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Abstract

With the rising of energy consumption and greenhouse gas emissions, it is of upmost importance
to develop renewable energy-based technologies to replace fossil fuels. Particularly, hydrogen
has emerged as the most promising option for the at-scale decarbonization of transportation,
chemical and energy-intensive industries, since its utilization is essentially pollutant-free.
Recently, water electrolysis has attracted much interest as the green-hydrogen producing
method, owning to its suitability to be coupled with renewable energy resources, such as wind
and solar. However, between 10kg and 20kg of pure water are required to produce 1kg of
hydrogen, which is a real concern since intense droughts have been shadowing the world.
Therefore, it is of great interest to assess the feasibility of using alternative water sources (such
as wastewater and seawater) for green-hydrogen production since the use of fresh water as
feed for a water electrolyser is not a sustainable approach for long-term operation. However,
to date, there has been no study examining the influence of real wastewater feeding to a water

electrolysis cell.

Herein, it is reported the performance and stability of an electrolysis cell when fed with treated
municipal and industrial wastewaters; both proton exchange membrane (PEM) and anion
exchange membrane (AEM) water electrolysis were considered. Accelerated stress tests were
performed for evaluating the stability of the electrolysers during long-term operation and
fluctuations of the electrical power, which mimics the green power produced from renewable
sources. Besides, a tertiary treatment unit, consisting of media-filtration and ion-exchange
resins was assembled to further purify the wastewater sources. Relevant water quality
parameters - conductivity, total solid content - were measured before and after feeding the
water to the ion exchange column. The advanced treatment allowed a 99.8 % reduction in the

wastewater’s conductivity, resulting in water characteristics like those of ultrapure water.

The performance and stability of both PEM and AEM electrolysers using directly treated
wastewaters are remarkably similar to those obtained when using ultrapure feed water. In fact,
negligible overpotentials could be obtained in PEM and AEM electrolysis cells after performing
intensive potential cycling for over 15h, when using feed wastewater treated upon low-
complexity, flexible and energy-efficient ion exchange methods. The obtained results are a
significant advance over the state-of-the-art on using seawater and direct industrial/municipal
wastewater for feeding electrolysers, making the electro-production of green hydrogen even

more sustainable.

Keywords (theme): Water electrolysis, green-hydrogen production, wastewater treatment
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Resumo

Com o aumento do consumo de energia e das emissoes de gases com efeito de estufa, é de
grande importancia desenvolver tecnologias baseadas em energias renovaveis para substituir os
combustiveis fosseis. Em particular, o hidrogénio surgiu como a opcao mais promissora para a
descarbonizacao a grande-escala das industrias do transporte e quimica, uma vez que a sua
utilizacdo nao produz poluentes gasosos. Recentemente, a eletrolise da agua tem atraido muito
interesse como método de producao de hidrogénio verde, devido a sua facilidade em ser
associada a recursos energéticos renovaveis, como energias eolica e solar. No entanto, sao
necessarios entre 10 kg e 20 kg de agua para produzir 1 kg de hidrogénio, o que é preocupante
devido as secas intensas tém vindo a assolar o mundo. Por conseguinte, é de grande interesse
avaliar a viabilidade da utilizacdo de fontes de agua alternativas (como as aguas residuais
industriais e a agua do mar) para a producao de hidrogénio verde, uma vez que a utilizacao
direta de agua doce como reagente para eletrolise nao é uma abordagem sustentavel a longo
prazo. No entanto, até a data, ndao houve nenhum estudo que examinasse a influéncia da

alimentacao real das aguas residuais para uma célula de eletrolise de agua.

Aqui, relata-se o desempenho e estabilidade de uma célula de eletrélise quando alimentada
com aguas residuais municipais e industriais tratadas. Esta abordagem foi estudada tanto para
membranas de troca protdonica (PEM) como para eletrolise com membranas de permuta anidnica
(AEM). Foram realizados testes de stress acelerados para avaliar a estabilidade da célula de
eletrolise durante o funcionamento a longo prazo e também para imitar indiretamente a
natureza intermiténcia das fontes renovaveis. Além disso, foi desenvolvida uma unidade de
tratamento terciario, constituida por resinas de permuta ionica e sistemas de filtracdo, com o
objetivo de purificar as fontes de aguas residuais. Parametros relevantes da qualidade da agua
- condutividade, teor de sélidos - foram medidos antes e depois da alimentacao da agua residual
a coluna de resina de permuta io6nica. O tratamento terciario permitiu uma reducao de 99,8 %
da condutividade das aguas residuais, resultando em caracteristicas semelhantes as da agua
ultrapura.

Tanto o desempenho como a estabilidade para ambas as tecnologias (PEM e AEM) sao
semelhantes quando a alimentacao feita € com agua ultrapura ou agua residual tratada. Assim,
esta dissertacao traz novo conhecimento sobre a producao de hidrogénio através do eletrolise

da agua, preservando os escassos recursos de agua doce.

Palavras-chave: Eletrdlise da agua, producao de hidrogénio verde, tratamento de aguas

residuais
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1 Introduction

1.1 Framing and Presentation of the Work

With a growing population and expanding industrialization, the extremely high consumption
rate of fossil fuels led to a tremendous increase in carbon dioxide (CO;) emissions which, in
turn, has been a major responsible for dangerous climate change. European Union (EU) is,
therefore, committed to reach carbon neutrality by 2050 [9]. In fact, there is a great interest
in reducing fossil fuel utilization, by developing a global-scale sustainable system, which
includes investing in renewable energy-based (solar, wind, hydro, biomass), emission-free
technologies and energy storage systems, while financially encouraging industries to cut down
pollutant emissions. In fact, the EU had to limit the amount of greenhouse gases emissions
(GHGE), thus establishing the EU Emissions Trading System (EU ETS) - the world's first major
carbon market. EU ETS is a key EU's policy for reducing GHGE effectively. Essentially, pollutant
emissions are limited, and companies receive or buy emission allowances, which they can trade
as needed. In April 2022, the average cost of a tone of equivalent CO; in this trading market
was 81€ [10]. Considering the sectors covered by the EU ETS, the GHGE registered a reduction
of 35% between 2005 and 2019. Nevertheless, the overall volume of pollutant gases emitted by
power plants, industry factories and aviation sector must decrease by 45 % by 2030 for limiting
global heating to 1.5°C, which in turn is a call to move towards decarbonization [11]. In
Portugal, for instance, energy audits are mandatory in industries with an annual energy
consumption of 500 tones of oil equivalent or higher, following the Decreto-Lei n° 71/2008,
which foresees the reach of a 4% to 6 % reduction in primary energy consumption over time.

Hydrogen (H:) has emerged as the most promising option for the at-scale decarbonization of
transportation, chemical and other energy-intensive industries since its combustion or oxidation
does not produce pollutant emissions. Moreover, due to its flexibility and remarkable energy
density (120MJkg™"), its demand has been increasing in recent decades - Figure 1.1, particularly
for chemical refining processes and methanol and ammonia production. However, carbon
emissions associated with hydrogen production are closely linked to the type of technology and
energy source used. Currently, about 96% of hydrogen is produced by fossil fuels, mostly by
steam methane reforming [12] - grey-hydrogen. Unless it is combined with a carbon capture
technology, this approach is responsible for a substantial production and emission of carbon
monoxide and carbon dioxide. Only when hydrogen is produced through water electrolysis,
using electricity from renewable sources, or through biomass gasification [13], it can be
considered green-hydrogen - in other words, clean-hydrogen without pollutant emissions

associated. Green-hydrogen market is expected to exceed 100 million tones by 2050 [14] and,

Introduction 1



Recycling of industrial and urban wastewater for green hydrogen production using PEM and AEM water electrolysis

therefore, the strategic EU objective is to install at least 40 GW electrolysers by 2030, ensuring

the production of at least 10 million tones of renewable hydrogen in European countries [9].
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Figure 1.1 - Global annual demand for hydrogen since 1980 [4].

Water electrolysis is an energy-intensive process, since 51.2kWh of energy are required to
produce one kilogram of hydrogen [6]. Thus, the expected exponential growth of green-
hydrogen production also implies significant efforts towards renewable energy production. In
fact, when it comes to natural resources, Portugal has a unique potential to become a leading
energy provider, which in turn, is crucial to tackle the challenges ascribed to green-hydrogen
production. In 2021, approximately 60% of electricity was produced from renewables [15] and
the Portuguese Government has the objective of increasing renewable electricity production
up to 80% by 2026 [16]. In April of 2022, it was reached, in Portugal, 0.24 TWh of photovoltaic
solar energy, 1.15TWh of wind energy, and 0.51 TWh of hydro energy [17]. Annex M shows the
photovoltaic power potential and the mean wind power potential for Portugal; many projects
are already being developed regarding the installation of solar and wind farms, including
offshore platforms, such as the EDP’s floating solar farm in Alqueva [18] and the WindFloat
Alantic Project [19], which, in turn, aims at producing offshore wind power in the MW-scale.
Offshore platforms do not require valuable real estate and overall, wind energy density tends
to be higher offshore (ca. 400Wm) than inland (ca. 200W m) (see annex M).

To produce 1 kg of hydrogen, between 10kg and 20kg of pure water are necessary depending
on the system [20]. Currently, the H, market is considering the use of freshwater, with only a
purifying step, to be fed into the electrolysers. This approach is not sustainable since intense
droughts have been shadowing the world. In Portugal, for example, January 2022 was

considered as the second driest month since 2000 and every municipality was at least in
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moderate drought [21]. Nevertheless, in Portugal, seawater is readily accessible along the coast
and therefore, the national strategy for green-hydrogen production aims at taking advantage
of the interesting geographic location of the country [16]. However, the use of seawater or
other water sources, such as wastewater, can be a great challenge since it is essential to
guarantee certain characteristics in the water fed to an electrolyser, namely in terms of purity,
to allow long term operation. The presence of contaminants (i.e., heavy metals, ammonia
compounds or chlorine), even if at low concentration levels, in the feeding water may
compromise the performance of the electrolysers, and lead to shortened lifetimes [22].
Therefore, for maximizing the sustainability of the green-H; production process, without
compromising the electrolyser’s performance, the development of integrated solutions is of
great interest, namely by considering wastewater and seawater as water sources, coupled with

specific treatment [16].

1.2 Presentation of the Institution/Company

SEA+TECH is a spin-off company founded in 2021 at the University of Porto, Portugal.

The company focuses mainly on the smart management of renewable energy sources with
advanced water treatment systems to produce fresh water from urban/industrial wastewaters
or seawater, in order to fight the emerging water scarcity problem.

Currently, SEA+TECH is supporting the development of smart grid modelling tools to be coupled
to photovoltaic panels, water purification systems and electrolyser systems to forecast
hydrogen production rates and the premature failure of such systems. The main objective of
this project is the development of an intelligent interface for screening the performance and
stability of integrated solutions for green-hydrogen production.

Besides, the company R&D fields include the development of customized water purification and
recirculation systems to assist the operation of proton exchange membrane (PEM) and anion
exchange membrane (AEM) water electrolysers at kW (laboratorial) and MW (industrial) ranges
for the production of green-hydrogen. The ultimate purpose of SEA+TECH at this level is to
assemble efficient seawater treatment plants with water recycling circuits to and from
electrolysers, guaranteeing that the overall water consumption is minimal. The company also

delves onto the valorisation of the brine stream, namely by extracting high-value minerals.
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1.3 Author’s contribution to the work

This dissertation aims at introducing a unique vision for water electrolysis by using alternative
water sources for green-hydrogen production via PEM or AEM water electrolysis, while
correlating the long-term performance of the electrolysers with the quality of feed water upon
performing distinct purifying steps. Furthermore, the water electrolysis units’ operation was
optimised, setting the most proper temperature conditions, water feed flow rate, liquid
electrolyte concentration, among other parameters, with the aim of decreasing the overall
water consumption while maximizing the hydrogen rate production/purity and lifetime of the
devices. Several water qualities ranging from industrial wastewater, municipal wastewater and
seawater followed by advanced water treatment strategies were fed into the hydrogen-
producing devices. Then, the electrolysers were submitted to accelerated stress tests for
evaluating their long-term stability and efficiency, while using treated wastewater or saltwater

(mimicked seawater).

1.4 Organization of the Dissertation

This dissertation is divided into six chapters. In the first chapter, Introduction, it is given
context on the importance of the work. The second chapter, State of the Art, provides a
theoretical background into water electrolysis and brings to light to the recent development in
non-pure water electrolysis and water treatment methods. The third chapter exhibits the MEA
preparation methods, describes the electrolysis and water treatment units used, and the
electrochemical and physical characterization of the materials used. Chapter four
demonstrates the results obtained for pure and treated wastewater electrolysis and those
results are discussed considering the existing literature. Finally, chapters five and six show the

main conclusions and suggest future work.
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2 State of the Art

2.1 Water Electrolysis

Water electrolysis refers to the splitting of water molecules (H,0) into hydrogen and oxygen

by applying electrical current. The overall reaction is represented in Equation (1).

In an electrolysis cell, the oxygen is oxidized (from an oxidation state of -1l to 0) at the anode

and the hydrogen is reduced (from +| to 0) at the cathode [23].
1
H0 — H, +50, (1)

There are four main types of water electrolysers: alkaline electrolysers, proton exchange
membrane water electrolysers (PEMWE), anion exchange membrane water electrolysers
(AEMWE) and solid oxide electrolysers. Alkaline and PEM water electrolysers are already at a
commercial level, while the last two are emerging technologies [6]. The ion exchange media
of both PEM and AEM electrolysers, the membrane, is solid and non-porous, and therefore, the
design of the electrolysers is compact, which in turn ensures the possibility of operating at
higher differential pressures, guaranteeing the high-grade purity of hydrogen and greater
efficiencies, when compared to more mature alkaline electrolysers. This is economically
advantageous because it can result in cost savings and plant process simplification by
eliminating the hydrogen compression step. Contrarily, alkaline electrolyser operation
considers the use of corrosive liquid electrolytes (up to a mass fraction of 30% potassium
hydroxide - KOH - solutions), a porous diaphragm as separator of both electrodes [24], and
lower pressures, thus requiring purification and compression steps, as well as a high balance of

plat cost, due to metal corrosion from the concentrate KOH solutions.
2.1.1 Components of an Electrolysis Cell

Membrane electrolysers - PEM and AEM - follow a standard symmetrical design, which is
illustrated in Figure 2.1. The oxygen evolution reaction (OER) takes place at the anode side,

and the hydrogen evolution reaction (HER) happens at the cathode side.

The endplates provide mechanical support to all the components. Bipolar plates allow the water
to effectively reach the catalytic active sites and to remove the gaseous products. They must
be corrosion resistant, to withstand the strongly acidic or alkaline environment, and have high

electrical conductivity, since they are part of the electrical current transfer mechanism in the
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cell (the electrons travel from the catalytic layer, through the bipolar plate to an outer circuit,
reaching then the cathode side) [25].

Membrane

/ PTL

Catalyst

0, out

-
_—

H,0 in PTL

\
Catalyst /

Bipolar Plates

Figure 2.1 - Design of a membrane electrolyser.
Adapted from [7].

The porous transport layer (PTL), also known as the gas or liquid diffusion layer (GDL and LDL
respectively), provides the required microstructure for improving transportation of reactants
and products to and from the catalyst layer. In addition, it electrically connects the catalyst
layer and the bipolar plate [26]. The membrane must transport solvated ions (protons in acidic
media or hydroxyl ions in alkaline media) while acting as a barrier for electrons and the
produced gases. Typically, the membrane consists of a polymer backbone, which is responsible
for mechanical and thermal stability, and a functional group, which in turn is accountable for
the ion exchange capacity [24]. The three joint parts (PTL, catalyst layer, and membrane) form

the membrane electrode assembly (MEA).

The catalyst layer may be dispersed directly onto the PTL, or directly applied to the membrane,
resulting in a catalyst coated substrate (CCS) or in a catalyst coated membrane (CCM),
respectively. Typically, prior to catalyst deposition, it is crucial to optimize the catalyst ink
composition, which consists of a suspension containing the catalyst powder, ionomer, and a
solvent (or mixture of solvents) [27]. The ionomer is typically made of the same or similar
material as the membrane used, and it aids in lowering the contact resistance between the
catalytic layer and the membrane. The required ink rheology depends mainly on the type of
coating method used and it is typically governed by the properties of solvents used and the
solids’ content. There are several alternatives for coating the catalyst layer, though doctor
blade, screen printing, and spraying are particularly well-developed deposition processes. For
doctor blade techniques, the solids’ content is considerably high (between 20% and 30%, in

mass fraction) [28], and solvents with a higher viscosity (such as ethylene glycol) are used [29],
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resulting in a viscous ink, which in turn results in medium-thick catalyst layers, about 20 pm.
When working with a doctor blade, several parameters must be considered and optimized (e.g.
solid content, solvents used, blade velocity, amount of ink nheeded). This method is preferable
when a high catalyst loading is required, but it results in a high loss of catalyst material, which
raises the cost. In spraying methods, the ink is less viscous - a solid mass content of less than
1% is typically considered - and the process is simple and easily automated. However, there is
a risk of membrane swelling with this deposition method, which can result in preferential paths

during operation [30].

The costs of a membrane electrolyser, namely a PEM electrolyser, Figure 2.2, are divided
between the balance of the plant and the costs associated with the stacks. Each stack consists
of two compartments - anode and cathode - separated by a membrane. Each compartment is
constituted by a PTL and a catalyst layer, and all materials are compressed by bipolar plates.
It is of notice the costs of the bipolar plates which, for PEM electrolysers, are typically made

of bulk titanium, being responsible for about 24 % of the total cost of the electrolyser.

PEM Electrolyser

cost breakdown

24% Balance of Plant

13%

Catalyst

25%  Coated 3%
Membrane
® Manufacturing @ Porous Transport Layer (PTLs) ® Balance of Plant ® Power Supply
PFSA Membrane @ Small parts (sealing, frames) @® Stack components incl. CCM @ Deionised Water Circulation
Iridium @ Bipolar Plates (BPs) ® Hydrogen Processing
Platinum Stack assembly and end plates Cooling

Catalyst Coated Membrane

Protective coating BPs

Figure 2.2 - Cost breakdown for a 1 MW PEM electrolyser (extracted from [6]).
2.1.2 General Principles

Under standard pressure (P) and temperature (T) conditions (P=1atm and T=298.15 K), the
water splitting reaction is not spontaneous, and the Gibbs Free Energy of the overall reaction
(AGQ) is 236.483 kJmol™'. The reversible cell potential (ES,) is given by equation (2), in which
F is the Faraday constant (F=96485.309Cmol™) [31], n is the number of moles of electrons

transferred in the reaction (in the case of this reaction, n=2) [32]. If no external energy is
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supplied, the electric energy to be supplied is related to the reaction enthalpy (4HQ =

285.83 k] mol™1), which equates to a thermoneutral potential (Ey;,) of 1.481V.

AGR
ES, = — = 1229V (2)

The open circuit potential (Eqcp) refers to the potential difference when there is no current
circulating between the terminals, and it is dependent on pressure and temperature [33]. Egcp

can be calculated using the Nernst equation (3) [34]:

R-T Py, - (Po )1/2
= FO . 2 N F2) 3
EOCP Erev + 2. F In ( aHZO ) ( )

where, R is the universal gas constant (R=8.314Jmol " K"), pis the partial pressure of the gas,

in bar, and ay, o the activity of pure liquid water (ay,o=1).

There are several sources of performance loss in an electrolyser cell, meaning there is a
deviation of ideal conditions, referred to as overpotentials. Such operation inefficiencies can
be categorized as: activation overpotential (AE,.), ohmic overpotential (AE,,,) and

concentration overpotential (AE.qy)-

The activation overpotential may be calculated using the Butler-Volmer equation, (4). The
overpotential is influenced by the kinetic characteristics of the process in both electrodes,
which in turn are influenced by the catalyst’s structure and materials.

R-T. i R-T i
PO E NN S T . "

2- *an ° F 2 lo,an 2- Acat F 2- lo,cat

The exchange current density (iy) is calculated using the Arrhenius expression, equation (5),
which relates i, with the temperature. In this equation, iy is the exchange current density
at a reference temperature T,.s, and H,. (J mol™") is the activation energy at the respective
electrode [35].

S Hayer (11
lo = lo,ref - €XP |— R T - T ] (5)
re

The ohmic overpotential is related to the resistance (R) of the different components of the
electrolyser to the flow of ions and electrons, as well as the resistance at the interface between
the components [35]. The overall ohmic overpotential is given by equation (6) (Ohm’s law), and

I is the current of the circuit, in A.
AEgpm =R -1 (6)

Concentration overpotential is mainly relevant at high current density and is represented by

equation (7) [36]. The concentration overpotential depends on the concentration of products
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(hydrogen or oxygen) in the catalyst active centres, at the membrane surface (Co, an and Cy, cat)

and it is deeply influenced by the inefficient circulation of water and gaseous product
throughout the PTL.

R-T CO an R-T CH cat
AE .., = AE + AE = 1 2 + 1 = 7
on T Trenan TRt e F “(Coz,an,o 2F " \Ciycato 7

2.1.3 Electrochemical characterization methods

The performance of a water electrolyser can be measured using a polarization curve which is,
typically, the most important characterization technique (Figure 2.3.a). This polarization
method relates the potential difference with the current density: for a water electrolyser, as
the current density increases the overpotential, associated with the different resistance
sources, also increases. The different types of performance loss in a cell, as detailed above,
may be easily distinguished in the polarization curve: at lower current densities, the activation
overpotential, related to the electrochemical reactions that happen at the electrodes, is the
most relevant phenomena; then, the ohmic overpotential, which corresponds to the linear
region of the i-v curve, depends mainly on the type and properties (roughness factor, electrical
resistivity, among others) of the used materials, specially the membrane; lastly, the mass
transport overpotential region, at high current densities. Polarization curves can be obtained
through chronoamperometry or chronopotentiometry techniques, which involve applying a set
potential or current, respectively, to measure the potential or current response of an
electrochemical reaction. The response is, then, recorded vs. time. These methods are of
utmost prominence for analysing the stability of the components used in the cell over time and
thus unveil the origin of the overpotentials. Moreover, the polarization curves may be related
with the results obtained through electrochemical impedance spectroscopy (EIS) -
Figure 2.3.b).

a) b)

Imig) /01 cm?

AV

i /A cm? Re{Z) /0 cm?

Figure 2.3 - a) Typical polarization curve and b) Nyquist plot of a water electrolysis cell.
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Through EIS analysis, represented by Nyquist or Bode plots, it is possible to distinguish and
quantify the contributions of each type of losses to the measured overpotential. The spectra
reveals information about the behaviour of electrochemical reactions and unveils the dominant
phenomena. Figure 2.3.b) is an example of a Nyquist plot, in which the ohmic resistance and
the resistance associated with the reaction can be measured in the horizontal axis. Since
impedance is a function of frequency, different ranges of frequencies must be examined. The
high-frequency region (typically, >100 Hz) reflects the charge transport in the catalyst layer,
whereas the low-frequency region (< 0.01 Hz, in general) represents mass transport

overpotentials.

2.1.4 Proton Exchange Membrane Electrolysers

On a PEM electrolyser, the OER (anodic reaction) and the HER (cathodic reaction) are

represented by equations (8) and (9), respectively.
1
H,0 — 2H* + 502 + 26 (8)

2H* +2e~ — H, 9)

Typically, the membranes employed in PEM electrolysis are made of polyfluorosulfonic acid
materials such as Nafion and have thicknesses of 20 um to 300 um [25, 37]. Iridium or iridium-
ruthenium oxides are commonly used as anode catalysts, with loadings ranging from 0.2 mgcm™
to 1mgecm?; at the cathode, platinum catalysts are usually employed. Nevertheless, the
scientific community’s efforts are driven towards decreasing these loadings. In fact, the use of
platinum group metals (PGM), is one of the main disadvantages of PEM electrolysers due to
their scarcity and high costs [38]. PGM catalysts are, however, the materials of choice to
circumvent the sluggish kinetics of OER (involving a 4-electron transfer while being able to

withstand the harsh anodic conditions at an acidic environment.
2.1.5 Anionic Exchange Membrane Electrolysers

Regarding the AEM electrolyser, the OER and HER are described by equations (10) and (11),

respectively.
40H™ - 0, + 2H,0 + 4e™ (10)
4H,0+4e~ — 2H, + 40H™ (11)

Since AEM water electrolysis is an emerging technology, the materials for producing AEM stacks
are still under development, mainly concerning the fabrication of defect-free and stable AEMs
and highly conductive catalyst layers. Only Enapter, an Italian company, has commercialized

AEM stacks. Nevertheless, the possibility of using PGM-free materials such as iron or nickel-
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based oxides as catalysts has sparked particular interest since these materials are much more
abundant and inexpensive. Regarding AEM membranes, polysulfone (PSF), polystyrene cross-
linked with divinylbenzene, or polystyrene cross-linked with divinylbenzene have been used as
polymer backbones. These polymers are typically doped with functional groups composed
of -NH3", -RNH2*, -RN*, =R2N", -R3P*, -R2S" [39]. Moreover, PSF is normally used as ionomer due
to its thermal and chemical stability [40].

Traditionally, a solution of KOH, with a concentration ranging from 0.1M to 1M is used as
electrolyte. It is possible, with an electrolyte concentration of 1 M, to obtain current densities
from 100mAcm™? to500mAcm? at 1.8V [24].

2.1.6 Degradation Mechanisms

Accelerated stress tests (AST) are useful for determining the degradation mechanisms
associated with a process, as well as the impact of various working conditions on those
mechanisms. The main stressing phenomena in electrolysers are typically achieved by
employing dynamic load operation using intensive cycling or steady-state operation at high
current densities [41, 42]. The EU has developed protocols for testing of low temperature water
electrolysis. In these protocols are present the reference conditions for single-cell and short
stack testing, as well as protocols for accelerated stress testing [43]. ABmannet al. [44] have
also suggested an AST protocol divided into three sections: nominal current density operation,
high current density operation, and load cycling between nominal and full load. Load cycling
operation is of particular interest because it mimics current fluctuations which may occur when

an electrolyser is directly coupled to renewable energy sources.

In PEM electrolysis, degradation occurs mainly at both catalyst layer level, especially at the
anode compartment, and at the membrane. At the catalyst layer level, there is evidence of
iridium dissolution in water, at potentials above 1.8V, which has a negative impact on the
electrolyser performance, particularly when the MEA comprises low catalyst loadings (below
0.2mgcm’?) [42]. Catalyst particles also suffer agglomeration, due to Ostwald ripening,
reprecipitation and coalescence, especially when working at high potentials (2V); this constant
deposition and redissolution of the catalyst particles can promote catalyst porosity and activity,
but it can also lead to detachment of the catalyst [22]. This effect is enhanced when working
under intensive load cycling for long periods of time with fast ramp up and ramp down
potential/current scans, and it may be attributed to a non-equilibrated process in the catalyst
layer [45].

At the membrane level, the main concern in terms of degradation is poisoning by metallic

cations, such as sodium (Na*), lithium (Li*), calcium (Ca*"), coper (Cu?*), nickel (Ni**) and iron
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(Fe*) in PEMWE. These ions firstly dissolve and permeate through the membrane and then
settle in its ion exchange sites, due to the higher affinity of the sulfonic groups to the cationic
metals than to protons. These metallic ions may also deposit in the catalyst layer at the cathode
- under potential deposition - and block active sites, lowering the activity of the catalyst at
both PEM and AEM level. Also, when working with Nafion membranes, several authors detected
the presence of fluoride ions in the exhaustion of the cell, suggesting the backbone polymer is
degraded [22]. In AEMWE, quaternized polystyrene membranes have low stability in high
alkaline environment. Besides, during OER, hydroxyl and hydroperoxyl radicals may be formed

and trigger the degradation of the polymeric membrane.

The bipolar plate, which is normally composed of titanium, may suffer passivation, which in
turns leads to a higher contact resistance. Besides, titanium particles may also deposit in the

membrane, in the same mechanism described above for other metallic ions.

2.2 Hydrogen production using non-pure water feed

2.2.1 Hz production coupled with water treatment systems

Several methods for hydrogen production coupled with wastewater treatment systems have
been investigated. These hydrogen production methods can be classified as biological,
electrical, electrochemical, photonic, and thermal. At the moment, the most promising
processes seem to be dark fermentation, photo-fermentation and microbial electrolysis [46].
All these methods have the disadvantage of requiring pre-treatment of the wastewaters,
specific for each wastewater and method used, to remove contaminants that may be toxic to
the microorganisms (such as heavy metals) and the growth of other microorganisms, that
compete for the substrate and generate undesired secondary products. In addition, the
efficiency of this processes in terms of hydrogen production is very low and, therefore, these

are unsustainable methods of hydrogen production from wastewater.

The use of conventional electrolysis cells for wastewater treatment has also been studied, in
which the contaminant is oxidized on the anode side, with an appropriate catalyst, and
hydrogen is produced on the cathode side. Huet al. [47] used this method to oxidize solutions
of ammonia, urea, and hydrazine. This method is still at lab scale, and, since specific potential
conditions, as well as specific catalysts must be employed for each type of contaminant, the

scalability of the process is difficult and requires further developments.
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2.2.2 Seawater electrolysis

The hypothesis of using low-grade water, namely seawater, as feed in electrolysis has been
studied over the years, due to its abundance. The chemical composition of seawater varies with
its location, but regularly the main impurities are chlorine, sodium, magnesium and
sulphur [48].

The competition between the oxidation of oxygen (OER) and chlorine (chlorine evolution
reaction - CER) in PEM electrolysis is one of the main concerns in seawater electrolysis. Although
the OER is thermodynamically favoured in acidic conditions, as shown in the Pourbaix diagram
in Figure 2.3, the CER is kinetically favoured, since solely 2 electrons are involved in detriment
of the 4 electrons required for the OER; therefore, both reactions overlap. Nonetheless, the
production of chlorine gas (Cl;) may lead to degradation in the cell [8]. There are other
impurities for which the same might ensue, such as bromine, but since the bromine
concentration in seawater is lower and the bromine evolution reaction kinetics’ are slower, due
to the transfer of 4 electrons, the concern with these is inferior. At a higher pH (above 7.5),
the potential difference between the OER and CER is high enough (about 0.480V versus 0.210V

at pH = 1) so that the parasitic reaction CER effect is minimal and, thus, the OER is the main

reaction.
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Figure 2.3 - Pourbaix diagram of an aqueous saline

electrolyte [8].

In alkaline media (pH >9.5), the production of insoluble precipitates may happen at the cathode
side, such as magnesium and calcium hydroxides, which may deposit in the catalyst active sites,
creating a passive layer, whilst blocking the diffusion of water and reactants and increasing

contact resistance [48].

Another parameter that must be considered refers to the presence of several microorganisms,
which contribute to biofouling of the membranes used for electrolysis, similarly to the

degradation mechanisms happening in nanofiltration/reverse osmosis membranes during
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desalination. Despite, to the best of the author’s knowledge, there are no studies that go in

depth into this subject.

All these limitations suggest that, although solutions for the problems mentioned above are
being studied, direct seawater electrolysis is not yet suitable for industrial applications. Several
techno-economic studies suggest that it is economically beneficial to couple advanced filtration
steps, e.g. reverse osmosis, with an electrolysis unit rather than using direct seawater
electrolysis [49, 50]. So far, very little attention has been paid to the role of different advanced
water treatment processes in the consequent electrolyser performance and thus hydrogen
production. Each type of water source, whether municipal or industrial wastewater or
seawater, requires different processing steps, and the optimization of a water purification plant

and its economic analysis must be investigated.

2.3 Water Treatment

Contrarily to pure freshwater, industrial or municipal wastewaters or seawater may possess
emerging pollutants and hard-to-remove molecules that condemn the long-term operation of
water electrolysers. Thereafter, the main challenge for the incorporation of these alternative
water sources for green-hydrogen production will be thus to apply the correct water treatment

technology to remove them before feeding the water to the electrolyser.

Municipal or industrial wastewater must be submitted to water treatment processes prior to
being delivered back into the environment or before reusing it. The purification treatment used
is determined by the quality of the affluent wastewater and the end goal for its use. The
requirements for water discharge into the environment are defined by Portuguese law -
Decreto-Lei n.0 152/97. Most of the treated water in wastewater treatment plants (WWTP) is
discarded to the environment; actually, in Portugal, only 1.2% of water treated on WWTPs is
reused. Attending to the intense droughts lived in Iberian countries, proposing the reuse of
industrial and municipal wastewaters as potential water sources for other water-intensive
processes, namely green hydrogen production is of great interest. Moreover, there are already
great examples of success in wastewater reuse. For example, in the NEWater project [52], in
Singapore, after conventional water treatment processes, water goes through a series of
filtration processes, from microfiltration to reverse osmosis, and an ultimate disinfection,

resulting in high-grade water, suitable for industrial applications.
2.3.1 Conventional Wastewater Treatment

Water is typically treated in several stages at a wastewater treatment plant (WWTP) - Figure

2.4. In a preliminary stage, coarse solid particles and grease, which may cause operating issues
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later, are removed through screening (steps 1 and 2). A mass fraction of about 50 % of the total
pollutants are removed at this stage. In the primary treatment (step 3), most suspended solids
and organic matter are removed from the wastewater. These steps are typically accomplished
through flotation, in which the particles rise to the top of a tank with compressed air, and then
are collected, or through mixing and flocculation followed by sedimentation. In the second
process, a flocculant (usually a metallic salt) is added to the wastewater and the particles
aggregate with the metallic ion due to electrostatic forces; the agglomerates are then

separated through flocculent particle settling sedimentation. The secondary treatment (steps

Figure 2.4 - Diagram of a wastewater treatment plant; 1) lifting station; 2)

preliminary treatment; 3) primary setting basins; 4) bioreactors; 5)
secondary clarifiers; 6) chlorine disinfection (adapted from [5]).
4 and 5) is typically a biochemical treatment, in which biodegradable organic matter, measured
as biochemical oxygen demand, in solution or suspension is removed, as well as other nutrients.
In this process, depending on the technology, either aerobic or anaerobic microorganisms are
used to consume the organic matter. The wastewater is then separated into clarified water and
sludge through sedimentation [53]. The final step in the wastewater treatment plant is
disinfection by chlorination, ozonation or UV light (step 6), which aims to remove any

pathogenic microorganisms and make the water safe to discharge.

Regarding industrial wastewater, prior to being sent to a WWTP, a preliminary treatment must
be accomplished to remove specific organic compounds and heavy metals, which in turn might
be difficult and costly to treat by conventional wastewater treatment processes. Furthermore,
after treatment, some industrial facilities may reuse wastewater, reducing the utilization of
this resource and lowering the water footprint [54]. For industries that consume hydrogen, it
could be economically advantageous to treat and purify the produced wastewater in the plant,
for subsequent hydrogen production through the treated water electrolysis. However, for
obtaining water that can be fed into electrolysers, further, advanced treatment is required.
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2.3.2 Advanced Water Treatment systems

Typically, advanced water treatment solutions are required to produce ultrapure water for
industrial applications; the quality of water must obey to certain requisites for hydrogen
production through water electrolysis, namely in resistivity terms (18.2 MQcm). The sequence
of tertiary treatment steps to be considered varies depending on the water quality
requirements for a certain application; however, a set of filtration steps, including
ultrafiltration, nanofiltration and reverse osmosis are generally employed, with intermediate
disinfection. These technologies encompass a membrane process to allow the separation of
salts and minerals, micro-pollutants, and other suspended solids (reject stream or brine stream)
from the purified water or permeate stream. In fact, reverse osmosis (RO) has emerged as the
most promising technique for producing freshwater, having already attained a worldwide
installed capacity of 95 million m? of freshwater per day [55]. Nevertheless, 50% of the total
costs associated with reverse osmosis plants are related to energy costs, due to the required
high operating pressures. On the other hand, reverse osmosis is particularly attractive when
the system is entirely and efficiently integrated with renewable energy sources, especially solar
energy. Solar energy is considered to be the cheapest and most abundant energy source, having
registered a cost reduction of about 90% in the last decade [6]; thus, enabling the use of these
filtration processes considering both the environmental and the economic aspects are
indispensable. In these steps, water is pumped through membranes with several pore sizes,
depending on the filtration type; generally, 0.1 um for ultrafiltration and 0.1 nm for reverse

0SmMosis.

Still, there are other alternatives for purifying water before feeding it into the hydrogen-
producing devices. lon exchange (IX) [56] resins are of particular interest due to their efficiency
in the removal of trace metal ions from water. They normally consist of a styrene
divinylbenzene copolymer and ion exchange group, that either possess acidic or alkaline
properties, strong or weak, which are responsible for their cation exchange or anion exchange
behaviour, respectively. Complexing groups are connected to mobile ions (H" or OH’) that,
during the process, are exchanged for the ions present in the affluent water - Figure 2.4. lon
exchange is a stoichiometric and reversible process. The selectivity and ion exchange rate of
the resin for a specific ion is controlled by the selectivity coefficient (K), given by equation
(12). B represents the mobile ion (H* or OH’), which is present in the resin and A represent
impurity ions in solution. A higher selectivity coefficient corresponds to a higher removal

capacity, but also to a less efficient generation [57].

K = CB,resin ' CA,solution (12)

CA,resin ' CB,solution
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Figure 2.5 - Mechanism of ion exchange in strong acid (above) and

alkaline (below) resins (extracted from [3]).

lon exchange resins are often found inside a bed or a column through which the solution to be
treated travels. lons in solution generate bonds with ions in the resin's complexing group, until
the resin is saturated, that is, until there are no more complexing groups available for bonding
with the solution’s ions and therefore there is no room to increase mass transfer. Thus, the
resin must be regenerated using typically strong alkaline (sodium hydroxide - NaOH) or acidic

solutions (sulphuric acid - H,S0s) to replace the impurity ions with H" and OH™ [57].

A common type of specialty resin are chelating resins. These resins are highly selective, and
their affinity to a certain ion depends mainly on the chelating group. Though, the exchange
process is slow and controlled by particle diffusion mechanisms [58]. This type of separation
could be especially interesting if coupled with electrolysis considering a recycling step for the
cell’s exhausted water, since during long-term operation some metals may be leached out from
the catalyst layers (such as iridium, platinum, or iron), as well as other impurities from the

membrane or the PTL.

Overall, and comparing to advanced filtration technologies, such as RO, ion exchange resins
are a reliable, proven technology for wastewater treatment; they have low power
requirements, which results in lower operational costs in comparison to RO and lower CO;
emissions and do not require water pre-treatment. Besides, the amount of water wasted in the
process is lower (5% - 10% for IX versus 20% - 30% for RO) [59]. However, it is necessary the
use of concentrated acidic and/or alkaline solutions for the regeneration of the resin, which

must then be discarded.

State of the Art 17



Recycling of industrial and urban wastewater for green hydrogen production using PEM and AEM water electrolysis

These advanced water treatments are usually used for the production of industrial grade water
from freshwater. However, they have not yet been tested for the production of pure water

from treated wastewater, to be used as reactant in an electrolysis installation.
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3 Materials and Methods

3.1 MEA Preparation

To prepare the membrane electrode assembly (MEA) for single-cell tests, several catalysts
coated membranes (CCMs) and catalyst coated substrates (CCSs) were prepared using automatic
spray deposition at a benchtop dispenser equipped with a robot FISNAIR F4300N. Since catalysts
synthesis falls outside the scope of this work, commercial catalysts were used to prepare the
MEAs, consisting namely of a platinum mass fraction of 40% supported on Ketjenback EC 300
(Pt/C) as cathodic catalyst and IrO, powder to serve as anodic catalyst, both from Premetek
Co.

3.1.1 Membranes Studied

Nafion® 115 and Nafion® 212 (Quintech) membranes were used for PEM electrolysis. These
membranes are composed of a polytetrafluoroethylene (PTFE) backbone, which ensures
mechanical and thermal stability, and by perfluorosulfonic acid (PFSA) as the proton exchange
agent. These membranes are conditioned in the PEM cell, for 2 hours in ultrapure water at 1.8

V, for ensuring membrane hydration and and proper adaptation to the cell’s conditions.

Fumasep® FAA-3-PK-130 (fumatech), Eurodia neosepta amx fg (Eurodia) and Sustainion X37-50
grade RT (Dioxide Materials) were used for AEM electrolysis. Studying the potential of the two
latter is of particular interest since they are new in the market and these specific Sustainion
membranes show great performance and stability; nevertheless, there is not much information
available on their composition. For Eurodia membranes, as per the manufacturer’s
recommendation, the operating temperature must not exceed 60°C for ensuring the
membranes stability. On the other hand, Sustainion membranes have revealed the best results
in the literature for AEM electrolysis and unveil a maximum working temperature of 80 °C, at
which they present a conductivity of 140 pScm™ in 1 MKOH [60].

3.1.2 Spraying Method

A catalyst ink was prepared by dispersing the catalyst powder in a water (Millipore) to
isopropanol (VWR chemicals) 1:1 (V/V) solution, ensuring a total solids mass fraction of 0.4%
The ratio between ionomer content and the total solids was set to 20%, in mass. The loading

of deposited catalyst was measured by mass difference obtained before and after deposition.

Considering PEM electrolysis, a Nafion solution with a mass fraction of 5% (DuPont) solution was
used as ionomer and the catalyst was directly deposited onto the membrane (resulting in a
CCM) by spray deposition at 100 °C. After deposition on both sides, the membrane was hot-

pressed for 5minutes at 110 °C and 5 bar to stabilize both catalyst layers.
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On the other hand, AEM membranes were firstly subjected to a pre-treatment, in which they
were be kept in 1 MKOH solution for a minimum of 24 h to convert the membrane into the OH"
form. According to the manufacturer’s instructions, the membranes must not be dried after
the pre-treatment, because there is a strong risk of damaging the polymer backbone of the
membrane. Therefore, for AEM single-cell tests, the CCS method was considered. Thus, at the
anode side, a commercial hydrophilic GDE (ion powder, 0.4 mgp:cm?) was used at the anode
side, IrO, catalyst ink was sprayed at 50 °C onto a copper foil (MTlcorp USA), used for improving
water and gases mass transport, while being resistant to anodic potentials. The prepared ink
had a solid mass fraction of 0.4%, and the ionomer used was Sustainion XB-7 5% (Dioxide

Materials).

3.2 Electrolysis test bench

The electrolysis unit used consists of a 2-litter borosilicate tank, where water is heated to the
working temperature of the cell, in a heating bath circulator, Julabo F25-MC. The bath is
insulated to prevent water losses through evaporation. The water is then pumped to the cell
by a peristaltic pump ISMATEC REGLO iCC, where the water flow can be controlled. The tubes
are made of Perfluoroalkoxy alkane (PFA, Swagelok) and Polyuretane (Festo) and therefore can
withstand the operating temperature of the circulating water. To maintain electrolysis working
temperature, the single cell is placed in a Memmert UF 55 oven. The gas-saturated water that
exits the electrolyser is sent to borosilicate glass closed vials which act as liquid-gas separators;
the produced gases - H, and O; - are thus, sent to exhaustion, whereas the water is recycled
for decreasing the overall water consumption. In some circumstances, water circulated through
an column (with 20cm height and 6 cm diameter) with an ion exchange resin Amberlite IRN150
before returning to the tank, in order to study the removal of contaminants from water
exhausted from the cell. Figure 2.1 depicts the installation scheme, and Appendix A contains

some images of the installation.

The electrolysis cell used (Quintech) had an active area of 5cm?. Figure 2.2 includes a diagram
of the constructed cell as well as a breakdown of its various parts. The bipolar plates (a) were
composed of bulk titanium, to prevent corrosion. The silicon-based gaskets (b), as well as
titanium PTLs (c) were supplied with the cell. On the cathode side, carbon paper (f)
SpectraCarb (Fuel Cell Store) was used as an additional diffusion layer; on the cathode side,
for AEM membranes, copper foil (d) (MTIcorp USA) is used as a CCS. These components were

sandwiched together, with the membrane (e), which was placed in the middle.
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Figure 3.2 - Sketch of the electrolysis unit. 1) Feed tank; 2) On/off valve; 3)
Peristaltic pump; 4) Electrolysis cell; 5) gas/liquid separator; 6) mixing valve; 7)

3-way mixing valve; 8) lonic exchange resin column

b)

Figure 3.1 - a) Image of the assembled electrolysis cell; b) scheme of the cell
assembly, with a) Bipolar plate, b) Gasket, c) Titanium PTL, d) copper CCS, e)

membrane, f) carbon paper diffusion layer.
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3.3 Filtration Unit Installation

A filtration unit installation was developed with the intent of further purifying wastewater. The
installation consisted of a feed tank (1), a rententate tank (6) and a permeate tank (7). Water
was fed into the Osmonics’ high pressure RO cell (5) through a high-pressure pump. The pressure
is measured and regulated through a pressure gauge (3) and a valve (4.a), respectively. The
flow of retentate and, by consequence, of the permeate is controlled through valve (4.b).

Images of the installation are present in appendix A.

4.a) /

Figure 3.3 - Sketch of the filtration unit. 1) Feed tank; 2) Pump; 3)
Manometer; 4) Valve; 5) Filtration module; 6) Retentate tank; 7)

Permeate tank.

3.4 Electrochemical Characterization

3.4.1 Polarization Curve

All electrochemical characterization tests were performed using an Autolab PGSTAT204
potentiostat/galvanostat, equiped with a Booster of 10 A. Potential was measured at different
values of applied current. The current varied between 0 A and the limiting current that ensures
the cell stability, typically 6 A. Smaller increments of 0.10A were made at lower currents
between OA and 1A, and then larger steps of 0.25A were considered between 1A and the
limiting current. For each applied current, the dwell time was 30s, for attaining the steady-
state, and a potential value was retrieved at every 2 seconds. Solely the average of potential
values measured at the last 10s at each current step were considered to obtain the polarization

curves, in order to achieve steady state.
3.4.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) was used for collecting information on the
activation, ohmic and mass transport resistances on the cell. EIS was performed in galvanostatic
mode, for 0.2A, 1A, 2A and 4 A, considering frequencies ranging from 2500 Hz to 100 mHz. The
amplitude of the perturbation was set up to 8% of the current at which the test was performed.

Each test was preceded by a conditioning period of 20s.
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3.4.3 Accelerated Stress Test

The accelerated stress tests (AST) were carried out to assess the degradation mechanisms
occurring in the electrolysis cell over a long period of use, especially when using purified
wastewater and seawater. The AST consisted of cycling the potential between 1.5V and 2.5V,
with step times of about 1 min, for 15 hours. This AST is based on known high stressors for the

membrane, like high potential difference, and square-type cycling potentials [43, 44].
3.4.4 Water characterization

Conductivity (o), resistivity (p) and total solid content (TDS) in the wastewaters tested were

measured by the conductivity meter pHenomenal (VWR).

Other water parameters were analyzed elsewhere. These parameters are: conductivity,
chemical oxygen demand, biological oxygen demand, total nitrogen, nitrate, nitrite, sodium,
potassium, iron, nickel, copper, magnesium, lead, calcium, zinc, sulfate and chlorite

concentration.

The conductivity measured by the conductivity meter and measured elsewhere were consistent.

3.5 Physical Characterization

3.5.1 Fourier-Transform Infrared Spectroscopy

Fourier-Transform Infrared (FTIR) Spectroscopy was performed by a Bruker VERTEX70 apparatus
in the 400cm™ - 4000cm™ range at room temperature using air as sweep gas at 8 mlmin™ to
analyse the composition of the different membranes used. Furthermore, it was used to analyse

the presence of impurities in the tested wastewaters.
3.5.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed by thermal analyser STA 449 F3 Jupiter
(NETZSCH). The analysis was made from 20 °C to 900 °C, with a heating ramp of 5°Cmin™,
under oxygen flow. The main objective was to understand thermal stability and the amount of

volatile material present on the tested membranes.
3.5.3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) makes use of an electron beam for scanning a sample and
to produce a magnified image (in the micron range). SEM was used to examine the morphology
of the catalyst layer and analyse its thickness, as well as the membrane’s, using a field emission
scanning electron microscope (PhenomPro XL). SEM images were obtained at different

magnifications (up to 12500x) to decipher features at the nanoscale.
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4 Results and discussion

4.1 Preparation of membrane electrode assemblies

Initially, both catalyst coated membranes (CCMs) and catalyst coated substrates (CCSs) were
prepared using an automatic spray device. For both PEM and AEM water electrolysis, the
catalysts used were IrO; for the anode side (OER) and platinum supported on carbon with a
mass fraction of 40% of platinum, for the cathode side (HER). Loadings of 0.30 +0.05 mgp: cm™
for the cathode side and 0.50 +0.05mg,cm™ for the anode were obtained. An example of a

prepared CCM is represented in figure 4.1.

|
f%b
|

Figure 4.1 - Figure of a catalyst coated membrane with IrO; as anode and

Pt/ C as cathode, with 0.50mg;;cm™ and 0.26 mge:cm’?, respectively.

4.2 Assessment of operating conditions for the water electrolysis test

station

The main objective of the assembled test station, depicted in Figure 3.2 and in appendix A, is
to mimic the operation of an industrial installation. It was thus necessary, and before running
any characterization experiments, to unveil the most suitable operating conditions for the 25W
water electrolysis test station. The studied variables include temperature, inlet water flow rate
at the anode and cathode and liquid electrolyte concentration. As the energy needed for the
reaction varies with temperature, thermoneutral potential was calculated - appendix C;
thermoneutral potential does not change significantly with the temperature: it has a value of
1.475V at 60°C and 1.474V at 70°C. The following subsections provide insights on the
electrochemical evidence which underpin the most proper operating conditions for the used

single-cell test bench, which are similar to that of a typical electrolyser plant.
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4.2.1 Proton Exchange Membrane Water Electrolysis (PEMWE)

Ultrapure water (Millipore), with a resistivity of 201 kQ cm at 23 °C, was fed to the PEM water
electrolyser. Usually, water electrolysis occurs above 50 °C in order to reduce cell overall
impedance and below 90 °C, to maintain the material’s, mainly membrane’s and ionomer’s,
chemical and mechanical integrity [23]. Two Nafion membranes, Nafion 115 and Nafion 212
were tested, and their performances were similar - appendix F. In this regard, the following

tests were performed with a Nafion 115 membrane.

The cell was firstly tested, by feeding a water flow rate of 30mlmin™ (ca. 536 times the
stoichiometric flow, calculated in appendix D) to both electrodes at 60 °C and 70 °C. From the
analysis of the polarization curve, shown in Figure 4.2, it can be concluded that the cell reaches
the highest performance at higher temperatures, specifically at 70 °C. From the analysis of the
Nyquist plot (Figure 4.2 b) the overall charge transfer resistance is similar for both cell
assemblies; nevertheless, the ohmic resistance, associated mainly to the membrane and
ionomer, decreases with raising temperatures. This finding is consistent with that of Silvaet al.
[61], who measured the conductivity of Nafion membranes and related it with their thickness
and operating temperatures. Besides, at both temperatures, the resistance associated with the
cathodic reaction is negligible compared to the resistance of the anodic reaction, evidenced by

the single visible contribution in the Nyquist plot, as expected, attributed to OER.
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Figure 4.2 - a) Polarization curve and b) Nyquist plot at 0.04 A cm™ for
different temperatures, for a Nafion 115 membrane, with a pure water

feed flow rate of 30 ml min™.
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The performance of the electrolysis cell was then tested for different feed water flow rates,
The stoichiometric flow of water, for a cell operating at a current density of 2Acm?, is
0.056 mlmin™ (appendix D). Several water flow rates were tested, at 70 °C, from 5 times the
stoichiometric flow (0.28mlmin") to ca. 500-fold higher the stoichiometric flow

(30.00mlmin™). The results are displayed in Figure 4.3.

The optimal water feed flow rate to each electrode was considered to be 5.60 mlmin™', which
corresponds to ca. 100-fold the stoichiometric flow. It was considered that most of the water
fed to the anode side of the cell served as reactant to the OER, whilst the water supplied to
the cathode served mainly as a drag fluid to aid on the exhaustion of the hydrogen gas. The
reasons for such a high reactant demand are mainly the pressure drop associated with internal
friction of the fluid (viscosity) and friction between fluid and walls of the tubes and other
connections in in the hydraulic circuit, depending on their length, and material type
(roughness); therefore it is expected that the flow rate reaching the cell will be smaller than
the one imposed at the pump. Besides, the water is not only important as reactant for the
electrolysis reactions, but also to keep the membrane hydrated, which boosts the ionic
conductivity by enabling the proper solvation of protons that are transported through the

membrane from the anode towards the cathode. These findings contradict the current trend

on techno-economic studies [49, 62], in which it is commonly assumed that just 9 kg of water

(the stoichiometric amount) is required to produce 1kg of hydrogen.
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Figure 4.3 - Polarization curve for different water feed rates at both the anode and the
cathode a) above the optimal feed flow rate and b) below, for a Nafion 115 membrane in an

electrolysis cell working at 70 °C

In the activation region (until 0.04 Acm™), the amount of water required for the reactions to

occur is minimal, and thus there is not an effect on efficiency loss due to starvation of reactant
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since water is fed in surplus. In this region, the efficiency is dependent mainly on kinetic
properties of the catalysts that perform both the OER and HER.

At the ohmic region (starting from 0.04 Acm?), varying flow rate of fed water begin to influence
the cell potential difference. For lower water flow rates, even if higher than the stoichiometric
flow, (e.g. at 0.28mlmin™, Figure 4.3.b), the proper hydration of the membrane may be
compromised, leading to local drying, preferential paths and hot spots in the electrolysis
membrane [63], which results in higher ohmic resistances, as can be observed in Figure 4.3.b).
In fact, it was possible to observe this phenomenon when SEM analysis was carried out on
catalyst coated Nafion membranes on the anode side (Figure 4.4), in which it is possible to
discern various preferential paths in the uneven catalyst layer. These findings are consistent
with those observed in previous works, where CCMs were tested in electrolysers under similar

operating conditions and preferential paths in the catalyst layer are also reported [64, 65].

These preferential paths may explain the overpotential jump observed at greater current
densities, around 0.20Acm™ in the polarization curve from Figure 4.3.b), as it gets steeper as

the water flow rate decreases, and thus, there is shortage of water.

Figure 4.4 - SEM images of the anode side of a catalyst (IrO;) coated Nafion membrane from

a) top view and b) cross section.

On the other hand, at higher water feed flow rates (above 10mlmin™), the ohmic resistance
increases, as seen in Figure 3.3.a); this may happen since the flow of inlet water is opposite to
the gas exhaustion direction (H; and O;), and thus an increase in water flow may prevent gas

bubbles from leaving the catalyst layer and entering the flow channel.
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Different water feed methods were also screened: water feeding to the anode side of the
electrolysis cell, to the cathode side and to both the anode and cathode. The polarization

curves obtained are represented in Figure 4.5.
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Figure 4.5 - Polarization curves for different circulation methods at the PEMWE cell

with a Nafion 115 membrane, working at 70 °C and a feed flow of 5.60mlmin’.

The activation overpotential region (up to ca. 0.10Acm™), Figure 4.5, is similar for all the
systems, varying negligibly if the water is solely supplied to the anode, cathode or to both sides
or even with varying flow rate, as seen previously - Figure 4.3. However, the same trend is not
observed at higher current densities. When water is fed solely to the anode side, the cell
efficiency is very similar to that of when water that is fed to both sides simultaneously.
However, at the concentration overpotential region (> 1.00 Acm™), the performance is slightly
enhanced when the water is solely fed to the anode, which suggests that the water fed to the
cathode side serves not only to enable exhausting the product (H;) but it is also transported
from the cathode to the anode by diffusion mechanisms (due to concentration difference, since
the water fed to the anode is consumed), causing additional water-gas management difficulties
[35]. When water is fed only to the cathode side, while low current (below 0.40Acm?) is
applied, the potential is lower than expected and thus the performance appears to be
enhanced. This indicates that diffusion is an efficient mechanism to transport water from the
cathode to the anode, where the OER (limiting reaction in which water is consumed) takes
place, at lower currents, while ensuring fully hydration of the membrane. Operating the PEM
water electrolysis cell at higher currents, though, while supplying the cell via the cathode side
is ineffective since the concentration of water molecules at the anode catalyst surface becomes

insufficient, since the diffusion of water through the membrane becomes the limiting step. This
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way, there is a steep decrease in the cell’s efficiency, demonstrated as an increase in potential

from 0.60Acm? in the polarization curve for the cathode feed, in Figure 4.5.

For the best conditions considered, that is, 5.60mlmin™ of ultrapure water fed to the anode,
and a working temperature of 70 °C, it was obtained a current density of 0.18 Acm? at 1.8 V.
Garcia-Valverde, Espinosa [33] obtained, for the same temperature and potential, a current
density of 1.20Acm™.

An accelerated stress test (AST), consisting of 15 hours of cycling between 1.5V and 2.5V was

performed. Figure 4.6 shows the polarization curves obtained before and after the AST.

There is no visible degradation after 15h of continuous operation (Figure 4.6). In fact, the
performance increases slightly in the activation region (ca. 29% at 2V), probably due to the
rearrangement of the catalytic layer through Ostwald ripening, reprecipitation and
coalescence, and the increase in porosity, that may have a positive effect on the availability

of active sites, which increase in number [66].
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Figure 4.6 - Polarization curves obtained before and after a 15h AST,
for a Nafion 115 membrane in an electrolysis cell working at 70 °C,

for a water feed flow rate of 5.60mlmin’’ to the anode.

4.2.2 Anion Exchange Membrane Water Electrolysis (AEMWE)

A similar approach was followed for screening the best operating conditions when using a
AEMWE cell. Several solid electrolytes, of different chemical compositions, were tested,
namely Eurodia neosepta amx fg (Eurodia), fumasep® FAA-3-PK-130 (fumatech) and Sustainion

(Dioxide Materials) membranes (see appendix B and E for FTIR and TG analysis). Additional
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information on the performance of the electrolysis cell for each membrane is detailed in

appendix G.

Since AEMs have low electrical conductivity, typically an alkaline solution is supplied to the
cell. Thereafter, the effect of electrolyte concentration on the cell performance was studied
using, firstly Eurodia membranes. In this study, a KOH solution was used as an electrolyte, as
it is the best liquid electrolyte reported in literature to date, due to its high conductivity,
compared to other electrolyte solutions, such as sodium hydroxide (NaOH) and potassium
bicarbonate (KHCOs) [67, 68]. Different concentrations (0.2 M and 0.5M) were studied in terms
of cell performance and their effects on system degradation upon long-term operation
(Figure 4.7).

The tests performed indicate that a higher concentration of electrolyte leads to a better
performance of the cell (Figure 4.7.a), mainly by enhancing membrane conductivity (about an
81% increment in current density at 2V, for an electrolyte concentration of 0.5M, in comparison

to that of 0.2M) and, therefore, decreasing the ohmic resistance.

However, potassium ions can react with dissolved CO,, leading to the formation of potassium
carbonate, which can be deposited at the active sites of the catalyst, leading to activity loss.
Furthermore, the membrane may lose its ionic conductivity over time, leading to a higher ohmic
resistance [67]; this can be observed in the polarization curves and Nyquist plots before and
after the 15-hour AST - appendix G. The mentioned contributions, in Chapter 2.1.6, are
responsible for a faster degradation on the cell performance when a higher electrolyte
concentration is used - Figure 4.7.b). Besides, from the exhausted water analysis, when it is
fed to the electrolysis cell working with an Eurodia membrane, the content of carbon is quite

high (671.5mgL™"), which indicates that the carbon paper has degraded along the stress test.
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Figure 4.7 - a) Polarization curve for Eurodia membranes operating in an electrolysis cell at
50 °C for different liquid electrolyte concentration; b) Degradation ratio measured at 2.5V

after performing an AST for 15h.
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As a result, it was decided that subsequent tests with AEM membranes would be performed
with an electrolyte concentration of 0.2 M. For subsequent tests, a Sustainion membrane was
used due to its outstanding performance when compared with Eurodia or fumasep membranes

- appendix G.

The performance of the AEMWE was investigated by varying the electrolyte feed flow rate and
the feeding method when both Sustainion membranes and ionomer were employed, at 60 °C
and while using a 0.2 M liquid KOH electrolyte, as seen in Figure 4.8. Similarly to PEM water
electrolysis, the best feed flow rate is 5.60 mlmin™'. Contrarily to what happens in PEMWE, the
best performance in not obtained when water is fed to the electrode where water spilling

occurs (the cathode in the case of AEM), but rather when water is fed to the anode.
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Figure 4.8 - a) Polarization curve for different electrolyte (0.2 MKOH) feed flow rate and b)
different feed method with a feed flow rate of 5.60mlmin’ to an electrolysis cell working

with a Sustainion membrane at 60 °C.

Upon achieving the optimal operating conditions, namely a feed flow rate of 5.60 ml min™' to
the anode, using a 0.2 MKOH solution at 60 °C, an AST, consisting of potential cycling between
1.5V and 2.5V during 15 hours, was performed. The performance decay was practically
negligible after performing the cycling steps (ca. 15% at 2V), until it short-circuited at around

10 hours of continuous operation under stress conditions.

Sustainion membranes are, at the moment, the highest performing AEMs reported in the
literature. These membranes present an area specific resistance (ASR) of 0.045Qcm? and a
conductivity of 115uScm™ at 60 °C in 1 MKOH, due to its imidazolium functional groups, which
improve its ion exchange capacity [60]. Pushkareva, Pushkarev [65] compared three different
membranes (Sustainion, AEMION and A-201) and discovered that, for the same operating
conditions, Sustainion membranes unveil the highest performance. Besides, Moteallehet al. [69]
studied the membranes stability over periods of 11 000 hours at a steady current density of
1Acm?, for an electrolyte (KOH) concentration of 1M, and reported a minimal degradation of

8mV in that time period. However, in this work, some limitations in the use of this membrane
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for water electrolysis were found. Firstly, the membrane is extremely sensitive to higher cell
potential differences; when potentials above 2.5V are applied, the membrane short-circuits
instantly. Secondly, this study has been unable to demonstrate the membrane’s stability as
showed in Motealleh, Liu [69] study, which may be linked to the nature of the degradation
tests, which were of steady current in the case of Motealleh’s study, but of cycling potential in
this work. Overall, it seems that these membranes may be suitable for assembly in electrolysers
which mostly operate under constant power conditions but, for electrolysers operating at
varying potentials, as it may the case of ones connected to renewable, intermittent, energy

sources (e.g. photovoltaic panels), these membranes may not be the most appropriate.

4.3 Wastewater Characterization

Three different wastewaters, two of them from municipal water treatment facilities (Arcos de
Valdevez and Ave) and one from an industrial wastewater treatment plant (CIN) were tested as
feed for both PEM and AEM electrolysers. Despite being treated in a municipal WWTP, Ave
wastewater contains some textile industry effluent, which influences its composition. The

results of the characterization made can be found in annex N.

Overall, all three wastewaters present high chemical oxygen demand and biological oxygen
demand, which indicate the presence of biological matter and microorganisms, respectively.
Besides, all show high content (above 100mg L") of sodium and chloride. FTIR analysis was also
performed on all three wastewaters (appendix H), and, in comparison to an ultrapure water
spectrum, some activity, namely between ca. 1000cm™ and 1500 cm™ could be detected. This
zone is characteristic of C-N, C-O, N-O and S-O bounds. The intensity of the transmittance
spectra was higher for Arcos de Valdevez wastewater which is the one with a higher carbon and

sulfate content.

Comparing the two municipal wastewaters, both with secondary treatment at the WWTP, there
are considerable differences in the parameters studied. Overall, Arcos de Valdevez wastewater
had a higher content in pollutants, namely in organic matter, potassium, calcium, and sulfates.
The parameters from CIN industrial wastewater are comparable with the ones from both
municipal wastewaters, with exception of the concentration of organic carbon and magnesium,

that are about 10-fold higher than on the municipal wastewaters.

Among the considered pollutants, according to the potential (vs. SHE - Standard Hydrogen
Electrode) at which their oxidation occurs (annex N), only chlorine is susceptible to oxidation
(in an acidic environment). However, other impurities, such as sodium, calcium, copper, and
iron may poison the membrane and catalyst layer. Besides, the high amount of organic matter
may lead to fouling of the membrane and of the PTL, in a similar manner to what happens in

RO membranes.
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4.4 Performance and stability of PEM and AEM electrolysers using feed

waters of several origins

4.4.1 Salt water (seawater)

In order to test the influence of a known contaminant, the electrolysis of a solution of 25 mgL™
of sodium chloride (NaCl) was studied. This value is on par with the concentration of salts in
the effluent of a tertiary water treatment when ultrafiltration and reverse osmosis are
employed. The conductivity (o), resistivity (p), and total dissolved solid content (TDS) of the

fed water are presented in table 4.1.
PEMWE

Comparing the polarization curves of electrolysis of pure water and of the NaCl solution,
represented in figure 4.9.a), it is observed that the activation region is different for each curve,
which may indicate the presence of parasitic reactions, or that the Na* ion, present in the
water, may be precipitating on the catalyst layer or inside the membrane, namely on the anode
side, where the water is fed, interfering with the reaction and with the membrane’s ion
exchange capacity. After an accelerated stress test of 15 hours, a 6% degradation in
performance at 2V can be observed. Besides, the solid content in the recycled water increased
- Table 4.1 - which indicates leaching of the cell’s components. Figure 4.9.b) contrasts the
Nyquist plots before and after the 15-hour AST, for pure water and saltwater; it shows a second
arc in the impedance spectra for saltwater, indicating that the cell, at 0.41 Acm?, reaches the
mass transfer region (Re(Z) > 0.28Qcm?), following the AST, when fed with saltwater. This
suggests that the ions present in solution may be accumulating in the catalyst layer, preventing

gaseous products from traveling through the PTL and exiting the cell [22].

Table 4.1 - Parameters of ultrapure water and NaCl solution

T /°C o /uScm’’ p /kQcm TDS /mg
Pure water 69.9 3.4 205 6
NaCl solution at hour 0 74.6 61.7 16.15 122
NaCl solution at hour 15 75.3 76.8 13.16 135
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Figure 4.9 - a) Polarization curves of pure water and a solution of NaCl before and after an
AST b) Nyquist plot at 0.41Acm™ of a 25mgL" solution of NaCl, both fed at a feed flow rate
of 5.60mlmin’ to the anode, working at 70 °C.

AEMWE

The same tests were carried out for AEMWE, using a Sustainion membrane, while circulating a
0.2M KOH electrolyte. Per the literature [70], AEMWE seems more promising than PEMWE for
hydrogen production through direct saltwater electrolysis, since the potential difference
between OER and CER is greater (about a 460 mV difference - Image 2.3) at a higher pH and,
therefore, the OER seems to be favoured in detriment of the chlorine oxidation. However, in
this work, it was concluded that the membrane suffered greatly by the addition of salt, leading
to its short-circuit almost instantaneously, which may indicate that, in order to have a properly
working electrolysis cell, with these specific Sustainion membranes, there must be a limit on

solid content or on NaCl concentration fed to the electrolysis cell.

4.4.2 Non-treated wastewater

For both AEMWE and PEMWE, municipal wastewaters were fed to the electrolysis cell, with only
a previous vacuum filtration, with filter paper (VWR) with a particle retentions size of 12 ym -

15 um, to remove coarser solids present in the wastewater.
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PEMWE

The degradation in 15 hours for PEMWE, with Arcos de Valdevez and Ave wastewaters as
electrolysis cell feed, were tested. The difference between electrolyser performance working
with ultrapure water and Arcos de Valdevez and Ave wastewater, at 2.5V, is88 % and 53 %,
respectively (appendix I). In the 15 h of AST, for Ave and Arcos de Valdevez wastewater, cell

degradation of 70% and 82 % at 2.5V was obtained, respectively.

From the TG analysis - Figure 4.10 - where the evolution of the sample with rising temperature
is evaluated, there is a slower degradation between 300 °C and 400 °C for the membranes used
in wastewater electrolysis in comparison to that used in pure water electrolysis, which implies
that the membranes were doped with metallic ions. For higher temperatures (>500 °C) the solid
residue content, that did not degrade with the temperature, is significantly higher (11% for
Arcos de Valdevez and 7% for Ave). This correlates to the contaminant content in the studied
wastewaters: Arcos de Valdevez water has a much higher content in calcium and potassium,
which settle in the ion exchange groups inside the membrane, due to Nafions” sulfonic group

affinity with these contaminants, increasing in the charge transfer resistance [22, 71].

100 100

——membrane used in Arcos de Valdevez
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Figure 4.10 - TG analysis of the Nafion membranes used in a) Ave and b) Arcos de Valdevez

wastewaters in comparison of with that used in ultrapure water.

AEMWE

For AEMWE, Arcos de Valdevez wastewater was tested. There is little to no difference in
performance between ultrapure water and Arcos de Valdevez water - Figure 4.11. The
degradation during the AST was minimal (ca. 10%), and it happened mainly on the first hour of
operation. However, at around the fourth hour of operation, the membrane short-circuited

(appendix J).
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Figure 4.11 - Polarization curve of a AEM water electrolysis cell, for ultrapure water
and Arcos de Valdevez untreated wastewater, for a feed flow rate of 5.60 ml-min’'

to the anode of a cell with a Sustainion membrane, working at 60 °C.

Therefore, it was concluded that it is not possible to directly use wastewater to produce

hydrogen.

4.5 Effects of treatment with an ionic exchange resin

45.1 Working in series with the electrolysis cell

The presence of contaminants, even at low levels, negatively impacts the performance of
hydrogen-producing devices, especially considering continuous operation; therefore, high-
quality waters are usually used for green-hydrogen production. Among the various water
treatment solutions available, the implementation of ion-exchange resins as part of
seawater/wastewater treatment procedures has become common, particularly for the removal
of impurities such as inorganic contaminants. Indeed, ion-exchange resins ensure a considerable
decrease in the use of chemical compounds, and their high selectivity allows the meeting of
strict water discharge specifications. Therefore, to understand the effects of applying an ion-
exchange resin-based treatment on the studied seawater-quality parameters and thus on the
overall performance of the electrolysers, the above-performed stability protocols were
repeated, using an IX resin - Amberlite IRN150 (Supelco). This resin was chosen due to its
stability in a great range of pH and temperatures; besides, it is able to exchange both positive
and negative ions that are present in the wastewaters. The tests were made with a saltwater
(25mgL" NaCl) feed flow of 5.60mlmin™ to the anode, for PEM electrolysis, with a Nafion 115

membrane and a working temperature of 70 °C.
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A column filled with the ion exchange resin, was introduced in the water-recycling line after
the electrolysis cell. Essentially, during the long-term operation, after being fed to the
electrolyser, the water was treated by passing through the ion-exchange column and it was

continuously recirculated back to the electrolyser - Figure 3.1.

Upon stability test, the degradation suffered by the electrolysis cell was higher when no ion-
exchange resin-based treatment step is added to the water circuit - 4% vs. 6 % degradation at
2V for operation with and without the IX resin column, respectively - Figure 4.12.a). Moreover,
the treatment with the ion-exchange resin slightly reduces the ohmic and mass transfer

resistance in the cell (Figure 4.12.b).

Moreover, relevant water-quality parameters - conductivity and TDS - were evaluated during
the stability test; their values remarkably decreased over time (Table 4.2). This preliminary
test applied to the mimicked seawater indicates the effectiveness of implementing the ion-
exchange resin technique for ensuring proper water-quality parameters on the water-recycling
step. This insight is of paramount importance for minimizing the hydric stress associated with
the green-hydrogen production, without compromising the stability and long-term performance

of the electrolysers.
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Figure 4.12 - a) Difference in potential before and after a 15h AST with and without an ion
exchange resin in the hydraulic circuit; b) Nyquist Plots at 0.41Acm™ after an AST, for a
Nafion 115 membrane, with a saltwater flow of 5.60mlmin’" to the anode, with a working

temperature of 70 °C.
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Table 4.2 - Parameters of a NaCl solution over time, fed to an electrolysis cell and treated

with an IX resin in series.

T /°C o /pS cm™ R /kQ cm TDS /mg
NaCl solution at hour 0 79.6 60.3 17.5 128
NaCl solution at hour 15 80.7 45.7 22.4 86
NaCl solution at hour 30 78.8 14.1 71.8 15

4.5.2 lonic exchange resin as a preliminary advanced wastewater treatment

Moreover, the Amberlite IRN50 resin was also applied as preliminary water treatment technique

to the studied wastewaters - Ave, Arcos de Valdevez and CIN.

Firstly, the wastewaters were treated using a closed circuit consisting in a buffer tank and an
ion-exchange column. Ave water was continuously fed to the column, using a flow rate of
100mlmin™'. The water-quality parameters measured during the wastewater treatment can be
found in table 4.3. The wastewater had a residence time of ca. 45s in the ion exchange column.
Upon two hours, the conductivity and solid content were constant, assuming values similar to
those of ultrapure water, and therefore the treated wastewater was considered ready to be
fed to the electrolyser. Indeed, after 2 hours of treatment, it was possible to decrease the solid

content by 99.8 %, which corresponds to a tremendous improvement in water-quality.

Table 4.3 - Water parameters along time with IX resin treatment, for Ave water.

T /°C o /uScm’ R /kQcm TDS /mgL™’
hour 0 40.1 2170 0.46 2160
hour 1 52.1 69.0 14.67 69
hour 2 44.8 4.3 257 4
hour 3 42.1 4.1 262 4

Then, the three wastewaters tested were treated, in batches of 1.5 L, in the IX column for two
hours. Thus, the studied wastewaters were properly treated using the ion-exchange column and
then, the performance and stability of both PEM and AEM electrolysis were evaluated by
performing ASTs.
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PEMWE

Considering PEMWE, table 4.4 shows the water quality parameters of the treated wastewaters
fed to the electrolysis cell, alongside the degradation suffered during a stability test consisting
of 15-hour AST. In terms of performance at 2V, it increased (as shown by the negative

degradation in Table 4.4), as it does in operation with ultrapure water.

Table 4.4 - Conductivity and solid content of the treated wastewaters fed to the electrolysis

cell, along with the degradation after a 15-hour AST, for specific potentials.

Degradation at | Degradation at
o /uScm™ TDS /mgL™"
2V /% 3V /%
Ave treated
4.5 5 -50 12
wastewater
Arcos de Valdevez
5.9 6 -25 4
treated wastewater
CIN treated
3.1 3 -24 9
wastewater

For the three treated wastewaters tested, the solid content is very similar, which resulted in a
similar degradation. The polarization curves before and after the AST are very similar to the
ones obtained for circulating ultrapure water (Figure 4.6), with a slight increase in performance
at a lower current density (< 0.50 Acm™). Figure 4.13 shows the polarization curves and Nyquist
plots before and after the AST, for Arcos de Valdevez treated wastewater, and the
corresponding information for the other treated wastewaters tested can be found in

appendix K.

The similarities between the polarization curves obtained with treated wastewater circulation
in comparison to that of ultrapure water indicate that the degradation mechanisms were similar
in both cases. However, looking at the curve correspondent to the hour 15 in the Nyquist plot
at 0.41 Acm™ - Figure 4.13.b) - and comparing it to the one in Figure 4.9.b), it can be inferred
that the main resistance in the cell is the mass transfer resistance: the rate at which the
gaseous products (H; and O;) are being produced exceeds the rate at which they exit the cell.
This is probably due to metallic poisoning in the catalyst layer [22]. It would be interesting, as
future work, to connect the gas exhaustion from the electrolyser cell to a gas analysis device,

to understand if any parasitic reaction is taking place.
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Figure 4.13 - a) Polarization curves and b) Nyquist plot at 0.41 A cm’’ before and after a 15-
hour AST, with a water feed flow of 5.60mlmin™ to the anode, at a temperature of 70 °C,

for Arcos de Valdevez treated wastewater.

AEMWE

For AEMWE tests, potassium hydroxide was added to the treated wastewaters before feeding
them to the electrolyser, to obtain an electrolyte concentration of 0.2M. The treated

wastewaters’ quality parameters are depicted in table 4.5.

Table 4.5 - Conductivity and solid content of the different treated wastewaters fed to the

AEM electrolysis cell.

o /uScm™ TDS /mgL™"
Ave treated wastewater 10.3 10
Arcos de Valdevez treated
28.2 28
wastewater
CIN treated wastewater 523.8 526

For both Ave and Arcos de Valdevez treated wastewaters, the electrolysis performance was
similar to the one obtained with pure water - Appendix L. For Arcos de Valdevez treated
wastewater, the performance increased about 21% at 2V in the first 3 hours of operation and
then was constant - Figure 4.13. Considering Ave water, the performance was stable during the
entire AST, until the short-circuit.
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Comparing ultrapure water versus treated wastewater feed, the performance of the
electrolyser was extremely similar, and the stability greatly improved when using treated
wastewater. When using ultrapure water, the performance decreases by 15% at 2V in the first
2 hours of operation and the membrane short-circuits upon 10-hour of test. Contrarily, when
treated wastewater was fed to the cell, the performance increased (for Arcos de Valdevez
treated wastewater feed) or was stable (for Ave treated wastewater feed). Besides, for pure
water feed, a short-circuit occurs around the tenth hour of continuous operation, while for

treated wastewater feed, the short-circuit happened upon 14.5 hours of operation.

0.4
short-circuit
E
- ™ PP T _ P i i
= 52 _;,._‘.J-')_ o
=
(']
L=l
Sustainion membrane,
T=60"°C,
Arcos de Valdevez treated wastewater feed
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time /h
Figure 4.14 - Evolution of the current density at 2V along the 15-hour AST, for Arcos de
Valdevez treated wastewater feed flow rate of 5.60mlmin’' to the anode of an

electrolysis cell with a Sustainion membrane and a working temperature of 60 °C.

In the case of the tested CIN treated wastewater, its solid content was above the desired -
Table 4.5 - due to the saturation of the IX resin. However, the treated wastewater was
nonetheless fed to the electrolyser, resulting in immediate short-circuiting. This is on par with
the results obtained when the electrolysis cell was fed with a 25mlL™" NaCl solution and from
that, one could conclude that the solid content in the water is damaging the membrane, thus
leading to short-circuit. However, when the electrolysis cell was fed with Arcos de Valdevez
wastewater without treatment, the cell only short-circuits at around 4.5 hours of the AST, and
the system, until the short-circuit, suffered a smaller degradation than when fed with ultrapure
water (both in a 0.2 M KOH solution) - 10% vs. 15% at 2V, respectively. Therefore, due to these
contradictory results, no conclusions can be inferred in terms of cell degradation when working

with feed waters with a solid content of 25mgL" or higher.

Overall, and in conclusion, these tests support the hypothesis that it is, indeed, possible to use

treated wastewater as a water resource for hydrogen production through water electrolysis.
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5 Conclusions

The main objective of this work was to study the possibility of using treated municipal and
industrial wastewaters as feed to electrolysers for green hydrogen production through both PEM
and AEM water electrolysis. The work was divided into two main parts: firstly, an electrolysis
setup was developed and properly optimized, considering working temperature, water feed
flow rate, water feed method (water feeding to the anode, cathode or to both electrodes) and
electrolyte concentration, in the case of AEMWE. Secondly, an advanced water treatment step,
consisting of an ultra-filtration and reverse osmosis unit, followed by an ion exchange resin
column was created, with the objective of treating the considered wastewaters. The treated
water was then fed into the electrolyser and the performance and stability of the system was
studied.

Considering PEMWE, the best working conditions were obtained using a water feed flow rate of
5.60 ml min™ (about 100 times the stochiometric flow) fed to the anode, combined with a
working temperature of 70 °C. For these conditions, with a Nafion 115 membrane, a current
density of 0.38Acm™ at 2V was obtained. For AEMWE, the optimal conditions were achieved
using a concentration of 0.2 MKOH supporting electrolyte solution, at a feed flow rate of 5.60
ml min™' to the anode and a working temperature of 60 °C. Under these conditions, using the
best-performing AEM membranes - Sustainion X37-50 grade RT -it was obtained a current
density of 0.14Acm? at 2V.

Regarding electrolysis cell operation with wastewater, it was concluded that the feed of
wastewaters with only secondary treatment to the electrolyser for hydrogen production was
not possible for neither PEM nor AEM electrolysis. With a tertiary treatment, consisting of an
ion exchange resin column, it was possible to obtain a decrease of 99.8% in terms of solid
content. The beginning of life performance of both PEM and AEM electrolysis, working with the
treated wastewater, was similar to the performance when working with ultrapure water. The
cell degradation was also comparable: considering PEM, there was a performance increase at
lower potentials (25 % for Arcos de Valdevez water versus 29 % for ultrapure water at 2 V), which
was mainly attributed to the rearrangement in the catalytic layer. For AEM, the performance
improved when treated wastewaters were used instead of ultrapure water. In fact, for treated
Arcos de Valdevez treated wastewater, there was a 21 % increase in performance, at 2V, during
the AST until the short-circuiting of the membrane at the 14.5-hour mark, in contrast to the

15% decrease in performance for ultrapure water and short-circuit at 10 hours.

There is, however, still a difference in performance and stability of the Nafion and Sustainion

membranes. Both the ohmic and charge transfer resistance are higher when the electrolysis
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cell uses a Sustainion membrane, in comparison with using Nafion membranes, for the best
conditions for each (ohmic resistance of 0.66 Qcm? vs.1.16 Qcm? and charge transfer resistance
of 0.67Qcm? vs. 1.61Qcm? at 0.04A cm™ for a system with Nafion and Sustainion membranes,
respectively). Besides, Sustainion membranes, specifically, still exhibit low stability when
working at higher potential differences (> 2.5V) and cycling operation, which results in a short-

circuit of the system.

It shows that the use of treated municipal wastewater, industrial wastewater and seawater as
feed for an electrolyser is feasible and, with the appropriate advanced treatment, feasible for

long term operation.

Overall, this work presents a novel approach regarding the production of green-hydrogen,
without depleting scarce freshwater resources. The operating conditions of a packed column
with an ion exchange resin were optimized to be used as an advanced treatment for
industrial/municipal wastewaters and to be directly coupled upstream PEM and AEM water
electrolysers. This technique was shown to be robust and efficient for preventing the passage
of chlorine ions which cause chloride corrosion mainly at the anode of the electrolysis cell, and
thus guarantee high efficiencies and the stability, in comparison to conventional approaches,
where ultra-pure water is used. This integration is shown to be promising for allowing both
capital and operation cost reduction for green-hydrogen production while saving energy and

hydric resources.
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6 Assessment of the Work Done

6.1 Objectives Achieved

This work comprised of two main objectives: firstly, the optimization of a single-cell test bench
and, secondly, studying the performance and stability of a single-cell when operating with

treated wastewater or saltwater, in contrast with those of ultrapure water operation.

An optimum regarding working temperature, Water feed flow rate, water circulation type and
electrolyte concentration was achieved for both PEMWE and AEMWE.

An advanced water treatment setup, consisting of ultrafiltration, reverse osmosis and an ion
exchange resin column was built, but it was only possible to carry out the ion exchange
treatment, due to issues in the delivery of filtration membranes. The treated wastewater was
then fed to the electrolysis cell, and the performance and stability was studied, in comparison

with the ones in ultrapure water feeding.

6.2 Limitations and Future Work

It is of utmost importance to understand the influence of the tertiary treatment in the
performance of the cell, and the advanced filtration unit, already developed, may be used for
future works to remove pollutants from wastewaters. The characteristics of the water fed to
the electrolysis cell, and respective electrolysis performance must be studied. This way, the
overall efficiency of the tertiary treatment can be optimized. Furthermore, the possibility of
including water treatment solutions (through ion exchange resin, for example) in series after
the electrolysis cell, to remove contaminants arising from the cell’s degradation (mainly during

long-term operation) may also yield interesting results.

Besides, PGM-free catalysts may be employed when working in alkaline media, and the single-
cell performance and stability evaluated using ultrapure water and treated wastewater for
feeding the electrolysis cell. This work may be interesting due to current evolution in reducing
PGM utilization, which is possible in AEMWE.

Finally, it would be interesting to further understand the mechanisms of degradation due to
water impurities in the electrolysis cell, namely by performing thorough physicochemical

characterization of CCMs to investigate the presence of metallic impurities or organic matter.
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6.3 Final Assessment

This work allowed me to further explore and understand different areas of chemical
engineering, such as electrochemistry and water treatment and provided me an overall insight
on numerous topics ranging from catalyst ink formulation and deposition to water electrolysis
process and its optimization. Furthermore, all the knowledge on different techniques used,
from electrochemical to physical characterization were fundamental to attain great tools for

my future career.

It is of critical importance to continue the investigation regarding hydrogen production through
water electrolysis, with treated wastewater feed. This dissertation demonstrates the possibility
of using advanced water treatment technologies to purify wastewater, followed by its feeding
to an electrolyser, obtaining overall great performance and stability. This work serves,
therefore, as a steppingstone for the development of a novelty process for hydrogen production

through wastewater electrolysis.
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Appendix A - Images of the Installations and
Devices Used

Here, are depicted images of the different devices (Figure A.1) and installation (Figures A.2
and A.3 used in this work.

Automatic Spray Dispenser

Figure A.1 - Image of the Automatic dispensing robot Fisnair.
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Tertiary water treatment unit

Filtration unit pressure regulator

resin column

Treated water
exhaustion

Manometer

Figure A.2 - Tertiary water treatment installation, consisting of an advanced

filtration and an ion exchange resin units.

Electrolysis Installation

Heating
bath

Figure A.3 - Pumping system to and from the electrolysis cell.
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Appendix B - Thermogravimetric analysis of the
used membranes

With the intent of understanding the thermal stability of the different membranes tested, a
thermogravimetric analysis was made. Image B.1 shows the evolution of sample’s mass as a
function of the temperature. According to Figure B.1.a), the catalyst layer aids the membrane’s
thermal stability: when the analysis is performed on a membrane without catalyst coating, the
volatilization (represented by the decrease in mass percentage) occurs at a higher rate,

between 300 °C and 400 °C, than when the membrane was coated with catalyst on both sides.

Nafion 115 and Sustainion membranes - Figure B.1.c) - behave similarly: the mass remains
constant until around 300 °C, after which it drops abruptly. Sustainion membranes have slightly
higher thermal stability; steeper degradation starts around 320 °C, whereas Nafion membranes

start around 270 °C. Water evaporation causes the mass loss that occurs until 100 °C.

Thermal stability of the Eurodia membrane is lower than that of Nafion 115 and Sustainion
membranes. The mass decrease begins at around 200 °C and continues at a slow rate until
around 400 °C; after that, it decreases at a higher rate. The degradation begins at a significantly
lower temperature than both Nafion 115 and Sustainion membranes. This is consistent with the
supplier's recommendation of a maximum working temperature of 50 °C, while this limit in both

Sustainion and Nafion membranes is around 80 °C

100 & 100 T— =
R -t; g

= Nafion 115 membrane \'\ —m—Nafion 115 membrane
an 4 a) #— Catalyst coated Nafion 115 membrane & L b) Y \ —e—Sustainion membrane
\‘\I Eurodia membrane
|
80 T \

an 4

60 +

Mass %

Figure B.1 -TG comparison between a) coated and non-coated with catalyst Nafion 115

membranes; b) Nafion 115, Sustainion and Eurodia membranes, without catalyst coating.
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Appendix C - Thermoneutral potential at the

considered temperatures

As explained in chapter 2.1, thermoneutral potential (Ey,) for the water splitting reaction is
1.481V at standard conditions (25 °C and 1bar). The electrolysis cell operates, however at
different temperatures: 70 °C for PEMWE (with Nafion membranes) and 60 °C for AEMWE (With

Sustainion membranes). Here, thermoneutral potential is calculated for those temperatures.

The enthalpy of reaction (AHR) is related to the enthalpy of formation (4H;) of the products
and reactants, and their respective stoichiometry in the reaction. For water splitting, AHy is

given by equation (C.1) and E;, may be calculated by equation (C.2):

1
AHR:AHHZ'{'EAHOZ—AHHZO (C.1)
AHg
E, = —— C.2
th = (C.2)

Where n is the number of electrons changed in the reaction and F is the Faraday constant
(F=96485Cmol")

The enthalpy of formation of different substances is dependent on the temperature and it is
normally calculated in relation the enthalpy at 25 °C - T¢ - by equation (B.3). The parameters

a, b, ¢, d, and H? are present in Table B.1.

T,
AHiTZ—AHiT1=f (@+b-T+c-T2+d T?)dT (C.3)

T;

Table C.1 - Thermodynamic parameters for enthalpy of formation calculation [72].

H20 H: 02

HY 13 molt -285829 0 0
a 20.355 26.882 29.154
b 10° 109.198 3.586 6.477
c10°® 2.033 0.105 -0.184
d 10° 0 0 -1.017

From these parameters and equations, it is possible to calculate the thermoneutral potential
at the working temperatures of the electrolysis cell. It is, thus, 1.475V and 1.474V for 60 °C
and 70 °C, respectively.
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Appendix D - Stoichiometric water flow

Water is split per equation (D.1):
1
H0 — H, +50, (D.1)

The goal of the single cell operation was to achieve a current density of 2 Acm, which, for a

5cm? cell, corresponds to a current (/) of 10A.

For each mol of reactant water, 2 electrons are exchanged in the reaction. Therefore, the

stoichiometric water flow (Qy,0), in mols™is given by equation (D.2):

I

Qu,0 = T (D.2)

Where F is the Faraday constant (F=96485Cmol"). From water’s specific weight (18 gmol™)

and density (0.997 gml "), water flow can be calculated as 5.18 10°mols™, or 0.056 mlmin™.
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Appendix E - FTIR analysis of the membranes
studied

Figures E.1 and E.2 show the FTIR spectra of the different membranes studied in this work:
Sustainion and Eurodia for AEMWE and Nafion 115 for PEMWE.

Comparing the transmittance spectra of Sustainion and Eurodia membranes, it is possible to
observe some similar peaks (dashed lines in Figure E.2). The peaks at around 450cm™ and 1480
cm™ indicate the presence of amine groups, while peaks around 990cm™ and 710cm™ suggest
the presence of substituted aromatic rings. Otherwise, no similar peaks are observed. This
suggests that the compositions of these membranes are not particularly similar, even though

both appear to contain amines in their functional, ion exchange group.
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Figure E.1 - FTIR spectra of Sustainion and Eurodia membranes, used in AEMWE.

For Nafion 115 membranes, the respective FTIR spectra - Figure E.2 - show the presence of a
polymer backbone (peaks between 900cm™ and 1000cm™) and the peaks between 1100cm’™

and 1250cm™ show the presence of fluorine functional groups (CF) - functional groups.
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Figure E.2 - FTIR spectra of Nafion 115 membranes, used in PEMWE.

Appendix E

60



Recycling of industrial and urban wastewater for green hydrogen production using PEM and AEM water electrolysis

Appendix F - Comparison between the PEM

membranes tested

In the best conditions considered for the Nafion 115 membrane, a Nafion 212 membrane was
also tested. The comparison in performance of the electrolysis cell working with the two
membranes is represented by the polarization curves in Figure F.1. As the Nafion 212 membrane
is much thinner (about 51 pym) than Nafion 115 (127 um), its ohmic resistance should be much

smaller, as the ohmic resistance in the membrane is proportional to its thickness [61].

However, it is possible to conclude, from Figure F.1.b), that the ohmic resistance in the cell is
very similar for both membranes - Figure F.1. This may indicate that the main resistance ohmic
resistance can be attributed to the ionomer content. Furthermore, the resistance associated
with the cathodic and anodic reactions seems to be higher in the tests performed with the
Nafion 212 membrane, which may be due to some small difference in the catalyst ink deposition

in the membrane.

As the performance is better for the tests made with Nafion 115 membrane, and it has less
tendency for short-circuits comparing with Nafion 212, this membrane was the one used for the

remainder of the tests.

a) T=70°C,
Water flow of 5.60 ml min' to the anode

b) | T=70°C,
‘Water flow of 5.60 ml min to the anode o
i=0.04 Acm? —i—MNafion 115

—+—Nzfion 212

-Im{2) jo emit
c

—de— Nafion 212

—a— Nafion 115 a0
150 ; ; ; ; ; ; 050 100 150
000 0z0 0.40 050 030 100 120 140 Re(Z) /0 cm?

Figure F.1 - a) Polarization curve and b) Nyquist plot at 0.04Acm’ for Nafion 212 and
Nafion 115 membranes, for a water flow rate of of 5.60mlmin’’ to the anode and a

working temperature of 70 °C.
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Appendix G - Comparison between AEM

membranes studied

For AEM, unlike PEM, there is still no standard membrane used. Therefore, several membranes
from different manufacturers were tested. Figure G.1 shows the polarization curves for 3
different membranes: fumasep FAA-3-PK-130, Eurodia AMX-fg and Sustainion® X37-50 Grade RT.
The deposition methods used are described below, and the best conditions obtained for each

membrane and deposition method are represented in table G.1.

For fumasep membranes, a commercial Platinum coated GDE was used as an electrode for the
cathode side. For the anode side, an IrO; catalyst was deposited into the membrane by doctor
blade method.

In the case of Eurodia membranes, two deposition methods were studied. Firstly, the catalyst
was deposited directly into the membrane on both sides (CCM), through a spray method.
Secondly, the catalyst was deposited into carbon paper electrodes (CCS), also through a spray
method. The second method was tested because it was considered that the membrane drying
process done in order to the catalyst deposition happen was damaging the membrane structure

and, consequently, its performance.

When using Sustainion membranes, the catalyst layer was deposited in the electrode, both at
the anode and cathode. For the anode, a commercial Pt/C coated GDE was used. For the anode,

catalyst ink was deposited into a copper electrode (MTlcorp USA) through a spray method.

Table G.1 - Best working conditions for different membranes studied

Feed flow KOH
Temperature /°C Feed type
/mlmin concentration /M
Anode and
fumasep 30 10 0.5
cathode
Anode and
Eurodia CCS 50 10 0.5
cathode
Anode and
Eurodia CCM 50 10 0.5
cathode
Sustainion 60 5.60 Anode 0.2
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G.1 - Performance

From the analysis of the graphics from Figure G.1, it is possible to conclude that the Sustainion
membrane is, by far, the one in which the electrolysis cell exhibits better performance. The
system presents very similar ohmic resistances for the different membranes, with exception of
the catalyst coated Eurodia membrane. The main source of overpotential difference stems from

the resistance at the electrodes.

Contrary to expectation, for the same conditions, the ohmic resistance is higher when the
catalyst is coated into the membrane than when is coated into the substrate. This suggests that
the catalyst ink, even with the ionomer, does not adhere to the membrane and, therefore, the
contact resistance between the catalyst layer and the membrane is higher. In the case of the
catalyst coated electrode, the ink is well coated into the carbon paper electrode, which leads
to smaller ohmic resistances. In the case of CCS the electrode resistance is also much smaller,

which also indicates the better adherence of the catalyst into the overall cell system.

For fumasep membranes, it is expected that the electrode resistance is smaller compared with
other membranes, not only because the quality of the membrane, but also due to the lower
operation temperature. This temperature is, however, necessary for the operation of this

membrane, as the maximum working temperature of the membrane is 40 °C.
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Figure G.1 - a) polarization curves and b) Nyquist diagram at 0.04Acm™ for different

AEM membranes tested, for the conditions referenced in table G.1.
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G.2 - Stability

Stability, through accelerated tests, was tested for the different membranes. Here are
presented the polarization curves and Nyquist plots before and after the ASTs for the
electrolysis cell with a Eurodia membrane, with the catalyst coated into a carbon paper
substrate, and with a fumasep membrane. For the system with both membranes, a solution of
0.2 M KOH was fed into the electrolysis cell, and in both cases the performance decreased: 53 %

for Eurodia and 61 % fumasep.

In the case of Eurodia membranes - Figure G.2 - it is of notice the increase of the ohmic

resistance, which may indicate a loss in the ionic conductivity of the cell.

3.00
a) = hour 0

—i—hour 15

Eurodia membrane
T=60"C,

Electrolyte feed flow of
10 ml min! to the
cathode and ancde

ifAecm?
o b Eurodia membrane
T=60°C, —r—our 0
080 1 water flow of 10 ml min- to the cathode and anode
i=0.04 Acm? —a—hoaur 15

040 1

-lmlZ) f2 cr

[+Tes]

20 Z5 30 35 40 45 50 55 60 65
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Figure G.2 - a) polarization curves and b) Nyquist diagram at 0.04A cm™ for an electrolysis
cell working with an Eurodia membrane, at 60 °C and a 0.2M KOH solution feel flow of

10mlmin’ to both the anode and cathode.

For fumasep membranes - Figure G.3 - the ohmic resistance is similar to both before and after
the AST; the main difference resides in the charge transfer resistance, that increases about

1Qcm? during the AST, which can be consequence of the degradation of the catalyst layer.
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Figure G.3 - a) polarization curves and b) Nyquist diagram at 0.04Acm™ for an electrolysis

cell working with a fumasep membrane, at 30 °C and a 0.2 M KOH solution feel flow of

10m{min’ to both the anode and cathode.
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Appendix H - FTIR analysis of the used

wastewaters

Figures H.1.a), H.1.b) and H.1.c) show the FTIR spectra of CIN, Ave and Arcos de Valdevez
wastewater, respectively, in comparison to the spectra obtained for ultrapure water. It is
possible to conclude, from the FTIR spectra, that all wastewaters present various peaks in the
1000cm™ to 1500cm™; this phenomenon is specifically prominent in the Arcos de Valdevez
wastewater. This zone in the spectra is characteristic of C-O, C-N and N-O bonds. In this specific
situation, it probably indicates the presence of organic matter. The ionic metallic bonds cannot

be observed at this wavelength.
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Figure H.1 - FTIR spectra comparison between ultrapure water and a) Ave

wastewater; b) CIN wastewater; c) Arcos de Valdevez wastewater.
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Appendix | - PEM AST analysis with untreated

wastewater

For PEM untreated wastewater electrolysis, two of the three wastewaters were tested: Ave and
Arcos de Valdevez water. Arcos de Valdevez wastewater presented a higher conductivity
(2.14mScm) in comparison with Ave wastewater (0.92mScm), which, in turn, correlates to a

higher solid content in the water, that, as seen before, jeopardizes the proper cell’s operation.

Figure 1.1 shows the polarization curves for pure water feed, and Arcos de Valdevez feed at
beginning of life and after a 15-hour AST. A great difference between the performance with
pure water and Arcos de Valdevez water at beginning of life is observed (ca. 53% at2.5 V) -
Figure 1.1.a). Per the analysis of the Nyquist plot - Figure I.1.b) - this performance loss is

primarily due to charge transfer resistance, which may be caused by metallic poisoning of the
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Figure 1.1 - a) Polarization curve for pure water and Arcos de Valdevez wastewater feed, at
beginning and end of life; b) Nyquist plot at 0.04 Acm™ for pure water and Arcos de Valdevez
water at beginning of life, for a cell working with a Nafion 115 membrane at 70 °C, with a

water feed flow rate of 5.60mlmin’ to the anode.

Appendix | 69



Recycling of industrial and urban wastewater for green hydrogen production using PEM and AEM water electrolysis

catalyst layer [22]. Between the beginning of life and end of life there is also a great loss in

performance (58% at 3V).

For operation with Ave wastewater, similar results were obtained to those with Arcos de

Valdevez wastewater. When Ave wastewater is used instead of ultrapure water, performance

decreases about 42 % and the ohmic resistance in the cell increases about 0.60 Q cm?, indicating

deposition of impurities in the membrane’s ion exchange sites. In comparison to beginning of

life, the performance, with Ave wastewater feeding to the cell, decreases 74% at 3V, after a

15-hour AST - Figure 1.2. It can be inferred form the Nyquist plot at 0.04Acm™ - Figure 1.2.b) -

that the cell enters in the mass transport region at very low currents, and the charge transfer

resistance increases in comparison to that beginning of life, which in turn indicates metallic

poisoning of the catalyst layer [22].
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Figure 1.2 - a) Polarization curve and b) Nyquist plot at 0.04 Acm™ for pure water and Ave

wastewater feed, at beginning and end of life, for a cell working with a Nafion 115

membrane at 70 °C, with a water feed flow rate of 5.60mlmin" to the anode.
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Appendix J - AEM AST analysis with untreated

wastewater

For AEMWE, Arcos de Valdevez wastewater, without any further purification, was tested. In
contrast with PEMWE, the performance at beginning of life with Ave wastewater compared with

that of pure water feeding, is extremely similar - Figure J.1.
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Figure J.1- Polarization curve of a AEM water electrolysis cell, for ultrapure
water and Arcos de Valdevez wastewater, for a feed flow rate of 5.60mlmin’’

to the anode of a cell with a Sustainion membrane, working at 60 °C.

During the cyclic accelerated stress test, the performance decreases about 10% at 2V in the
first hour of operation. The performance, then, kept constant until around 4 hours of operation,
moment when the membrane short-circuited - Figure J.2. From that moment beyond, the short-
circuit grew, shown by represented by the growth in current density at 1.4V; at this potential,
the current density should be zero, because it is below thermoneutral potential. The current
density at 2V shows the same trend to that 1.4V; therefore, the increased in current potential

along time is attributed to the short-circuit.
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Figure J.1 - Evolution of the current density along time, at 1.4V and 2V, for

Arcos de Valdevez wastewater feed flow rate of 5.60mlmin’" to the anode of a

electrolysis cell with a Sustainion membrane, working at 60 °C.
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Appendix K - PEM AST analysis with treated

wastewater

Considering PEM water electrolysis, with treated wastewaters feeding, the degradation

occurred in the 15-hour AST is very similar to that of pure water feeding - Figure K.1:
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Figure K.1 - Polarization curve of a AEM water electrolysis cell, for a) treated Arcos de
Valdevez wastewater; b) treated CIN wastewater; c) treated Ave wastewater, for a feed
flow rate of 5.60mlmin’' to the anode of a cell with a Sustainion membrane, working at

60 °C.
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Appendix L - AEM AST analysis with treated

wastewater

For the treated wastewaters, regarding AEMWE, the performance is similar to both ultra-pure
water, Arcos de Valdevez treated wastewater and Ave treated wastewater - Figure L.1.
Potassium hydroxide was added to all the waters fed to the electrolyser, to obtain a 0.2 M KOH
solution. The electrolysis cell presented a worse performance for Arcos de Valdevez treated
wastewater than for Ave treated wastewater feed (0.07Acm? vs. 0.17Acm? at 2V,

respectively).
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Figure L.1 - Polarization curve of a AEM water electrolysis cell, for ultrapure
water, Arcos de Valdevez treated wastewater, and Ave treated wastewater feed
flow rate of 5.60mlmin" to the anode of a cell with a Sustainion membrane,

working at 60 °C.

However, during the first three hours of the AST, the performance of the electrolysis cell, for
Arcos de Valdevez treated wastewater feeding, increases by 21% at 2V, while the cell’s
performance for Ave treated wastewater is kept constant in the first hours of operation;
between the third and fourteenth hours of operation, the performance is kept constant and
similar for both tests, at 2V: 0.22Acm? and 0.20Acm? for Arcos de Valdevez treated

wastewater feed and Ave treated wastewater feed, respectively - Figure L.2.

The improvement in performance for the electrolysis using Arcos de Valdevez treated
wastewater could be attributed to the fact that, when the first polarization curve was
performed, the membrane was not well adapted to the cell's environment and, over time, its

ionic conductivity increased, resulting in an improvement in performance.
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Figure L.2 - Evolution of the current density at 1.4V and 2V along the 15-hour AST, for a)
Arcos de Valdevez treated wastewater and b) Ave treated wastewater, at a feed flow rate of
5.60mlmin’" to the anode of an electrolysis cell with a Sustainion membrane and a working

temperature of 60 °C.
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Annex M - Solar and Wind Power Density in

Portugal
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Figure M. 1 - Photovoltaic power potential in Portugal [2].
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Figure M.2 - Wind power potential in Portugal [1].
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Annex N - Composition of Tested Waters and

Respective Oxidation Reactions

Table N.1 depicts the characterization of different wastewaters tested, as the parameters for

exhausted water water from the cell, when working with Sustainion and Eurodia membranes.

Table N.1 - Parameters of the different wastewaters and waters exhausted from the cell.

Sustainion Eurodia
Arcos de
Chemical Parameters | exhausted | exhausted Rio Ave CIN
Valdevez

water water
Condutivity /pS cm 51 200 137 200 2 140 924 2 700
Chemical oxygen

88.25 21.49 445.22
demand /mgo, L™
Biological oxygen
s ve 89 12 43

demand /mgo; L
Total organic carbon

378.4 671.5 17.21 12.16 102.3
/mglL™?
Total nitrogen /mgL" 110.69 74.27 110.90
Nitrate /mgNL™ 17.10 27.53 <0.50
Nitrite /mgL 0.550 0.005 0.050
Sodium /mgL™ 10.495 17.558 301.285 114.060 256.855
Potassium /mgL™ 1407.28 4354.94 172.86 17.01 29.88
Iron /mgL™ 0.0325 0.0414 0.157 0.424 0.0043
Nickel /mgL’ <0.005 <0.005 <0.005 <0.005 <0.005
Copper /mgL 0.328 0.1187 0.0168 0.0164 0.0121
Magnesium /mgL”’ 0.169 0.364 1.856 8.200 17.208
Lead /mgL™ 0.0207 0.0095 0.0030 0.0029 0.0029
Calcium /mgL™ 1.39 2.13 155.605 32.27 207.88
Zinc /mgL’ 0.1456 0.4746 0.3008 0.3489 0.0679
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Sulfate /mgL" - - 452.04 55.04 86.90

Chlorine /mgL™” - - 294.41 144.96 585.32

The preliminary tests for characterization of the AEM and PEM water electrolysis were
performed using ultrapure water (p = 201 kQicm at 23 °C); nonetheless, this water may contain
trace metal impurities which are harmless to the electrolyser operation at such low

concentrations.

The concentration of the different impurities in the wastewaters was compared to those
obtained from the analysis of the exhausted water from the cell, for operation with ultrapure
water. The ultrapure water used contains several metal impurities, in low concentration. These
impurities may already have been in the water supplied or could be dissolved during handling.
Nonetheless, as these impurities were present in the ultrapure water fed to the cell, for the
cases in which the content in the wastewaters was similar to the one in the ultrapure water
and at low concentrations (< 0.5mgL™), the influence of that contaminant was considered
negligible. The exceptions to this are carbon, potassium, and copper, because these materials
were present in the cell assembly and, therefore, could be leached into the ultrapure water
during degradation. The contaminants considered negligible are, thus, nickel, copper, lead,

and zinc.

Table N.2 shows the oxidation reactions associated with the ionic impurities in the wastewaters.
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Table N.2 - Potential for the oxidation reactions characteristic of the different species

present in the wastewaters [73].

Species Oxidation Reaction E° /V vs SHE
2CI~ 2 Cl, + 2e~ 1.358
Cl™ Cl~ + 4H,0 2 ClO; + 8H™ + 8e~ 1.389
Cl~ + H,0 2 HCIO + H* + 2e~ 1.482
S,02” + H,0 @ 2505 + 4H* + 2e” 0.22
SO; H,S0; + H,0 2 SO + 4H* + 2e~ -0.172
250%™ 2 5,03 + 2e” -2.010
Na* Na 2 Nat +e” 2.71
K* K2K*+e” 2.372
Fe @ Fe?* + 2e~ 0.44
Fe
Fe @ Fe3* + 3e” 0.037
Mg?t Mg 2 Mg?t + 2e~ 2.372
Ca%* Ca 2 Ca?* + 2e” 2.868
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