ni as an example, overexpression of the serine acetyltransferase enzyme
and manipulation of the nixA gene have led to increased Ni%* bioaccumulation. Likewise, bio-engineered E. coli
and Deinococcus radiodurans R1 strains have successfully removed cobalt and nickel [165].

6.3. BENEFIT ANALYSIS
6.3.1. METHODOLOGY

Per each CRM, the process that is the currently used is weighed against the processes that yield the maximum
recovery in emerging technologies — bioleaching, ultrasound and microwave-based metallurgy, and novel
solvents in hydrometallurgy. Because each technology has its unique performance indicators, for a comparison
amongst the varying PMT, HMT, and BMT techniques, the common factors of temperature, time, pH, and
recovery efficiency are used for the optimal process selection.
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Detailed benefit analyses involve the evaluation of key performance indicators (KPIs) such as the global
warming potential (the energy absorbed by a ton of emitted gas relative to a ton of emitted carbon dioxide®®),
ecotoxicity, human toxicity, costs, etc. Though these values are readily available for conventional HMT, PMT,
and BMT, for the emerging processes that are still at a laboratory scale, these values do not hold much
relevance. Also, for BMT, the calculation must include the resources to cultivate the bio-organisms. It is also
important to note that the factors considered here directly contribute to several important KPls, including but not
limited to energy consumption, overall costs, profits, and carbon footprint. Temperatures closer to room
temperature implies an energy-efficient process because of the avoidance of sophisticated heating and cooling
equipment that uses expensive temperature-resistant materials. As an example, in conventional pyrometallurgy,
an estimated 300 MJ/kg is needed for the recovery of the precious metals from LiB feedstock. Employing a
microwave wattage of 1000 W, the energy is drastically reduced to 2.5MJ/kg [129]. Similarly, neutral pH (pH 7)
can also reduce equipment costs by eliminating frequent maintenance checks, equipment replacement, and
choosing common materials over highly corrosion-resistant ones. A higher recovery rate and lesser time for
recovery also lead to reduced power consumption and enables a higher feedstock recycling rate.

6.3.2. SCORING SCHEME

A 1-5 scoring scheme (Table 16) is applied to the factors. All the factors are given equal weightage by virtue of
their aforementioned importance. This means that the final composite score per process can be calculated by
averaging the individual factor scores.

Table 16: Benefit analysis scoring scheme

Value Temperature Time (minutes) pH Recovery efficiency (%)
(@)
1 T > 1000 Time > 270 pH <0.0, Efficiency < 90.0
pH >14.0
2 500 <T <1000 150 < Time < 270 0.0<pH<2.0 90.0 < Efficiency < 95.0
12.0<pH<14.0
3 250 < T <500 90 < Time < 150 20<pH<4.0 95.0 < Efficiency <97.5
10.0<pH<12.0
4 50 <T <250 30 <Time <90 40<pH<6.9 97.5 < Efficiency < 100
7.0 <pH<I0
5 20<T<50 Time <30 pH=7.0 Efficiency = 100

In processes where a certain factor is irrelevant, no score is given to that factor and the average of the other
factors is considered the final score. For example, metallic bath (slag, matte, etc.) in PMT do not have a pH.
Similarly, for the MW-assisted HMT for Platinum [130], Nickel [129], and Cobalt [128], the authors do not
explicitly mention the process temperatures but rather specify the wattages (150 W, 1000 W, and 180 W,
respectively, for Platinum, Nickel, and Cobalt). Since the precise temperature depends on a number of factors
such as the specific heat capacity of the process chemicals determined by the quantities of the leachants used,
and the composition and the mass of the feedstock, and the instrument specifications including wattage,
maximum temperature attainable, and the time in which that maximum temperature can be reached,
approximation was not deemed a prudent option.

6.3.3. OPTIMAL RETRIEVAL PROCESS DETERMINATION

Now that the scoring system is established, the optimal retrieval strategies for the CRMs can be determined. The
factors and their respective scores for Platinum, Nickel, and Cobalt are tabulated in Table 17, Table 18, and

Table 19.

35 https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
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6.3.3.1. Platinum

Table 17: Viable strategy determination for Platinum

Process Temperature Time pH Recovery Final score | Reference
(°C) (minutes) efficiency
(%)
PMT Value 1500 240 Not 98 2.33 [110]
applicable
Score 1 2 - 4
MW-assisted Value 1250 120 Not 98.59 2.67 [124]
PMT applicable
Score 1 3 - 4
HMT Value 150 120 -1.08 96 2.75 [166]
Score 4 3 1 3
HMT — novel Value 25 ~120 1(0.1 99.8 35 [140]
solvent mol/dm?
technology HCI)
Score 5 3 2 4
MW-assisted Value Not 5 2 98.3 [130]
HMT applicable
Score - 5 2 4
US-assisted Value 90 150 1.56 97.17 3 [135]
HMT Score 4 3 2 3
BMT Value 150 60 11 92.1 3.25 [149]
Score 4 4 3 2
6.3.3.2. Nickel
Table 18: Viable strategy determination for Nickel
Process Temperature Time pH Recovery Final score | Reference
(°C) (minutes) efficiency
(%)
PMT Value 1450 30 Not 98.39 3.33 [113]
applicable
Score 1 5 - 4
MW-assisted Value 900 30 Not 97.65 3.67 [125]
PMT applicable
Score 2 5 - 4
HMT Value 90 1080 11 99.99 3 [167]
Score 4 1 3 4
HMT — novel Value 22 375 1-2 100 3.25 [146]
solvent
technology Score 5 1 2 5
MW-assisted Value Not 5 -0.55 (from 99.2 3.33 [129]
HMT applicable 10 (VIV) %
H2S0.)
Score - 5 1 4
US-assisted Value 40 35 2.26 100 [133]
HMT (average of
pH 2 and
pH 3)
Score 5 4 3 5
BMT Value 30 30240 3 100 35 [153]
Score 5 1 3 5
US-assisted Value 37 (actual 20160 2.7 95 2.75 [158], [159]
BMT leaching)
Score 4 1 3 3
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6.3.3.3. Cobalt

Table 19: Viable strategy determination for Cobalt

Process Temperature Time pH Recovery Final score | Reference
(°C) (minutes) efficiency
(%)
PMT Value 1450 30 Not 98.83 3.33 [113]
applicable
Score 1 5 - 4
MW assisted Value 900 30 Not 97.85 3.67 [125]
PMT applicable
Score 2 5 - 4
HMT Value 90 1080 3 100 3.25 [167]
Score 4 1 3 5
HMT — novel Value 22 250 -0.9 100 3.25 [146]
solvent
technology Score 5 2 1 5
MW-assisted Value Not 25 1.91 85 2.67 [128]
HMT applicable
Score - 5 2 1
US-assisted Value 40 35 2.26 100 [133]
HMT (average of
pH 2 and
pH 3)
Score 5 4 3 5
BMT Value 30 10080 2.05 >09 3.25 [156]
Score 5 1 3 4
US-assisted Value 28 34560 1.51 71.1 2.25 [160]
BMT Score 5 1 2 1

For Platinum, MW-assisted HMT process followed by Jafarifar et al. [130] emerges as the best recycling option.
This is immediately followed by novel solvent-assisted HMT. When comparing their recycling efficiencies, the
method with the solvent has an upper hand, but the processing time of ~120 minutes results in lesser recycling
rate which is usually not preferred by industries for combating the increasing recycling demands.

For Nickel and Cobalt, US-assisted HMT is highly optimal with a good score of 4.25. The fact that it uses a
readily available and environmentally-friendly leachant — lemon juice, makes it a coveted process. It is
important to note that the BMT (conventional and US-assisted) methods that have acceptable recovery yields are
one-step leaching processes with processing time in days [153][156][158][159][160]. If the processes can be
modified to become two-stepped, then the actual recovery time would be drastically reduced. Considering this,
if the scores are recalculated for BMT and US-assisted BMT without taking the process time into account, a
score of 4.33 and 4.00 are observed for Nickel and Cobalt recovery using conventional BMT routes [153][156].

6.3.4. CRM RECOVERY FROM 2035-2050

To recapitulate, with the chosen scoring scheme, the process availed by Jafarifar et al. [130] for Platinum
recovery with an aggregate score of 3.67 and that of Rahimi et al. [133] for Nickel and Cobalt recovery with a
score of 4.25 are the viable options. The associated recovery efficiencies of Platinum - 98.3%, Nickel — 100%,
and Cobalt — 100% can be used to determine the amount of CRMs that can be recovered from 2035-2050. The
values are displayed in Figure 48, Figure 49, and Figure 50. In 2050 specifically, the CRM amount that would
be recovered is tabulated (Table 20).
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Figure 48: Platinum recovered using MW-assisted HMT
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Figure 49: Nickel recovered using US-assisted HMT
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Figure 50: Cobalt recovered using US-assisted HMT

Table 20: Recycled CRMs for 2050

CRM RECYCLED AMOUNT IN 2050 (kg)
Low loading High loading
LDS | MDS HDS LDS MDS HDS
Platinum 0.82 | 2.48 496 | 918.89 | 2756.73 | 5513.51
Nickel 3.85 | 1154 | 23.08 | 7782.12 | 23346.71 | 46693.78
Cobalt 08.15 | 294.46 | 588.93 | 2832.41 | 8497.36 | 16994.85
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6.4. OTHER RECOMMENDATIONS

It is important to mention the imminent expansion of current recycling plants to account for the growing e-
waste. As an example, Umicore, which launched its Battery Recycling Solutions in 2022, plans to be Europe’s
largest battery recycling plant with a 150,000-tonne capacity by 2026. Using pyrometallurgy, they generate a
metal alloy of copper, nickel and cobalt and lithium-concentrate. Further lean hydrometallurgy recovers
individual metals which can be reused in batteries, thus closing the material loop of the battery value chain.2¢
Future AEMWE plants that incorporate either PGM-based catalysts or purely base-metal catalysts (assuming
catalyst technology reaches such a stage) can close the loop by collaboration with the recycling companies. An
example of such a coalition would be the one between Audi and Umicore, where they entered closed loop
battery recycling operations in January 2020 after initial testing phases. The feedstock is the cell modules of the
Audi e-tron model car from which nickel and cobalt can be recovered.%".

Finally, it should be noted that implementing any of the suggested strategies would lead to the incurrence of
capital and operational expenses (CAPEX and OPEX). Detailed feasibility, Cost Benefit Analysis (CBA), and
Life Cycle Assessment (LCA) studies at an industrial scale must be carried out taking the company size into
account.

36 https://www.umicore.com/en/newsroom/news/umicore-battery-
recycling/#:~:text=0ur%20proprietary%20process%20is%2020,end%2Dof%2Dlife%20batteries.
37 https://www.umicore.com/en/newsroom/news/battery-recycling-audi-and-umicore-start-closed-loop-for-cobalt-and-nickel/
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7. CONCLUSION

For achieving the main objective of contributing to sustainable aviation by tackling material demand issues at
the fuel manufacturing level, the study started with the formulation of the research question - What is the most
viable retrieval strategy that mitigates the material demand of Platinum, Nickel, and Cobalt CRMs from
AEMWE catalysts within the context of hydrogen in global aviation?

Using the estimated hydrogen demands of 2.6, 15.9, 27, 36.8 Mtonnes for the years 2035, 2040, 2045, and 2050,
respectively provided by the European Commission, the amount of Platinum, Nickel, and Cobalt that can be
retrieved from 2035-2050 was calculated. Using the specifications of Enapter’s 1 MW capacity AEM Nexus
1000, the following values were obtained for Platinum, Nickel, and Cobalt, respectively, in a high catalyst
loading and high demand (60%) scenario in 2050 - 5608.86 kg/year, 46693.78 kg/year, and 16994.85 kg/year.

Reverting to the main objective of sustainable aviation, various retrieval routes in pyrometallurgy,
hydrometallurgy, and bio metallurgy were analysed. Current developments such as employing new solvents in
hydrometallurgy, use of microwave and ultrasound to enhance the recovery kinetics across the three major
metallurgy domains, etc. were discussed. From the benefit analysis performed, MW-assisted HMT using aqua
regia for platinum retrieval, and US-assisted HMT with lemon juice/H,O; for nickel and cobalt scored higher —
3.67 (platinum), 4.25 (nickel), and 4.25 (cobalt) out of a potential 5, indicating their potential for replacing older
techniques. The recovery rates employing these strategies would be 98.3%, 100%, and 100% for Platinum,
Nickel, and Cobalt, respectively. It was also deducted that for Nickel and Cobalt, the conventional BMT routes
performed well with scores of 4.33 and 4 out of a potential 5, if the long process times were not considered in
the aggregate score calculation. In reality, this would imply a modification in the process strategy from being
one-step to two-step leaching.

Considering that the aircraft in question would already be considerably sustainable because of the use of
hydrogen and hydrogen-based fuels, further sustainability enhancement can be achieved with the
implementation of the green hydrogen production method (AEMWE). If the suggested circular strategies for
CRM retrieval from electrocatalysts are employed, sustainability can be ensured at all levels.
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8. GUIDELINES FOR FUTURE
WORK

Within the timeframe of this thesis, a rudimentary material demand for the future CRM demand and qualitative
assessment of the applicable recovery strategies were carried out. But further steps can be taken to enhance
CRM recovery at different levels. Considering EU imports 71% of platinum3, and 86% of cobalt®, and 75% of
nickel [24], following the below suggestions can bring about a reduction in the dependency from other
countries.

Data availability and quality is key for getting higher quality predictions. Hence, the first suggestion is
to wait for more AEMWE plants to come into existence, collect real-time data and then perform the
analyses. For instance, in the present work, an ideal scenario of uninterrupted machine productivity was
assumed for material demand. This can be recalculated using live data from a working plant.

The same can be suggested regarding the catalyst loading used in material demand prediction. When
run at a large scale, the actual loading required might be either above or below the lab-tested values.
The material demand can be calculated at a regional/ continental scale. This can help in better
strategizing the number of recycling plants, AEMWE systems, etc. needed in apt locations which can
further lead to optimized material flow channels in the long run.

Collaboration between different industries can lead to knowledge sharing and development of metal
recovery routes that covers a wide range of materials.

Material demand can also be calculated for other potential CRMs (Ir, Ru, Mn, etc.) that may be used in
electrolyser technology.

At a research level, looking for better catalyst designs that promotes facile dismantling during EoL is
encouraged.

Catalyst materials that either eliminates the use of CRMs or mitigates it to inconsequential levels can
be developed.

Research efforts regarding environment-friendly recovery methods are beneficial.
Qualitative/quantitative analysis including the different pretreatment routes present can also be
undertaken making use of CBA, MFA, and LCA studies incorporating elaborate sensitivity analyses.
This is a reiteration of the statement presented in Chapter 6 - CAPEX and OPEX calculations depend
strictly on the company’s scale and must be evaluated. With advances in Al, the mentioned calculations
can be made as complex as possible incorporating various Key Performance Indicators and capturing
different scenarios.

At a national/international level, establishing more effective frameworks for CRM sourcing and usage
can be applied.

Likewise, providing incentives that encourage both research efforts and practice of recycling can be
adopted.

38 https://single-market-economy.ec.europa.eu/sectors/raw-materials/areas-specific-interest/critical-raw-

materials _en
39 https://investingnews.com/daily/resource-investing/battery-metals-investing/cobalt-investing/europes-cobalt-

supply-chain/
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APPENDIX A

DIFFERENT INDUSTRIAL RECOVERY ROUTES
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Figure 51: Anglo Platinum metal recovery process (Adapted from [169])
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Figure 52: Rustenburg smelter (source: Adapted from [169])
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Figure 53: Hartley Platinum Base Metal refining process (Source: [170])
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Impala Platinum process
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Figure 54: Impala Platinum nickel and cobalt recovery circuit (source: [170])
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PLATIRUS project
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Figure 56: PLATIRUS circuit for PGM recovery (Source: [172])
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