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There is a tide in the affairs of men.
Which, taken at the flood, leads on to
fortune;

Omitted, all the voyage of their life

Is bound in shallows and in miseries.
On such a full sea are we now afloat,
And we must take the current when it
serves,

Or lose our ventures.

Brutus, Act IV, scene iii. Julius
Caesar (1599)
WILLIAM SHAKESPEARE

1l y a une marée dans les affaires des
hommes,

Prise dans son fluz elle porte au succés.
Mais si I’on manque sa chance,

Le grand voyage de la vie s’échoue mi-
sérablement sur le sable.

Or aujourd’hui, nous sommes & marée
haute,

Prenons le flot tant qu’il est favorable,
Ou tout ce que lon a risqué sera perdu.

Brutus, Acte IV, scéne iii. Jules César
(1599)
WILLIAM SHAKESPEARE






Abstract ix

VALORISATION OF UREA INTO HYDROGEN BY ELECTRO-OXIDATION:
FROM MECHANISM AND KINETIC STUDIES TO PILOT-SCALE REACTOR DESIGN AND
OPTIMISATION

Abstract

To face energy and environmental challenges, the electro-oxidation of urea offers a promising
alternative for wastewater treatment. This operation, implemented at room temperature, allows, in
addition to the depolluting action, the generation of hydrogen at the cathode. Using inexpensive
electrodes, this method has potential for industrial application, and all the more by photo-assisting
the process.

This thesis aims at developing a complete model including the design, implementation
and optimisation of an electrochemical process allowing the recovery of urine effluents into
hydrogen; optionally being assisted by sunlight. Most of the current studies on this subject focus
on the functionalisation of electrode materials, without deeply investigating the electrochemical
engineering aspects. It is precisely this gap that the work carried out in this thesis seeks
to fill. The understanding of the reaction phenomena taking place during the UEO implies
the availability of complementary analytical tools. Thus, a wide range of analytical methods
(TOC, IC-CD/MS, GC, SEM, granulometry, BET, XRD) has been developed, adapted and rig-
orously optimised, enabling to establish complete mass balances on almost all the by-product formed.

Then, an electrochemical kinetic study has been carried out by plotting voltammetric
curves under different conditions, in order: (i) to study the impact of the operating parameters ([j],
6/oc, w/rpM) on the rate of each chemicophysical phenomenon (electro-catalytic layer generation,
reagent transport, reaction kinetics) and (i) to access key quantities describing the overall process
(activation energy, diffusion and anodic charge transfer coefficients, heterogeneous electron transfer
rate constant). The validation of the process on a lab-scale scale has been done by means of
complete mass balances performed on electrolyses at a scale of 1 to 2g of urea and for degradation
rates of 50 to 90%, never reached to date, and this at different operating conditions ([OHT,
6 /o, mono/bi-compartmented reactor). One of the noticeable results is that the content of the

compounds OCN", CO327, NO, ions and NHj represents ~80% of the degraded urea.

To better understanding of UEO mechanism, additional kinetic studies have been con-
ducted by implementing an original strategy combining two different methods: either solid particles
of NiIOOH or electro-generated NiIOOH on nickel. The analysis of the two kinetic rate laws obtained,
coupled with the study of the nature of the oxidation products identified, has enabled to provide
new insights on this complex system and to propose a detailed reactional mechanism of the overall
process (adsorption, chemical reaction, desorption).

Then, a model combining the established kinetic law with diffusive transport phenomena
has been proposed. Concentration profiles have been solved in the liquid volume, in the diffusion
layer and in the porous solid layer of NiIOOH at the electrode. Consistent agreement (>95%) has
been obtained when comparing the lab-scale electrolysis results with the model predictions, and this
for different operating conditions.

Coupling the proposed multi-pathway mechanism with this predictive model paves the way for the
design and operation of a pilot-scale reactor, the study of which forms the final part of the thesis.
The effect of operating parameters ([j]°, flow rate/rate, E) on urea conversion, transport phenomena,
electrode stability and energy consumption, has been studied on urea solutions, and also on
with real effluents. The findings have allowed the validation of the process at pilot-scale (~40 g urea).

At last, this thesis has initiated a multi-disciplinary research dynamic aiming at address-
ing both depollution and energy challenges by valorizing a waste into an energy vector.

Keywords: Urea, Electrochemical Engineering, Kinetic, Mechanism, Effluent valorization, Hydro-
gen
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Abstract xi

VALORISATION DE L’UREE EN HYDROGENE PAR ELECTRO-OXYDATION :
DES ETUDES CINETIQUE ET MECANISTIQUE VERS LA CONCEPTION ET L’OPTIMISATION
D’UN REACTEUR A L’ECHELLE PILOTE

Résumé

Répondant aux défis énergétiques et écologiques, 1’électro-oxydation de l'urée offre une alternative
prometteuse au traitement biologique des eaux usées. Simple & mettre en ceuvre et opérant a
température ambiante, elle permet, outre ’action dépolluante, de générer du Hy & la cathode.
Utilisant des électrodes peu coiiteuses, cette méthode présente un potentiel industriel accentué par
la perspective de photo-assister le procédé.

Les travaux réalisés dans le cadre de cette thése visent & développer un procédé électrochimique
(conception, mise en ceuvre et optimisation) permettant de valoriser 'urine en hydrogéne et capable
d’étre assisté par la lumiére solaire. La majorité des recherches actuelles se concentrent sur les
matériaux d’électrode, négligeant la dimension Génie des Procédés, que cette thése aborde.

La compréhension des phénomeénes réactionnels liés a l'oxydation anodique de l'urée, im-
plique de disposer d’outils analytiques et de caractérisation. A cet effet, un ensemble analytique
(COT, IC-CD/MS, CPG, MEB, granulométrie, BET, DRX) a été développé, adapté et mis en
ceuvre, ce qui a permis d’établir des bilans de matiére de la quasi-totalité des réactifs/produits
impliqués.

L’étude de la cinétique électrochimique du systéme a été réalisée via les courbes I=f(E)
avec un double objectif : (i) étudier I'impact des paramétres opératoires ([j], 6o, w/rpm) sur la vi-
tesse de chaque phénomeéne physico-chimique (génération d’une couche électro-catalytique, transport
des réactifs, cinétique de la réaction) et (i) accéder a des grandeurs clés décrivant le processus global
(énergie d’activation, coefficient de diffusion et de transfert électronique, constante de transfert
électronique hétérogene). La validation du procédé a 1’échelle laboratoire a été effectuée par des bilans
de matiére complets, sur des électrolyses a 1’échelle de 1 a 2g d’urée et a des taux de dégradation
de 50 & 90%, jamais atteints a ce jour, et cela dans une large gamme de conditions opératoires
([OH'], 6,o¢, réacteur mono/bi-compartimenté). Le résultat marquant de cette étude est que les

ions OCN ", CO5 ", NO, et NH; représentent ~80% de 'urée dégradée, le N, ne dépassant pas ~15%.

Des études cinétiques de la dégradation de l'urée ont été par la suite conduites via une
méthodologie originale combinant deux approches : ’analyse des lois de vitesse cinétique obtenues
(i) sur particules solides de NiIOOH et (ii) sur NIOOH électrogénéré. Couplée a l'identification
des produits d’oxydation, ces résultats ont permis de mieux comprendre le systéme et de propo-
ser un mécanisme réactionnel détaillé du processus global (adsorption, réaction chimique, désorption).

Un modéle combinant la loi cinétique établie avec les phénoménes de transport diffusifs et
convectifs a été proposé. Les profils de concentration ont été déterminés : dans le liquide, la
couche de diffusion et la couche solide poreuse de NiOOH & I’électrode. Les prédictions du modéle
s’accordent & plus de 95% aux résultats d’électrolyses a 1’échelle laboratoire, et ce pour différentes
conditions de fonctionnement.

Du couplage de ce modéle prédictif avec le mécanisme & chemins réactionnels multiples
proposé, un réacteur a ’échelle pilote a pu étre congu et élaboré, dont I’étude a fait 'objet de la
derniére partie de la thése. L'effet des paramétres opératoires ([j]°, débit/régime d’écoulement, ) sur
les performances du procédé (conversion en urée, transport de matiére, stabilité des électrodes et
consommation énergétique) a été étudié avec I'urée commerciale puis avec de I'urine humaine, et a
permis la validation du procédé a P’échelle pilote (~40g d’urée).

L’ensemble de ces travaux ont contribué & une dynamique de recherche pluridisciplinaire,
visant & valoriser un déchet en vecteur énergétique, qui est essentielle pour répondre aux enjeux
contemporains de dépollution et d’énergie.

Mots clés : Urée, Génie Electrochimique, Cinétique, Mécanisme, Valorisation d’effluent, Hydrogéne
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General introduction

The world population has been grown for many years, from 2.6 billion people in 1950 to
7 billion in 2011 and should end up, according to United Nations forecasts, at 11 billion
people in 2100 [1]. This population growth, consequence of medical progresses and improved
living standards, underlines the importance of a better management of the Earth’s natural
resources. The associated (over)consumption of energy inevitably leads to recycling issues
that should be addressed to ensure a peaceful and sustainable future for next generations.

In practice, the EU directives impose to blend, convey and process urban domestic
sewage in WasteWater Treatment Plants (WWTPs) prior to being discharged into natural
environment (i.e., rivers) since the 2000s. The diminution of disease transmission risks and
the minimization of the environmental impact have been obtained by using such centralized
approach for sewage treatment [2].

The biological decomposition treatment remains the method the most commonly used to
degrade organic matter in WWTPs [3]. Also including the collection and disposal steps, the
overall wastewater treatment process generally consists of a succession of unitary operations

that are represented in Figure 1.

B. Primary Decantation D. Tertiary Treatment
of the suspended 1. Biological Phosphate Removal

matter (classic, lamellar by precipitation of ferric chloride
sedimentation) 2. UV Disinfection using UV-C

by radiations

using chemicophysical processes 3. Membrane filtration

4. Micropollutants

A. Pretreatments
1. Sieving by means of metal grids

with different opening section C. Secondary Treatment

meshes 1. Suspended growth cultures using plug-
2. Removing the sand by flow or complete-mix tank, oxidation

sedimentation ditch, sequential biological reactor (SBR)
3. Degreasing by flotation (helped or membrane bioreactor (MBR)

by air flux to facilitate the 2. Attached growth processes using

separation) bacteria beds and biological filters

Fig. 1 — Schematic representation of the “classical” wastewater treatment in French WWTPs.

The process starts with a pre-treatment step allowing the separation of the coarse solids
present in the wastewater (the bulky materials are separated by sieving while sand and
greasy particles are separated by desanding). Then occurs the primary settling stage: the
remaining suspended matters are separated by using, firstly, gravity to precipitates the
particles, and secondly, chemicophysical settling (i.e., coagulation, flocculation and then

decantation) to remove the smallest particles. At the end of this second step, nearly 80% of
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2 General introduction

the suspended solids are retained. The secondary treatment stage is the most important
one where, with the help of a microorganism consortium (bacteria, protozoa, metazoa and
viruses), organic matter is biologically decomposed into mineral matter that can be later
assimilated by plants.

Three main types of pollution have to be treated in WWTPs: carbon, nitrogen and
phosphorus. The first is treated by heterotrophic bacteria that use organic carbon as a source
of energy (aerobic conditions). The carbon organic matter is then transformed into carbon
dioxide, water and new bacteria (called excess sludge). Nitrogen pollution (mainly urea,
amino acids, uric acid, purine) is also very closely monitored because a reduced nitrogen
discharge into water results in a very high oxygen consumption (about 4 mg of oxygen for
1 mg of nitrogen). To avoid any oxygen depletion in the natural aquatic environment, these

nitrogen molecules are removed by successive oxidation-reductions:

e ammonification transforms organic matter by hydrolysis into ammonium. This step
occurs naturally (i.e., without any intervention) and thus starts before the treatment.
As a consequence, when the effluent enters in the treatment plant, most of the

nitrogenous molecules are already in the ammonia form,;
e Nitrification is a two-step process using aerobic bacteria [4]:

— nitritation, which converts ammonium ions to nitrites using nitrous bacteria

(Nitrosomonas, Nitrosococcus and Nitrospira);

— nitration, which converts nitrites into nitrates with the help of nitrating bacteria

(Nitrobacter, Pseudomonas)

e denitrification allows the reduction of organic matter in the form of nitrates. The

process takes place in anoxia conditions.

One should note that (i) during this last stage, nitrous oxide is produced which
contributes to a significant part of greenhouse gas emissions [5], and (ii) all these
steps require to be finely optimize because the behavior of microorganisms remains very

sensitive to any type of external stimuli (temperature, pressure, pH).

However, despite its rather good efficiency, this wastewater treatment process faces with
many concerns that have been raised as early as the 1970s [6] and grown over the years |7,

8]:

e the presence of various (micro)pollutants makes treatment more costly, challenging,

and even inefficient;

e the treatment mainly focuses on the improvement of the discharge quality, the wastew-
ater transport requires the construction and maintenance of pipe networks, while the
pipe leaking can lead to widespread water pollution. The adaptation of these systems

to the constant population growth also remains a tricky issue.

In this context, the specific separation for recovery and further treatment of urine could

be a relevant way:

e to reduce the release of environmental persistent pharmaceutical pollutants into the

environment;



General introduction 3

e by implementing some treatment processes that are economically more accessible due

to the reduced volumes of effluent;

e to allow the valorisation and the recycling of Nitrogen (N), Phosphorus (P) and

Potassium (K) nutrients thanks to their high contents in urban sewage.

Indeed, nearly 75% of the nitrogen present in wastewater come from human urine,
resulting from the filtration of blood at the kidneys [9]. Multiple methods for urea degradation
have emerged to face with the related large amount of nitrogen pollution produced every
day. One can cite hydrolysis [10], enzymatic decomposition [11], biological treatment,
chemical oxidation [12], adsorption [13, 14], catalytic decomposition [15]. However, these
processes could require either expensive equipment and/or high energy consumption, and
they are not all mature for industrial scale-up. As relatively simple to implement at room
temperature, electro-oxidation appears as a promising alternative for pollution removal in
wastewater, thus boosting the attention of the ElectroChemical (EC) community over the
last two decades [16-19|. In general, the anodic half-electronic reaction enables pollutant
degradation (industrial, human, or animal waste) while the cathodic half-electronic reaction
enables producing hydrogen, that can be used later as fuel.

A key practical requirement for the Urea Electro-Oxidation (UEO) is the availability of
highly efficient and cost-effective electrocatalysts. By performing UEO in alkaline medium, it
was shown that the use of precious metals for the electrode is not mandatory |20, 21|, which
drastically reduces the process cost and opens prospects for transferring to an industrial
scale. In particular, nickel-based alloys have the advantage of being cheap, widely available
and able to efficiently degrade urea while producing hydrogen at a lower cell voltage than
the one required for water splitting [22].

The H, production simultaneously to urea degradation represents a strong added-value
of the UEO process.

In keeping with this context, the present thesis aims at contributing to the scientific

advances in the UEO field by providing EC Engineering framework.

It has been funded by the ANR proposal “HyUrea” (ANR-19-CE04-0009) which overall
objective is to propose a new concept of wastewater treatment, combining selective collec-
tion of urine and decentralized treatment (degradation into valuable products) through a
PhotoElectroChemical (PEC) process.

By this way, the HyUrea project intends to propose a technology to mineralise efluents,
considered as wastes, and to generate simultaneously products of interest (Hsy), thus enabling
to reduce the energy consumption and the greenhouse gas emissions of WWTPs.

To this end, and since the nitrogenous contribution of wastewater is composed in average

of 75% by urea, the following {R .1} is the target reaction to carry out:

Solar (hv) energy
EC (AV) energy

CO(NHy)s(aq) + H2Oq) COyg) + Na(g) + 3Hag) {R .1}
To achieve this objective, the project gathers an interdisciplinary consortium sharing their
expertise in Electrochemistry, (electro)Chemical Engineering, (photo)Chemistry, Material

Science and Water treatment. The different partners are:
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ICMPE UMR 7182 Paris Est (R. Benyahia, C. Cachet-Vivier, S. Bastide, M. Latroche,
D. Muller),

LISE UMR 8235 Paris Sorbonne (S. Akkari, V. Sanchez-Sanchez),

LRS UMR 7197 Paris Sorbonne (V. Vivier),

LGC UMR 5503 (G. Hopsort, T. Tzedakis, K. Loubiére, K. Groenen Serrano, L.
Latapie),

o SIAAP (M. Lopez-Viveros, S. Azimi) as the Greater Paris sanitation authority.

The project is organized in four scientific tasks, as shown in the Figure 2.

/ Task 0: Project coordination [[CMPE] \ r ®

Task 1: Elaboration of the electrodes [ICMPE, LISE / S1-S6] %
PhD student

WiICMPE

Task 2: Photo/electrochemical characterization of the electrodes on

synthetic & real urine pre-conditioned by SIAAP [LISE, ICMPE, SIAAP / S1-S6]
PhD student %

Task 3: Conception & design of a PEC reactor [LGC, ICMPE, LISE, SIAAP / S3-S8] lé
PhD student ..'5'; LABORATOIRE
DE GENIE
CHIMIQUE

TOULDUSE + UMR 5503

Task 4: Urine management & PEC reactor implementation
on pilotsite [SIAAP, LGC, ICMPE/S2, S8]

2 master students S IAA P
Service public de I'assainissement francilien

Fig. 2 — Description of the ANR HyUrea project.

As initially planned in the project, the PEC reactor should integrate photo-anodes irradi-
ated by sun simulator. A first-generation of photo-anodes was elaborated and characterised
at lab-scale by the ICMPE team. They were made of nano-structured semiconducting
a-FeyOg4 layers deposited on transparent and conductive fluorine doped tin oxide (FTO),
and decorated with Ni-based catalysts [23, 24]|. Even if their performances were promis-
ing, they were not sufficient to scale them for their integration in the pilot-scale reactor
designed in Toulouse. Because the second generation is currently under investigation, the
implementation of these photo-anodes in the pilot-scale is still under progress and will not

be presented in this manuscript.

As a consequence, the present thesis, that mainly focuses on Task 3, aims at designing,
building and optimizing a EC reactor at pilot-scale that could be possibly photo-assisted and
able to treat 5L day ' m, >

anode Of urea stored in external tanks at an average concentration

of 0.33mol L ! using 100 cm? of electrode area.

This study has been carried in the Chemical Engineering Laboratory (fr: Laboratoire

de Génie Chimique) (LGC), more specifically shared between two of its departments:


https://www.icmpe.cnrs.fr
https://www.lise.upmc.fr
http://www.lrs.upmc.fr/fr/index.html
https://lgc.cnrs.fr
https://www.siaap.fr
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The Electrochemical Processes (PE) department through the team FElectre:
Electrochemical Engineering for synthesis, pollution abatement and energy
which focuses on the design and the experimental or theoretical optimization of tools,
methods and EC processes, in monophasic or multi-phase media, at scales ranging

from p-system to pilot.

The Sciences and Technologies for Process Intensification (STPI) department

with its expertise in Photochemical reactor Engineering.

The manuscript is composed of five chapters. Chapter I is devoted to the state-of-the-
art. The human urine storage, degradation as well as its EC treatment simultaneously with
the H, production will be discussed.

Chapter II presents the experimental set-ups conceived and used (lab-scale cells and
pilot-scale reactor) as well as the set of analytical methods that have been developed to
establish complete mass balances in gas and liquid phases.

Chapter [II explores the UEO in alkaline media at a lab-scale, investigating various
parameters and cell configurations, while proposing guidelines for electrolyser design and
operation for urea treatment.

Chapter IV investigates the kinetic behavior of urea oxidation on two types of NNOOH
sites, determined kinetic rate laws, and established a multi-pathway mechanism using
identified UEO by-products. It also proposed and validated a predictive model incorporating
kinetic laws and transport phenomena, showing high agreement with lab results. The
model, along with the multi-pathway mechanism, will be used for designing and operating a
larger-scale UEO reactor.

Chapter V introduces a Proof Of Concept (POC) for a pilot-scale reactor enabling UEO,
based on comprehensive mass balances and an energy study. The POC’s application to
real efluent treatment will also be discussed, facilitating a critical comparison with existing
water treatment processes.

Finally, a conclusion will summarise present the main advances of this thesis work and

present some key perspectives.

g
=2
+

Q

=
e

=}

—
+

=1
(o=




6 General introduction

(o
g
=
o
o
c
q
28
o
=




Chapter

State of the art

Outline of the current chapter

I-1

I-3

Human urine storage and urea degradation

I-1.1 Historical considerations . . . . . . .. ... ... .......

[-1.2 Urine selective collection as an alternative to traditional sanitation
systems . . ..o Lo

I-1.3 Urine composition, hydrolysis and stabilization . . . .. ...

I-1.4 Conventional urea degradation processes . . . . ... .. ...

ElectroChemical treatment of urine simultaneously to the H,
production

[-2.1 ElectroChemical oxidation in physiological buffer medium

[-2.2 ElectroChemical oxidation in neutral/saline medium . . . . .

[-2.3 Oxidation in alkaline medium . . . . . . .. .. ... .. ...

Highlights of the state of the art, context and strategy of the
present study

10
13
15

19
21
23
26

37

+
—
[
Q

=

+~

(T
(=}
Q

+~
2

+

n



w0
o+
o
=+
(0]
]
-y
=+
=
®
o
=
=+

8 CHAPTER I. State of the art

I believe that water will one day be em-
ployed as fuel, that hydrogen and oxy-
gen which constitute it, used singly or
together, will furnish an inexhaustible
source of heat and light, of an intensity

of which coal is not capable.

Jules Verne, The Mysterious Island
(1874)

Electrochemical Engineering seeks to solve contemporary societal problems, mainly in
terms of environment and energy, which often go hand in hand. Since the discovery of the
Volta cell, this discipline has developed considerably, both in terms of fundamental basics
and applications in various sectors such as energy (production and storage), electro-synthesis,
preparation of metals or reactive non-metals and analysis. The industrial applications of
electrochemistry are diverse and the subject of ongoing research, particularly in the context
of sustainable development and efficient management of matter and energy.

One of the major applications of this discipline is the development of electrolysers.
Electrolysis uses electrical energy (i.e., a potential difference between two electrodes) to
generate chemical reactions, such as the water electrolysis allowing the dissociation of water
into Hy. Electrolysis is become an industrial-scale process in the late 1800s, consequence
of the high demand for hydrogen in the newly emerging fertilizer industry, especially for
catalytic ammonia synthesis purposes [25]. According to Hale in 1919 [26], the Royal
College of France developed one of the first commercial systems in 1885, which generated
approximately 300 liters (STP conditions) of Hy per day. This system operated with an
alkaline electrolyte comprising 30wt.% KOH. Several types of electrolyser have emerged over
the years, as knowledge has increased, mainly (i) alkaline electrolysis technology; (ii) acid
electrolysis technology and (%ii) high temperature electrolysis technology.

To address waste-scarcity situation, the optimal management of water resources and
the wastewater treatment for reuse after depollution are seen as possible solutions [27].
Traditional processes such as physical, chemical and biological treatments are becoming
more and more ineffective in producing safe water from the large amounts of wastewater
generated by the agricultural, domestic and industrial sectors. Over the last years, one
can observe that EC technologies have gained renewed importance worldwide, especially
to face the challenges of (i) the high composition complexity of industrial wastewater [28]
and of (ii) the ever-increasing standards of drinking water supply and increasingly strict
environmental regulations on wastewater discharge. Indeed, they can be used to treat
wastewater containing organic oils, organic pollutants, heavy metals and nitrates [29], by
implementing different EC techniques, such as EC metal recovery, electrocoagulation and
electro-oxidation |30].

In order to combine decontaminating power with the production of value-added products
(Hy, etc.), hybrid solutions have been proposed to reduce the energy consumption of the

processes, thus enabling development on a large scale. One can cite:

(1) the implementation of other anode reactions to replace Oxygen Evolution Reaction

(OER) and oxidative products (such as the urea oxidation);
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(ii) the design of functionalized electrodes with the aim of reducing the energy cost of

electrolysers;
(iii) the bio-assistance through bioelectrochemical cells;

(iv) the development of hybrid technologies assisted by photons (PhotoElectroChemical,
Photocatalytic, PhotoVoltaic-ElectroChemical water splitting, etc.).

The present work is part of this scientific dynamic, by proposing an alternative method

based on 3 main axes:

e Section I-1 describes the intrinsic properties of urine, including the main urea degra-

dation methods;
e Section I-2 reports the main results of the EC treatment of urine in various media;

e Section I-3 ends this chapter by summarizing the major advances in this field and the
lack in the literature. From this, the methodology and the expecting of the present

thesis will be positioned.

I-1 Human urine storage and urea degradation

This section is structured into 4 main areas and will present:
(i) brief historical considerations and intrinsic features of urine;
(i1) the ins and outs of the selective collection system of undiluted urine;
(#7i) the composition of urine;

(iv) the methods currently used at lab-scale, knowing that the biological process imple-

mented in WWTPs has been presented in the introduction of the manuscript).

I-1.1 Historical considerations

The abundance of urea (Figure I.1), in nature comes mainly from mammalian metabolism
but also from the intensive industrial use of urea. For the urotelic species, urea, also called
carbamide, is the final product of nitrogen compound degradation (mainly proteins) according
to the ornithine cycle discovered by the German doctor Hans Adolf Krebs in 1932 [31] (in
1953, he was awarded the Nobel Prize in Physiology or Medicine for his identification of
the citric acid cycle). Unearthed in 1773 by the French chemist Hilaire-Marin Rouelle (as
“le cadet” i.e., “the younger”), urea was first synthesized 50 years later in 1828, by chance
when the German chemist Friedrich Woéhler expected to synthesize ammonium cyanate
(NH,OCN) by reacting silver cyanate (AgOCN) with ammonium chloride (NH,Cl) according
to the {R 1.2}.

AgOCN,) + NH,Cls) — AgCl) + NH4OCN {R 1.2}
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CO(NH,),
Urea concentration range in urine € [9,300 ; 23,300] mg.L*
Molar weight: 60.05 g.mol*
Density at 20°C: 1.33 g.cm?3
Solubility at 20°C in water: 624 g.L!

Fig. I.1 — Semi-developed formula, molecular modelling and some properties of urea.

He then observed that upon solvent evaporation, the cyanate was isomerized, leading to

the formation of urea [32]. This “fortunate” synthesis became a key turning point in the
history of chemistry because considered as the originator of organic chemistry.
Though being a major molecule at the origin of contemporary chemistry, urea remains neces-
sary for all living beings as involved in many biological metabolisms (protein decomposition).
Humans biologically produce urea, in the blood (at concentrations close to 5mmol L™!) but
mainly in the urine at a level of 2.5% or an average concentration close to 330 mmol L
(these concentrations vary depending on many physiological factors). One can estimate
that human urine production is about 10 billion liters per day [33], which represents a huge
nitrogen source.

Nowadays, urea is mainly used as fertilizer due to its high N-content (~ 46%) but also in
food as feed additive for ruminants, in the synthesis of thermosetting plastics [34, 35| and as
in motor vehicle exhaust pipes as a reducing agent of Nitrogen Oxides (NOy). As industrial
scale, urea is mostly produced either by CO, stripping (i.e., the Stamicarbon process) or by
ammonia stripping (i.e., the Snam Progetti, Mitsui-Toatsu-Tokyo or Montedison/Technimont
processes) [36]. However, significant waste amount are generated during the condensation
stages involved in these processes, and then found in the environment, not only in the plant
effluents but also in agriculture. To face this issue, various degradation processes have been

developed, as described later.

I-1.2 Urine selective collection as an alternative to traditional sanitation
systems

Urine should be collected separately from other forms contained in wastewater to prevent
the dilution and/or contamination by pathogens [37]. This separation can be achieved by
means of various toilet and urinal types, including waterless male urinals and urine-diverting
toilets [38], even if some dilution may occur in toilets equipped with a flush [39]. Once
separated, urine is treated to produce different fertilizers usable in agriculture, which are
referred as Urine-Based Fertilizers (UBF) to identify their origin [40]. Over the past two
decades, dozens of treatments have been developed, each of which has its own special
objectives (nitrogen stabilization, volume reduction, nutrient oxidation, pharmaceutical
residue and/or pathogen treatment), as outlined by Maurer et al. [39]. The separated urine

is collected and then treated for various purposes. As described in Table 1.1, urine diversion
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has its benefits and cons, ranging from reduced water usage to potential health and hygiene

issues [41].

Pros

Challenges

Resource recovery:
Urine contains valuable nutrients and minerals

that can be recovered and used as fertilizer for crops;

Complezity:
Implementation of urine diversion systems remains complex

as requiring specialized knowledge and expertise;

Water savings:
Urine separation allows reducing water amount

for flushing toilets, but also,

Maintenance:
Regular maintenance is required

to ensure proper operation and sanitation (uncorking),

overall water usage; assured by analytical monitoring;

Lower chemical usage: . -
. Social acceptability:
Conventional wastewater treatment . . . . L
. . . Urine diversion systems may be perceived by the general opinion
requires chemicals (such as Cl) which amount L )
o as unhygienic, unsafe and/or unpleasant,
can be reduced, and even eliminated o o . )
. . . . . thus limiting their wide adoption and acceptance; [42]
when coupling urine diversion and alternative treatment ways;

Infrastructure:
Significant infrastructure investments

are required for implementing this technology [43].

Matriz complexity:
High variability and the presence of micro-pollutants

must be taken into account. [43].

Table I.1 — Pros and cons of urine diversion.

The process of urea hydrolysis in real situation (i.e., pH, temperature, sewage pipe
conditions) can cause a decline in the amount of organic nitrogen and a rise in Total Ammonia
Nitrogen (TAN). The overall {R 1.3} results in a pH increase from around 6-7 to around
9 [44]. This process also releases ammonia and bicarbonate and causes an increase in pH,
leading to the precipitation of salts and a decrease in calcium, magnesium, and phosphate
contents [45, 46]. The bacteria responsible for urea hydrolysis is called urease-positive
bacteria: present in the urine collection systems, it can initiate this process within a few
days [47].

Urease catalyzed

CO(NH2)2(aq) —+ 2H20(1) NH3(g) + NH4+(HQ) + HCO?T(aq)

{R1.3}

Struvite formation

NH4+(a<1) + Mg%(aq) + PO437(aq) + 6Hy0q) NH4MgPO, -6 HyO )
{R 1.4}

ot 3 B Hydroxyapatite formation
10Ca™ (aq) + 6POL (aq) + 20H (aq) Cay(PO4)s(OH)ys)
(R L5}

This “natural” urea hydrolysis remains problematic for efficient urine valorisation, as
a part of the ammonia is degassing during the collection and storage steps, and thus
causes, nitrogen losses, unpleasant odors and environmental pollution [48]. Additionally,
the spontaneous precipitation of calcium and magnesium salts (described in {R [.4-R 1.5})
can clog collection system pipes (as shown in Figure 1.2), thus inducing blockages, leaks and

requiring frequent cleaning and maintenance [49, 50].
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Fig. 1.2 — Mlustration of salt precipitations and subsequent deposits occurring inside collection
systems (the pictures show a valve used in the “NoMix toilet” equipment from Roediger Vacuum
GmbH) (extracted from [51]).

To prevent urea hydrolysis and subsequent precipitation, the microbial activity and
urea-degrading enzyme should be inhibited. For that, some chemicals are added, such as
acids, caustics, hydrogen peroxide or urease inhibitors [52, 53].

Based on the work of Eme et al. [54], Figure 1.3 shows the typical composition of
typical sewage (out of a family home). One can observe that organic matter coming from
faecal matter and toilet paper represent an important contribution as well nutrients from
urine. The nitrogen present in wastewater comes from urine (i.e., 80%) and especially from
urea, which is then converted by bacterial ureases into ammonia nitrogen. This nitrogen
is concentrated in a limited amount of urine about 1.3 L per person per day, while the
total wastewater volume is about 41 L per person per day (i.e., less than 5% of the total
wastewater volume). This feature supports the implementation of selective collection systems

on a larger scale, so as to treat concentrated nitrogen effluents instead of diluted ones.

100 % -
60 % -
1.3 G
40 % : 1.9 0.7
20 % 0.6
1.3 1
5 9

0% T T T T T T T
Volume® Volume? ssb BODs" cop’ TN® PT® K® sP
(without (with
flush) flush)

mmE Flush Toilet paper mmm Faecal matter Hydrolyzed urine]

Fig. 1.3 — Typical sewage composition in which the contribution with indexes * and P are expressed
in Lpers ! day ! and in gpers—! day ! respectively (extracted from [54]).

At last, one can mention that the use of source separation technologies and their
optimization is increasingly studied in the state of the art as well as the coupling of selective

collection with abatement processes [55], as illustrated in Figure 1.4.
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a) b)
electrochemical cell
Faeces etc. H,0
1
crystallizer-, L =
NoMix =
toilets urine diversion toilet " " F electrolyte
Urine " 3 7l
freshf rine I’aeLces H,0 .
) Mg 011') Qw
Urine tank g Ca**] H, .
with valve 3 H1 b
Waterfree = _ B i
) operated by JJ )
urinals = =
Q remote control i =
P precipitates
= = L
1 acid rinsing solution
v stabilized urine [pH>12]
» N

Fig. 1.4 — a) Principle of urine source separation technology (“NoMix toilet” equipment from by
Roediger Vacuum GmbH) with controlled release of urine to the sewer system (extracted from [38]).
b) Schematic overview of a urine source separation set-up enabling nutrient recycling, facilitating
wastewater management and conserving water (extracted from [56]).

I-1.3 Urine composition, hydrolysis and stabilization

Produced by the kidneys and stored in the bladder between urinations, urine has a
composition, illustrated in Figure 1.5, that depends on various factors, such as diet, lifestyle,
and individual characteristics (i.e., gender, age, weight, eating habits, etc.). When freshly
excreted from the bladder, urine contains more than 98wt% of water. The dry substances
present in urine are split into organic compounds (~ 60wt%) and inorganic compounds (~
40wt%). Among organic compounds, urea represents more than 60wt% (with an average
concentration of 0.33 mol L™1), followed by ammonium salts (~ 20wt%), the rest including
creatinine and other compounds (histidine, creatine, etc.). Inorganic salts are primarily
sodium chlorides, then potassium chlorides, sulfates, carbonates, and phosphates. The
composition of the urine is detailed in Appendix A based on the measurements made by
D.F. Putnam from 1971 [57]. Proteins are present in trace amounts compared to their
concentrations in blood plasma. In 2013, a study conducted by Bouatra et al. [58] identified
more than 3,100 components in human urine. Among the comprehensive list of components,
over 90 compounds were found to be consistently present in urine samples, irrespective of
gender or collection time. Taking into account that each individual generates approximately

between 1.5 and 2 L. of urine daily and the global population stands at 7.7 billion people, the

daily worldwide production of urine can be estimated between 11.6 and 15.4 billion liters.

This translates to an annual global urine production ranging from 4.22 to 5.62 trillion liters.

The criteria chosen for evaluating urine quality depend on the targeted use, namely medical
analysis (through urinary ionograms), dietary purposes, agriculture applications or urine

treatment for discharge or reuse.
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Fig. 1.5 — Illustration of the human urine composition (adapted from [59]).

As discussed previously, the urea hydrolysis modifies the chemical composition of urine,
depending whether urine has just been excreted or stored. To illustrate the importance of
these variations, Table .2 reports the urinary output of a person over 24h. To stabilize
urine, various methods have been used with their own advantages and disadvantages. One
can cite : acidification [60, 61], alkalinization [62, 63], electrochemistry [64, 65] or use of
inhibitors or oxidants [66]. An inhibition of the urease contained in urine has been notably
observed when the pH exceeds a value close to 10 and/or for temperatures higher than
80°C [67, 68]. However, one should keep in mind that, the choice of the most appropriate
stabilization method remains dependent on the urine collection method, on the targeted
application and on the desired recovery form, because of the interdependent relationship

between urine separation, stabilization, concentration and recycling [69].

Factor Fresh urine Hydrolyzed urine
pH 6.2 (2) 9.1 (1)
Suspended solids (SS)? 25 (1) 1(2)
BOD;? 6 (1) 5 (6)
CoD? 16 (3) 9 (2)
TN® 11 (2) 8 (8)
including Ny, 4 (2) 8 (5)
including Nyyea 7(2) - ()
Total Phosphorus (TP)? 1.1 (2) 0.6 (8)
including Ppo, 1.1 (2) 0.7 (2)
Potassium? 2.7 (2) 1.9 (8)
Sulfur® (1) (8)
(1) (1)

==
o w
o ©

including Sso,

2 given in gpers ! day !

Table I.2 — Illustration of the average daily loads of urine. Mean values are presented while the
number of measures used for calculating these average values are presented in brackets. Data are
extracted from [54].
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Udert et al. [47] have applied the Michaelis-Menten model, classically used for enzymatic
reactions on a substrate, to describe the temporal decomposition of urea. They have found
a hydrolysis kinetic constant equal to 960 g urea-N per day in the toilet separator pipes, and
to 180 g urea-N per day in the storage tank filled with hydrolysed urine (0.1m3). These
differences have been explained by the fact that the bacteria in the pipes were in contact

with fresh urine and thus developed the ability to secrete urease, while the elevated pH (~

9) caused by the hydrolysed urine stored stop the bacterial development and hydrolysis.

Another study by Liu et al. [70] have shown that, by mixing fresh and hydrolysed urine
(20% hydrolysed and 80% fresh), the hydrolysis time could be reduced by more than 50%
compared to fresh urine alone. They have also proven that temperatures above 20°C
favoured hydrolysis. These findings thus demonstrate that the urea hydrolysis kinetics is

strongly influenced by the storage and collection conditions.

I-1.4 Conventional urea degradation processes

To face with this huge amount of urea produced each day, biological treatment in
WWTPs is widely used. However to face to atmospheric pollution and/or high energy
consumption, multiple degradation methods have emerged, such as hydrolysis, enzymatic
decomposition, biological treatment, chemical oxidation, adsorption, catalytic decomposition
and finally electro-oxidation. It should be noted that the capacity of existing set-ups based
on these techniques are largely smaller than the biological treatment plants. Finally, these
methods will be presented in the following section, while the urea EC treatment will be the

object of a separate section (refer to section I-2).

I-1.4.a Chemical degradation

The products formed by urea chemical degradation (i.e., hydrolysis) depend mainly on
the pH. Thus, the reaction {R 1.6} occurs with a strong acid solution, while in the presence

of an alkaline base, the reaction {R 1.7} preferentially takes place.

CO(NHQ)Q(aq) + HQO(]) + 2H+(aq) — 2NH4+(aq) + COQ(g) {R 16}
CO(NHQ)Q,(aq) + HQO(I) + ZOHi(aq) — 2NH3(g) + C0327(aq) + HQO(I) {R 17}

Therefore, hydrolysis will significantly modify the characteristics of urea-containing solutions:
the pH of fresh urine solution (typically equal to 6.2) will after hydrolysis increase up to 9
[71] and its carbonate concentration from 0 to about 4 gc L~!. For fertilizer applications,
once urea spread on the soil (UBF), the farmers must hydrolyze urea into ammonium during
storage periode and then into nitrate so that the plants can absorb it, since NO3 is the main
source of nitrogen for plant growth. Urea naturally hydrolyzes in the soil, as illustrated in
Figure 1.6, the reaction products alkalize the soil, and then change the chemical balance of

dissolved ammonium by producing ammonia gas released in the atmosphere.
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ATMOSPHERE

Urea
solution ﬁ
°
a O

GROUND
.
NHa(eq)
4 l pH low
pH high
° .. . o . .
HYDROLYSE NITRIFICATION ©

CO(NHz)z(aq) NHy*(aq) NO3*(aq)

Fig. 1.6 — Ammonia volatilisation and nitrogen loss when using urea as fertilizer (adapted from

[72])-

In 2005, Behera et al. have estimated that 80.6% of ammonia emissions come from
agriculture [73]. The use of urine as a fertilizer therefore presents an atmospheric pollution
that needs to be taken into account. At the same time, this leads to soil and water
acidification and eutrophication [74] due to the release of the protons according to the
following mechanism {R 1.8 - R 1.9}:

NH, (aq) — NHz(q) + H' (ag) {R1.8}
NHS(aq) <~ NH3(g) {R 19}

To limit this atmospheric and terrestrial pollution, the use of other types of fertilizers is
therefore to be preferred, such as ammonitrates (NH,NOs3).

At last, it is interesting to report that urea hydrolysis is also used industrially. An
aqueous urea solution is heated by a high-pressure steam stream, before separating the
decomposition products |75] (urea stream heated for 30 min at 200 - 220 °C at a pressure of
2 - 3MPa [76]). 94% of the nitrogen content is approximately reduced in the output stream.

High temperatures remain the major drawback of this process (energy consumption) [10].
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I-1.4.b Chemical enzymatic degradation (urease action)
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Fig. 1.7 — a) Illustration of the ribbon diagram model of urease from Klebsiella aerogenes (af)
subunits and two Ni'!! ions (green). [77] b) Representation of the crystal structure of Sporosarcina
pasteurii urease active site which is a representative urease from soil bacterium. The Ni, C, N, and
O atoms are shown in green, gray, blue and red, respectively. Hydrogen bonds are depicted by thin
blue lines [78].

Hydrolysis can also be catalyzed by enzymes. Discovered in 1874, and characterized
from the 1890s onwards, urease, illustrated in Figure 1.7 is an enzyme produced by ureolytic
bacteria. The urea decomposition is then accelerated thanks to the two nickel sites at the
oxidation state +1I. The related rate is estimated “10'4” times faster [11] than that without
urease. During the enzymatic reaction {R 1.10}, urea is hydrolysed into ammonia and
carbamic acid. As a result, this latter is then spontaneously decomposed into ammonia and
carbonic acid. The carbonic acid ions and two molecules of ammonia are in equilibrium,
that is affected by the pH of the solution.

Urease

CO(NHy)s(aq) + 3H50( 2NH, (aq) + HCOj (aq) + OH ( {R L10}

aq) aq)

The mechanisms related to the action of the nickel-containing active sites of urease onto
the urea molecule are still under discussion in the literature. Whatever the explanations
proposed over the years [79-81], a common feature can be highlighted: two active nickel sites
linked by a hydroxide bridge (Figure I.7b, green atoms) are required and act as proton donor
sites for hydrolyzing urea. The disagreement point inside the scientific community concerns
the question of the urea sites affected by the urease: several groups 82, 83] have proposed
an urease attack where one nickel atom is bonded to a carbon atom (from urea), while
the other is combined with an oxygen atom. It will therefore be interesting to investigate
whether urea degradation on nickel electrodes is similar to enzymatic degradation with its

two nickel sites in urease.

I-1.4.c Comparison of urea degradation methods

Table 1.3 summarises the conventional methods for urea degradation that have been
previously presented. Three other methods are also reported in this table even if they are

still rarely employed:
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e chemical oxidation involves strong oxidizing compounds that must be chosen so as
to convert urea into non-toxic products while being inexpensive and non-toxic, and
reducing to non-ecotoxic forms. Currently, some studies have been carried out with
ozone [12] or sodium chlorate [84] but there are still many obstacles to develop the

process at large scale.

e adsorption consists of bringing a liquid or gaseous stream of urea into contact with a
bed of sorbents, such as activated carbons [13], Faujasite type zeolites [14] and ion
exchange resins [85] (R—SO3—H™ type).

e catalytic decomposition (on Pt/SiO,, AlyO5, TiO4 catalysts) [15] remains an attractive

method but is still too expensive to be used industrially

Decomposition
General principle Operating parameters P
products

Hich t ‘ Residence time,
igh temperature
Hydrolysis & b Temperature (120 - 236 °C) NHj, COq

and pressure
Pressure (1.7 - 3.7 MPa)

Enzymatic Enzyme immobilization

B Use of ureases NH;, CO,4
decomposition pH (6.5-7.5)
Nature of bacteria
. . . . . N27 N027
Biologic degradation Use of a bacterial population urea flow NO.. CO
pH (7.0 - 9.0) 0
Nat f oxidant
Chemical oxidation Use of strong oxidants are OHOX1 s Ny, NO3, CO,
p
Sorbent ties
Adsorption Use of sorbents orbent properties /
Flow rate
Catalytic Nature of the catalyst Ny, NOg, CO,,
) Use of catalysts
degradation Temperature (20 - 90°C) NH;, NO,

Table 1.3 — Comparison between the different non-EC methods of urea removal from aqueous
solutions (adapted from [75]).

Various non-EC methods of urea removal are well-developed, with hydrolysis of urea
being the most effective (around 94%). However, this process requires high temperature and
pressure, limiting its industrial-scale application. Enzymatic decomposition of urea is also
effective, but enzyme stability is a concern. Biological methods involve bacteria strains in
biofilters but are not selective, and using oxidizing agents requires an affordable, non-toxic
oxidant. Adsorbents are an evolving method, but optimization is still under investigation.
Catalytic decomposition is expensive due to catalyst costs and requires optimization for
maximum efficiency. The most promising industrial-scale method is hydrolysis of urea
combined with enzymes. However, choosing the appropriate method depends on various

factors, such as wastewater concentration, required purity, and process cost |75].

Following on from these techniques, the section I-2 focuses on EC methods for urea
removal. This topic is of interest because EC treatment of urea-containing wastewater has

potential applications in dialysis, WWTPs and Fuel Cells (FCs). The following section will
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delve into this technique and provide a more complete understanding of the challenges and

concerns associated with it.

I-2 ElectroChemical treatment of urine simultaneously to the

H, production

UEO has emerged as a promising technology in the last decade, thanks to the compact
system design, efficient treatment, and convenient operation [86, 87]. Under “strong”
oxidation conditions, urea can be converted into mineralized products (N,, CO,) [88]. A
notable feature of urine is its high solution conductivity, greater than 20 mS cm ™!, which
minimizes energy losses in EC systems, resulting in improved EC performance. Various
EC systems have been developed with different characteristics and purposes, but they still
remain in its early development stages, thus requiring further exploration, in particular for
large-scale applications.

The research dynamics and the future road-map on urea oxidation has been presented
throughout Figure 1.8, thus showing how, since the 1970s, the UEO development has gone
through multiple stages in the mechanistic understanding. Noble catalysts (Pt, Ru, Ir, etc.)
have been first used for de-ureation in life support systems, and the related investigations
have been then centered on surface chemistry for urea adsorption models and direct oxidation
behaviors. Later, urea oxidation have been considered by monitoring over time the products

of electrolysis.
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This chapter provides a summary of the current progresses in UEO made in various
fields, such as human dialysis detoxification, chlorine-mediated nitrogen removal, and

synergistic alkaline hydrogen production. The UEO mechanisms and the related key

reaction intermediates will be discussed, from both experimental and computational results.

By this way, a road-map of UEO over the past 50 years will be depicted, allowing to identify
the challenges that still need to be addressed. At last, some development directions and

promising prospects for future investigations will be proposed.

I-2.1 ElectroChemical oxidation in physiological buffer medium

For healthy adults, urea concentration in blood ranges between 1 and 10 mmol L~!, with
significant deviations due to health issues (i.e., renal failure). The need to remove urea from
blood dialysate fluid or to regenerate used adsorbent cartridges is at the origin of the works
on anodic oxidation of urea.

Inspired from EC systems used for eliminating organic wastes in space and in manure
lagoons [90], Sausse et al. [91] and Yao et al. [92] are reported as pionnering studies. The
group of Sausse has explored the EC generation of ClO™ to directly degrade urea, while Yao
et al. has examined the EC anodic oxidation of urea over a Pt disk electrode, in phosphate
buffer (pH 7.4) solutions, with or without glucose. They have observed an oxidation peak
at around 0.12V vs. Ag/AgCl, and suggested that this peak could be attributed to urea
degradation, which is chemically adsorbed on the electrode surface [93] leading to COs.
These findings have thus demonstrated that urea could be directly oxidized on the Pt anode
into CO4, Ny, and H5O as final products.

In Krebs-Ringer Phosphate Buffer (KRPB) solution, Keller et al. have investigated
the effects of urea and glucose concentrations, pH and half-cell potential, on the shape of
the anodic I=f(E) curves [93]. In a typical test, 108 mg of urea is removed from 300 mL of
simulated dialysate within 100 h under a current density of 0.5mA cm 2. The solution’s pH
increases from 5 to 9 and then decreases to 6, possibly due to the water electrolysis. Only
NH," ions at concentrations close to 1 x 1079 mol L~! has been detected as products. The
response limit for urea is claimed to be 1mgL ™! over this Pt electrode.

Mlustrated in Figure 1.9, Patzer et al. have also proposed a mechanism for urea oxidation

on Pt electrode, involving the following steps [94]:
(i) potential-dependent urea adsorption on the electrode surface,
(ii) formation of surface Pt-O or Pt-N bonds via one-electron transfer in the EC process,

(#i) hydroxyl ion attack on the strained Carbon (C)-N bond, forming NH; and a car-

bonyl/carboxyl ion, similar to catalytic hydrolysis by urease,

(iv) withdrawal of an electron from the carbonyl/carboxyl ion, breaking the other C-N

bond through electrophilic attack by chemisorbed hydrogen atoms,

(v) further EC oxidation of the formed ammonia into various nitrogenous products, with
surface *CO/CO, species desorbing under strong potential, and regeneration of the

electrode surface.
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Fig. 1.9 — Mechanism proposed by Patzer et al. [94] for urea electro-oxidation on a Pt-series
electrode under physiological buffer conditions (adapted from [89]).

The urea oxidation constant has been determined to be 6.218 x 107 gurea (smA) L.

To achieve a urea removal rate of 2.08 mgs ! within this chlorate-free (C107) electrolyte
system, Patzer et al. have estimated that a minimum current density of 0.25 A is required
at an overpotential of 0.68 V vs. SHE [94]. Based on this knowledge, an electrolysis system
with controlled potential and current has been developed. The total cell voltage has kept
below 2V to facilitate both urea elimination and electrode regeneration by avoiding chlorine
generation. Removal rates of 0.75, 0.9, and 1.0 g (m2h) ! have been obtained from human
peritoneal dialysate [95], hemodialysate solution of a uremic diabetic dog, and urea KRPB
solutions |96], respectively. Furthermore, a constant cell voltage was applied |97, 98]. The
removal rate increases with the current and anode potential. However, when the potential
of the working electrode exceeds 1.2V, Cl” is oxidized to hypochlorite. However, its impact
on the direct oxidation rate is minimal in acidic solutions [99]|. In addition to ammonia,
trace amounts of other by-products, such as NyO and NO, have been detected using Mass
Spectroscopy (MS) [100]. The toxic effects of these by-products have discouraged the use of
platinum electrolysis in dialysate regeneration for stringent clinical applications.

It is important to examine the adsorption and reactivity of urea at the molecular level.
In a sulfate solution, the urea adsorption rate exceeds the oxidation rate at low potential
ranges (<1.2V) [89]. However, at around 1.5V, an significant acceleration of the oxidation
is observed, in which the adsorbed -OH play a key role, thus indicating the dominating
influence of pH [101]. Using a radio-tracker method, urea has been found to exhibit anion-like
adsorption behavior on the charged Pt electrode surface, akin to various anions (e.g., HSO,,
H,PO,, Cl') and saturated aliphatic acids (e.g., acetic, succinic, or Oxalic Acid (OA)).

The electrode surface properties and the supporting electrolyte nature seems to have a
strong influence on urea adsorption [101]. For example, when replacing SO427 electrolyte
by KRPB phosphate buffer, urea chemisorption is inhibited due to a competition with
phosphate anions. Urea can also adsorb on Pt, reducing the oxygen variation rate [102-104].

The crystallographic surface orientation of Pt has a strong impact on urea’s voltammetry
behavior, as shown by Gamboa-Aldeco et al. [103]. Langmuir and Virial isotherms have
also been found to be applicable for describing urea adsorption behavior on copper, which
are less hydrophobic than silver [105, 106]. Notably, the electrode hydrophilicity plays a

crucial role in solid-liquid interface reactions, thus affecting urea adsorption and oxidation
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during EC processes. This parameter should therefore be maximized to increase the amount
of urea that can be oxidized at the electrode.

To overcome the use of costly Pt electrode, Yao et al. used using Ti and platinized
Ti (Ti/Pt) [107]. The Pt loading per unit mass could decrease by 1,900 times. More
recently, Fino et al. have examined the performance of urea (1molL ') oxidation over
Pt, Ti-Ru oxide (DSA-Cl,), Boron-Doped Diamond (BDD), and antimony-doped tin oxide
(SnO4—Sb,05) electrodes in a perchlorate electrolyte with Na™ as the counter ion [108]. By
Cyclic voltammetry (CV), they have showed that the presence of urea causes the decrease
of the oxygen variation current on the Pt and Ti-Ru oxide surfaces, meaning that urea
adsorption blocks the active sites for OER.

In contrast, a significant increase of the current density has been observed in proportion
to the urea concentration on SnOy—SbyO5 and BDD surfaces, thus suggesting the potential
role of OH® via an indirect oxidation process. Different reaction pathways, product distribu-
tions, and kinetic behaviors have been observed across these electrodes. For instance, urea
is degraded into Ny, NO5, and NH," on BDD surfaces, with inorganic by-product fractions
as high as 39% at a current density of 20 mA cm 2. Both urea activation and by-product

formation have been partially inhibited on SnO5—Sby0O5 surfaces.

From this, one can conclude that the UEO in physiological buffers is significantly im-
pacted by the choice of anode materials. To avoid corrosion issues in neutral or mildly acidic
electrolytes, precious metals or inert electrodes are often preferred. In bodily fluids or KRPB
buffer solutions, the surface-bound hydroxyl groups or trace amounts of hydroxyl radicals are
suggested as the oxidative species involved in urea conversion. As a result, the development
of effective electrocatalysts require to enhance the presence of hydroxyl groups or hydroxyl
radicals on the surface, for instance through oxophilic components, potential range and/or
facet orientations. Furthermore, the complex UEO mechanisms are directly influenced
by various factors, including applied potential, pH, electrolyte composition, concentration
and reaction temperature. For example, in acidic pH conditions, the primary degradation
products are likely to be Ny and CO,, but small quantities of nitrogen oxides and ammonia
species may still be present and the CO intermediate generated can sometimes poison
Pt-based electrodes [89], significantly reducing their long-term stability. It should be noted
that no mass balance has been carried out. Despite these extensive research efforts, it has to
be said that this intricate system requires further investigations, particularly to understand

the relationship between catalysts and UEO performances.

I-2.2 ElectroChemical oxidation in neutral/saline medium

Working with real dialysate or human urine necessitates to account for the presence
of chloride ions (Cl"), because they act as precursors for active oxidative species and thus
contribute to urea oxidation. As a result, the anodic reaction leads to the production of
active chlorine (in acidic media) {R .11} and hypochlorite (in neutral media) {R 1.12},
collectively known as Reactive Chlorine Species (RCS). The Cl, or hypochlorite reductions
may occur at the cathode, requiring to separate the anolyte and the catholyte so as to prevent
energy waste. Depending on system operation, various products or intermediates have been
observed, such as CO,, Ny, Hy, CNO™, NO3, NOy, NyO,, NyO, NOy, NoH,, chloramines,
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chlorinated urea, and urea cation radical —NHQCONH;+ [75]. It is therefore necessary to
better understand how the formation of these products is influenced by operating parameters
(electrode materials, potential, temperature, etc.). One can consider that this RCS-based
system is in fact an enhanced and sophisticated version of the system from Bizot and Sausse
[91], in which external NaOCI or HOCI is replaced by in situ electro-generated counterparts.

Fels et al. further studied the degradation of urea (500 mg L 1) into dialysate matrices
using a platinized Pt-black as both anode and cathode {R 1.13} [109]. Urea degradation
rates have been related to urea and hypochlorite concentrations, leading to a benchmark

performance of 0.8 mg (h mmglectrode)

6Cli(aq) — BCIZ(g) + 6e {RIL.11}
3Clg(g) + 3H20(1) — 3HOCl(aq) + 3H+(aq) + 3Cli(aq) {R 1.12}
6Na' (aq) + 6Hy00) + 66 —= 6NaOH o) + 3Hyy (R 1.13}

However, a cell potential of 6 V has been reached, and the current efficiency sharply declines,
from over 90% to below 50%, for increasing potentials from 6 to 10 V. At the same time, the
removal of unwanted by-products is found to be improved with increasing potential. During
the urea degradation process, the pH dropped from 6.6 to 5.6 due to HOCI formation or
CO, dissolution [109]. The impact of organic metabolism compounds, such as glucose or
acetate, has been examined in a subsequent study. Without acetate, the solution significantly
lost buffering capacity, resulting in a pH drop of 3-4 units. Additionally, by introducing
oxygen, excess of ClO,, including ClO", ClO,, and ClOg3, have been detected and the Cl1O™
percentage decreases with increasing operational potential [110]. A treatment capacity of
40-80 mL min ! of urea solution could be successfully obtained by implementing a prototype
device combined with a granulated charcoal adsorption cartridge [111].

A kinetic model involving RCS generation and urea oxidation has been proposed [112],
guiding the development of an affordable, compact, and disposable oxidation cell. A test was
carried out to put in contact NaOCI and urea. This last has revealed that the chlorination
reaction {R .14} occurs quickly, while the hydrolysis of chlorinated urea into CO5 and Ny
{R .15} is identified as the rate-limiting step [113].

Fast: CO(NHz)Q(aq) + 30017(
Slow: HNCICONClyoq) + 30H (

- HNCICONCIQ(aq) {R 114}
— COy(g) + Ny(g) + 3HyOq) + 3Cl(aq) {R L15}

aq)

aq)

Next, the focus has been shifted towards (i) the development of cost-effective electrodes
and (i) the understanding of the urea oxidation mechanism. Other platinum group metals,
including Pd, Ru, and Ir, have been particularly investigated. Various techniques have been
employed to create surface-enriched geometries of platinum metal on bulk electrodes, with
the aim of enhancing the overall availability of the active precious metals. Additionally, some
Pt-group free electrodes have been reported, such as carbon or Ti-based electrodes. For
example, using the widely employed industrial electrode RuO5/SnO,/TiO4 in 0.1 mol L™!
NaCl solution, urea chlorination has been found to occur in following multiple stages near
the anode boundary layer, first by transforming urea into monochlorourea {R .16} and
subsequently into dichlorourea {R 1.17}. At pH 7 or higher, the dichlorourea compound is
decomposed into Ny, CO,, and Hy {R 1.18}. Unlike the case with Pt electrodes, the initial step
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of urea chlorination into monochlorourea is identified as the rate-determining step (RDS)

under neutral to alkaline conditions [114].

Cly(g) + CO(NHy)g(aq) —= HoN—CO—NHCl(,q) + H' (4q) + Cl (aq) {R L16}
Cly(g) + HoN-CO—NHCl(,,) — CIHN—CO—-NHCl,q) + H+(aq) + CI (aq)
{R 117}

ClHN*CO*NHCl(aq) + QOHf(aq) — Ny + COQ(g) + 201,(%1) + HQO(I) {R 1.18}

aq)

Udert et al. have explored the performances of IrO4 and Ti/IrO4 electrodes for degrading
urea and ammonia within artificial urine (freshly prepared) and synthetic stored urine
matrices, respectively [71]. During the urea oxidation over IrO,, NO; (rather than NH,")
has been identified as the primary by-product, suggesting that the indirect oxidation by bulk
active chlorine would be the dominant pathway. Toxic by-products, such as chloramines,
N,yH,, and NOy, have been also detected in the IrO4 electro-oxidation system [115].

Bimetallic Ti/Pt electrodes, with single or double-sided 3-10 pm Pt coatings on Ti
foil, could be produced using EC and metallurgical techniques (explosion welding and
combined with further rolling). Grinval’d et al. [116] have used an electrolyser with a
capacity of 500 mL min !, and have examined the effect of current load, electrode working
surface, mass transport factors,and presence of gas on the electrolysis performances and
heat balance. Simka et al. [117, 118| have tested the effect of plate electrodes (containing
Pt group metal including Ti/Pt, Ti/(Pt-Ir)70.30, Ti/RuO,, Ti/(RuOy-TiOs)40:60, Ti/(RuOqy-
Ti05-1rO5)20:60:20, and Ti/(TagOx5-IrO5)70.30) in terms of urea decomposition rate, current
efficiency and electrode stability. From these two works, the electrode behavior could be

classified into two categories:

e the presence or adsorption of urea obstructs the active site for chloride oxidation,
resulting in a reduced chlorine release and current density for Ti/Pt, Ti/(Pt-Ir)7.30,
Ti/RUOQ, and Ti/(RuOQ—TiOQ—IrOQ)20;60;20;

e the current density increases with urea concentration, suggesting urea oxidation on
Ti/(RuOQ—T102)40;60 and Ti/(Ta2O5—II“02)70:30 surfaces.

A more economically interesting alternative is the use of BiOy/TiO, sheets created using
the chemical liquid deposition method. The surface titanol groups (i.e., TiOH) offer active
sites for hydroxyl radical formation, while BiOy’s redox transition (Bi™'V— Bi*V) acts as
electron sinks [86].

Generally, one can describe the anodic oxidation of urea in a chloride-containing solution
by three kinetically significant steps, occurring in the solution from the electrode surface, to
the bulk:

e heterogeneous catalytic RCS generation on the inert electrode surface, with a contri-

bution of water electro-activation into reactive oxygen species;

e initial RCS reactions with urea to produce monochlorourea or dichlorourea intermedi-

ates;

e subsequent oxidation reactions involving the initial reaction intermediates through

free radical chain reactions to yield nitrogenous and/or Cl” containing final products.

+
—
[
Q

=

+~

(T
(=}
Q

+~
2

+

n



w0
o+
o
=+
(0]
]
-y
=+
=
®
o
=
=+

26 CHAPTER I. State of the art

As a variety of electrode materials are widely employed, the active phases and sites
exhibit high heterogeneity, resulting in significant variations in kinetics, reaction intermedi-

ates, and overall pathways, and thus in different product distributions and current efficiencies.

To briefly summarise, most of metallic catalysts are prone to corrosion in saline elec-
trolytes and from protons released during urea oxidation (according to {R 1.17-R 1.18}).
This considerably restricts the selection of available electrocatalysts to some options like
novel metals, BDD and TiO,-loaded electrodes. The results have demonstrated a strong
correlation between current efficiency and applied anodic current density as well as urea
concentration [75]. Nonetheless, the comprehensive evaluation of UEO cannot solely depend
on current density, as several by-products also come into play. Among the studied electrodes
for indirect oxidation of urea in a chlorate medium, plate Pt electrodes display unsatisfactory
efficiency (with only 25% even at high current densities), whereas the Faradaic current
efficiency of BDD and Ti/RuO, plate electrodes can reach nearly 100% [75]. Decreasing the
formation of by-products such as chloramines and perchlorate [119], requires to drastically
control certain operational parameters. For instance, the high urea content in fresh human
urine can effectively suppress the over-generation of oxychlorides (approximately 1000 times
lower than in hydrolyzed urine matrices [120]), thus indicating its suitability for point-source
remediation prior to urine storage and hydrolysis. Furthermore, EC reactor configurations
and operating parameters should affect the generation of these by-products [121, 122], but
research works on this topic remain limited. Consequently, more intense research efforts
should be paid on the development of effective electrocatalysts, on the optimization of

reactor designs, and on the design of controllable system operations.

I-2.3 Oxidation in alkaline medium
I-2.3.a Mechanisms

In recent years, the growing demand for renewable, sustainable, and eco-friendly energy,
leads to recognize urea as an important N-based fuel molecule. Compared in Table 1.4 to
other molecules, such as ammonia or hydrazine (NyH,), urea offers competitive advantages:
high solubility in aqueous media, low volatility, non-toxicity, excellent energy density,
substantial hydrogen content, and a relatively low potential (theoretically —0.084 V vs. SHE,
for {R .1}). Thus, the generation of renewable Hy by urea electrolysis appears both as an

alternative to water splitting and an attractive method for source-based water pollution

removal.
N-based Solubility Vapor pressure Energy density Hydrogen content
fuel molecules  (gcompound gwiter at 25°C) (mm Hg at 25°C) (MJ kg 1) (wt%)
CO(NH,), 55 23 12.7 6.7
NH; 32 7395 25.2 17.7
N,H, 282 14 19.3 125

(7.9 in case of hydrous hydrazine)

Table 1.4 — Summary table of nitrogen-based fuel molecules properties.

In alkaline conditions (pH>14), the Hydrogen Evolution Reaction (HER) is more likely

to occur. Nickel, a non-precious metal, is considered as an electrocatalyst for alkaline



[-2. ElectroChemical treatment of urine simultaneously to the Hy production 27

electrolyser anodes, because its corrosion resistance [123]. Indeed, native nickel oxidizes, and
Ni(OH), covers entirely the metal. Ni(OH), can be electrochemically oxidized to generate
NiOOH, according to {R 1.19} [124], also a solid remaining on the metallic surface, which

appears as a “strong” oxidizer.

Ni(OH)Q(S) + OHi( — NiOOH(S) + HQO(I) +e {R 1.19}

aq)

Interestingly, the UEO on a nickel electrode takes place at 0.55V (vs. Hg/HgO), nearly
0.1V lower than that on Pt-Ir, Pt, or Rh electrodes. High-valent Nit!! is suspected to
be responsible for urea indirect oxidation [20]|. In situ spectroscopy, cyclic voltammetry,
potential oscillations and theoretical calculations have been used to try to elucidate the
mechanism of urea oxidation on nickel-based catalysts [125-128|.

Significant structural reconstructions of Ni-catalysts occur during the UEO in alkaline
media, suggesting an electrochemical-chemical oxidation (E-C) mechanism based on the
NiOOH/Ni(OH), redox pair. This mechanism involves both direct chemical oxidation of
urea over NiOOH and indirect oxidation through NiOOH, with EC catalyst regeneration.
As illustrated in Figure .10, the UEO proceeds via two routes once the urea molecules are
adsorbed on Ni™!! active sites [129]:

e Route 1 involves the amine deprotonation by adsorbed OH  until the complete
formation of [M'CO(Ny)|aqs. Further OH™ attack induces N-N coupling, resulting in

N, release and the generation of carbonate species on the surface.

e Route 2 is similar to Route 1 for the initial deprotonation step until the [M"CO(NH,-
NH)]ags is formed. Then, an intramolecular rearrangement occurs between the H-N-H
amine and N-H groups, followed by a series of deprotonations by adsorbed OH™ to form
[M'CO(Ny)|adgs- As in Route 1, further OH™ attack produces N, and leaves carbonate

species on the surface.
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Fig. 1.10 — Schematic representation of UEO in alkaline conditions (extracted from [89]).
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In both routes, CO, desorption from the electrode surface is widely considered as the
RDS for regenerating the electrode surface to its original state. Over time, the design
of Ni-based electrocatalysts for Urea Oxidation Reaction (UOR) has been guided by the
proposed mechanisms [88, 130, 131] and with the objective to enhance their activities,
namely to increase both the number of active sites and the intrinsic activity of each site.
By nanostructuration, a catalyst can provide much more exposed active sites. While the
enhancement of the intrinsic UOR activity of each site can be achieved by facilitating the
-COOQ,qs desorption step. The acceleration of the generation of active species, configuring
electrocatalysts with high oxidation states, constructing synergistic active sites, and/or
forming heterojunction catalysts can be key parameters to optimize the reactional efficiency
[130, 132]. For that, catalysts are mainly modified through element doping, material
compositing, and/or catalyst loading.

Another important factor is the hydrophilicity of the catalytic material as this parameter

acts on different phenomena:
e the adsorption rate constants are related to the electrode hydrophilicity [133];

e increased anode hydrophilicity leads to enhance the activity of the slow OER; [134,
135], as some key oxygen intermediates can be shared with the UOR system, suggesting

a similar positive effect on the UOR system;

e higher hydrophilicities can strengthen the affinity between electrolyte and electrode,
and enhance gas bubble dissipation during the UOR process, thus maintaining efficient

EC interface charge transfer at high current activity [136];

e enhancing the hydrophilicity of a catalyst can increase the Proton-Coupled Electron
Transfer (PCET) process, without suffering from transfer decay due to the coverage

of gaseous products [137];

e the hydrophobicity of anodic oxides can be reduced due to electrowetting and OH™
accumulation at electrode surfaces [138], leading to more attached OH ™ and enhanced

UOR performance.

It is important to note that multiple regulation strategies are often used simultaneously
to improve UOR performance, meaning that changing one factor may be accompanied by
others.

Owing to the Ni-CO4 or Ni-CO bounds, Ni-based catalysts may exhibit rapid deactivation
and low stability, which constitutes a significant obstacle for practical use. However, by
employing multi-metal catalysts, surface blockage can be reduced and current density
enhanced. By electrodeposing a secondary metal, such as Pt, Pt-Ir, Rh, and Ru onto
nickel foil, the selectivity towards OH , CO ", and NH-species adsorption can be effectively
adjusted. Among these, Ru-Ni have demonstrated the best performance, with a current
density promotion of about 200 times [139].

Traditionally, the sustainability of UOR relies solely on the generation of harmless Ny 20,
128]. Unfortunately, the literature does not mention the identification and the quantification
of N-products in gaseous and liquid phases; generally, no mass balances are established.

In situ differential electrochemical mass spectrometry have allowed to monitor and

compare, the mass-to-charge ratio of the generated N, product during UEO by incorporating
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CO(*NH,), and CO(*°NH,), at a 1:1 molar ratio into the KOH electrolyte. Interestingly,
nearly equal proportions of NN (~ 49%) and NN (~ 49%), and only a trace amount
of MNPN (~ 2%) have been observed, thus indicating, that the intramolecular N-N bond
coupling mechanism is the primary pathway for Ny formation during the UOR process (as
shown in Figure [.12-a) [140].

I-2.3.b Kinetics of the UEO

Concerning the UEO kinetics, only two studies have been reported in the literature:

(i) Singh and Schechter [141] have analyzed the rate constant of the UOR in alkaline
environments on Ni(OH),/Ni and 8-Ni(OH), surfaces. The reaction has been found
to be slower on Ni(OH),/Ni compared to -Ni(OH),. An indirect mechanism for the
UOR has been then suggested.

The influence of KOH and urea concentrations on the UOR rate has been studied on
these surfaces, enabling the researchers to determine some key reaction parameters.
When the UOR occurs on 8-Ni(OH), at 1.43V wvs. Reversible Hydrogen Electrode
(RHE), the reaction orders for KOH and urea have been identified as 1.22 and 0.26,

respectively.

(7i) Vedharathinam and Botte [142| have obtained reaction orders for KOH and urea
equal to 2 and 0.3, respectively, at 0.440-0.455V vs. Hg/HgO on a Ni electrode in
an alkaline electrolyte by performing Linear Sweep Voltammetry (LSV) experiments
under various OH™ or urea concentration in urea/KOH solutions.

The discrepancy in terms of reaction orders between these two studies could be ascribed

to the different synthetic methods employed to create the Ni electrodes.

I-2.3.c By-product identification and formation routes

In 2021, Li et al. [143] have monitored the nitrogen content during UOR with consider-
ing nickel-based catalysts (i.e., activated porous nickel foam) and by coupling chromato-
graphic methods. Notably, these authors have observed the dominant nitrite formation
(Faradic Efficiency (FE) of 80%) instead of Ny (FE<20%) as highlighted in Figure I.11.
This product, often considered as a potential contaminant, is also prevalent on other typical
nickel-based electrodes (NiMoOy4-Nickel Foam (NF), NiO-NF, Ni-C, Ac-NF) [115, 121]. The
over-oxidation of urea on nickel-based electrodes, has been significantly underestimated
for a long time. Furthermore, the authors have shown how the N-products distribution is
dependent on the EC reaction parameters, such as electrolysis potentials, electrolysis time

and electrolyte concentration.
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Interestingly, using N-isotope labeling and urea analogues, Li et al. [143] have confirmed
the intramolecular N-N coupling for urea conversion into Ny, as shown by Chen et al. [140].
Additionally, a trace of N,O has been first detected through a selectively catalytic reduction-
like pathway. Based on these findings, they have proposed a new pathway network and
refined the mechanisms of UOR on Ni-based electrodes, as illustrated in Figure 1.12-b. As a
first step, urea adsorbs onto the active NiOOH surface, and then undergoes dehydrogenation
at one —NH, site. Subsequently, two primary pathways emerge: intramolecular N-N coupling
leading to Ny formation, and C-N bond cleavage producing surface-bound —NH, species,
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which further oxidizes into primary NOg products. Theoretical calculations have supported
these mechanisms and revealed that the OH ™ assisted C-N direct cleavage pathway has
a favorable overall barrier (0.953¢V), and that this barrier is sufficient to dominate but
not to completely suppress the N-N coupling pathway (1.184 eV). This induces significant
over-oxidation during UOR. As a result, Li et al. [140] have suggested a surface modification
strategy of the anode to enhance Ny production. This study is the pioneer to identify the
over-oxidation issue in alkaline UOR, to significantly improve the understanding of the

related mechanisms and to point out the need to analyse product and to verify mass balances.

Recently, Tatarchuk et al. (2022) have carried out both I=f(E) curves and the moni-
toring of by-products during electrolysis. LSVs have been recorded at Ni(OH)y/NF in a
KOH concentration of 1 mol L !, with and without urea (Figure I.13-a) in order to determine
appropriate potentials for potentiostatic electrolysis and product analysis. Two waves have

been observed in the absence of urea:

(i) a peak at 1.4-1.6 V vs. RHE, attributed to the Ni*!—Ni™!! transition (Ni(OH), to
NiOOH):

(7i) and a second signal at >1.6 V vs. RHE, related to OER.

When introducing urea at 0.33mol L1, the current of the Nit!! oxidation is increasing,
in agreement with the previous works [87, 88, 130, 144, 145|. Short-duration electrol-
yses at different anodic potentials (1.4-2.3V) have been carried out to assess the effect
of this applied potential on the product distribution (Figure 1.13-b). The ionized prod-
ucts of the UOR have been analyzed by Ion chromatography (IC), while gas products by
Gas Chromatography (GC). The main UOR products identified by Tatarchuk et al. include
nitrites, Ny, and nitrates (Figure 1.13-b):

e Nitrites prevail whatever the studied potentials, with an FE of up to 85% at 1.7V,
while N, selectivity remains generally modest (14-30%).

e The maximum FE of Ny (30% at 1.4V) appears for the lowest operating potential
and slightly decreases with the increasing potential (to ~14% at 2.3V).

e The formation of nitrates and oxygen is observed at potentials higher than 1.7V.
The related FE noticeably grow with increasing potentials, peaking at 2.3V (17% for
nitrate and 15% for O,).
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Fig. 1.13 — Summary of the main results obtained by Tatarchuk et al. [146]. a) LSV curves have
been obtained at a 5mV s~! scan rate using the Ni(OH),/NF anode in a 1 mol L~ KOH solution,
both with 0.33mol L~ urea (solid line) and without urea (dashed line); b) The FE of primary
products from a 1-hour urea electrolysis and the [OCN™ : NO,] (x=2, 3) molar ratio have been
analyzed as a function of applied potential; ¢) IC traces have been compared between the UOR
reaction mixture and various standard anion solutions; d) a chrono-amperometry curve has been
plotted for the electrolysis of 0.33mol L. ™! urea in 1 mol L~ KOH at 1.6 V, along with the [OCN~
: NO,] (x=2, 3) molar ratio; e) the cyanate and nitrite concentrations in the electrolyte solution
have been monitored over time during the electrolysis of 0.33 molL ™! urea in 1mol L~ KOH at
1.6V and f) a mechanistic analysis suggests that the binding site availability for both N atoms in
urea is crucial for reaction selectivity (adapted from [146]).

Tatarchuk et al. [146] have found that the overall FE of the formed products deviates
from 100% under the tested potentials (meaning that minor sub-reactions could occur). To
identify the minor products during the urea electrolysis, in-line GC-MS analyses have been
conducted at 1.5V, 1.7V, and 1.9V »vs. RHE. In addition to Ny and O,, traces of Ny,O
and CO have been systematically detected, with FE of up to 1% and 0.3%, respectively.
Furthermore, an additional peak has been observed by 1C, suggesting that UOR produces
another anionic product in significant amounts (Figure 1.13-¢). To determine this unidentified
anion, the related IC retention time has been compared to carbon-containing anions that
may possibly arise from urea, specifically carbamate and cyanate (OCN™). At last, the
retention time of the unknown anion has been found to be that of cyanate.

Note that the oxidation state of all the atoms contained in cyanate ions is identical to

those in urea, thus implying that cyanate appears via acid/base equilibrium. Nevertheless
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the polarization of the electrode is necessary to form cyanate. Note that IC analysis of an
urea solution in KOH at 1molL~! have been carried out over three days: any cyanates
have been detected. To identify the UOR pathway responsible for cyanate formation, the
molar ratio of cyanate and other UOR products has been compared. Interestingly, whatever
the potentials, the cyanate concentration generated during electrolysis at all potentials are
nearly equal to the total concentration of NO, products. This near-stoichiometric ratio
thus suggests a mechanistic association between cyanate formation and the NO, pathway,
while cyanate does not form through the N, pathway.

Additionally, electrolysis of urea (0.33mol L™ !) in KOH solution (1 molL"!) at 1.6V vs.
RHE has been performed to study how the concentrations of nitrite and cyanate evolve

during electrolysis (Figure 1.13-d,e). The current decreases almost linearly for the first 20 h

of electrolysis, corresponding to a transfer of roughly 2mol of electrons per mol of urea.

After 20h, the current exhibits an exponential decay before reaching a plateau (30 mA)

when 3.2 mol of electrons per mol of urea have been transferred (around 62h). The variation

of the reaction medium with electrolysis time has been monitored using IC (Figure 1.13-¢).

In the initial hours of electrolysis, the molar ratio of cyanate to nitrite is close to 1 : 1, in
agreement with the results of the short-term electrolysis previously mentioned. However,
the OCN : NO, ratio declines with urea depletion, reaching 0.8 : 1 at the end of the
electrolysis, indicating that cyanate can undergo EC oxidation as well. The final FE of
nitrite has been found equal to 88%, with nitrite and cyanate concentrations at 0.16 mol L
and 0.13mol L1, respectively.

These findings show that Ny and the urea overoxidation (when N-oxidation state is
higher than 0) products are formed following two distinct reaction pathways, the latter
involving the generation of cyanate as a by-product in a stoichiometric proportion to NO, .
Conversely, Li et al. have identified carbamate (NH,CO5) as UOR by-product [143]. In
order to understand the involvement of these compounds in the UOR process, a comparison
of the EC behavior of urea, carbamate, and cyanate with the same N-concentration at the
Ni(OH),/NF anode has been conducted. Urea has been found to have the highest activity,
followed by carbamate and cyanate with current density ratios of roughly 3.7 : 2.2 : 1,
respectively. Potentiostatic electrolyses of either urea or cyanate solutions, performed at
1.6V, have revealed very similar results for UOR and cyanate oxidation, with an FE of
nitrite at 80%. This finding, together with the slow kinetics of cyanate oxidation, tends
to support the hypothesis of a gradual cyanate depletion during extended UOR. The EC
oxidation of carbamate leads to the formation of nitrite with an FE of 98%, with neither
cyanate nor Ny being produced, suggesting that carbamate cannot serve as an intermediate

for either the Ny pathway or the urea overoxidation pathway [146].

I-2.3.d Ongoing works and remaining challenges

Two main lines of research remain active in the community:

(i) the search for a better understanding of reaction mechanisms to avoid the formation

of unwanted by-products;

(ii) the optimization of the EC process in order to reduce the energy consumption of the
UEOQO process.
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Fig. 1.14 - Schematic illustration of the proposed pathways for UOR to a) Ny & CO5 and to b)
NO, & OCN™ on the NiOOH surface (the green numbers above N atoms correspond to the nitrogen
oxidation state) (extracted from [146]).

By gathering the outcomes of the Tatarchuk et al. [146], the possible reaction mecha-
nisms have been summarised in Figure I.14; they describe the NO,, OCN™, Ny and CO4
pathways (with CO, converting into CO4~ in basic media). The formation of NO, & OCN~
requires only one N atom. The breaking of the bond between this second nitrogen atom
and the carbon atom in the urea molecule gives rise to OCN™ formation and its release
into the solution bulk; the *NH species undergo additional oxidations (Figure I.14-a). One
should point out that these oxidation steps are analogeous to the later stages of ammonia
oxidation to nitrite and nitrate, which have been thoroughly detailed in recent studies [147,
148]. Ny could also form through the latter pathway, although overoxidation pathways are
more energetically favorable [146-148|.

In summary, because its low oxidation potential (—0.46V wvs. Standard Hydrogen
Electrode (SHE)), urea could be assumed as an interesting fuel for energy-efficient hydrogen
production systems. It has been very recently shown that multiple electron and proton
transfers occur and various by-products are formed (Figure 1.8). Currently, research works
in alkaline electrolytes focus on the enhancement of UEO (activity and stability), expecting
to improve selectivity and to get a better understanding of the mechanism. More attention
should be paid to the establishment of mass balance of the intermediates and the by-products
and to the study of the products variation in UOR systems.

Additionally, one should note that few studies have investigated EC parameters under
alkaline electrolytes (such as interference ions and organics) while they are commonly present
in human urine or other urea-rich wastewater. The impact of reaction intermediates types,
concentrations, and ratios on UEO activity, stability, and selectivity must be examined
more closely for large-scale process development [89].

The UOR-integrated system has been the most extensively studied for hydrogen produc-
tion (87, 88, 130].

In 2009, the work of Botte et al. have pioneered to develop UEO for pure hydrogen
generation using affordable nickel catalysts [20]. They have estimated the voltages for
urea and water electrolysis to be 1.4V and 2.0V, respectively, under 20 mA. Thus, urea

electrolysis required 30% less energy (37.5Whg ') and produced 36% cheaper hydrogen
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(2.63% kgﬁ%) compared to water electrolysis. This pioneered research has boosted the interest
for energy-efficient hydrogen production through urea electro-oxidation with Ni electrodes
in alkaline electrolysis, and subsequently, the integrated UOR||HER system has gained
considerable attention.

In parallel, EC studies that transform greenhouse gases (such as CO,) into valuable
products have experienced growing advancements in recent years [149-152]. To reduce high
energy electrolyser consumption, the cathodic CO2 Reduction Reaction (CO2RR) can be
combined with a more efficient alternative Anode Oxidation Reaction (AOR), like UOR
(Figure 1.15). By this way, the overall cell potential and Gibbs free energy of the overall
reaction combining COsRR with UOR can be theoretically decreased by approximately 0.9
~ 1.2 V and 175 ~ 226 kJ mol !, respectively, when compared to the slow OER counterpart
in the electrolyser [145]. Experimental data have further demonstrated that replacing
OER by UOR in CO, electrolysers can reduce the overall potential in aqueous CO2RR by
210mV and up to 1V in aprotic media, over a wide operating range and with high yields
of electro-decarboxylation products. The UOR||CO2RR coupling system thus allows in
significant energy savings while simultaneously addressing the carbon/nitrogen footprint in
a broader sense. Bertin et al. [153] have examined, during CO, electrolysis (for reducing the
atmospheric pollution), the impact of the pH window on urea oxidation and found a strong
dependence of UOR activity on pH, with a sharp decrease from pH 14 to 12, although
it still occurs before OER potentials. The integrated UOR||CO2RR system has showed
a promising gain of 120 mV without significantly affecting the Faradic efficiency of CO,
reduction into formate, thus confirming that the presence of urea in the electrolyte has not

hindered the electrolyser’s operation.

CO,+ Gas products+ 1 M KOH + Hp+ N, +
liquid products U liquid products

AWy

>3, CONH2),

Ag NPs

11 11 Ni-WO,
Cathode L‘ ‘f Anode

Humidified CO, 1 M KOH+0.33 M urea

Fig. I.15 — The schematic image of the UOR||CO2RR electrolyser (extracted from [154]).

The EC production of ammonia has recently emerged as sustainable alternative to the
Haber-Bosch process that remains widely used for large-scale production, while consuming
about 2% of global energy and contributing to over 1% of global CO, emissions. Indeed, NHg
can be produced by the EC Ny Reduction Reaction (N2RR) at ambient temperature and
pressure [155, 156]. UOR can be combined with EC NoRR to create a more energy-efficient

ammonia generation system.
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Other applications can be encountered in environmental fields with different EC reduction
in general. For example, the EC treatment of 4-nitrophenol (4-NP) has been studied [157,
158], as this molecule is a common toxin released from agricultural and industrial waste and
posing significant threat to ecosystems and human health. The EC reduction of 4-NP leads
to produce 4-aminophenol (4-AP) which is an important intermediate in drug synthesis,
and thus offers a promising strategy for pollution control and resource recovery. Another
example concerns the Cr-containing wastewater that are prevalent in various sectors, such
as leatherworking and Cr plating. As Cr™V! is 100-1,000 times more toxic than Cr I,
numerous reduction technologies have been developed, and the EC reduction has been
identified as the most promising one [159, 160]. This cathodic reaction could be also coupled
with UOR into a single system. Even the huge potential, a very limited research effort has
been so far dedicated to such (non)-environmental applications involving UOR, system. This
will require to carefully investigate the influence of several factors, including electrolyte,
ions, and electrodes under mixed operating conditions. Fortunately, the existing integrated
electrolysis systems can lay the groundwork for future UOR-counterpart energy-efficient

electrolysis technologies in aqueous conditions.

I-2.3.e Concluding remarks

In the above sub-sections, the state of the art of reactional mechanisms involved in the
UEQ in alkaline medium have been discussed.

Among these, the classic E-C mechanism of NiIOOH in alkaline UOR offers solid basis
for thriving research in the following decade. Numerous advanced in situ characterizations
have been employed for deciphering elementary mechanisms occurring at the EC interface
between catalysts and electrolytes. At the same time, the role of active radicals generated
on “inert” electrodes has been elucidated but the kinetic relationships between intermediates
and by-products have yet to be established. By combining product analysis and reactive
catalyst site design, the complex interactions between the urea molecules and multi-phase

reaction surface have driven exploration.

To achieve a better understanding of the UOR system and more efficient designs of the EC

reactor, several foreseeable challenges should be addressed:

(1) UOR typically involves multiple proton/electron transfers and numerous surface
interactions, leading to complex behaviors and mechanisms at local scale. To reveal
them, the key transient intermediate species at the interface need to be

detected, which has not been yet done.

(ii) The adsorption configurations of urea molecule on electrode have a direct
impact on their EC oxidation mechanism. Some fundamental studies have
been conducted on Pt-based electrodes under acidic or dialysis electrolytes, but
investigations on the adsorption forms present with alkaline and saline media have
received less attention. They will greatly help to explain the differences observed

between the various UOR system mechanisms.

(#4i) Concerning the nitrites formed with nickel-based catalysts, N-over-oxidation

in alkaline UOR systems require deep investigations to prevent the formation of



I-3. Highlights of the state of the art, context and strategy of the present study 37

environmental pollutants (NOy). A special care has to be paid on the products
generated by urea conversion during the UOR process, which has been generally
overlooked in the literature. This consideration is also crucial for accurately interpreting

UOR mechanisms.

(iv) In real wastewater, particularly urine, many molecules are present with concentration
levels close to the one of urea. When using such wastewater as feed electrolyte,
these interferent molecules could affect both electrocatalytic activity and
product selectivity; this is still rarely studied, despite its importance for

practical applications.

(v) OER in aqueous EC systems could be replaced by systems exhibiting lower oxidation
potential. Current research works have demonstrated the feasibility of this integrated

approach but they need deeper investigations.

I-3 Highlights of the state of the art, context and strategy of
the present study

From the previous state-of-art, the following conclusions can be drawn:

e Urine is a complex effluent with a wide range of recovery options. The EC treatment
of this fluid offers the advantage to both remove nitrogenous pollution from wastew-
ater and to convert it into an energy carrier, thus facing environmental and energy

challenges.

e In contrast to neutral medium, the UEO in alkaline medium is the most viable
solution for treating this effluent (durability of the electrodes, formation of less toxic
by-products, reduced energy consumption). The use of an alkaline medium has allowed
the development of anode materials made of non-noble metals, of which nickel has the

greatest catalytic activity.

e Despite the large amount of works carried out on UEQO, they have rarely applied a
Chemical Engineering approach. Many efforts have been made to functionalize and
improve the performance and the stability of electrodes, while few works have been
presented so far with long time experiments, high urea conversion rates, or complete

mass balances.

e To the author’s knowledge, no proof of concept of EC urea treatment at large-scale

has been presented in a peer-reviewed journal.
e No energy and environmental balance of such a process has been found in the literature.

e The coupling of EC and photochemical processes has never been put into perspective

on a pilot reactor scale.

Although much information gathered from the literature review, there exists many
differences in the lab-scale-scale works reported and they generally involve short timescales,
low conversion rates and small amounts of electrical charge. As a consequence, the ability of

this process to reduce energy demand for H, production and for efluent recovery, remains
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difficult to demonstrate. In this context, the ultimate objective of this thesis, which is part
of the ANR HyUrea project, is to propose a EC process that allows efficient and low-cost
production of Hy coupled to wastewater treatment. Therefore, the main challenges of this

project are:

e To understand the chemicophysical phenomena that take place during UEO on a

"basic’ massive nickel electrode;

e To perform complete mass balances in both liquid and gas phases in order to identify

the by-products, to establish reactional pathways and thus to rigorously quantify the
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efficiency of mineralisation of the UEO;

e To model the UEO kinetic law with the aim of designing larger scale EC reactor,
possibly photo-assisted;

e To design, build and optimize a PEC reactor prototype allowing urea oxidation with

simultaneous cathodic generation of H,.
Figure 1.16 intends to present the strategy of this thesis, which is organized as follows:

Chapter II Several devices and EC methodologies have been used, built and applied in
this thesis. This chapter describes the principles and characteristics of these set-ups,
as well as the large analytical panel that have been developed for establishing complete

and accurate mass balances, for all reagents and by-products.

Chapter III This chapter is devoted to the study of the UEO in alkaline media at lab-
scale-scale. It expects to deeply investigate the effects of operating conditions on the
urea conversion and the formed by-products. The key parameters (activation energy,
diffusion coefficient, anodic charge transfer coefficient, and heterogeneous electron
transfer rate constant) will be determined. From these studies, some guidelines will
be proposed, for further designing, building and optimization of an electrolyser for the

urea mineralisation.

Chapter IV The Chapter focuses on the kinetic of urea oxidation; studies will be carried
out by coupling in an original way two different NiIOOH sites (chemically synthesized
NiOOH solid particles and continuously electro-generated NiIOOH layer on massive
nickel electrode). The kinetic laws will be determined for both sites, and a multi-
pathway mechanism will be established, on the basis of the by-products identified in
the liquid phase. Additionally, a predictive model that combines the established UEO
kinetic law with diffusive and convective transport phenomena will be proposed, and
validated (>95%) by comparing with experimental results at the lab-scale for various

operating conditions.

Chapter V This last chapter reports the building of a pilot-scale reactor as well as some
experimental results obtained in this reactor. Results will constitutes a proof of
concept for scaling up the UEO process. Complete mass balances will be implemented
and an energy study of the process done. Finally, the treatment of real efluents
(instead of urea synthetic solutions) will also be investigated for the first time, allowing
to identify the possible limitations induced by the direct use of the urine (i.e., any

eventual effect caused by the real matrix).
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Fig. I.16 — Summary of the different stages of the thesis.
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This chapter introduces the set-ups and methods used in the next chapters. For the
sake of clarity, the choice has been made to present here only the methods applied in all the
studies while each specific method will be detailed in the relevant chapter. As a consequence,
this chapter will focus on the methods used to carry out all electrolyses with urea solutions
(and not with real urine solutions, see Chapter V) and to establish complete mass balances
in both liquid and gas phases. The first part will present the EC devices on lab-scale and
pilot-scales, the second part the analytical pool and the last part the operating procedure

for carrying out rigorous and complete mass balance.

II-1 Experimental set-up

Three types of EC reactors were used: two lab-scale reactors (~ 100 mL, section II-1.1)
and a pilot-scale reactor, that was especially designed and built for the present thesis (section
[I-1.2). The lab-scale reactors offered the benefit to allow electrolysis to be carried out over
short times by reducing the molar amount of urea to be treated and thus optimizing the

ratio of electrode surface area and electrolyte volume in Chapter III and IV.

II-1.1 Laboratory scale

A mono-compartment (undivided) reactor and a bi-compartment (divided) reactor were

implemented in Chapters I1I and IV as illustrated in Figure II.1.
All the EC experiments were performed using a PGSTAT 128 N potentiostat (Metrohm
Autolab®) controlled by NOVA software. A reference electrode Hg/HgO (Origasens,
Origalys®) located inside a Luggin capillary containing support electrolyte (1 molL ! of
KOH) is used, and all the potentials were given with respect to Hg/HgO (E?{g /HgO = 107 mV
vs. SCE for NaOH 1mol L [161]).

Cell a) consisted of a conventional three-electrodes thermoregulated tank (Metrohm
type cell) that was used in this work for voltammetry studies (I=f(E) curves). All the
voltammograms were repeated 3 times. The temperature of the solution was regulated
by circulating a thermostatic solution in the double-jacketed EC cell. The electrolyte
volume was 50 mL. The Working Electrode (WE) was a Ni Rotating Disk Electrode (RDE)
(3.14mm?) sealed in a Teflon rod, while the Counter Electrode (CE) consisted of a Pt plate
(4cm?, one face).

Cell b) was a H-shaped cell used for carrying out electrolysis at the lab-scale (around
1.4g of urea). To that end, three massive nickel plate (4, 6 and 28 cm?, corresponding to
the geometric area of a single face) were used as anode in this study. Both anode and
cathode (Pt) were introduced into the cell. The use of a magnetic stirring bar at 500
revolutions per min (RPM) provides the same agitation for all electrolysis into the anolyte
compartment. If required, a membrane separator module could be placed between anolyte
and catholyte compartments. Such design was used for comparing undivided or divided cell
configurations in terms of urea degradation. The anionic nature of the membrane (IONAC
MA-375, Lanxess®) ensured the migration of hydroxide ions produced at the cathode and
consumed at the anode, while separating the other species. Note that, for rightly comparing
both configurations, a special care was required to operate with constant volume in both

divided and undivided cells, while using the same electroactive surface. Electrolytes were
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alkaline solutions of KOH at concentrations in range of 0.5 to 5molL . The solutions

containing urea were prepared at a concentration close to those into the human urine. (i.e.,

0.33mol L ! as presented in section 1-1.3).
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a) Undivided-batch cell

3
LATERAL ]
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Calorific
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b) Divided-batch cell
. Catholyte
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VIEW 1 ! :
A
=
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Anolyte 5 : Anionic membrane
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5

Nickel massive electrodes

f)

Fig. II.1 — Experimental set-up used for a) I=f(E) curves and undivided electrolysis and b)
un/divided cell for electrolysis. WE and CE are identified as 1 and 2. Reference electrode (Hg/HgO)
is labeled 3. In the case of electrolysis, a magnetically stirring bar (mark 4) was used to mix the
electrolyte solution. In case of divided cell, the membrane separator (mark 5) holds in place by
flanges that maintain the seal. Nickel electrodes used in the present work with different surface
areas: d) 3.14mm?, e) 4cm?, f) 6 cm? and g) 28 cm?.

These cells shown in Figure I1.1 were used in Chapters III and IV, but unfortunately
did not allow to collect the electro-generated gas. As a consequence, another H-type EC cell
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Fig. I1.2 — Illustration of the H-type EC cell used in this work. Labels: 1) cathodic compartment,
2) anionic separator, 3) anodic compartment, 4) sealed-cap keeping the produced gases tight to
the external ambient atmosphere. On this cap, various holes allow a) the positioning of the anode,
b) the positioning of the reference electrode, ¢) argon bubbling, d) sampling syringe for the liquid
phase and e) sampling of the gas phase to the GC.

(see Figure 11.2) was developed in Chapter V enabling to maintain a controlled gaseous
atmosphere in the EC cell. In fact, the upper part of cell a) was welded to cell b) by a
glassmaker. As a result, the electrode surfaces, volumes and other features (use of membrane)
of the cell b) are preserved, while still providing an atmosphere-tight seal. Note that, in
Chapters III and IV, the mass balances presented are obtained for the liquid phase, while
in Chapter V, they include the gas phase.

II-1.2 Pilot scale

In order to establish a proof-of-concept at larger scale on the UEO process, an EC
reactor at pilot-scale and its environment were specially designed and built for this thesis.
Note that the design of this pilot took into account the option of a photo-assistance on the
UEO process. This led to choose a tubular geometry that could be externally illuminated
while maximizing the surface of the photoanodes as imagined in Appendix B.

This geometry, illustrated in Figures I1.3, 11.4 and II.5, could allow irradiating several
photo-anodes placed at different locations on the cylinder (or even photovoltaic panels
associated to the external cylinder). Unfortunately, due to lack of time, it was not possible
to implement photo-assistance, within the scope of this manuscript.

As a reminder, a set of requirements was laid down as part of the HyUrea project. Among
which a number of points had to be met in the aim to design, manufacture and optimize a

PEC reactor prototype. Typically the set-up must:
(i) enables urea oxidation with simultaneous cathodic generation of Hy by photo-assistance;
(ii) uses of 100 cm? geometrical area electrodes;

(i4i) performs continuous electrolyses;

(iv) treats 5L day ! m;nZOde of solution (urea or urine) stored in an external tank with an

average concentration of 0.33mol L' of urea);
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(v)

(vi)

(vii)

uses compartments made by transparent material walls (light transmittance > 80%
for A > 300 nm);

present a connection at the top of each compartment to a gas collector, for further

analyses;

enables sampling of aliquots for the determination of mass balance on reagents and

products.

As shown in Figure 1.4, the main features of this pilot-scale reactor were:

(i)
(i1)

(iii)

(iv)

a transparent PMMA tube; it is used to fix a tubular geometry for the reactor;

a PEEK part located at the bottom (as well as at the top) of the reactor allowing

fluid distribution (collection) in the reactor and maintaining the system’s tightness;

a central tubular cathode (94 cm?) made of 316L stainless steel, enabling thermoregu-

lation of the reactor;

a nickel anode in the form of a wound grid provided by Neyco (1 mm square mesh),
illustrated in Figure I1.3 with a geometric surface that could made varying depending
on the number of turns of the wound grid. The surface area could then take the
values of (i) 367, (i) 734 and (4ii) 1,101 cm? (equivalent to the geometric surface area,

calculated according to the number of wound cylinders);

T mm

] ¥ 1mm

— pig—

0.25 mm
(wire diameter)

Fig. I1.3 — Nickel grid used as anode in the pilot-scale reactor.
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(v) the possibility of working in mono- or bi-compartment when using a membrane
separator. Grooves on the top and bottom of the PEEK rods, between the anode and
the cathode allow a membrane cylindrical support to be located. A Teflon® support

could be imagined, to keep the compartments sealed using a membrane separator;

(vi) the volume of the solution to be treated could then range from 0.9 L in the case of
single-compartment electrolysis (equivalent to a ratio S/V of 39m ! in case of one
turn of grid or 117m ! for three turns) to 0.7L (0.12L for the cathode compartment)
in the case of a divided-compartment electrolysis (equivalent to 53m ™! in case of one
turn of grid or 159 m~! for three turns).

More information on the dimensions of the reactor parts, machined by the SEF company,

can be found in the sketches of Appendix C.
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Fig. I1.4 — Computer-aided design of pilot-scale EC reactor.
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The reactor operated in multi-pass mode. Two thermoregulated storage tanks contain
the electrolytes. A set of equipment was then installed, by the lab-scale’s technical teams,

S0 as to operate in such closed loop and under controlled conditions:
(i) OrigaFlex 20A potentiostat (Origalys, France);

(ii) thermoregulated liquid storage tanks (capacity of ~ 2L), which also enabled the
degassing of the liquid phase. In order to reduce electrolysis time (in undivided
compartment case), results were obtained with 1L of solution. This means that,
when operating, a very little liquid volume was remaining in the storage tank; all the

electrolyte being thus in the reactor;

(#7i) magnetic pumps (M Pumps, T-MAG-P32) to feed the reactor at flow rates ranging
from 0 to 60kgh!;

(iv) Coriolis flow-meters (Micro Motion ELITE CMF010M Coriolis Meter) to measure the

mass flow rate supplying the reactor

(v) temperature (Pt-100) and pressure (KELLER OEM PR-21SR) sensors located at the
reactor inlet (both in anolyte and catholyte paths);

(vi) for the gas phase, the mass flow rate produced was quantified by a thermal mass flow
meter (Brooks Instruments SR SLA58605S+-0151). A Varian-450 GC was connected
in-line to the system. The electrolysis process was flushed (~ 1.5Lh~!) with argon

gas to maintain a controlled atmosphere;

(vii) a digital recorder (Honeywell Multitrend SX) to collect data generated by pilot

instrumentation (liquid and gas flow meters, temperature and pressure sensors);
(viii) an electric switchboard providing a safe power supply for the entire process.

Once summarised the EC set-ups used in this work, the next sections focus on the set of
analytical methods used to perform mass balances in the liquid phase (determination of

urea and liquid reaction by-products) and in the gas phase (Ny, Hy and O,).
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|

Anolyte storage tank

rejuamrIodxry
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Anolyte storage
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C Coriolis flowmeter

TM  Thermal mass flowmeter
l Temperature
™\ Pressure
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— Liquid path
""""" Gas path

== Liquid and gas path

Fig. I1.5 — a) Picture of the EC set-up at pilot-scale operating in closed loop and b) scheme set-up.

II-1.3 Summary of the various EC set-up characteristics



EC reactor type Metrohm type cell H-type cell Pilot scale (for 1L of solution to be treated) °
Single-compartment X ‘ X ‘ ‘ X ‘
Bi-compartment ‘ ‘ X ‘ ‘ X
Anode material Ni plate ‘ Ni mesh
Cathode material Pt ‘ 316L stainless steel
S(fi;‘l‘;d)e 32x107% 4.0x107* 6.0x107* 28x107% | 40x107* 6.0x107* 28x 1073 | 40x 107" 6.0x107* 28x 1073 [ 3.7x 1072 73x1072 1.1x107' [3.7x1072 73x 1072 1.1x 107!
Scathzode 4x 1074 9.4 x 1073
(m?)
Urea "””l“"m’(lnf;f)l“me fo treat 5.0 x 107 ‘ 1.2x1074 ‘ 6.0 x 1077 ‘ 9.4 x 10~ ‘ 6.9 x 1074
S/V ratio
(m1) 0.1 8.0 12.0 56.0 3.3 5.0 23.3 6.7 10.0 46.7 39.0 78.1 117.1 53.2 106.4 159.6
an
(kgh 1) 30 - 60
Qv -
(Lhhy=® 29 - 58
Residence (Zz)me Treactor N.A. ‘ 58 - 117 ‘ 43 - 85 (anodic compartment)
Number of passes through reactor ‘ 31 - 62 ‘ 42 - 84 (anodic compartment)
in one hour
Reynolds number range® ‘ 155 - 311 ‘ 112 - 224 (anodic compartment)

2 Density of KOH 1 mol L' solution equal to 1040 kgm 3.

2% (Ry—R1)xVy

b The Reynolds number for flow in an annular section (with inner and outer radius, Ry and Rj respectively) is calculated as follows: Re = >

dynamic viscosity equal to 1.14 mPas.
¢ In this thesis, only experiments with single-compartment were done at pilot-scale.

Table II.1 — Presentation of the different characteristics of the EC reactors used.

Experimental

section

with Vj as the velocity through the annular section as Vy =

Qv

m and v as the
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II-2 Analytical methods for urea quantification

In order to monitor the degradation of urea in the different EC set-up, it was necessary
to establish and develop a complete analytical method. In this section, the analytical
methods that are commonly encountered to measure urea concentration in different fields
(wastewater treatment, health, food, etc.) will be first presented. The second part of this
section will describe the total organic carbon measurement used in this thesis, while the
method based on the coupling of Ion Chromatography - Conductivity Detector / Mass
Spectroscopy (IC-CD/MS) will be explained in Section II-3.

IT1-2.1 State of the art

II-2.1.a Electrochemical biosensor

»
c
°
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<= 53 352
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2H,0 ‘
T~
OH™

_

—> Amplifier

S
E]
Transducer

Modified media
)

Fig. I1.6 — Schematic representation of a typical biosensor used for urea concentration measurement.

As early as the 1970s, Guilbault et al. [162] have pioneered to design a biosensor for
urea by implementing an enzyme electrode as a transducer, as illustrated in Figure I1.6. It
consists of a thin film of urease enzyme in an acrylamide gel on a Beckman cationic electrode
surface that is responsive to ammonium ions. The enzymes on the surface catalyzed the urea
decomposition into ammonium and the electrode detects the changes of the zero current
potential (even pH) induced by the changes of the ammonium concentrations. Recent
developments concern biosensors able to detect urea levels in different biological media
[163—165]. Most of these urea biosensors involve urease as enzyme: by catalyzing the
hydrolysis reaction, urease produces ammonium and carbonate ions and thus impacts the
pH, which is logarithmically correlated to the urea concentration [166]. The main challenges
of biosensors come down to (i) the enzyme immobilization techniques (entrapment, cross-
linking, covalent binding, encapsulation, adsorption), (i) the stability (enzyme), (i) the
characteristic response time (ranging from few seconds to several minutes) and finally
(iv) the transducers (amperometric [167], potentiometric [168|, piezoelectric [169], optical
[170], calorimetric [171], conductometric [172], fluorometric [173]). This technology is well
developed for determining urea level in human sweat [174], by using electropolymerization
of 3,4-ethylenedioxythiophene (EDOT) monomer on the hierarchical network of Carbon
NanoTubes (CNTs), with a Limits Of Detection (LODs) equals to 0.1 mmol L 1. Recently,
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in May 2023, Janyasupab et al. have explored a method based on a non-enzymatic urea
detection in dialysate that used an indirect urea oxidation process involving nickel, nitrogen-
doped carbon, surface roughness, and double layer current. A unique reaction, evidenced by
specific oxidation peaks in voltammetry techniques, allowed for precise urea concentration
measures in dialysate. Various tests in simulated and patient dialysates have demonstrated
excellent accuracy, with a sensitivity of —5.136 x 10 > A (mmol L !) ! and a LODs equals
to 60.2 pmol L. This method yielded a recovery percentage between 99.18% and 102.68%
compared to the clinical standard, and thus opens up prospects for future monitoring and
wearable artificial kidney technology [175]. Unfortunately, this type of sensor is not yet at

the commercialization stage.

II-2.1.b Chemiluminometric techniques

Most of these methods are based on the chemiluminescence reaction of urea with
oxidants and chemiluminescence reagent. This enzyme-free technique has received a growing
interest, in particular by coupling the use of strong oxidants (hypobromite BrO™ at 510 nm
[176, 177], luminol CgH;N3O, at 360nm / permanganate MnO, at 525nm [178]) with
chemiluminescence emitted detection. This technique is only at the research stage to the

author’s knowledge.

II-2.1.c Colorimetric & spectrophotometric methods

Urea concentration can be measured by colorimetric methods [179, 180]. The principle
consists in determining the urea concentration in presence of a colored reagent (for example
salicylate, a-isonitrosopropiophenone, diacetyl monoxime [181-184]), with or without enzy-
matic assistance. With enzyme, the color reaction is preceded by a reaction catalyzed by an
enzyme. As the enzyme is specific to a particular substrate, more accurate results can be

obtained. An example with urease is reported in the following equations {R I11.20-R I1.21}.

Urease catalyzed

Urea(aq) -+ HQO(I) 2 NH3(g) + CO3 7(g)
{R H.QO}

Ammonium carbonate(,q) + Phenol(,q) + Hypochlorite,q) —= Colored complex,q)

{R I1.21}

The most widely used technique works in the UltraViolet (UV) domain in which the
difference in absorbance at 340 nm is measured between Nicotinamide Adenine Dinucleotide
Phosphate (NADP™) and Nicotinamide adenine dinucleotide phosphate reduced form
(NADPH) according to {R I1.22}.

Urease catalyzed

Urea(aq) + HQO(I) 2NH3(g) + CO;3 (
GIDH

aq)

C5H6O5(aq) + NADPH(aq) + NH4+(aq)

C5HgNOy(aq) + NADP ™ () + HyO(y
{R 11.22}

where the amount of NADP™ formed is stoichiometrically related to the amount of urea

and ammonia in the sample.
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Other colorimetric techniques involving various reagent types have been studied including
nesslerization (treatment of a mixture with a solution of mercuric iodide in potassium
iodide and KOH) [185], phenol-hypoclhorite [186] or Berthelot’s method [187] and diacetyl
monoxime method [181]. The use of these reagents requires the addition of reagents, and
therefore increases sample preparation.

They are commonly used for the assessment of blood urea levels, in particular in
combination with a serum creatinine test [166]. The urea detection limit of commercial tests

(e.g., Sigma-Aldrich®, Thermo-Fisher Scientific™) ranges around 0.1 mgL .

1I-2.1.d Chromatographic processes

High Performance Liquid Chromatography (HPLC) is the most commonly used chro-
matography methods for urea measurements. Urea is then separated from other components
contained in the sample by means of a column filled with a stationary phase, typically
silica-based. After separation, urea is detected and quantified using a spectrophotometer
at 190nm [188] (~ 0.2mgL ') or a refractive index detector [189]. Some applications of
Liquid Chromatography (LC) coupled with MS have exhibited higher quantification level of
urea [190, 191] (~ 2 x 10 4mgL~1).

II-2.1.e Comparison and concluding comments

The conventional methods, such as chromatography and colorimetric analysis, suffer
from relatively long time-consuming sample preparation, high equipment cost and/or long
analysis time [192]. In addition, they are generally not suitable in highly alkaline media,
such as the ones involved in the UEO process (see Chapter I in section I-2). There is thus
an obvious need to develop more efficient and rapid methods for urea measurements.

At the beginning of this thesis, we have focused on the development of successful
analytical methods for the determination of urea under conditions of high alkalinity. After
several tests, the enzymatic assay (in the case of this work, Urea/Ammonia Assay Kit
(Rapid) from Megazyme), involving the urease enzymatic reaction, did not show conclusive
results, certainly due to the enzyme’s instability under the extreme conditions of pH (around
14). Two methods were therefore specifically optimized: (i) the measurement of TOC and

(i1) MS coupled with ion chromatography. The next two sections is focusing on these studies.

I1-2.2 Total organic carbon (TOC) as a global tool to evaluate the car-
bonaceous load of the media

In water, two forms of carbon can be found: organic carbon (TOC) and inorganic carbon
(IC). TOC combines with hydrogen or oxygen to create organic molecules while, IC is
related to inorganic compounds like dissolved CO, and carbonate ions. TC and IC have

been measured and TOC is calculated following the Eq. II.1.
TOC =TC -1C (I1.1)

This organic carbon contribution can also be classified according to the volatile nature

of these compounds. As shown in Eq. I1.2, a distinction is then made between NPOC
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(Non-Purgeable Organic Carbon) and POC (Purgeable Organic Carbon).

TOC = POC + NPOC (11.2)
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Fig. I1.7 — a) Characterization of the different forms of carbon molecules (only applicable in aqueous
medium), b) TOC-L analyzer from Shimadzu® and c¢) flow diagram of the analyzer (adapted from
the user manual).

II-2.2.a Analysis of Total Carbon (TC)

In the TOC-L system (used in this thesis, illustrated Figure I1.7-b and detailed in Figure
I1.7-¢), a pressure regulator and mass flow controller manage the carrier gas flow. The carrier
gas (synthetic air, COy < 1ppmv) flows at a rate of 150 mL min ! towards the combustion
tube, which is filled with an oxidation catalyst (alumina beads with 0.5% of Pt) and heated
to 680 °C. The TC within a sample burns in the combustion tube, forming CO4. The carrier
gas, now containing CO4 and other combustion by-products, proceeds from the combustion
tube to an electronic dehumidifier, where it is cooled and dehydrated. Subsequently, the gas
passes through a halogen scrubber before reaching the Non-Dispersive Infrared (NDIR) gas
analyzer’s cell, where CO, is detected. The NDIR’s analog detection signal thus generates a
peak (Figure I1.8-a), which area is measured by a data processor.

The peak area is directly proportional to the TC concentration of the sample. After
analyzing a TC standard solution, the calibration curve equation (i.e., the relationship

between TC concentration and peak area) could be established (Figure I1.8b), and then the

g
=
Q

2
=
Q
o}
»

£

=]
o
.-
+~
Q
Q
w0




u01)09s

=
%
i)
®
=t
=
®
=
=

56 CHAPTER II. Material and methods

sample’s TC concentration determined.
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Fig. I1.8 — a) Typical results obtained for triplicate injections of TC analysis of urea solution at
0.33molL ! in 1mol L~ ! KOH and b) TC, IC and NPOC calibration curves obtained for various
concentrations of carbon.

I1-2.2.b  Analysis of Inorganic Carbon (IC)

The IC includes the carbon within carbonate, hydrogen carbonate, carbonic acid and
dissolved carbon dioxide.

To release all the carbonates as carbon dioxide form, the sample was acidified using
a small quantity of hydrochloric acid (38wt.%), resulting in a pH below 3. This process
triggered the reactions {R I1.23-R 11.24}, where CO5 transformed into CO,.

CO5™ (aq) + 2HCl(aq) — COyg) + 2Cl (aq) + HaO(
HCO37(aq) + HCl(aq) - COQ(gﬁle(aq) + HQO(I)

{R 11.23}
{R 11.24}

The CO, and dissolved carbon dioxide in the sample were then volatilized by bubbling
(sparging) air or a gas (that did not contain carbon dioxide) through the sample. Once in

the form of carbon dioxide, the quantity of material is measured by infrared by a NDIR.

I1-2.2.c  Analysis of Non-Purgeable Organic Carbon (NPOC)

The measurement of TOC, considered as an indicator of the mineralisation degree of

the solution, could be decomposed as shown in Figure II.7-a, into:

(i) POC (referring to the organic carbon that was sparged or removed from a sample,

such as volatile acids or solvents)
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(i1) and NPOC (referring to the organic carbon remaining in an acidified sample after

purging the sample with carbon-free gas).

After acidifying the sample by adding acid until pH 2 to 3, synthetic air (without COs)
was bubbled through it to remove the IC component. The remaining TC in the sample
after acidification and sparging was then measured, leading to determine the TOC, using
Eq. I1.2. In the end, when NPOC was measured, POC and IC were volatilized, and the TC

measurement was directly equal to NPOC.

I1-2.2.d Assimilation of the NPOC measurement for urea determination

If the sample contains Purgeable Organic Carbon (POC) substances in significant
amount, these components may be lost during the sparging step. In that case, TOC should
not be measured using the NPOC method. This property was used, in an unexpected
way, to titrate urea in our electrolysis samples only in the case of urea solutions. Indeed,
assimilating the urea concentration to the TOC concentration is not suitable
for real effluents, thus requiring to develop a specific analysis, as shown in the
next section I1-3. The carbon compounds identified during our electrolysis (as discussed in
Chapter IIT) were only urea and cyanate as organic carbon, and carbonate as IC. As a
consequence, the experimental protocol was modified as follows: when measuring NPOC,
an excess of hydrochloric acid (38wt.%) as poured in to acidify the sample so that inorganic
matter and weak acids (cyanate in our case) were removed as CO4 gas or volatile acid (cyanic
acid in the present case). It was then necessary to verify that the NPOC measurement
allowed direct access to the urea concentration, namely was not deviated by the presence
of cyanate in the sample. To do this, various alkaline standards with urea and cyanate
concentrations were prepared and then analyzed to determine the corresponding NPOC
values. The results, shown in Table I1.2, confirmed the direct relationship between NPOC

measurements and urea concentrations.

[CO(NHy),] [CO(NH3),] [OCNT]  [OCNT]  [NPOCresu]

AP oL ) (eq gl ) (molL Y (eq scL)  (aoL))
#1 0.3 3.6 0 0 3.6 +0.2
#2 0.2 2.4 0.1 1.2 2.44+0.2
#3 0.1 1.2 0.2 2.4 1.2+0.2
#4 0 0 0.3 3.6 0.12

Table I1.2 — Evidence of the direct relationship between NPOC measurements and urea concentra-
tions.

Finally, measuring NPOC enabled efficient quantification of urea in alkaline media
without the need for extensive sample preparation (as required with enzymatic assays).
However, in the case of real matrices where many other carbonaceous organic molecules
can be found, this technique becomes inadequate. The coupling of Ion Chromatography
(IC) (that was already present in the lab-scale at the beginning of the thesis), with the
mass spectroscopy (MS) (that arrived during the course of the thesis), enables to solve this

problem. In fact, with a single injection, it will become possible to monitor both urea and
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reaction by-products concentrations under alkaline conditions, and in both synthetic and
real matrices. The following section will present the implementation of this original analysis,

as never reported in the literature before.

II-3 Coupling of Ion chromatography/Conductivity Detector
to Mass Spectroscopy (IC-CD/MS) for efficient monitor-
ing of UEO process

II-3.1 Principle

Ton chromatography and mass spectroscopy are two powerful analytical techniques,
frequently used separately in analytical chemistry.

IC is a form of liquid chromatography, used to separate ions and polar molecules, which
principle is based on ion exchange. Indeed, ions of interest are separated according to their
affinity with respect to the resin composing the chromatographic column. Ions present in
the sample will thus exchange with ions of the same charge present on the column material.
The degree of retention will depend on the affinity of the ions for the resin column. At the
column’s outlet, a detector (a Conductivity Detector (CD) in this work) is used to qualify
this separation as illustrated in Figure I1.9-b.

By MS the m/z of ionized molecules can be measured. It is a powerful tool for the
qualitative and quantitative analysis of organic and inorganic compounds. The sample
is first ionized (by a Electronic Spray Ionisation (ESI) in this work), then the ions are
separated according to their m/z ratio in the mass analyzer. Finally, the ions are detected
and the mass spectrum generated.

The advantages of this coupling IC-CD/MS include:

e Separation and precise identification: IC separates ions, while MS provides precise

identification and quantification of these ions. This enables complete sample analysis;

e Sensitivity: MS is highly sensitive, enabling the detection of very small quantities of

ions in the sample (in the picogram to femtogram range) [193];

e Analysis of polar and ionic compounds: IC-MS coupling is particularly useful for
the analysis of polar and ionic compounds, which are difficult to analyze by other
techniques [194];

e Wide range of applications: This method is used in many fields, including water

analysis, environmental analysis, pharmaceuticals and biochemistry [195].
However, there are also disadvantages to consider:

e Cost: The equipment required is expensive (between 200,000 and 250,000 € vs. 85,000
for IC in 2022);

e Expertise: Interpretation of IC-MS data requires specific training and expertise;

e Maintenance: IC-MS instruments require regular servicing to ensure optimal operation.
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11-3.2 Instrumentation and analytical protocols

A scheme of the system configuration for IC-CD/MS analysis is provided in Figure I1.9.

a) MS set-up IC set-up
~Tm
-
Q Exactive™ —
b) Focus
Orbitrap
Diverter
valve
3
ADRS 600 cD . ® 4 D CDRS 600
suppressor detector detector suppressor
L | e ]

AS11-HC-4um 4,| C516-dum |
column with guard column with guard

] [

25 pL 10 pL
Sample loop Sample loop

Diverter
valve

Autosampler

Dionex™ ICS Dionex™ ICS
5000* system 5000* system
pump with pump with
EGC-KOH EGC-MSA

Fig. I1.9 — a) Picture of the IC-CD/MS set-up and b) configuration set-up for IC-CD/MS analysis
of urine.

In the following section, the analytical protocols that I developed in collaboration with
Laure Latapie (CNRS engineer) will be detailed.

II-3.2.a Chromatography

Analyses were performed using an IC-CD system (Thermo Scientific Dionex™ ICS-5000+)
equipped with a DP analytical pump, an AS-AP auto-sampler, and a DC-5 module with
double oven containing (i) Dionex™ CDRS 600 and Dionex™ ADRS 600 suppressors for
cation and anion detections respectively as well as (i) two conductivity detectors (CD). A

Dionex™ AXP Auxiliary Pump (water, 0.25 mLmin!) was used to ensure a neutral pH
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at the mass spectrometry inlet by connecting it to the relevant suppressor. The injection
loop volumes were 25 pLh and 10 L, respectively for cation and anion pathways (full loop).
Thermo Scientific™Chromeleon™ Chromatography Data System software 7.2.10 was used
for IC control and data processing. An IonPac CS16-4um analytical column (2mm X
250 mm and its guard CG16 2mm x 50 mm) from Thermo Scientific™ was used for cation
separation. The cationic eluent (Methane Sulfonic Acid (MSA)) was generated at a flow rate
of 0.16 mL min ! by using a Thermo Scientific™ Dionex™ EGC 500 MSA Eluent Generator
Cartridge. The column temperature was 40 °C. An IonPac AS11-HC-4pm analytical column
(2mm x 250 mm and its guard AG11 2mm x 50mm)) from Thermo Scientific was used for
anion separation. The anionic eluent (KOH) was generated at a flow rate of 0.25 mL min !
by using a Thermo Scientific™ Dionex™ EGC IIT 500 KOH Potassium Hydroxide Eluent
Generator Cartridge. The column temperature was 25 °C. Both eluent concentration profiles

are provided in Figure I1.10. The overall run time was 35 min.

=——Eluant MSA  ==Eluant KOH
60

50 A

40 A

30 A

20 1

Concentration /mmol.L""

O T T T T T T
0 5 10 15 20 25 30 35

Time /min

Fig. I1.10 — Concentration gradient of anionic (KOH) and cationic (MSA) eluents for an optimal
ionic separation.

11-3.2.b Mass spectroscopy

The IC system was coupled to a high-resolution (i.e., high mass accuracy measurements
with four-decimal precision) mass spectroscopy analyzer Orbitrap (Thermo Scientific Q
Exactive™ Focus). Thermo Scientific™ Q Exactive™ Plus software 2.11 was employed for MS
control and data processing proceeded by Thermo Scientific™ Chromeleon™ Chromatography
Data System software 7.2.10 and Thermo Scientific™ Xcalibur™ software. MS was performed
using the full-scan method in the negative mode (0-35 min, m/z 50-500) and positive mode (0-
35min, m/z 50-500) using a heated ESI source. Concerning the negative mode, the optimal
parameters were set as follows: sheath gas flow rate (nitrogen) set to 40 Arbitrary Unit (a.u.);
auxiliary gas flow rate (nitrogen) set to 20 a.u.; spray voltage, 3.5kV; capillary temperature,
300 °C; S-lens RF level, 60; auxiliary gas heater temperature, 450 °C. Concerning the positive
mode, the optimal parameters were set as follows: sheath gas flow rate (nitrogen) set to
30 a.u.; auxiliary gas flow rate (nitrogen) set to 10 a.u.; spray voltage, 4.5kV; capillary
temperature, 300 °C; S-lens RF level, 60; auxiliary gas heater temperature, 320 °C.

I11-3.3 Application to urea solutions

This section will present the “raw” results obtained from various injections into the

IC-CD/MS system. The related samples were obtained during potentiostatic electrolysis of
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urea solutions in KOH 1mol L1,

An identical approach, together with a characterization study (accuracy, repeatability,
matrix effect, etc.) was also carried out in the case of the real urine matrix. This work leads
to a research paper in the journal Analytical and Bioanalytical Chemistry, as presented in
Appendix D [196].

To avoid saturating the signal, sample dilution was necessary. In the case of this thesis,
the electrolyses were performed in conditions as close as possible to the real matrix, the
electrolysis medium was thus concentrated. All samples were therefore diluted 1000-fold
before injection into the IC-CD/MS.

As a first step, it was necessary to identify all the peaks observed, which was done by
combining standard injection and bibliographic researches. The various ions identified were

then classified according to the following categories:

Spectator ions: sodium, potassium, magnesium and calcium;
Anions: chloride, nitrite, cyanate, carbonate, sulfate and phosphate;
Cations: ammonium.

Typical chromatograms obtained by injecting mixed-standard solutions are shown in
Figure I1.11, as well as the related calibration curves. Peak area versus concentration is
related by Kohlrausch’s law, shown in Eq. 1.3, demonstrating the linear nature of the
calibration curves. In the case shown in Figure II.11, the wide concentration range induces

a quadratic profile of the curves. This behavior is common in IC.
o= |zl x X x G (11.3)
i

where o is the ionic conductivity (2m), z; is the charge of the ion i (dimensionless), A; is
the molar conductivity of the ion i (Sm 2mol '), and C; is the concentration of the ion i

(molm™3).
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Fig. I1.11 — Typical a) anionic and b) cationic chromatographs obtained during urea electrolysis
experiment, and ¢) calibration curves for the major by-products formed during urea electrolysis.

Once analyzed by the CD detector, the sample was then directly conducted to the MS

system. Typical chromatogram obtained and calibration curve are shown in Figure I1.12 for

urea.
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Fig. I1.12 — Typical a) MS-chromatogram and b) calibration curve, obtained for urea.
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During an electrolysis experiment, samples were taken after different times. Typical
chromatograms are plotted in Figure 11.13. They show an increase in the signal for nitrite,
cyanate, carbonate and ammonium with a concomitant decrease of the urea’s signal as far

as this molecule was converted.
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Fig. I1.13 — Typical variation of the IC-CD/MS signal as a function of the electrolysis’s time
concerning a) anionic by-products, b) cationic by-products and c¢) urea.

As a consequence, the IC-CD/MS technique that we developed enables, with a single
injection and in 35min, to measure concentration of liquid-phase compounds present in
an electrolysis sample. In order to obtain a complete mass balance, it was also necessary
to develop a GC method for monitoring the gaseous compounds formed during the UEO
process. This is the objective of the next section. The coupling of IC-CD/MS and GC was



u01)09s

=
%
i)
®
=t
=
®
=
=

64 CHAPTER II. Material and methods

only obtained at the end of the thesis, and the results in Chapter V were the only ones to

present mass balances for both phases.

II-4 Gas chromatography

11-4.1 Principle

GC is a widely used technique for separating and analyzing the components in a gas
mixture. The principle is based on the differential partitioning of components between a

stationary and a mobile phase. The main elements of this technique are summarised below:

Mobile phase: An inert gas, usually helium, nitrogen or argon, is used as mobile phase.
The components of the mixture to be analyzed are transported by this gas through a

column.

Stationary phase: The column, usually made of stainless steel or glass, is filled with a
high-surface-area material coated with the stationary phase, often a liquid at high
vaporization temperature. The interactions between this stationary phase and the
components of the mixture will determine the rate at which each component elutes

through the column.

Separation: It depends on the differential affinity of the molecules for the stationary and
mobile phases. The compounds that are strongly interacting with the stationary
phase will spend more time in the column and are therefore eluted (i.e., removed
from the column) later than those with weak interactions. The order of elution of the
compounds (i.e., the order in which they leave the column) is generally a function
of the compound volatility. More volatile compounds (i.e., those with a low boiling
temperature) have small interactions with the stationary phase and thus are eluted
first, while poor volatile compounds (i.e., those with a higher boiling temperature)

are eluted later.

Detector: After passing through the column, each component arrives at the detector,
often a Thermal Conductivity Detector (TCD). The TCD measures the difference in
thermal conductivity between the inert gas and the gas containing the components to
be detected. As each compound has a different thermal conductivity, the detector can

identify and quantify the components in the mixture.

It is important to note that this technique requires the components to be analyzed to be
volatile, or to be rendered volatile without decomposition. It is therefore particularly well

suited to the analysis of gases and volatile compounds (hydrocarbons, alcohols, ethers).

I1-4.2 Instrumentation and analytical protocols

A Varian 450-GC GC, illustrated in Figure I1.14-a was used to quantify the composition
of the gas phase during the UEO process (Haysep N 80/100 Mesh, Haysep Q 80,/100,
Molsieve 13X, oven temperature 50 °C, TCD, carrier gas Ar, injector temperature 140 °C
and TCD temperature 200 °C).

The internal diagram of the GC is shown on Figure I1.14-b. Using a pneumatic valve,

the system enabled semi-continuous analysis of the gas phase in the EC reactor:
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Fill mode: at this stage, an injection loop (250 pL) was continuously swept by the sample

gas and the carrier gas passed through the GC system without passing through this
loop;

Injecting mode: once the V-1 valve was turned, the carrier gas flowed in the opposite
direction in the injection loop, carrying a fixed volume of sample gas with it to the
column, and the analysis has begun. The valve could then be returned to its initial

position, and the injection loop was again continuously swept by sample gas.
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Fig. I1.14 — a) Illustration of the GC system used to analyze the gas mixture obtained during
electrolysis. Schemes of the analytical set-up during b) fill mode and c¢) injecting mode.
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11-4.3 Application to urea solutions

An initial test is carried out to analyze and qualify the gas phase produced in the reactor.
Three main peaks are identified: Ny, O9 and H,. Typical chromatograms and calibration
curves are presented in I1.15. The calibration curves were obtained by mixing ambient air

with pure Hy at different volumes in a syringe (with a Teflon® plunger) and presented in
Eqgs. I1.4-11.6.

Peak areay, = 879.0 x Vy, with T, = 2.4 min & R? = 0.998 (IL.4)
Peak areap, = 1,241.1 x Vo, with T, = 1.8 min & R? = 0.997 (IL5)
Peak areay, = 9,849.2 x Vi, with T, = 1.2 min & R? = 0.991 (1L.6)

where Peak area; is the peak area obtained by GC analysis (nV min), T; is the retention time

(min) in the GC and Vj is the injected volume at atmospheric pressure of the compound i
(nL).
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Fig. I1.15 — a) Typical GC chromatogram obtained when analyzing mixed gases containing N,, H,
and O, as typically observed during some potentiostatic electrolysis (0.55V vs. Hg/HgO) of urea
solution in alkaline medium, and b) calibration curves for Ny, Oy and H,.

When running an electrolysis experiment, discrete values for the gas phase composition
(vi, ¢ in pL min !) were typically measured, as shown in Figure I1.16, with an uncertainty
of 5% when the same sample is introduced several times. In order to carry out a mass

balance, the cumulative quantity of the compounds produced (Vi after j min i 1L) should
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be determined, using Eq. I1.7.

t
Vi, after j min = / Vi, ¢ X dt (117)
0

Before starting an electrolysis experiment, it was carefully checked that the EC cells were
sufficiently purged using argon bubbling to ensure that no Ny nor Oy remained from leaks
(and dead areas). For lab-scale cells, consistent bubbling was applied for 1 hour. In the case
of the pilot, a minimum of 2 h of bubbling was required to avoid any variation in the peak

area of Ny and O,.
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Fig. I1.16 — Typical discrete value of gas volumes formed during a urea electrolysis experiment.

The predominant form of ammonia in alkaline media is NH;. A 24h-potentiostatic
electrolysis was carried out to check whether ammonia was lost during the electrolysis or
not. For that, the overhead gas was connected to a bubbler filled with hydrochloric acid so
as to trap the possible gaseous NH3 formation. Sampling of the acid solution before and
after electrolysis was then analyzed by IC. It was observed that no increase in ammonium
existed, thus confirming that all the ammonia formed remained dissolved in the solution.
In addition, observed in the work of Tatarchuk et al. [146], no traces of NoO or CO were

observed in our case.

II-5 General operating procedure of the electrolysis at lab-

scale

To summarise this chapter, Figure I1.17 presents a flow chart showing all the steps
required to perform mass balance in gas and liquid phases during potentiostatic electrolyses.
After preparing the set-up and allowing the necessary purge time to remove residual N,
and O, from the ambient air, electrolysis can be started. To get a theoretical idea of the
urea conversion X, presented in Eq. 1.8, during electrolysis, we determine the total amount
of urea to be oxidized according to Eq. I1.9.
[CO(NHy)o™ — [CO(NH,),])

B= [CO(NT)Jo (IL.8)
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neo(NH,), = Veel X [CO(NHp)]™ (I1.9)

This amount of matter can be oxidized with a number of electron, as a function of the final
product (i.e., 6 for Ny and NHg). In our case, the theoretical charge, Qtheoretical 1S estimated
each time by the oxidation conversion of urea when it produces Ny (i.e., 6 electrons, and if
the FE is equal to 100% for the UEQO), as shown in the Eq. II.10.

Qtheoretical = 6 X F X LCO(NH,), (I1.10)

Thus, the ratio of theoretical and actual charges supplied to the system can be used to

estimate the urea-X, as depicted in Eq. 11.11.

_ qupplied,(t)

X (I1.11)

cheoretical

where Qguppliea Was directly calculated by the software of the potentiostat as the integral of
the current over time (C).

In order to monitor this conversion rate analytically, various aliquots of the liquid phase
were collected over time (approximately 0.5 mL in the case of the lab-scale cell, and 1-2 mL

in the case of the pilot-scale cell).

In order to carry out complete N-mass balances, it was also necessary to calculate the

number of equivalent moles released by each N-molecule, as illustrated in Eq. 11.12.

NCO(NHa)2, eq. N = 2 X LCO(NHa),
IlN27 eq. N = 2 X nn,
NNH;, eq. N = INH;3 (I1.12)
DOCN-, eq. N = DOCN-

INO7, eq. N = INOy
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Fig. I1.17 — Schematic flow chart summarizing the experimental procedure for carrying out
potentiostatic electrolysis with urea solutions and for sample’s processing to perform mass balances
(green: start/end; blue: experimental set-up; red: calculation; orange: data processing; violet:
analytical techniques).
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72 CHAPTER III. Study at lab-scale scale

This chapter presents the results obtained from the article “G. Hopsort*, D. Pereira Do
Carmo, L. Latapie, K. Loubiére, K. Groenen Serrano, T. Tzedakis* (2023). Progress toward
a better understanding of the urea oxidation by electromediation of nickel(IIT)/nickel(IT)
system in alkaline media. Electrochimica Acta, 442. 10.1016/j.electa.2023.141898".

Consequently, to maintain consistency, the introduction have been rewritten and the

material and methods section removed as already described in Chapter II.

III-1 Introduction

This Chapter aims at investigating the treatment of urea by electro-oxidation on
nickel(IIT) /nickel(IT) system in alkaline medium. The main objective is to get a bet-
ter understanding of the EC mechanisms and kinetics of the oxidation of the urea by the
electromediation of the system NiOOH/Ni(OH),. For that, this work is going;:

(i) to introduce the turn over number and determine the activation energies (chemical reac-
tion and mass transport). In addition, the EC characteristics of the NIOOH /Ni(OH),
system (heterogeneous electron transfer rate constant and anodic charge transfer

coefficient) were evaluated, which is not done in the existing literature;

(ii) to carry out lab-scale electrolysis exhibiting high (>80%) urea conversion on massive

nickel electrode, and consequently;

(717) to open new analytical roads to detect the whole electro-generated products in liquid

phase and to perform the corresponding mass balances.

By this way, it is expected to validate the process at the lab-scale (70 cm? of urea) which

constitutes a preliminary step before designing a urea EC process operating at larger scale.

For this purpose, three experimental set-ups (described in Chapter II) are implemented
for the EC kinetic study and lab-scale electrolysis using both undivided and divided EC cell.
The set of analytical techniques (IC and TOC), presented in section 11-2.2, is used to identify

the products electro-generated, determine their concentration and the urea conversion.

Firstly, a characterization of the studied EC system is presented through voltammetry
experiments; the influence of the potential scan rate, the concentration of reactants and
rotational speed is particularly studied. Secondly, lab-scale electrolysis, for which complete
mass balances are systematically established, are performed. In these experiments, a special
attention is paid for varying the concentrations of urea and KOH in a large range, as well

as the temperature and of the presence of a membrane separator.

I1I-2 Effect of the operating parameters on electrokinetics for
the characterization of the coupling ER to HCR

In this section, the involved EC system is characterized through voltammogram ex-
periments. The influence of the scan rate, the concentration of reactants, temperature
and agitation speed on the overall rate of the UEQO is studied, expecting to elucidate the

mechanism of the process.
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II1-2. Effect of the operating parameters on UEO at lab-scale

111-2.1 Effect of urea concentration on overall rate of the indirect electro-
oxidation
The effect of the urea concentration on the rate of the overall process is examined

by plotting voltammograms on nickel RDE, in 1molL~! KOH solutions at a scan rate
of 1.36mVs—!. Figure III.1 shows the obtained voltammograms for urea concentrations

ranging from 0 to 0.33mol L~ 1.
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Fig. II1.1 — Effect of the urea concentration a) on the shape of voltammograms obtained on nickel

RDE without agitation. [KOH|] = 1molL!; v = 1.36 mVs™!; T = 298K, S.inode = 3.14 mm?.
The urea concentration used was OmolL ! (1), 0.05molL ! (2), 0.1molL ! (3), 0.2molL ! (4),
0.3molL "t (5) and 0.33molL~! (6). b) shows the variation of the current magnitude of the
oxidation peak as a function of the urea concentration.

Curve 1 (without urea), obtained on a nickel RDE freshly polished, exhibits a signal
showing a peak at around 470 mV. According to Seghiouer et al. [197], this peak corresponds
to the oxidation of nickel(II) to nickel(III) following the reaction {R 1.19}. The oxidation of

nickel(0) into nickel(II), as {R II1.25} occurs theoretically at potentials close to —800 mV
[197].
Nig) + 20H (5q) — Ni(OH)y ) + 2€° {R II.25}
Note that this signal peak at around 470 mV is attributed [198] to the reaction {R 1.19}.
For higher potentials (> 600mV), the solvent oxidation to oxygen occurs. If the nickel
oxidation signal is observed at such high potentials (400 mV), this means that, immediately
after polishing, the nickel surface is spontaneously oxidized by the oxygen of the air, and
that the nickel is covered by some oxides. Consequently, the observation can be translated

by the {R III.26}.
Ni,Oy) + (2x=y)OH (5q) — xNiOOHy) + (2x—y)e" {R III.26}
Curves 2 to 6, obtained when urea was added at various concentrations into the
electrolyte, exhibit peaks shifting to the anodic potentials as the urea concentration increases,
while the solvent oxidation potential does not seem to be affected. Note that the KOH
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concentration (1 mol L 1) is three times more concentrated than the highest concentration
of urea used (0.33mol L 1). The variation of this peak current (from which the blank have
been subtracted at each potential) vs. the urea concentration, plotted in the Figure III.1,
does not show a linear behavior, meaning that the observed signal may not be attributed
to a single direct oxidation of urea as already demonstrated [142| for urea concentration
higher than 0.33 mol L~!. Consequently, a catalytic process occurs at the electrode: urea is
oxidized chemically by the nickel peroxide at the electrode surface and gives products while
regenerating Ni(OH),. In order to get a better understanding of the overall process, the
oxidation of urea by the electromediation of the system NiIOOH/Ni(OH), in alkaline medium
consisted of an indirect or two-step mechanism, could be schematically [199] represented,

according to Figure II1.2.

{
N - B s [
OH - OH [

OCN- \
Ni® NH," ———— | Products
C0z*
NO; |

Massive ' - ‘
Electrode Mixed oxide solid layer Mass transport area Bulk

0
=+
=
o
(o}
2}

areas qery

T
S+p § 0

Fig. IT1.2 — Schematic representation of the indirect oxidation of the urea, by the electromediation
of the system NiOOH/Ni(OH), operating on the surface of a massive nickel anode, and in presence
of alkaline medium. ER, HCR, and D/M indicate respectively the locations where the NiIOOH
Electro-generation Reaction (ER), the Heterogeneous Chemical Reaction (HCR) and the mass
transport (limited by the diffusion) occur.

Various phenomena occur during the UEO on a massive nickel anode and their locations

depend to the distance from the massive electrode (i.e., z-axis dependent):

e at z = ¢ + u: the massive Ni surface is oxidized to successively form Ni(OH), and

NiOOH by the ER;

e in ) +pu < z < 0 area: corresponds to the thickness of the catalytic system
NiOOH/Ni(OH), (solid layer), in which the HCR is assumed to occur;

e in § < z < 0 area: corresponds to the layer in which external mass transfer limitations
exist for urea (and eventually KOH); [200]

e at 0 > z: corresponds to the bulk (none reaction occurs).

After the “first spontaneous” oxidation of metallic Ni and the electro-generation of NIOOH,
three phenomena are expected to occur: an ER involving insoluble oxides ({R 1.19}), HCR
occurring into the solid layer of NiOOH ({R II1.27}), and as function of the operating

conditions, a mass transfer process (diffusion and migration according to Eq. (IIL.1)).

CO(NHy)a(aq) + NiIOOH gy + 8OH (,q) —> 6 Ni(OH)yr) + No(g) + CO?((aq) + 6HyO0q) + 6e
{R II1.27}
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2] ~ _
+V -] =0
— D,CO(NH,), (IL1)

5i— + V- (ip.on +jmon) =0

{ 9[CO(NH,)
ot

Where j; is the molar flux (diffusion or migration) of the species i (molm 2s™!). Each
elementary process being dependent of the other, it is therefore important to understand
how a given operating parameter could impact each of them. In alkaline medium, note that
the {R II1.27} represents the global equation, namely the one corresponding to a complete

mineralisation of urea involving 6 e and produce carbonates.

IT1-2.2 Effect of the scan rate as a tool for revealing the limitation of the
HCR on the ER

To confirm previous assumptions and validate the overall process schema reported Figure
I11.2, the effect of the scan rate, is examined in the cases of the blank (NIOOH/KOH, Figure
[I1.3-a) and an alkaline solution of urea (NIOOH/KOH/Urea, Figure I11.3-b).
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Fig. I11.3 — Effect of potential scan rate on the voltammograms obtained without agitation on
nickel RDE immersed into a) in 1molL~! KOH solution and b) in 1molL.~! KOH containing
0.05mol L ™! of urea. The scan rate used was 0.58mVs~—* (1-17), 1.36 mVs ! (2-2"), 2.16 mVs*
(3-3"), 291 mVs ! (4-4"), 5mVs ! (5-5"), 25mVs * (6-67), 50mVst (7-77), 100mVs— ! (8-8),
200mVs—t (9-97), 300mVs—! (10-10°), 400mV st (11-11") and 500mVs~! (12-12’). The insets
show a zoom in the oxidation peaks at low potential scan rate.

Regarding the voltammogram obtained in a KOH solution without urea (Figure I11.3-a),
a complex signal is observed containing two shoulders and one peak respectively, at about
460 mV, 475 to 525 mV and, 480 to 600 mV depending on the potential scan rate. The initial
surface of the Ni, even polished, appears to be partially oxidized and the oxidation of the
various intermediates ({R I11.26}) could be responsible of the observed shoulders. Whatever
the oxidation state of the surface, the final product is nickel(IIl). Moreover, the main peak
is attributed to the oxidation of the nickel(II) to nickel(IIT). Conversely, resolute peaks are
observed on the curves obtained with urea (Figure I11.3-b). It seems that, as reacting with
nickel peroxide and thus regenerating the reagent Ni(OH),, urea allows to obtain only one
predominant redox system.

As showed by the {R 1.19}, Ni(OH), oxidation requires a hydroxide ion. As a result,
the quasi-cancellation of the current density for potentials ranging from 600 to 650 mV
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depending on the scan rate, could also be caused by the complete coverage of the anode
surface by NiIOOH, as already mentioned in various works [201, 202|. Note that in both
cases (Figure I11.3-a and b) at the end of the signal, the current decreases, meaning that
mass transfer limitation exists. As the electrode reaction requires hydroxide ions, one could
assume that the OH ™ diffusion causes the current decrease. Besides, both the current and

the potential of the peaks (Figure II1.3-a and b) increase as the potential scan rate increases.

1.0

0.8 1

_o-00®
0.6 1 ._,,.—0

2 _
0.2 4 R?=0.995

0.0 T T T
-4 -3 -2 -1 0

log(v) /vinV.s™ !

Fig. II1.4 — Evolution of the anodic peak potential against the logarithm of the potential scan rate.

Regarding the variation of peak potentials as function of the logarithmic variation of the
potential scan rate, illustrated in the Figure I11.4, in the case of the NIOOH /urea system,
extracted from Figure I11.3-b, a linear variation (Eq. I11.2, R? = 0.995) was observed

between the potential of the anodic peak and the logarithm of the potential scan rate.
Epeak = 0.04 x log(¥scan) + 0.60 (I11.2)

The variation of the potential against the potential scan rate is relatively low and the
obtained slope (0.04) is ten times lower than the theoretical value (0.5), meaning that the
corresponding NiOOH /Ni(OH), system is slightly irreversible. The variation of the current
magnitude of the peak as a function of the potential scan rate, shown in Figure II1.5 is
linear for scan rates higher than 100mV s~! with a mean slope of 4 x 1073, This behavior
could characterize an EC reaction of (i) adsorbed species on the anode surface or (i) a thin
layer of an electroactive species. Here, the system NiOOH /Ni(OH), is considered to be two
adsorbed species at the nickel surface. Consequently, this demonstrates that at high scan
rates the EC reaction (Ni(OH),—NiOOH) is the limiting step of the overall process of the

urea indirect electro-oxidation.
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Fig. ITI1.5 — Evolution of the current magnitude of anodic peak against the potential scan rate.

The effect of the potential scan rate is also studied for various KOH concentrations as
well as urea, in order to get a better highlight of the overall process, i.e., the HCR. coupled

to the ER. The influence of the potential scan rate on the peak current is plotted in Figure

I11.6, for the various concentrations of reagents (voltammograms are not illustrated here).

For a ‘simple’ EC reaction, the normalized peak current by the square root of the potential

scan rate, Ii;%k, is expected to be constant against the square root of the potential scan

rate, /v [203, 204]. In the present case, the results do not present a linear variation in the
whole examined range of v. For potential scan rates in the range of 100 to 500 mV s~ !, the
experimental variation of IPETZI“ against /v, can be considered as linear in agreement with
the theory. This means that for high v, the dominant process is the EC oxidation of the

nickel(II) to nickel(IIT). Decreasing v seems to complexify the overall process, as, at scan

Lpeak . . .
NG decreases with /v and this phenomenon is

rates lower than 25 mVs—!, the values of
more pronounced at higher concentrations of both KOH (Figure I11.6-a) and urea (Figure
I11.6-b).
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Fig. IT1.6 — Variations of the ratio between the current magnitude of anodic peak and+/v at different
concentrations of a) KOH in a solution of 0.33mol L ~! urea and b) urea in a solution of 1 mol L1
KOH. Results extracted from the current potential curves (not shown here) were plotted for various
concentrations of a) KOH from 0.5 to 3molL~* or b) urea from 0 to 0.33mol L.~ 1.

This behavior is characteristic of an heterogeneous electron transfer followed by a

chemical reaction which regenerate the reagent, thus increasing the current. Based on the

work of Nicholson et Shain [205], the decrease of I’\’j%’“ vs. /v is used as a diagnostic criterion
to identify the mechanism of the reaction as an E-C catalyzed mechanism, the catalytic
chemical reaction interposed between successive charge transfer following Eq. I11.3.

(111.3)

Ox +ne” — Red (E)
Red +Z = Ox (C)

Ohsaka et al. [206] has observed similar behavior in the study of the mechanism for the
reaction of the initial stages of the electro-polymerization of 1-pyrenamine. Concerning the
case of urea (Figure I11.6-b), the system appears ‘simpler’. Decreasing the potential scan
rate enables the HCR to occur and consequently to regenerate the Ni(OH), for starting
a new catalytic cycle, following the scheme highlighted in {R II1.28}. Note that in the
absence of urea (i.e., Figure 111.6-b circles label), the slight increase of I’”T‘;k with /v could
be attributed to a capacitive behavior of the NNOOH/Ni(OH), system.

External bias Ox: —1le

il |
nickel(I11) + Substrat — nickel(1I) + Products

{R I11.28}

An important parameter to characterize the nickel(I1I) /nickel(IT) system in the presence
of urea is the Turn Over Number (TON) presented in Eq. I11.4.

Qtotal

blank

TON =

(111.4)

It is defined as the ratio of the amount of charge Quta1 corresponding to the whole anodic
signal at 450 - 650mV (Figure I11.3-b) attributed to the oxidation of the nickel(II) to
nickel(IIT) in presence of urea and the amount of charge Qplank corresponding to the whole
signal of the oxidation of the nickel without urea (Figure 111.3-a). This definition implies to
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verify one of the two following conditions: (i) only one layer of the nickel oxidizes at the
surface of the metal; (ii) if more than one layer reacts, the total volume of the reactive area
(0 +pu < z <6, Figure 111.2) is entirely permeable to the dissolved reagents, without any
internal mass transfer limitation. The TON is thus plotted against the potential scan rate
in Figure III.7.
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Fig. IT1.7 — Effect of the scan rate against values of TON.

Figure I11.7 highlights two zones: for scan rate lower than 100 mV s !, high values (>
100) of TON are observed, while the ratio appears to tend towards 1 for scan rate higher
than 500mV s . In this latter case, the electro-generated nickel(III) do not have enough
time to react with urea and, as the whole metallic surface is covered with nickel(III), the
current decreases and the TON tends to the unity. As the potential scan rate decreases,
there is enough time for the HCR to occur (whatever the applied potentials). Nickel(III) is
reduced by urea and the electro-generated nickel(II) can be oxidized again, thus enhancing
the current. Note that because: (i) the continuous change of the applied potential during the
monitoring of the I=f(E) curve, and (i) the definition of the TON as a “global” parameter
based on the whole amount of charge of the I=f(E) curve, it is difficult to estimate a value
of the chemical rate, ry, of the HCR of which the reaction scheme appears also complex

(see mass balances at the next section I1I-3).

I11-2.3 Effect of the alkalinity on overall rate of the indirect electro-
oxidation

Hydroxide ions are involved in both Ni(OH), oxidation ({R 1.19}) and urea indirect
oxidation by NiOOH ({R III.27}). The last reaction exhibits a stochiometry based on 1
mole of urea for 8 moles of hydroxide ions, meaning that the alkalinity will affect the rate of
the process. In order to examine the effect of KOH on the urea oxidation current, several
[=f(E) curves are plotted, using nickel RDE with KOH concentrations ranged from 0.05
to 5mol L1, and two potential scan rates (1.36 and 500 mV s~ !). The urea concentration

chosen is 0.33mol L ! and the obtained results presented in Figure III.8.
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Fig. IT1.8 — Effect of KOH concentration by linear voltammogram of nickel RDE in a solution
containing 0.33 mol L ! urea at a) 1.36 and b) 500 mV s~ ! without agitation at 298 K. The potassium
hydroxide concentration used was 0.05mol L ! (1-1°), 0.5mol L1 (2-2’), 1mol L~ (3-3’), 3mol L *
(4-4’), 4mol L ! (5-5") and 5mol L 1 (6-6).

The results show a strong effect of the KOH concentration on the shape of the curves.
All the curves present, in the range from 400 to 600 ~ 700 mV a signal meanly “peak shaped”,
attributed to the Ni(OH), oxidation to NNOOH form. Both the magnitude of the current
and the potential of the peak appear to be dependent of the KOH concentration. Indeed, for
both potential scan rates, increasing the KOH concentration from 0.05 to 5mol L1 causes
a peak potential shifting to the lower potentials, meaning that the system NiOOH /Ni(OH),
becomes faster. The effect of KOH on the magnitude of the peak current of the Ni(OH),
oxidation seems more complex, two distinct area can be evidenced: the peak current increases
with the KOH concentrations until reaching 4 to 5mol L~!, and then decreases. As both
reactions, in {R 1.19 and R II1.27}, require KOH, such increase of their reaction rates with
the KOH concentration is understandable, however, a ‘quantitative’ kinetic study would be
required to deeply investigate this issue and will constitute an upcoming study. For higher
KOH concentration, the current of the curves decreases. This can be explained based on
the E-pH diagram of nickel (see Figure I11.9) which points out that the NNOOH/Ni(OH),
couple is unstable at very high pH values. A part of this oxide can then dissolve and spread

into the bulk, inducing a decrease of the rate of the anodic process.
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Fig. II1.9 — Potential-pH equilibrium diagram for the system nickel-water at 298 K (adapted from
[207]).

The comparison of the voltammograms obtained at two different scan rates, shows that
at 500mV s~ ! the signal appears as ‘a more symmetrical peak’ than the one obtained at
1.36mV s~ ! (especially for the curves 4-4’, 5-5’ and 6-6°). Indeed, at 500mV s ! and for
higher potentials than 550 ~ 600mV, the decrease of the current is due to the fact that
the electrode surface (the reaction area) is completely covered/filled by NiIOOH, which
has not time to react with urea (the EC reaction is fast, and there is no limitation by the
KOH concentration). Consequently, there is no (electro-generated) Ni(OH), to oxidize and
the current falls down, inducing the occurrence of a dissymmetric peak in the curve. At
1.36mV s~ !, there is enough time to enable the NIOOH to react with urea and be reduced
to Ni(OH),, so the current slowly decreases after 450 ~ 500 mV.

Assuming that the curves obtained at 500 mV s~ ! are mainly attributed to the ER (i.e.,
without the effect of the HCR) and that the anodic activation limitation range of the curve

obeys to the Butler-Volmer equation, the current can be expressed as Eq. IIL.5.

onF
RT

0
I=<9nXF XS reaction area X kapp x I'mip p X exp
for0 < z < 6+p

X (E — E10)> (HI5)
where 7 is the exchanged electron number (dimensionless, here 1), F the Faraday’s constant

0
app

ent intrinsic heterogeneous electron transfer rate constant (s—1), which depends on [OH | as

KO — kOx[OH]®
app — [

the thickness of the catalytic system NiIOOH/Ni(OH), (m), ¢ the partial order of {R II1.27}

for hydroxide (dimensionless), a the anodic charge transfer coefficient (dimensionless), E the

(96 500 C mol 1), Syeaction area for 0 < z < s5+u the electro-active surface (m?), kY the appar-

, where k¥ is the heterogeneous electron transfer rate constant (ms 1), p
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electrode potential (V), Ei—o the open circuit potential (V) and I'typ the nickel(III) surface
concentration (molm_2 ..
The global nickel surface concentration, I'g, can be expressed as Eq. II1.6 where I'fy is

the nickel(II) surface concentration.
Lo =T+ I'm (I1L.6)

In these conditions (no chemical reaction at potential close to Ej—g and 500 mV s~ 1), I'yyy is
considered as constant and equals to I'g.
From Eq. IIL.5, it comes Eq. II1.7.

_ 0 anF anF
1n(I) - {ln (n X F % Sfoiegc%iog %re§+“> + ln(kapp) - ﬁ X EI()} + ﬁ x E (1117)
According to Eq. II1.7, the natural logarithm plot of the current (in the activation
zone) vs. applied potential, extracted from Figure I11.8-b, is plotted Figure II1.10 for [OH ]
ranging from 0.05 to 5mol L 1.
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Fig. IT1.10 — a) Butler-Volmer analysis of voltammogram 1’ to 6’ extracted from Figure II1.8-b.
Figure b) shows the dependency of the anodic charge transfer coefficient « against the hydroxide
concentration. Figure c¢) highlights the intercept of Butler-Volmer analysis against the natural
logarithm of KOH concentration.

The anodic charge transfer coefficient « is deduced from the slope of the curves, as
illustrated Figure I11.10-a. Its variation against the KOH concentration is presented in
Figure II1.10-b and shows that « increases with the KOH concentration until becoming
constant and equal to 0.7 at [OH ] ~ ImolL~!. A similar value of 0.78 was obtained
by Vedharathinam et al. [142]. One can note that this value is higher than 0.5 meaning
a multi-step system. Other reactions can occur, such as {R I11.29}, shown in the E-pH

diagram of nickel.

Ni(OH)Q(S) + OHi(aq) -~ HNiOgi(aq) + HQO(D {R IH.29}

The heterogeneous electron transfer rate constant k and the hydroxide partial order
0 in the {R II1.27} are deduced from the y-intercept of the Eq. II1.7, noted £. According
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to Eq. II1.8, £ is directly proportional to the value of the natural logarithm of the KOH

concentration.

n X F XS reaction area

¢={m f"LO SERK L) a;{ x Er_o § + 6 x In (JOH ) (IIL8)

The variation of  against In ([OH]) is represented in Figure I11.10. The slope of this
line, assimilated to the partial order of OH in the oxidation of nickel, is estimated to 3.3.
A value of ‘three’ would mean that three hydroxide ions are involved at the associated
reaction. Taking into account the strong KOH concentrations, one can suppose that the
nickel oxidized may be partially dissolved and leave the electrode surface; in this case, the
bare nickel oxidizes and three e /OH would be required. This fact means that to avoid the
nickel dissolution, it is preferable to carry out the urea oxidation at concentrations of KOH
lower than 1mol L1, even if the EC conditions are not the more optimum.

Through the y-intercept of Eq. II1.8, noted &' expressed in Eq. IIL.9, the value of kY, is
obtained, as shown in Eq. III.10.

n X F XS leaction area F
for0 <z <o+p | 0N

gl = 1In RT X EI:O ~ —14 (1119)
"
f
K0 = al X ex <’+O‘n x B ) I11.10
nFS reaction area P € RT ed ( )

for0 < z < 64p

In order to estimate an order of magnitude of the reaction layer thickness, u, the integration
of I=f(E) curves using a nickel RDE immersed in a 1 mol L' KOH solution (Figure I11.3-a),
is performed and allows to obtain the molar quantity transformed during the potential scan.
Knowing the geometrical properties of the crystallographic phases from the work of Tkalych
et al. [208|, a thickness p of 50nm is obtained. NiOOH/Ni(OH), oxides are electronic
conductors [209, 210]. In the reaction layer of thickness y, no electronic limitation exists.

The zero current potential is estimated from the Gibb’s free energy [211]| and its value
is taken as 490mV vs. SHE. The value of k¥ is then estimated, at 298 K and with 1 e
exchanged, to 8.1 x 1072 cms ! a low value translating an irreversible system. As expected,
this value is much lower than 0.3cms ! which is associated the limit of reversibility for a

simple one-electron process based on the work of Dickinson et Wain [212].

111-2.4 Effect of temperature on chemicophysical properties affecting the
global process (ER/HCR) as well as the mass transfert phenomena

The effect of temperature in the range of 298 to 313 K on the voltammograms is presented
in Figure I11.11-a. These curves are obtained at low potential scan rates (0.66 mVs ') under
stirring.

Note that, conversely to the previous cases (Figures II1.1, II1.3 and II1.8) performed
without stirring, here, the stirring enables to supply the interface with a constant flux of the
dissolved reagents i.e., the urea and the hydroxide ions. Besides, the low applied potential
scan rate enables to the overall catalytic cycle ({R II1.28}) to occur, thus the observed

current is the overall catalytic current.
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The increase in temperature leads to an increase in the overall current but does not
seem to affect the position (potential) of the curves. This variation is in agreement with the
simultaneous decrease of the solution viscosity implying an increase of the diffusion flux of
(electro)reactive species to the electrode. Moreover, in general, the temperature causes the
increase of the chemical rate according to the Arrhenius’ law.

In Curve 1 obtained at 298 K, a quasi-plateau (with a very slight decrease of the current)
is observed between 520 and 570 mV, exhibiting a diffusion limited current. This means
that mass transport of dissolved reagents limits the overall process. The limitation is due to
the urea present in the HCR. Indeed, the ER could not be limiting because the amount of
OH™ required to oxidize Ni{(OH), and regenerate NiOOH is low due to the low 'y surface

concentration.
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Fig. ITL.11 - a) Effect of temperature on the voltammograms obtained at 0.66 mV s~1, on nickel RDE
in a 1molL.~* KOH solution containing 0.33 mol L™ ! urea. The temperature used was 298K (1),
303K (2), 308K (3) and 313K (4). w = 200 Revolutions per minute (RPM). Inset: In (jia.x) = f(1/T)
plotted to determine the activation energy of the global process. b) Temperature dependence of the
urea diffusion coefficient in 1 mol L—! KOH solution between 288 and 313K obtained by viscosity
measurements. Inset: In(Dureaw) = f(1/T) plotted to determine the activation energy of the
diffusion coefficient.

Increasing the temperature causes a deformation of the curves; typically, the current
slightly decreases in the plateau area (520 and 570mV), before reaching the oxidation
potential of the solvent (600 mV), where it increases again. Note that the observed decrease
of the current remains smaller than 10% (for the highest temperature). The decrease in
current can be explained by a partial passivation of the nickel anode. This phenomenon
does not appear to be strong or irreversible, as the solvent oxidation occurs in the same
potential range as without urea. At least, two possibilities can be proposed to explain this
partial passivation:

e Due to the OH™ depletion, at the limiting current, the interface may be partially
neutralized and therefore carbonate, a by-product of the HCR (see next sections)
may generate a gaseous layer of carbon dioxide. In addition, a higher temperature
facilitates the degassing of CO,. The presence of such a gaseous layer may easily
reduce the diffusion flux of urea [125, 213] and consequently distort the observed

plateau.

e The increase in temperature leads to an increase of the current and at high currents,
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the oxidation of urea may generate intermediates (even of small size) that would be
adsorbed at the electrode and reduce the number of active nickel atoms (NiOOH),

thus implying a decrease in the rate of the process.

A macroscopic mass balance of the nickel(III) can be expressed as Eq. II1.11.

Accumulation flux of nickel(III) + Chemical reaction flux - electro-generation flux = 0

I 1
—851;1 + g ViTi — —— X =0
v - . nF S reaction area
reactions i for 0 < z < 6+pu

(IT1.11)
where I'pp is the nickel(III) surface concentration (molm?_ . 4.), ¥i the stochiometric con-
stant of nickel(II) (dimensionless) of the chemical reaction i, r; the rate (nickel(ITI)s ! m;ezct rode)
of the chemical reaction i, n the number of electron transferred (dimensionless, here 1), F
the Faraday’s constant and S jeaction area  the surface area of reaction (m?).

for 0 < z < §+p
Let’s consider the following approximations:
e because the magnitude of the decreasing current after the plateau (due to the passiva-
tion) is smaller than 10%, the maximum current can be considered to be the limiting

current.

e because a small value of scan rate is applied and a plateau is observed (i.e., constant
current at least for the first two temperatures), at each potential (in the range of 520
to 570mV), the steady state is assumed to be reached for the nickel (% =0).

Under these conditions, the rate of consumption of nickel(III) by the surface chemical

reaction is equal to the electro-generation flux, which leads to Eq. I11.12.

I
S ur= (IIL.12)
v - . nFS reaction area

reactions i for 0 < z < 6+p

Because the limitation of the current by the mass transfer of urea, this current can be
expressed by Fick’ first law as Eq. 111.13.

Imax = nFDS reaction area x 'V [CO(NH2)2] reaction area (11113)
for0 < z < 6+p for 0 < z < §+p

It is not obvious how to determine the V [CO(NHy)s] reaction area - For that, one can
for0 < z < §+p
suppose that (i) since the plateau is reached (520 to 570 mV), this gradient is constant with

temperature, and (i) there is no limitation by internal diffusion (Knudsen). Besides, the
dependence of the diffusion coefficient on temperature may be expressed according to the
Stokes-Einstein equation as Eq. II1.14 and illustrated in Figure II1.11-b.

kgT
D= =B

= I11.14
67rn ( )

where kp is the Boltzmann constant (1.38 x 10723 JK 1), T the absolute temperature (K),
r the radius of the moving particle (ryqe, calculated as 2.62 x 10 10m [214]) and 7 the
viscosity (Pas 1).

The dynamic viscosities of solutions were measured at different temperatures (applied
by Peltier effect) using a rheometer Physica MCR301 Anton Paar, equipped with double-
gap Couette system (standard measuring system DG26.7/T200/AL). To carry out these
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measurements, about 5 mL of each solution was used and the shear rates varied between 20
and 100s 1. The viscosity of the solutions of urea in alkaline medium has been measured, as
presented in the Figure I11.12-a. These values are used to calculate the diffusion coefficients.
This figure shows the influence of the KOH concentration on the dynamic viscosity of the
solutions prepared in this work. The viscosity of a water solution was added as a reference.
A classical viscosity decay profile was observed with increasing temperature. As an example,
the viscosity of a 1mol L~' KOH solution decreased by 40% when varying the temperature
from 288 to 313 K. Increasing the KOH concentration led to an increase in viscosity. For
example, at 293 K, the increase in hydroxide concentration from 1 to 5mol L~ led to a 40
% increased in viscosity. In addition, the present measurements were in agreement with the
ones of Kuznetsov et al. [215]. As shown in Figure II1.12-b, it was also verified that adding
urea at a concentration of 0.33 mol L~ did not influence the viscosity of an alkaline solution.
Density measurements were performed with a Densito 30 PX densitometer (Mettler Toledo),
with a thermoregulation at 293 K. Figure I11.12-c shows the variation of the aqueous solution
density as a function of KOH concentration in the aqueous solution. The values were in
agreement with the ones of from Akerlof et al. [216]. When comparing KOH solutions with
and without urea at 0.33mol L™ !; no difference could be highlighted.
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Fig. IT1.12 — a) Effect of potassium hydroxide concentration on the dynamic viscosity of aqueous
solutions. The black triangles up and down present data from the work of Kuznetsov et al. [215]
b) Effect of the presence of 0.33mol L' urea on the viscosity of alkaline solutions with different
concentrations of potassium hydroxide. The triangles correspond to the viscosities of the alkaline
solutions when adding urea at 0.33mol L 1. ¢) Effects of KOH concentration (dot) and urea presence
(square) on the aqueous solution density at 298 K. The values extracted from Akerlof et al. [216]
are illustrated with black triangles.

Considering all above assumptions, equations and measurements, the Eqs. II1.15-111.16
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are obtained.

I
E viry = =V [CO<NH2)2] reaction area X D
- . nFS reaction area for 0 < z < §+p

V reactions i for 0 < z < o044 (11115)

kgT

— constant x D = constant’ x —>
67rn
" T

I = constant” x — (I11.16)

n
The variation of the current measured at the plateau as a function of the ratio 7'/n exhibits
a linearity, expressed by Eq. I11.17 (R? = 0.993), confirming the validity of the assumption

made and validating the proposed reaction scheme.
Ihax = 0.012 x T (IT1.17)

In order to examine the temperature dependence of the diffusion coefficient D, we assume
that it obeys to the Arrhenius’ law, Eq. I11.18, and the logarithmic analysis of D wvs. the

reverse of T is performed.

Ea,
D7y = D° x exp(— R;) (111.18)

where DU is the diffusion coefficient when the temperature goes to infinity (m?s1), E, g the
activation energy for diffusion (Jmol !). The results, presented in inset of Figure I11.11-b,
lead to an activation energy for the urea diffusion E, 4 of (21.2 £ 0.2) kJmol !, close to the
one obtained by Longsworth [217] (18.7kJmol !).

With respect to the Eq. II1.15, an important question is to determine the reaction that
consumes the nickel peroxide; indeed, since the oxidation of urea leads to by-products (see
next sections), it is obvious that several reaction intermediates consume nickel(III). One
assumes here that only one reaction, rgcog, occurs (i.e., the HCR) and that its rate can be

expressed as Eq. I11.19.
ricR = Ky, % D X Chp X Cren (I11.19)

where ky ., the reaction rate constant (mol'A=7—e m2048)+3(v+e) g=1) ' 3 ~ ¢ the partial
orders of reaction for nickel oxyhydroxide, hydroxide ion and urea respectively (dimensionless).
Consequently, the Eq. I11.12 can be written as Eq. II1.20.

Imax (T) = (n]:Sf re(z)icgon gre(&r > X 6 X THCR
or0 < z < m
(IT1.20)

_ , 5 ,
B (nfsfoiegcgog %re§+u> X 6x kX(T) X FIH X COH— X Cflrea
Where 6 is the stochiometric factor of the nickel(III) in the HCR (dimensionless).

Assuming that the k obeys Arrhenius’ law, the logarithmic analysis of the variation

X(T)
of the current according to the equation Eq. I11.21 leads to the curve indicated in the inset

in Figure III.11-a.

Eancr
RT

In (Imax(T)) =In <AHCR X NFS reaction area X 6><I'HCR> - (11121)

for0 < z < 6+p
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where Apcr is the pre-exponential factor, E, pcr the activation energy of the HCR (J mol 1).
Here, E, Hcr is estimated to be 49.3kJ mol~!. The order of magnitude is substantially close
to that of the oxidation of methanol on nickel electrode [218]. Note that this E, gcr value is
relatively low, which means that the {R II1.28} between solid NiOOH and urea occurs easily,

probably because the system is electrically activated during electro-generation of NiOOH.

II1-2.5 Influence of nickel electrode angular velocity on mass transport
processes

In this section, the effect on the obtained anodic current of the speed variation of the
nickel RDE is studied at two potential scan rates (0.83 and 5mVs ') and the obtained

curves are illustrated in Figure IT1.13.
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Fig. IT1.13 — Effect of the solution agitation on the shape of the current potential curves for the
urea oxidation on nickel RDE (S = 3.14mm?) and at two potential scan rates: a) 0.83mVs ! and
b) 5mVs~'. [CO(NH,),],_, = 0.33molL~'; [KOH] = 1molL~'; T' = 298 K; Rotational speed of
the RDE was 500 RPM (1-1'), 1000 RPM (2-2), 2000 RPM (3-3") and 3000 RPM (4-4’). Inset
shows the Levich plot at each scan rate 0.83mV s ! (cross) and 5mVs ! (dots).

Both potential scan rates are small enough to consider that at each applied potential,
the system operates at steady state for NIOOH. The results shown in Figure I11.13 highlight
that in general, the current increases with the angular velocity of the RDE, w, and the
potential scan rate, v. Furthermore, as w and v increase, the shape of the curves is deformed
from a plateau to a peak.

Considering the curves obtained at the lowest agitation (500 RPM) for the two potential
scan rates (0.83 and 5mV s 1), both curves 1 and 1’ exhibit a pseudo plateau which, as
before, is considered to indicate a limitation of mass transfer due to the diffusion of urea
from the bulk to the HCR zone. Indeed, recall that the anodic ER requires hydroxide anions.
However, since the hydroxide concentration is in excess of the metallic nickel atoms, the
current limitation is not due to the OH™ transfer to the anode. Besides, since both potential
scan rates used are low, the time required for HCR to occur is sufficient, thus implying,
for each applied potential, an immediate and continuous electro-generation of NiOOH.
Therefore, as the current increases, urea is consumed in the reaction zone (§ < z < § + p)

and its concentration cancels, the plateau indicates a mass transfer limitation.
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As the angular velocity increases (1 — 2 and 1’ — 2”), the current increases, which (i)
reflects an increase of the urea diffusion flux arriving in the reaction zone (6 < z < 4 + p)
and (7i) confirms the previous assumption made (i.e., there is no internal diffusion limitation
(0 <z <0+ pu) (independent of the stirring) and thus only external diffusion limitation
(z < §) is considered for the urea). However, simultaneously with increasing current, the
shape of the curves (520 to 650 mV) shifts from the plateau to the peak (a similar variation
is observed with temperature, in Figure III1.11-a). The phenomenon is amplified for the
highest w studied (2 — 4 and 2’ — 4’). The same explanation as before is proposed, and
due to this passivation phenomenon, the magnitude of the peak current could be smaller
than the limiting current; therefore, although a linear variation is observed between the
current and the square root of the rate of rotation, the slopes of the straight lines are

underestimated and the results are not analyzed according to the Levich’ law.

III-3 Study of the indirect electro-oxidation of urea under
potentiostatic conditions: population distribution estab-

lishment

This first part of the study highlights the mediation of nickel(III) /nickel(IT) system to
the urea oxidation and will serve as solid basis for further kinetic and mechanistic studies.
The study emphasizes that there is no direct oxidation of urea. Although the hydroxide
ion concentration enhances the reversibility of the nickel(III) /nickel(II) system, a trade-off
is necessary to achieve a more environmentally sustainable process. In a second set of
experiences, electrolysis, for which complete mass balances in liquid phase are systematically
established, are performed, using undivided and divided EC cells. In these experiments,
particular attention is paid to make varying the concentrations of urea and KOH in a wide
range and to be in excess of KOH over urea. The expected objective is to use all the
significant data acquired, in order to select the optimal operating conditions, allowing (7)
to reach a high degradation rate of urea and (i) to reduce the electro-generated adducts
concentration more toxic than urea.

In this part, the objectives are twofold: (%) to identify and quantify the intermediates
generated during the oxidation of urea in order to propose more accurate reaction pathways
than the one given by the mineralisation reaction {R III.28} (ii) to determine the optimal
operating parameters in the perspective of designing a pilot capable of treating several liters
of urea per day. Electrolyzes are performed in potentiostatic mode since selective conditions
are required. The applied potential (550 mV) is determined from voltammograms obtained
in steady state (i.e., at a potential scan rate of 0.83mV s 1), in the case where the current
reaches a limit value. As shown in Chapter 11, two cell configurations are used, either

divided (anodic and cathodic compartments) or undivided.

I11-3.1 Identification of the electro-generated adducts and mass balance

on carbon and nitrogen elements

In order to identify the intermediate species generated during the UEQO, an electrolysis is
performed using mild operating conditions i.e., room temperature, low alkalinity (1 mol L !

of KOH) and an undivided cell. The results are summarised in Figure III.14 in the form of
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temporal (Fig. a), and even coulometric (Figs. b and ¢) variation of the concentrations of
the different species detected and analyzed.
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Fig. I11.14 — Results of a typical potentiostatic electrolysis on nickel electrode. S = 4 cm?; [KOH]
= 1.5mol L1 [CO(NHa)sl,_o = 0.33mol L™ Eypprica = 550mV; T = 298K; V = 50mL. The
graph a) shows the molar urea concentration profiles over the electrolysis time, as well as those for
the obtained by-products (the line curves are plotted with the aim of interpolating the concentration
behavior, and thus do not correspond to modeling). The error bars in part a) are smaller than the
size of labels and evaluated at 4%. The graph b) presents the nitrogen mass balance while the right
part ¢) focuses on the carbon mass balance. The red dotted lines (in b) and ¢)) show a mass balance
of 100 %. The error bars represent the total error of the percentages. Labels : @-0 CO(NHy),, @-A
NH,", 8- OCN™, @-vx NO5 and -0 CO5" .

Figure I11.14-a presents the time variation of the urea concentration (curve 1) as well
as the identified intermediates (curves 2 — 5) generated during electrolysis. As a first
approximation, the variation of urea concentration as a function of time is modeled by an

apparent first-order kinetic model as Eq. 111.22.
[CO(NHy)q] ) = [CO(NHg)o] gy X experpt (111.22)

Figure I11.14-a also indicates the intermediates species identified into the liquid electrolyte,
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namely cyanate (OCN ), nitrite (NOy ), carbonate (CO4 ) and NH," (in the ammonia form
because the electrolyte is alkaline and pKa is equal to 9.25). Indeed, the ammonium form is
obtained during the injection in the ion chromatography which leads to acidify the sample.
Moreover, it should be noted that the formation of cyanate and carbonate occurs under
equimolar conditions.

Figure II1.14-b and c present the variation, as a function of the amount of charge supplied,
of the mass balances of total nitrogen (b) and total carbon (c) determined into the liquid
electrolyte, and normalized by their respective initial quantities.

Figure II1.14-c) highlights that, given the error bars, the carbon mass balance is quanti-
tative at any instant of the electrolysis, meaning that all the disappearing urea is converted
to C0327 or OCN . With respect to the nitrogen mass balance, Figure II1.14-b) evidences
that (i) the main nitrogen by-products of urea oxidation in alkaline medium are in mineral
form, NH," and NO,, and in organic form, OCN |, and (i) these by-products accumulate
over time. Moreover, ammonium remains the main species at more than 44mol.% at the
end of the electrolysis. While the mass balance of total carbon is almost quantitative, the
mass balance of total nitrogen presents a deviation of up to 12% after 20 h of electrolysis,
and is therefore significant compared to the error bars. This can be explained in two ways.
First, the uncertainty on the nitrogen is higher than on carbon, due to a larger number
of nitrogen intermediates. Secondly, the gas phase has not been analyzed, and certainly
contains nitrogen compounds such as Ny or N5O that may be stripped during the electrolysis.

In summary, under the chosen conditions, most of the urea oxidation products remain in
the liquid phase and the gas produced (Ny or N5O), does not exceed 12% of the urea. This
result is in agreement with the ones obtained by Li et al. [143], and Medvedev al. [147]. At
this point, several pathways indicated by {R II1.30 - R II1.34}, can be proposed in order to

better understand the observed formation of by-products at the Ni anode.

Ni catalyzed

CO(NHQ)Q(aq) HOCN(aq) + NH3(g) {R II1.30}
Ni catalyzed

HOCN(,q) + OH (49 OCN (5q) + HoOqy) {R II1.31}
Ni catalyzed

HOCN(aq) + 2 OHi(aq) COg 7(aq) + NHg(g) {R IH.32}
Ni catalyzed

NH3(g) + 7OH7(aq) NOQ’(aq) +5 HQO(I) + 6e {R IIL.33}

B 3 Ni catalyzed B . B
OCN (4q) + 80H (59 NOj (aq) + CO3" (aq) + 4H0(y + 6e
{R 111.34}

where 1 e represents one reduction of NIOOH to Ni(OH),. It has been verified that during
the same duration of the experiments, without external energy input, no conversion of
urea or formation of by-products is observed, which excludes the assumption of a ‘natural’

hydrolysis of urea.

I11-3.2 Influence of the presence (or not) of the ionic separator (undivided
cell vs divided cell)

The use of a membrane as separator introduces an ohmic drop, and thus induces an

increase in energy consumption, in addition to its relatively high cost and the possible
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risks of its poisoning by organic compounds 219, 220]. The H-shaped EC cell, described in
Chapter I, is used with or without separator; in fact, due to its geometric shape, it enables
an easy separation of the cathodic electro-generated hydrogen, avoiding its oxidation in the
anodic compartment [21]. The following section is devoted to the study of the impact of
the separator on the mechanism path, the nature and concentration of electro-generated
adducts. As mentioned above, the volume chosen for the anolyte (for electrolysis with a
membrane) is the same as the volume of the electrolyte in the case of no membrane. Figure
II1.15 presents the mass balances in the liquid phase, for electrolysis carried out with (circles)
and without (triangles) membrane. Figs II1.15 a to f indicate the variation, against the
amount of charge supplied, of the concentrations of urea, cyanate, ammonium, nitrite, total
N and total C, respectively, normalized by the initial urea concentration. The repeatability
of the experiments is checked by performing each electrolysis twice.

As shown in Figure II1.15-a, the presence of an ionic separator has no impact on the
conversion rate of urea during electrolysis. This result is important because it shows that
urea is not reducible and that there is no hydrogen produced at the cathode that oxidizes
at the anode. Figs. II1.15 b and c, indicate similar results for cyanate and ammonium
respectively. Indeed, an almost perfect overlap of the experimental points can be observed
for both conditions, which means that the formation of cyanate and ammonium ions is not
affected by the presence of the membrane. Similar conclusions to the previous ones can
be made: none of these species reduces at the cathode. Conversely, a different behavior is
observed for nitrites, plotted in Figs. II1.15-d, whose concentration, at equivalent amount
of charge supplied, is decreased by more than two times in the absence of membrane,
which means that nitrites are reduced at the Pt cathode [221]. The products related to
the nitrite reduction have not been detected in the liquid electrolyte, so the formation of
gaseous products, degassed during electrolysis, would be privileged. It should be noted
that a quantitative analysis of the gas phase will be considered in a future study. Despite
uncertainties, the balance on the carbon element, Figure I11.15-f, appears to be quantitative.
The deviations are larger in the case of the nitrogen balance, Figure I11.15-e. However, one
cannot know whether significant amounts of Ny are produced or not. These results show
that in the absence of a membrane separator, electrolysis leads to lower amounts of nitrite,
without impacting the concentration of other compounds which means that the product of
this reduction should be formed in low concentration and degassed during electrolysis. As
a consequence, the use of an undivided cell is interesting as it avoids the issues related to
technological complexity, increased ohmic drop, as well as fouling of the membrane surface.
However, it should be kept in mind that, for an equivalent amount of charge supplied, such
undivided configuration reduces the amount of nitrite but also the amount of hydrogen
formed at the cathode. With regard to the prospect of a larger scale process, the application
of a potential may allow a better control of by-products formation, compared to galvanostatic
electrolysis. Indeed, at higher potentials, oxidation of nitrite to nitrate has been observed
[143].
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Fig. IT11.15 — Results of an indirect electro-oxidation of the urea carried out in a H-shaped EC
cell (cell ¢) in Fig. 1). Egppried = 550mV; T' = 298 K; [CO(NH,),],_, = 0.33molL '; [KOH] =
2molL~!; § = 15.7cm?; V = 70 mL. The results are presented as the variation of the normalized
concentration of the various products against the amount of supplied charge. Urea, cyanate,
ammonium and nitrite are represented, respectively, in part a), b), ¢) and d). The nitrogen mass
balance, e), and carbon balance, f), are normalized in initial concentration. Uncertainties are
lower than 4.6%. Circles correspond to the experiments carried out with a membrane. Triangles
correspond to the experiments carried out without a membrane.

I11-3.3 Influence of the alkalinity

Potassium hydroxide is a strong base and remains a corrosive and toxic reagent whose
use should be limited (or even avoided) especially in a wastewater treatment perspective.
However, the preliminary study of voltammograms have shown that KOH contributes to
increase the rate of the overall process (hydroxide ions are needed for the ER {R 1.19}) and
the HCR {R IIL.27}. Consequently, a compromise has to be found in order to operate with
the minimum KOH required for avoiding additional environmental problems and of course
for minimizing the cost of the electrolysis. Its influence on the urea oxidation products
is studied in this sub-section, varying the concentration in a wide range (1 to 5mol L1).

Figure II1.16-a shows that urea conversion, independent of the KOH concentration, can
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reach values of 90%. For an equivalent amount of charge supplied, even though the overall
process increases with the KOH concentration, the urea conversion is unchanged. A similar
variation is observed with the other by-products (ammonium and cyanate, respectively,
Figs. b and c¢) where their compositions are not affected by the KOH concentration (in the
range of 1 to 5mol L™!). The final concentration of nitrite (~ 20 mol.%) is identical to that
in the previous sub-section (without membrane) for the same amount of charge supplied.
However, some differences appear for urea conversion above 80 %. Note that the amount of
ammonium obtained corresponds to the same amount of urea oxidized, meaning that one
nitrogen of the urea leads to one nitrogen of ammonium. The other nitrogen of the urea is
transformed to cyanate, nitrite and probably N5 gas. Comparatively to the previously used
H-shaped undivided cell (i.e., Figure II1.15), the cell used here (Metrohm type undivided
cell) present a more efficient mixing efficiency at the anode and to a lesser extent, at the
cathode (because the hydrogen variation), thus implying an increase of the mass transfer of
(i) an electro-active species going to the electrode or (i) any species going to the active area
(6 <2z <0+ ) to be adsorbed. Therefore, the rate of the corresponding process is higher in
the Metrohm type cell compared to the H-shaped cell. Comparing the final concentrations
of cyanate and ammonium, obtained from the electrolysis performed in cell-c), with the
final concentrations, obtained from the electrolysis carried out in cell-b), one can observe a
decrease of 20mol.% and a 40mol.% increase in concentration at equivalent amount of charge
supplied of cyanate and ammonium respectively. This behavior appears to be consistent
with stirring-promoted pathways suggested in {R II1.30 - R TI1.34}. Figure III.16-f confirms
that the carbon mass balance is close to 100% regardless of KOH concentration. As shown
in Figure I11.16-e, the mass balance of nitrogen presents a deviation that tends to increase
during electrolysis, with a maximum of 20% after 45h of electrolysis. Such a deviation
would suggest that nitrogen gas is produced. In summary, the KOH concentration has no
impact on by-product production and composition; increasing its concentration has the
advantage of reducing the electrolysis time, but using concentrated alkaline solution remains

difficult to recycle. A compromise must be found for larger scale operation.
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Fig. I11.16 — Results of an indirect electro-oxidation of urea in a stirred undivided cell (Metrohm
type cell) using various KOH concentration. E,ppiicq = 550mV; T = 298 K; [CO(NHy)s],_, =
0.33molL~!; § = 4cm?; V = 50mL; stirred by magnetic bar (w = 500 RPM, length of the bar:
2 cm; diameter of the bottom area of the cell: 4 cm). The results are presented as the variation of the
normalized concentration of the different by-products as a function of the amount of supplied charge.
Urea, cyanate, ammonium, and nitrite are shown in parts (a), (b), (c), and (d), respectively. The
nitrogen mass balance, €), and carbon mass balance, f), are normalized with respect to the initial
concentration. The KOH concentrations used are () 1, 0 1.5, ¢ 2.5, X 3, ¥ 4, and A 5mol L~!.The
uncertainties are smaller than 5.1%.

1II-3.4 Influence of the temperature

Temperature is a parameter affecting the rate of chemical reactions of the HCR and
those of {R II1.30 - R I11.34} as well as the diffusion coefficient of urea. So theoretically, it
positively impacts the overall rate of urea oxidation, even if, in the perspective of the process
development at pilot-scale, it would induce higher operating cost. The influence of the
temperature on urea oxidation is carried out at various temperatures (ranging 293 to 313 K),
and the results are presented in the Figure I11.17, giving the composition of the different
adducts as a function of the amount of charge supplied. The electrolysis times result in

nearly complete urea conversions (~ 90%) for all the operating temperatures. Note that
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because temperature causes an increase in anodic current (at constant potential) (Figure
II1.17-g), the electrolyses durations decrease as the temperature increases. The profiles of
normalized concentrations of urea, cyanate, ammonium and nitrite as a function of amount
of charge supplied (Figs. I11.17-a, b, ¢ and d, respectively) appear similar regardless of the
temperature ranging from 293 to 313 K (this indirectly validates the relatively low value
of the activation energy, determined previously). At the same amount of charge supplied,
the concentrations of urea and by-products are similar to those obtained in the previous
sub-section, meaning that neither KOH concentration nor temperature significantly affects
the reaction pattern of urea oxidation. Nitrite formation is not impacted by temperature.
The total mass balances exhibit the same behavior as in the previous sub-sections: the
carbon balance (Figure I11.17-f), is close to 100% and, conversely, the balance of nitrogen
compounds (Figure I11.17-e) shows losses, which increase as a function of the amount of
charge supplied (i.e., duration of electrolysis) and should correspond to the gas produced
(up to about 20%). Figure I11.17-g evidences the resulting current profiles as a function of
time. The decrease in current is not related to any poisoning but to the direct decrease
in urea concentration in the bulk (urea conversions reach 90%). In the same way as when

KOH concentration is increased, the increase of temperature leads to:

e an increase in the current magnitude, due to the increase in both the urea diffusion
coefficient and the kinetic constant of HCR;

e a more pronounced decrease in current due to the more rapid decrease in urea

concentration.

In brief, the increase of temperature allows to go faster and reduce the electrolysis time
against an additional energy input for heating. In view of these results, the use of a heated

reactor is not required in a scale-up perspective.
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Fig. IT1.17 — Results of an indirect electro-oxidation of urea in a stirred undivided cell (Metrohm
type cell) using various temperature. Eqpprica = 550 mV; [CO(NH,)o],_, = 0.33mol L~ !; [KOH] =
2molL~!; § = 4cm?; V = 50mL. The results are presented as the variation of the normalized
concentration of the different by-products as a function of the amount of charge supplied. Urea,
cyanate, ammonium, and nitrite are shown in parts (a), (b), (c), and (d), respectively. The nitrogen
mass balance, e), and carbon balance, f), are normalized with respect to initial concentration. The
temperatures are () 293, [0 298, ¢ 303, X 308 and ¥ 313 K. The uncertainties are smaller than
5.9%. The current profiles over the electrolysis time are presented in part g.
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I1I-4 Conclusion of Chapter 3

In this Chapter, the UEO in alkaline media was intensively investigated at lab-scale.

Firstly, the results provided evidence for the mediation of the nickel(IIT) /nickel(IT) system
in urea oxidation via the decoupling of nickel(II) electro-oxidation step (upper to 5mVs 1)
from the indirect heterogeneous urea oxidation (lower to 5mVs~!), creating a consistent
context for further kinetic and mechanistic study. By introducing the TON, the study
demonstrated that no direct urea oxidation occurred. The hydroxide ion concentration
strongly influenced the reversibility of the nickel(IIT)/nickel(II) system. Towards more
environmentally sustainable process, decreasing this concentration, at least to 1molL !
seems to be a relevant strategy. From the analysis of the viscosities, the urea diffusion coeffi-

cient was determined as well as the corresponding activation energy from the voltammograms.

Secondly, lab-scale-scale electrolyses were carried out with urea conversions close to
90%, contrary to most of the published works. By implementing various analytical methods,
mass balances in the liquid phase could be established; while they were found complete for
the carbon element, they deviated by up to 20% for the nitrogen element, showing that
some gaseous compounds should be produced. Another original result was the identification
of the cyanate, ammonium, nitrite, and carbonate ions as the major by-products of UEO.
In the perspective of larger scale implementing UEO, the amount of these by-products
had to be reduced in order to orientate the mineralisation of urea towards non-polluting
compounds. Experiments performed in a mono-compartment cell configuration showed that
nitrites could be reduced at the cathode, thereby reducing the amount of environmentally
harmful by-products by 50%, but at the expense the production of hydrogen. Furthermore,
by varying from 293 to 313 K, the temperature of the reactional medium had no influence
on the formation of by-products. From an environmental process perspective, it would
be interesting to perform a mass balance on the nickel electrode in order to exclude any

pollution due to nickel release.

From this Chapter, some guidelines could be proposed in order to design and operate an
electrolyser able to treat urea by this EC method. They would consist in implementing an
undivided cell configuration, containing an electrolyte with 1molL ! KOH and at room
temperature. The results in Chapter V will enable us to study the change of scale under

such conditions.
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This chapter presents the results obtained from the article “G. Hopsort*, L. Latapie, K.
Groenen Serrano, K. Loubiére, T. Tzedakis* (2023). Progress toward a better understanding
of the urea oxidation by electromediation of nickel(III)/nickel(IT) system in alkaline media.
American Institute of Chemical Engineers J., €18113. 10.1002/aic.18113".

Consequently, to maintain consistency, the introduction have been rewritten and the

material and methods section removed.

IV-1 Introduction

To the best of our knowledge, only two studies have been devoted to these investigations
(see Chapter II, section 1-2.3.b). By neglecting the catalytic regeneration of the couple
NiOOH/Ni(OH), and using Tafel plots, Vedharathinam et al. [142] were the first to propose
the following simplified kinetic law as in Eq. IV.1 without determining the kinetic constant
k.

rateyres = k x [CO(NHg)]?3 x [OH ]2 (IV.1)

Later, partial orders of 1.22 and 0.26 for hydroxide ions and urea respectively on a
B-NiOOH covered electrode were obtained using cyclic voltammetry and Tafel plots by Singh
et al. [141]. The authors have claimed that: (i) the reaction order of urea concentration is
independent of the applied potential and (i) increasing the applied potential causes the
reaction order of the hydroxide ions to decrease. However, in these studies, experiments were
carried out in transient state conditions (i.e., high potential scan rate), in which nickel(III)
was not constantly regenerated at the electrode surface, as pointed out in the previous
Chapter III. As obtained in the mixed ER/HCR regime and at low urea conversion rates,
the related values of partial reaction orders allowed neither the understanding of the impact
that the secondary reactions (occurring at higher urea conversion rates) may have on the

EC system, nor obtaining access to relevant intrinsic kinetic information.

To fill this gap, this chapter aims at investigating the kinetics of NiIOOH catalytic urea
oxidation in an alkaline medium. For this purpose, and since neither explicit rate law nor
kinetic models are described in the literature, a novel approach will be suggested, combining
studies of the urea action according to (i) specifically synthesized NIOOH powder and to

(i) electrochemically generated NiIOOH sites, carried out under steady state conditions.

By implementing catalytic urea oxidation in a suspension of NiIOOH solid particles, one
can expect to bring new insights on the reaction kinetics by comparing chemicophysical phe-
nomena taking place in the presence of (i) non-regenerated NiOOH sites (adsorption, HCR,
desorption) on solid particles or (i) electro-generated NiOOH sites (HCR/ER coupling).
Results on oxidation kinetics with the synthesized nickel particles will first be studied. The
experiments performed in a lab-scale electrolysis cell at low scan rates enabled to determine
the key parameters of the kinetic law for the UEO reaction. Furthermore, by combining
the newly-established kinetic rate law with the electrolysis results obtained at high urea
conversion rates, a detailed mechanism of urea oxidation in alkaline medium on nickel(I11)
active sites was proposed, allowing the formation of the liquid phase by-products identified
by Tatarchuk et al. [146] and also in the previous Chapter III.
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Finally, one can regret a lack of Electrochemical Engineering approach of the UEO
processes (cell design, geometry and optimization at pilot and industrial scale) [89, 222] in
the state of the art. The present study also proposes an original modelling approach enabling
the coupled phenomena (electro-oxidation, adsorption, kinetic and mass transport) that
occurs during the UEO process to be described. This approach is based on the previously
determined kinetic law and can predict the conversion rate of urea during electrolysis at

high conversion rates and on a large scale.

This Chapter will be structured as follows:

(i) the kinetic parameters deduced from both chemically and electrochemically synthesized

nickel(IIT) particles;

(7i) the establishment of a complete mechanism for the whole UEO;

(i4i) the construction of a model and the validation by comparison with experimental data.

IV-2 For a better understanding of the mechanism of action
of urea on active nickel(III) sites: a parallel study of the

contribution of nickel(III) /nickel(II) electromediation

IV-2.1 Kinetic study on nickel synthesized powders

IV-2.1.a Synthesis protocol

The NiOOH powder was synthesized following the protocols developed by Pan et al.

[223] and Thimmasandra et al. [224]. It consisted of oxidizing a Ni(OH), powder at room
temperature in presence of sodium hypochlorite NaOCl and sodium hydroxide NaOH, as
{R IV.35}.

Ni(OH), 5 + OCI”

1
— NiOOH(S) + 5 0127(g) + OHi( {R IV.35}

(aq) aq)

Specifically, NiIOOH particles were prepared by mixing 5g of a commercially available
nickel(II) powder with a solution containing 400 mL of sodium hypochlorite and 2g of
sodium hydroxide. The reaction was achieved after 4 h of magnetic stirring and the mixture
obtained was filtered using a Biichner sintered glass filter, and then washed with 6 x
60 mL of deionized water. The NiOOH powder was finally dried in oven at 80 °C during
three days. Using two different concentrations of hypochlorite (1.76 x 10~ mol L ! and
7.68 x 10 ! mol L 1) powders called Sample 1 and Sample 2 respectively were synthesized
to vary the nickel(III) purity.

IV-2.1.b Powder characterization techniques

Various techniques were used to characterize the initial and the synthesized powders.
Firstly, the purity of the nickel(III) particles was quantified by potentiometric back

titration using Mohr’s salt. An excess of ferrous salt was introduced into a suspension of
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NiOOH/Ni(OH), particles. After reaction, the excess of ferrous salt was titrated by an
acidic solution of potassium dichromate in accordance with {R IV.36 - R IV.37}.

NiOOH() + Fe'ag) + 3H30 " (o) — Ni'Taq) + Fe Miaq) + 5H0) {R1V.36}

6Fe+H(aq) + Cl“20727(aq) + 14 H3O+(aq) — 6Fe+HI(aq) + 2Cr3+(aq) + 21 HQO(D
(R IV.37}

Figure IV.1 describes the experimental set-up used to evaluate the purity of nickel(III)
in the synthesized powder. A precise amount of powder (137 mg) was mixed in a beaker
filled with a solution composed of 30 mL of deionized water and 2 mL of hydrochloric acid.
882 mg of Mohr’s salt was added, corresponding to a large excess of ferrous ions. A stirring
period of 5 min was applied to obtain a total oxidation reaction between ferrous ions and
nickel(III) particles. The last step consisted in determining the remaining ferrous ions (i.e.,
the ones that did not react) by a potentiometric titration with KoCryO; dichromate(VI)

potassium.

Fig. IV.1 — Schematic representation of the experimental set-up used for determining the purity
of the synthesized nickel(IIT) powder. Label 1 represents the nickel(III) particles dissolved in an
acidic oxidized Fe™™ solution at 7.2 x 1072 mol L' and label 2 represents the K,Cr,0; solution at
3.75 x 10 2mol L 1.

The equivalent volume was deduced from the rise in potential measured by a combined

Pt ring electrode Metrohm. An example of a potential vs. poured volume is shown in Figure

IV.2. The purity was determined as the ratio of the mass of nickel(III) deduced from the

titration to the initial mass of the Ni(OH), powder used in the trial. At last, the amount of
nickel(IIT) was equal to the amount of ferrous ions that reacted according to Eq IV.2.

Dhickel(IT1) = n;wle%rxlcless - n%teri}:}on (IV2)

The crystalline structure of the nickel synthesized powders was studied by X-Ray powder

Diffraction (XRD) analysis using a diffractometer (MiniFlex600 - D /Tex Ultra2, Rigaku,
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Fig. IV.2 — Potentiometric titration curve involving 32mL of a solution of nickel(III) particles
dissolved in acidic oxidized Fe™™ at 7.20 x 102 mol L !, and a solution K,Cr,O; at 3.75 x 102
mol L.

Japan) with Cu-Ka radiation (40kV, 15mA). Data, illustrated in Figure IV.3, were collected
in the 20 range of 5-92°. The step width was 0.02° with a scan speed of 10°min—'. From
the literature on nickel(III) XRD characterizations [224-228], the initial powder was well
identified as nickel(II) hydroxide 8-Ni(OH), with a brucite-type structure. After synthesis,
samples 1 and 2 were founded to be nickel(III) as S-NiOOH according to diffraction peaks
for (001) and (002) crystal faces at 19 and 37° [229]. It is noted that the peaks associated
with Ni(OH), have disappeared. The differences in peak intensities between spectra 2 and 3
could be explained by some differences in crystallinity (a slight amorphous phase could be

present in sample 2) which could broaden the diffraction peaks.
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Fig. IV.3 — XRD patterns of (1) commercial Ni(OH), powder, (2) and (3) powders obtained by
Ni(OH), oxidation using respectively 0.176 and 0.768 mol L1 hypochlorite solutions.

Scanning Electron Microscope (SEM) images were obtained using a microscope (JSM
7100F, JEOL, Benelux) operated at 10kV. As shown in Figure IV .4, the morphology of the
various particles did not significantly change after the reaction with hypochlorite and the
resulting particles could be assumed as spherical in shape with a wide size distribution from
1 to 30pm. These particles, or at least the shell around the particle, are supposed to be
composed by NiOOH sites.
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104 CHAPTER IV. From kinetics and mechanisms to reactor modeling

Fig. IV.4 — SEM images of the samples (a) Ni(OH), commercial powder (b) nickel(III) powder —
sample 1 (¢) nickel(IIT) powder — sample 2.

A laser diffraction particle size analyzer (Mastersizer MS3000, Malvern Instruments,
United-Kingdom) was used to determine the particle size distributions in terms of number
and volume. The characteristic diameters of the number and volume distributions of the
initial and synthesized powders are reported in Table IV.1. Relative densities of the nickel
particles were measured via a helium pycnometer (AccuPyc 1330, Micromeritics, United
States). They underwent minor modifications both before and after the synthesis (see
Table IV.1). Brunauer, Emmett and Teller (BET) measurements (BELSORP-mini II,
BEL, Japan) were made to quantify the porosity and specific area of the particles. As the
synthesis reaction of nickel(III) particles consisted in exchanging an electron and a proton,
the properties of the particles (porosity, pore diameter, particle size) were slightly modified
before and after synthesis. Table IV.1 summarises all the physical properties of the initial

nickel(II) powder and of the synthesized nickel(III) powders.
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Particle size analysis

(pm) Purity (%) Density
Volume distribution of nickel(III) content (gem™3)
dio dso doo d32 dag
Initial nickel(II
nitial nickel(I) 4 0 60 169 54 08 0 3.7+ 0.1
powder
Nickel(ITI) powder
5.5 123 24.0 99 13.7 79 £+ 2 3.9+£0.1
Sample 1
Nickel (11T d
fckel(ILT) powder = 10 905 79 114 29 + 2 3.8+ 0.1
Sample 2
Number distribution Specific surface area Mean pore diameter
2,1
dio dso  doo d3z  das (m*g™") (nm)
Initial nickel(II)
04 05 08 55 100 6.67 + 0.17 82 +0.1
powder
Nickel (11T d
fckel(I) powder o 5 ) 51 99 137
Sample 1
Nickel(III) powder
0.7 1.3 53 79 114 8.51 + 0.12 7.7+ 0.1

Sample 2

Table IV.1 — Physical properties of the initial nickel(II) powder and of the nickel(III) powders.

IV-2.2 Kinetics investigations of the reaction between urea and chemically
synthesized nickel(III) sites in alkaline medium

IV-2.2.a Experimental set-up and reaction monitoring

The experimental set-up, illustrated in Figure IV.5 and used to monitor the catalytic
oxidation of urea by nickel(III) particles in alkaline medium, consisted of a closed double-
walled thermoregulated reactor operating under nitrogen atmosphere (nitrogen was previously

humidified to avoid any decrease of the reaction volume).

pH

I -

Fig. IV.5 — Schematic representation of the experimental set-up used for studying the kinetics of
the catalytic oxidation between urea and nickel(III) particles. Label 1 represents urea in a KOH
solution and label 2 represents NiOOH particles in KOH solution in a thermoregulated cell under
N, atmosphere.

The reactor initially contained a suspension of 5g of synthesized powder into 45 mL

volume of KOH solution at different concentrations. Ultrapure water 18.2 MQ)cm was
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systematically used to prepare suspensions. A strong stirring created by a suitable magnetic
bar (% = % , 800 RPM) ensured that all of the particles were thoroughly suspended.
Before introducing urea, the suspension containing NNOOH /Ni(OH), particles was stirred
during 5 min in order to finely disperse the nickel powder into the whole KOH volume. The
aqueous deaerated alkaline solution of urea was then injected with a syringe through a
septum. Each experiment was performed twice to ensure repeatability. The consumption
of hydroxide ions was monitored via the pH to study the reaction kinetics. To succeeds,
this method required a precise pH meter (3 digits), a calibration at the appropriated pH
range (pH 13-14), and a glass electrode resistant to the involved suspension. To fill these
conditions, a Metrohm Unitrode electrode was used enabling to record the pH every 0.5s
with an accuracy of 4+ 0.001 pH units. Typical examples of the temporal variation of pH

recorded in this study are shown in Figure IV.6.

12.40 F

12.36 4
12.32 4
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12.28 4

12.24 4
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Fig. IV.6 — Typical temporal variations of the pH when an alkaline urea solution was brought into
contact with chemically synthesized nickel(III) sites. The repeatability of the results is represented
here with two trials (solid and dashed lines).

One could observe that, at the beginning of the recording, a transitional stage occurred
corresponding to the time required to reach the perfectly mixed state of the liquid-solid
suspension, before injecting the urea alkaline solution (5mL). The two curves plotted
on this figure also highlighted the satisfactory repeatability of the experiments when two
different solutions of urea in hydroxide solutions were injected in two identical suspensions of
nickel(III) particles. To understand how the reagent concentrations could affect the oxidation
kinetic, and subsequently to identify the relevant kinetic parameters, an experimental work
plan was established. It allowed varying the hydroxide concentrations from 5 x 1072 to
5x 10 2mol L ! and the urea concentrations from 1072 to 3 x 10 ' mol L ! (note that the
latter value corresponded to the order of magnitude of the urea concentration in human
urine). In addition, the nickel(III) concentration was modified by working with both powders
of nickel(III) of different purities. As a preliminary step, it was verified that (i) the chemical
reaction occurring when an alkaline urea solution was put into contact with chemically
synthesized nickel(IIT) particles led to identical by-products in the liquid phase when
compared to the ones taking place on nickel bare electrode, and (i) the TOC concentration
decreased during the reaction course. For this purpose, the analytical procedure involved
IC and NPOC, as described in Chapter I1.
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IV-2.2.b Post-processing of the temporal pH-curves

L and

The instantaneous rate of the reaction {R I11.27}, expressed in mol (m3 geas) ™
noted 7, was defined as the derivative of the extent of reaction, &, with respect of time, as

shown in Eq. IV.3.

X Meat X V dt N Meat X A\ dt
1 dnpickel (1)
= _ V.3
Meat X V X Vpickel(ITT) dt (1v-3)
1 d[OH]

Meat X Vop~  db

where m.q; is the nickel(IIT) mass (expressed in grams of catalyst, geat), v; the stochiometric
coefficient of the reactant ¢ in {R II1.27}, V the reaction mixture volume (assuming the
volume constant vs. time, m3) and Nnickel(r17) the amount of nickel(III) sites into the solid
particles of NIOOH/Ni(OH), that were accessible to the reagents (urea and OH"). The

kinetic law of the chemical reaction was assumed to obey to Eq. IV.4.
1y = ky X [CO(NHy))™ x [OH 17 X (peat) ™ (IV.4)

where a, By, 7, are the partial orders of the reaction, respectively related to urea, hydroxide,
and chemically synthesized nickel(III) sites, k, the reaction rate constant

(mol " (ax+B8)] =31 = (e +Ax )] g;i[lf'y’(] s 1) and peas the mass concentration of nickel (I1T)
per unit of volume (geat m3).

Despite the similarity in terms of by-products, the fundamental mechanisms underlying
the urea degradation (in particular the adsorption/desorption ones) were different, depending
whether the nickel(III) sites used was electrochemically generated or chemically synthesized.
For this reason, distinct notations were used for the kinetic law: r, for chemically synthesized
sites (defined in Eq. IV.4) and rg,, for electro-generated sites. The conversion rate of the
HCR reaction, noted X, could be calculated from the pH measurements, according to Eq.
IV.5.

Xy =1 (IV.5)

~ g1
The experimental curves, pH;), were systematically smoothed using a polynomial of order
6 as the raw data were slightly noisy, mainly due to disturbances caused by the stirring
and specifically by the flow of the solid particles across the pH electrode. In this work,

the initial reaction rates, ¥, were determined for conversions never exceeding 5% of the

X?
initial hydroxide concentration, and calculated from the slope of the pH;) curve measured
some seconds after the urea injection. The time period considered to calculate theses slopes
(typically between 5s and 50s) slightly impacted the obtained valued, as shown in Appendix

E.
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IV-2.3 Kinetic investigations of the reaction between urea and the elec-
trochemically generated nickel(III) sites in alkaline medium

IV-2.3.a Expression of reaction rate

The reaction rate of the HCR on electro-generated nickel(III) sites, standardized by the
electrode surface, was expressed in mol m;ezc mgjlk s~ ! and defined as the flux density of the
superficial chemical reaction by Eq. IV.6.

By = kiny X [CO(NHy)oJ05* x [OHT](EX x (Setee) ™% (IV.6)

where kg, as the reaction rate constant (mol!l!~(@ex+8ex)l mbul[klf(aEX%BEX)] m(;ezc[lfw"] s 1),

Selec the surface of the bare nickel electrode (m2) and apy, BEy, VEy the partial orders of

urea, hydroxide, and electrochemically generated nickel(III), respectively.

IV-3 Results on the kinetic of the urea catalytic indirect

oxidation

IV-3.1 Case 1: with chemically synthesized nickel(III) sites

IV-3.1.a Determination of the initial kinetic rate law

The initial rate method is a well-known approach [230, 231], enabling to determine the
partial orders of each reactant by varying its concentration while keeping constant the other
reactant concentrations and the operating conditions (temperature, stirring). To determine
the partial order of urea, noted «,, several temporal pH-measurements are performed and
the related initial rates, 7"2,
0.02 and 0.25mol L !, and by keeping [OH | = 0.005mol L ! and the nickel particle mass
equal to 30 kgeay m 2 (nickel(IIT) powder - sample 2), the initial kinetic rate law (Eq. IV.4)

can be written as the Eq. IV.7.

determined. By varying the initial concentration of urea between

1) = kapp x [CO(NHy)o™ (IV.7)

where kg, is the related apparent constant (mol'l—ex] m=3l1—exl g 1 4=1),

The variation of the logarithmic initial reaction rate versus the logarithmic urea concen-
tration, plotted in Figure IV.7-a, can be assumed linear despite a rather strong dispersion.
From the slope of the related straight line, the partial order of urea is found equal to a,
= 0.2+ 0.1. This low value suggests that the kinetic rate slightly depends on the urea

concentration, which could be explained by several reasons:

e the strong affinity of the nickel peroxides particles for the urea. Let’s consider that
the adsorption of urea on nickel(III) sites obeys to a Langmuir isotherm as shown in

Eq. IV.S.
11max x K x [CO(NH2)2]
I = V.
11K x [CO(NTL),) v:8)

where I' the nickel surface concentration (mol m’z), I'max the maximum nickel surface

concentration available on nickel oxide particles (molm~2) and K is the equilibrium
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Fig. IV.7 — Kinetic experiments with chemically synthesized nickel(III) sites: measurements of the
initial rate versus the concentration of a) urea and b) potassium hydroxide. Graph c) provides the

values of 3y as a function of the KOH concentration for different urea concentrations. k,,, remains

constant whatever the urea concentration, as shown in the graph d). Graph a) was achieved with a
5mmol L ! KOH solution. All these results were obtained with nickel(III) synthesized powder —
Sample 2.

constant of the adsorption step. In this case, the urea superficial concentration on the
nickel(III) sites can be simplified (K x [CO(NHy),] > 1) as Eq. IV.9.

' = Tpax (IV.9)

This means that adsorption is rapid and limited by accessible nickel(IIT) sites. Regard-
less of the volume concentration of urea, its superficial concentration remains constant

and equal to I'pax, and thus the nickel(ITI) surface is saturated with urea.

e the mass transfer limitations of the reagents into the internal nickel oxides layers of

core-shell particles.

The same method was implemented for determining the hydroxide partial order, 3, by
varying the related concentration between 0.005 and 0.05molL~!. Here, the simplified
initial kinetic rate law can be deduced from Eq. IV.4 and can be written as Eq. IV.10.

10 =k, x [OH ] (IV.10)

where k:(’lpp is the related apparent constant
(as kppp = ky X [CO(NH5)o]"? X (pear)™, in moll Axl m 315 gL s~1)  Figure 1V.7-b
presents the variation of the logarithmic initial reaction rate vs. the logarithm of the
hydroxide concentration, for five different urea concentrations ranging from 0.01 to 0.3
mol L1, These variations are assumed linear and their slopes, determined for various urea
concentrations, are reported in Figure IV.7-c. This leads to 3, = 0.6 £ 0.2. As urea has
been found to slightly impact the reaction rate, a small variation of the apparent constants,
kgpp, as a function of the urea concentration is observed in Figure IV.7-d, likely due to some
measurement errors. From this, an average value of the apparent constant is found equal to

0.38 x 10 2mol®*m 12g_1s 1.
By modifying the nickel(IIT) purity of the synthesized powders (Samples 1 and 2, see

Table IV.1) and keeping constant the initial concentrations of urea at 0.3mol L™! and of
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hydroxide at 0.005mol L !, the partial order of nickel(III), Yy can be deduced as Eq. IV.11.

k{a/pp (pcat)’yx (IVll)

where k/  is the related apparent constant (mol (mg ;)" ! gca(HAYX) s 1). Considering that
the mass concentration of nickel(III), peqt, is the product of the mass of powder introduced

and the nickel(IIT) content in the powder, the slope of the Eq. IV.12 allows to determine
the reaction order of nickel(III).

In (rg)c) In (kgpp) + vy X In(mass of powder x purity) (Iv.12)

At last, v, is found almost equal to 1.9 £ 0.2 which can be interpreted as the number of
nickel(III) sites (NiOOH in fact) involved in the urea oxidation reaction. Once the partial
orders are determined, the kinetic constant, k,, is calculated using the values of (i) initial
concentrations of the reagents and of (7i) initial rates measured for 35 trials according
to Eq. IV.4. As illustrated in Figure IV.8, k, is ranging from ky o, = 0.24 x 1072 to

ky high = 7.7 X 10712 mol%2 m5-1 g;ft‘g s~1, the average value being equal to is ky mean =
3.8 x 1012 mol®2 m1 g 295 1.

[e¢]

& T
—'

ky x 1012

/mOIl_(a’(+B’(). (m3)a,(+[i,(+ V-1, gc_a(t}+yxl' s-1

1 5 10 15 20 25 30 35
Trial n°

Fig. IV.8 — Distribution histogram of the determined kinetic constant k,, for the 35 experiments

carried out. The values were ranged between 2.4 x 10713 and 7.7 x 1072 mol®? m®! g_3? s~ with

a mean value at 3.8 x 10712 mol®? m®>! g 2951,

Therefore, the overall empirical kinetic law of urea oxidation in presence of chemically
generated nickel(III) sites can be expressed by Eq. IV.13.

ry = (3.8 £ 2.0) x 10712 x [CO(NH,)y]%? = 01 5 [OH |0 = 02« pLo£ 02 (1y 13)

It should be kept in mind that (i) as the urea molecules penetrate into the NNOOH /Ni(OH),
particles, they are oxidized and the NiOOH is reduced to Ni(OH), and (i) the urea oxida-
tion products generated have then to diffuse deeper into the particle to encounter another
nickel(III) active site and to continue their mineralisation. As mentioned above, the occur-
rence of mass transfer limitations could also contribute to slow down the reaction rate. In
the case of such synthesized nickel particles, the regeneration of nickel(III) sites cannot occur

after being consumed by urea, which will inevitably modify the rate law here obtained.
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IV-3.1.b Validation of the initial kinetic rate law by the integral method

In this section, it is assumed that there is no limitation by the mass transport (urea
or/and OH"), inside or outside of the NIOOH/Ni(OH), particles. Following this assumption,
the validity of the kinetic rate law determined previously (Eq. IV.13) must be confirmed.
To this end, it is necessary to numerically integrate the equation as a function of time
and to confront the theoretical temporal variations of the reactant concentrations with the
experimental data. Using the integral method for kinetic investigations offers the advantage
[232] to validate the reaction orders and the rate constant obtained using the initial rate
method (i.e., at short times and very low OH™ conversions below 5%) for longer periods
where high conversions are achieved and where secondary reactions can also occur. The
method for doing so entails a comparison between the experimental and predicted temporal
variations in OH ™ concentration in order to validate the law derived from initial kinetics.
Table IV.2 presents the chemical amounts of reactants, initially and at any time, where X

represents the hydroxide conversion rate.

moles of CO(NH,), moles of OH  moles of NIOOH moles of accessible NiOOH

t=0 a=[CO(NHy)y]"xV Db=[0H]"xV = Hexpuly d=cxe
t a— BX b(1 - X) ¢ —bX ¢ —bX

Table IV.2 — Extent of urea oxidation reaction by chemically synthesized nickel(III) sites where
V represents the liquid reaction volume (4.5 x 10~°m?®), m.q; the mass of powder (5g), Mxioon
the NiOOH molar mass (91.7gmol ') and X the conversion in hydroxide ions. The corresponding
overall reaction is written as CO(NH,), + 6 OH™ + 6 NNOOH — products.

Without considering the real accessibility of the nickel(IIT) sites in the synthesized core-
shell particles, the theoretical profiles tend towards the experimental values but significant
deviations of magnitude are obtained (deviation > 50%) and even more for the highest
reactant concentration (results not shown). In order to describe the physics of the system
(i.e., spherical layers of NIOOH around a core of Ni(OH),), a surface accessibility factor of
nickel(III), noted e, is voluntarily introduced. Such choice is motivated by the fact that (7)
the spatial distribution of nickel(III) on solid particles is probably not uniform, and (i) the
oxidation reaction of urea on nickel particles is a surface reaction, and the by-products and
reaction intermediates formed inside the particle are consuming the OH™ ions. This latter
consumption, not considered in the kinetic model here studied, will lead to a diffusional
limitation of hydroxide ions within the particles. The parameter, €, offers the advantage to
fill this bias. Note that the relating value, not measured, will be the single fitting parameter
of the model. By coupling Eq. IV.3 expressed as a function of hydroxide ions and Eq. 1V.13,
it comes Eq. 1V.14.

0.6 _ 0.2 _ 0.6 r _ 1.9
dX _ 6mcatki<lg L (6a—DX (1L=X)\"" ((c=bX) x Myioon (IV.14)
dt [OH | 6V v v

The previous equation is numerically solved (using scipy.integrate.odeint Python package
solving a system of ordinary differential equations), and the theoretical temporal conversion
of hydroxide with time is obtained, as reported in Figure IV.9 The surface accessibility

factor of nickel(III), €, used to plot these figures is equal to 2.6%, suggesting then that a
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small amount of nickel(III) is available for the chemical reaction. Indeed, after a first cycle
of adsorption onto the powder, the urea molecules having a strong affinity to nickel(I1I)
could induce a “screen effect”, thus reducing the number of nickel(III) sites into the internal
layers of the particles. Figure IV.9 also reports a sensitivity study with respect to the
chemical kinetic constant, k,: a maximum deviation of 20% is observed for the reaction
times longer than 600s. The validity of the kinetic rate law is then checked by considering
several initial concentrations of urea and hydroxide ions. Whatever the concentrations, the
numerical profiles of the conversion of OH ™ do not deviate (maximum deviation of 6%)
from the experimental data for X < 20% (e = 2.6%). As expected, higher conversions are
observed when the initial hydroxide ions concentration is decreased. Figure IV.9 shows that
the temporal profiles obtained using the kinetic rate law constant ky jow, ky,mean OT Ky high
determined from the previous section are in very good agreement (maximum deviations of
10%) with the experimental ones for a period longer than 200s. It can be noted that for
unfavorable conditions, illustrated in Figure IV.9-c (i.e., the lowest ratio between initial
concentration of hydroxide ions and urea, almost equal to 1.7 x 10~ 2), the deviation between
the experimental and predictive profiles is higher than 20% after 600s. This slowing down of
the urea oxidation could be explained in several ways: (i) an internal diffusional limitation of
the reactants (urea and hydroxide) and by-products in the particles could limit the reaction
process after consuming all the nickel(III) active sites on the catalyst surface and (ii) a

competitive adsorption between the by-products and the reactants could also occur.
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Fig. IV.9 — Comparison of the experimental temporal variations of the hydroxide ion conversion to
the ones obtained by numerical solving of the Eq. IV.14 for different initial concentrations of urea
and hydroxide (molar concentration are expressed in mol L~1). The surface accessibility factor of
nickel(II1), €, is equal to 2.6% whatever the graphs.

IV-3.2 Case 2: with the electrochemically synthesized nickel(III) sites
on bare nickel electrode

In the present section, the NiOOH sites are electrochemically regenerated on a bare
nickel anode and react with urea. As shown in the previous Chapter, the coupling of the
HCR (Urea/NiOOH) with the ER (NiOOH/Ni(OH),) allows to continuously regenerate the
active nickel(III) sites if the nickel oxides anode is polarized to the appropriated potential. It
becomes then possible to study only the HCR and thus to avoid the adsorption/desorption
processes as well as the mass transport of urea and oxidation products from one nickel(IIT)
molecule to the other. For that, the current potential curves have been plotted by applying
a potential scan rate lower than 1 mVs~!. This technique has been here applied for different
operating parameters, with the aim of establishing the kinetic law of the UEO in presence
of electro-generated NiOOH sites at the anode. The I=f(E) curves obtained at steady state
conditions are showed in Figure IV.10-a-b-c. From them, the partial orders of urea, hydroxide

ions and nickel(IIT) sites has been determined, as shown in Figure IV.10 respectively.
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Fig. IV.10 — Kinetic experiments with electrochemically synthesized nickel(IIT) sites on bare
nickel electrode. Top: Graphs a), b) and c) present j/I=f(E) curves obtained at the steady state
(0.12mV s~ !) using a Ni WE immersed in 100 mL of alkaline solutions of urea, thermoregulated at
298 K.

Graph a) effect of urea concentration on the shape of the I=f(E) curves obtained on nickel RDE in
alkaline solution of KOH (1 molL 1) at 1000 RPM with urea concentrations at 0.01molL ! (1),
0.05mol L~ (2), 0.075molL~! (3), 0.1molL~! (4), 0.2molL~! (5) and 0.3molL ! (6).

Graph b) effect of KOH concentration on the shape of the I=f(E) curves obtained on nickel RDE in
urea solution of 0.3 mol L™ stirred at 1000 RPM with hydroxide concentrations at 0.1 mol L~ (1),
0.25molL ! (2), 0.5molL ! (3), 1molL ! (4) and 1.5mol L ! (5).

Graph c¢) effect of the geometric surface area (rectangular area) of the nickel electrode on the shape
of the I=f(E) curves obtained with an urea concentration of 0.3molL ! and a KOH concentration
of 1mol L™}, using geometrical electrode surfaces equal to 8.7 (1), 9.2 (2), 10.4 (3) and 15.4 mm?
(4).

Bottom: The partial orders of urea (o, ), hydroxide ions (g, ) and nickel(III) (g, ) were determined
from the curves respectively plotted in Figures d), e) and f), deduced from the logarithm plot of the
limiting current density magnitude (at the diffusion limitation area) as a function of the logarithmic
reactant concentration.

The potentiostatic polarization of the nickel electrode at the plateau of the I=f(E) curves
allows the anode to be covered by Ni(OH), which oxidizes into NIOOH. The urea is oxidized
by chemical reaction with NIOOH which is reduced into the Ni(OH),, immediately oxidized
on the nickel electrode into NiOOH, thus releasing its electron. The newly regenerated
NiOOH goes on a new cycle with the urea oxidation intermediate, thus meaning that the
urea and its intermediates formed could be oxidized by the same nickel system, without any
mass transfer limitation. The oxidation process continues until obtaining the final products
(Ng, CO,, etc.). Under steady state conditions, the mass balance on nickel(III) is expressed
as the Eq. IV.15.

dFHI _ Iplateau
dt n-F.Selectrode

— Vhickel(IIT) X TEx X V (IV.15)

where I'y7; is the nickel surface concentration (molm ?2), Iplateau as the limiting current,

observed at the plateau signal (A), ne the number of exchanged electron (1, dimensionless),
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F the Faraday constant (Cmol 1), Vnickel(117) the stochiometric coefficient of nickel(II) and
7y the reaction rate of the HCR on electro-generated nickel(III) sites (molm_2 my 3 s71).
It is obvious that after a certain time, the redox system NiOOH /Ni(OH), will reach a steady
state until the concentration of urea is sufficient to supply the system. In this case, the
accumulation of the nickel(III) at the nickel surface can be assumed equal to zero. The

current intensity of the plateau is thus proportional to the reaction rate as Eq. IV.16.

Dlatean = DF X V X Vpigel(rrn) X kiy X [CO(NHy)o]“™* x [OH 17X x (Selectrode) ™ (IV.16)
where I .., is the limiting current in steady state conditions (A). As for the initial rate

method, by applying the logarithm to Eq. IV.16 and by varying the molar concentration of
one reactant, the partial orders can be deduced, according to Egs. IV.17 - IV.19

log (jg?ateau) = log (TLJT X k;EX X [OH_]BEX X (Selectrode)WEX) + apy X log ([CO(NH2)2D

(IV.17)
log (jgfateau) = log (nF X kpy X [CO(NH3)o]*™* X (Selectrode) ™) + BEy % log ([OH])

(IV.18)
log( I?loateau) = log (nf"selectrode X kEX X [CO(NH2)2]QEX X [OHi]BEX) + YEx X log(Selectrode)

(IV.19)

where jgfateau is the limiting current density corresponding to the plateau of the signal in
steady state (Am 2).
The related plots are reported in Figure IV.10-d-e-f. A value of ap, = 0.3+0.1 is

obtained for the partial order of urea, which is in agreement with the value obtained
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with chemically synthesized nickel(III) sites. The partial order of hydroxide ions is found
equal to Bg, = 0.9 £ 0.1. This value is slightly higher than the previously one (3, = 0.6),
which can be attributed to the fact that additionally to the urea oxidation, the electro-
generation of nickel(III) requires one hydroxide ion and thus implies a stronger dependence
of the chemical rate by hydroxide ions. At last, the partial order of nickel(III) is found
equal to yg, = 5.0 £0.5. This high value would suggest that, during the potentiostatic
polarization, a nickel active site is regenerated 5 times on the electrode surface per adsorbed
urea. Since the number of urea adsorption sites onto nickel(III) is continuously electro-
regenerated, the adsorbed urea molecule can be completely oxidized without any desorption
of intermediates, contrary to the case with chemically synthesized particles, containing
sacrificial NIOOH. Once the partial orders known, the kinetic constant, noted kg, is
deduced using the same method than in the previous section. On the basis of eleven
experiments carried out and illustrated in Figure IV.11, kg, is found to vary in the
range from 2.32 x 10%* to 4.24 x 10?4 mol’0'2.m;;3.mgflk.sfl. The average value is equal

to 2.86 x 10?4 mol 02 m(;elf mgflk s~ ! and used for the following calculations.
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Fig. IV.11 - Distribution histogram of the determined kinetic constant kg, for the 11 experiments
carried out. The values were ranged between 2.32 x 10?4 and 4.24 x 10?4 with a mean value at
2.86 x 102 mol 03 m;(f mgflk s—L.

Finally, the proposed kinetic law for the urea oxidation by the electrochemically generated
nickel(III) sites can be written as the Eq. IV.20.

IRy = (2.86 + 1.38) x 10%* x [CO(NH,),"? x [OH]%? x (Setectrode)” (IV.20)

IV-4 Establishment of a complete mechanism for the whole

urea electro-oxidation

Based on the current state-of-art, Figure [.8-a-b propose an overall mechanism for urea
degradation involving electrochemically generated nickel(III) sites. The reaction scheme is
composed of different pathways leading to the formation of by-products previously identified
in the liquid phase in Chapter III. The urea degradation mechanism from electro-generated
nickel(III) site can be classified into the nucleophilic oxidation reaction class [233, 234|
(as for the methanol oxidation on nickel(IIT) [235]), involving two pathways: successive (i)
electro-generated Ni(OH), catalyst dehydrogenation reaction followed by (ii) a spontaneous
nucleophilic dehydrogenation reaction. Firstly, the urea is adsorbed on a nickel(III) site
[236], formed by the catalyst dehydrogenation reaction of nickel(III) oxidation. By analogy
to the urease action on urea [81, 237], a second active nickel(III) site is required to pursue
the oxidation (step 2). Following the first nucleophilic attack onto a hydroxide group, two
reactional pathways (step 3 and/or step 20) can be considered, favoring the formation of
either ammonia (step 5), nitrite (steps 4, 8-19), and carbonate ions (steps 4-7), or cyanate
ions (steps 20-22). The formation of ammonia and carbonate ions belongs to the same
reactional pathway, thus suggesting an equimolar formation of these by-products over time.
The nitrification route on nickel sites shown in Figure IV.12-b leads to the formation of
nitrite. This route has been already studied by Density Functional Theory (DFT) [148],
voltammetry and electrolyses [238]. This latter route does not rule out the production of
nitrogen during oxidation, even if several works [147]| have reported the overoxidation of
nitrogen into undesired NO, compounds at the expense of a nitrogen production. It should
be noted that (i) the formation of cyanate (steps 21-22) and nitrite (steps 4, 18, 19) ions

occurs in equimolar way, and (i) most of the reactions constituting the proposed mechanism
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require hydroxide ions, and consequently directly decrease the local pH at the electrode
surface. This reaction scheme, reflects the complexity of a fully detailed kinetic approach
that will requires a very large number of experiments so as to be able to determine each

elementary kinetic constant (from k; to koo, forward and backward).
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IV-5 Global microscopic and macroscopic modeling of the
coupling of electromediation and heteregeneous chemical

reaction between urea and nickel(III)

IV-5.1 Establishment of the predictive model

Various potentiostatic electrolyses with high conversions of urea have been performed
in the previous Chapter III, for which the variations of the concentrations of urea and
by-products with electrolyses times have been determined and can be thus used to validate
the model. The latter is based on the kinetic data obtained in the previous sections and
involves all the physical processes occurring at the anode and in the bulk. Besides, the
model is expected to be applicable at larger scale. Let’s consider that a one-dimensional
description, depending on the distance to the electrode, is sufficient (for parallelepipedal
EC cells and planar anodes) to solve the mass transport phenomena coupled to the HCR in

a porous catalytic layer. A schematic representation of the half-cell is given in Figure V.13

a) Half-cell
) Q,¢, QC.
Inlet \ Outlet
\
N
L I A
Bulk liquid /T =y Cg
i L Se
Electrocatalytic layer _ ] ¢ Electrode

Bulk liquid

g
g
fp—_] Apr S z=0 2
<
|~
Mass transport film  Aggc Qp
N z=6
<
Electrocatalytic
Q
layer EC 7=8+ m
x=0 Electrode x = Ly

Ag

Fig. IV.13 — a) Schematic representation of the EC half-cell. The large scale includes a perfectly
stirred liquid phase and an electroactive layer of nickel oxide mixtures on the metal electrode

surface. b) View of the various sensitive areas including possible limiting physical phenomena.

The enlargement scheme contains three subdomains characterized by the occurrence of different
phenomena: (1) a perfectly mixed zone, Qp, that is connected to the bulk liquid, (2) a mass
transport film Qp, and (3) the matrix of the electrocatalytic nickel oxide layer Qgc at the electrode
surface. Each boundary of the system is labeled by A. Agpr represents the boundary between the
bulk Qp and mass transport film Qgc areas. Apgc represents the boundary between the film Qg
and electrocatalytic film g areas. Ag and Ap represent the massive electrode and wall boundaries
of the system, respectively (illustration adapted from Picioreanu et al. [239]).

The aim is here to model the behavior of the EC system during potentiostatic electrolyses
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on a massive nickel electrode (supposed in equipotential conditions) of a stirred aqueous
solution of urea in alkaline medium. During the electrode polarization, the following reactions
will take place on the nickel compounds; starting by the {R I11.25} and followed by the
{R 1.19}. At the applied electrolyses potential (i.e., the one measured at the diffusion plateau
of I=f(E) curves, 0.55V as illustrated in Figure IV.10), the reaction described in {R IV.38}
occurs until the electrode is completely covered by Ni(OH), layer. Then the catalytic cycle
urea/NiOOH /Ni(OH), occurs.

Ni(g) + 20H (5 —= Ni(OH)y() + 2e” (R IV.38}

IV-5.1.a Model assumptions

With the objective of building a robust model, it is necessary to formulate a clear

framework and the appropriated assumptions:

e Nickel(II) oxidation reaction occurs in a layer of a constant thickness p which porosity
w, tortuosity 7 and surface in contact with the solution remain unchanged throughout
the electrolysis. Such assumption is supported by the fact that no significant release
of nickel oxides has been measured by Inductively Coupled Plasma - Optical Emission
Spectroscopy (ICP-OES) measurements performed at the end of each electrolysis
(detection limit equals to 100 ppb). Porosity is evaluated considering that the nickel
sites in the reactive layer are disposed as face-centered cubic unit cell with an atomic
packing factor estimated at 0.74. Moreover, the tortuosity, 7, is estimated at w/2 as
the ratio between the half-circumference of a sphere (7 x r) and the diameter of the
sphere (2 x r) (corresponding to the shortest path). The diffusion coefficient in the
reactive layer (0 < z < 6 + ) is then calculated as an effective diffusion coefficient
Dfﬁfu according to the Eq. IV.21.

Dﬁ:Dwxg (IV.21)

where D ,, is the diffusion binary coefficient of the specie i in the water (m?s 1), w the
porosity of the layer of thickness i (dimensionless) and 7 the tortuosity (dimensionless).
The values of the urea diffusion coefficient were previously calculated for different
KOH concentrations, from the Stokes-Einstein equation as presented in the previous
Chapter.

e The nickel oxides Ni(OH), and NiOOH are here considered as electronic conductors
[209, 210], making the electronic transfer invariant in the whole p layer. On the other
hand, most of the electrolyses are performed under potentiostatic conditions. Since the
applied potential is sufficiently anodic to allow (energetically speaking) the immediate
conversion of any Ni(OH), released from the HCR to NiIOOH, one can assume that
after a few minutes of electrolysis, the surface concentrations of Ni(OH), and NiOOH
become constant and that the term related to the accumulation of these species is
null. The urea concentration profiles are supposed to be independent of the length

and width of the reactive layer and the radial diffusion to be negligible. Once formed,
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NiOOH will react with urea and hydroxide ions according to Eq. IV.22.

Ihy (0 <2 < 8+ 1, t) = kigy x [OH ] x (Sgrec) ™ x [CO(NH,)o] 32X

(6<2<8+p,t)
= kapp X [CO(NHo)al(52, 5.y

(IV.22)

where k), is the apparent constant (moll~@Ex m;‘i m 3l -anxd s~ 1). Firstly, it should
be noted that the proposed kinetic equation does not take into account the consumption
of nickel peroxide and hydroxide ions during the chemical reactions leading to the
products and by-products. Secondly, it is assumed that this kinetic law is intrinsic

and does not take into account experimental bias via diffusive phenomena.

e The concentration of urea and hydroxide ions in the layer p is considered as a spatially
continuous function; the nickel sites are assumed to be small enough not to impact

the spatial concentration profile.

IV-5.1.b Governing equations: urea mass balances

From these assumptions, the predictive model gives the urea concentration profile in

all areas indicated in Figure IV.13. Into the bulk, the anolyte is assumed to be perfectly

stirred, and the urea concentration is therefore considered uniform in the bulk volume, Qg.

The macroscopic balance of urea can be written as Eq. IV.23.

Accumulation + Diffusion + (Feed + Output)in continuous reactor = 0
phulk 9 [CO(NH,),] n 9 [CO(NH,),]
2<0 ot 0z 2=0

+ Qu X ([CO(NHa)alpeeq — [CO(NH2)2]Output) =0

Qp

Durea,w X Selectrode X (IV23)

where @, is the volumetric flow rate (m3s~!). In the present work, the results are obtained
in a batch electrolyser (Q, = 0). Unlike in Qp, the urea concentration in the mass transport
film Qp, is subject to spatial variation caused by the urea diffusion phenomenon due to the

chemical reaction in 2gc. The microscopic mass balance can be written as the Eq. 1V.24.

Op Accumulation + Diffusion = 0
0 [CO(NH2)2] 0? [CO(NH2)2] ” 0 (IV'24)

0<z2z< 0 (Selectrode X 5) X ot 0z2 B

- Durea,w X -
In the Qg area, the coupling of the HCR to the urea diffusion into the porous solid are the
main occurring phenomena. The microscopic mass balance can be written according to the

Eq. IV.25.

Accumulation + Chemical reaction + Diffusion effective = 0

0 [CO(NH
Vec layer X [(-(9,52)2] Selectrode X TEx (IV.25)

9 [CO(NH,),]

urea,w 972

Qrc

0<2<d0+n
=0
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where VEG 1ayer is the volume of the EC layer (m?) equal to Selectrode X 1 X 2 (w the porosity
of the layer of thickness p and 7 the tortuosity).

Eq. IV.25 represents a classical situation of a boundary value problem and its resolution
(shooting method) is well documented in other works [240, 241]. The resolution state of the
model is a pseudo-steady state where the resolution is established by a succession of steady
states, in the mass transport area as well as the electroactive layer, and a transient state in

the bulk. The model resolution method is presented in Appendix F.

IV-5.1.c Boundary and initial conditions

The following initial and boundary conditions are applied:

e At initial time, the urea concentration is assumed to be uniform throughout the whole

system and equal to the initial concentration in the volume according to Eq. 1V.26.

C(z,0) = Cini (IV.26)
t=20

e It is considered that the urea does not directly react at the electrode neither with
Ni(OH)4 nor Ni; therefore, the mass flux arriving at the surface of the metal electrode

Ag and at both frontiers Ap of the system, are assumed to zero according to Eq. IV.27.

V Ag, Ap J[CO(NH
OICONIL,)o] =0 (IV.27)
\V/t aZ Z:AE,AP
e The continuity of the concentrations in each {2 domain, especially in the Qgc area,
is ensured by the equality of the concentrations at each A boundary of the system
following the Eqs. IV.28.

vt CQB,ABF (07 t) = CQFvABF (0’ t) (IV.QS)

CQF,AFEC (57 t) = CQECJ\FEC (57 t)

e Since the mass transport properties are significantly different in the domains Qp and
Qgc in terms of diffusion constant but also of thickness and concentration continuity,
the equality of urea flux can be described as Eq. 1V.29.

vt 9 [CO(NHy),| ff 9 [CO(NHy),]
L5 Durea,w X T s = Direa,w X T s (IV29)
These changes can be expressed according to a Biot dimensionless number as shown

in Eq. IV.30.
km,QF _ Durea,w M
km7QEC ) Detf

urea,w

Biot =

(IV.30)

where k,, is the mass transport coefficient (ms™1).
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Finally, the boundary condition can be expressed as:

Qp Qrc
Biot x 2(CONHa),] [CO(;NHM _ 9[CONH,),] [COéNHQ)Q] (IV.31)
Z Z

z=AFEC z=AFEC

IV-5.1.d Comparison between predictions and experimental data
IV-5.1.d.¢ Thicknesses of the diffusion film and the electrocatalytic layer

Two physical dimensions of the system need to be determined prior to the application of
the model: the thickness of the diffusion layer, d, and the thickness of the electrocatalytic

layer, p. Concerning the diffusion layer, the anodic oxidation limit current, observed on

the urea diffusion plateau, is proportional to the concentration of the electroactive species.

Here, nickel(III) is the electroactive specie, but its concentration will vary proportionally to
that of urea according the catalytic cycle already mentioned in the previous section. Then,
the following Eq. IV.32 can be applied.

X F X Duyrea,w X [CO(NHy)s],
5= w X [COMH,)al, <o (IV.32)

00
«]plateau

where j;fateau is the limit current density current measured at the diffusion plateau in steady

state (Am™2) at a potential varying in the range of 0.51 and 0.55V (see Figure IV.10),

n the number of exchanged electrons (dimensionless, 1 in case of nickel(IIT)/nickel(II)).

Considering the values obtained in Figure IV.10-a for the lowest urea concentration (where
the concentration of urea at the electrode is close to 0, the molar flux arriving at the electrode
becomes constant), a value of § = (3.4 £ 0.2) x 10~ °m is determined. The thickness of the
electrocatalytic layer have been estimated in the previous Chapter and found equal to u =
(4.940.4) x 10 8 m.

IV-5.1.d.72 Urea electrolysis on nickel electrode : case results and comparison

In order to evaluate the veracity of the model, the urea concentrations experimentally
measured in the bulk for various electrolyses for which high conversions are achieved, will

be considered and compared to the ones predicted by the model.
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Fig. IV.14 — Spatic-temporal profiles of the urea concentration during a potentiostatic electrolysis
at 0.55V of 2 0.33mol L1 urea solution in alkaline media (5mol L~ KOH), on nickel massive
electrode. Inset: dimensionless urea concentrations in the bulk {lp measured experimentally (black
filled circles) and predicted by the model (red line).

Figure I'V.14 illustrates the spatio-temporal profiles of the urea concentration predicted
by the model. The three spatial zones are quite distinct and well represented, allowing
a good understanding of the involved processes (Qp, Qp: transport phenomena / Qpc:
transport phenomena and heterogeneous reaction). A non-linear time scale is representec
for a better readability of the phenomena occurring. In the reaction area Opq, the flux at
the metal electrode (at z = d + p) equals to 0. The concentration in this Qme zone starts to
decrease according and tends towards a steady state until the chemical regime competes with
the diffusion flux from the diffusion film Qp. A linear concentration profile in the Qg zone
is thus obtained. In the bulk area flg, the assumption of a perfectly stirred batch reactor
is equivalent to an identical concentration at all points (at z < 0). The breaking slope
observed at z — ¢ is representative of the urea transfer to the electrode. They indicate the
discontinuities in the urea concentration between the two media: liquid O and the catalytic
Qpe layer of NIOOH/Ni(OH),. Both layers exhibit different mass transport properties in
terms of diffusion constant, but also thickness and concentration continuity according to
the Biot number in Fq. TV.30. In the experimental conditions related to Figure V.14, and
at a KOH concentration of 5mol L™!, this ratio between the mass transfer constants in the
diffusion film and in the electrocatalytic layer, respectively, is estimated to be 112, thus
reflecting a diffusional limitation in the porous zone compared to the diffusion film. The
inset in Figure [V.14 illustrates the simulated temporal variation of the urea concentration
in the bulk (continuous line), and a good agreement is observed with the experimental

points obtained in the previous Chapter.
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Fig. IV.15 — Left: a) Temporal variations of the normalized urea concentration in the bulk during
potentiostatic electrolysis on nickel massive electrode in alkaline media. Experimental results
are plotted for different KOH concentrations: 1molL ™! (¢), 1.5molL "' (A), 2molL"* (M) and
5mol L ! (@). Filled symbols are obtained with an S/V ratio of 8m *. The unfilled symbols are
obtained with an S/V ratio equal to 20m . The lines represent the temporal profiles of the urea
concentration predicted by the model at each KOH concentration.

Right: (b-c) Experimental and predicted profiles of the current intensity during electrolysis with a
distance between electrodes of b) 15cm using a H-type cell without separator and ¢) 3 cm using an
undivided Metrohm type-cell.

Figure IV.15-a compares the predicted (continuous line) and experimental (dots) nor-
malized urea concentrations in the bulk, obtained during electrolyses at different KOH
concentrations, using two S/V ratios, where significant conversion rates of urea were reached.
Data obtained at S/V ratio of 8 are extracted from the previous Chapter also. In addi-
tion to examine the validity of the model on an enhanced value of S/V ratio, an alkaline
electrolysis was carried out using an anode surface of 26 cm? into 130 mL of electrolyte. A
good agreement is observed between the experiments and the model since the maximum
deviation of urea concentration is observed at 6%. An additional validation of the model
is performed by comparing the temporal variation of the current predicted by the model

according to Eq. 1V.33 with the experimental one.

electro — generated Nil™ flux = 6 x Urea chemically reacted flux

z=0+p
I = TLFSVVNi(III) / TEx (Z) X dz

z=0

= |:n]:VVNi(HI)kEX X [OHi]ﬁEx X (Selectrode)mx—i_l] (IV'33)

z=0+p
« / [CO(NH,),]™* x dz
z=0

As shown in Figure IV.15-b, the model predicts the current with a maximum deviation
of 4%, thus implying that the main assumption considering a constant temporal superficial
concentration of nickel(III) would be verified. Results of electrolysis indicated in Figure
IV.15-c were obtained using an undivided Metrohm type cell, containing a strongly stirred
(1000 RPM) solution. In these conditions, the electro-generated hydrogen at the cathode
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(diameter < 1mm) dispersed in the bulk, and consequently in the immediate environment of
the anode. Strong dispersion of gaseous H, increase the gas/liquid interface and facilitates
its dissolution (the stationary concentration of hydrogen can achieve its solubility). Under
the applied anodic potential (0.55V), the dissolved hydrogen can be oxidized, and in these

conditions the observed current is composed by:
e the urea oxidation current (temporally decreasing);

e the hydrogen oxidation current |21, 242, 243| induced by the {R IV.39}, first increasing
until the steady state is reached, i.e., a constant gaseous Hy flux arrived at the anode

area.

Hy) + 20H (o) — 2Hy0() + 2e (R IV.39}

These facts explain the observed difference of the current between the model and the
experimental data, which varies from 1 to 80%. Note that, this difference will decrease as a
function of time. Indeed, as the urea concentration is depleted, the corresponding fraction
of anodic current is decreased, thus implying the overall current to decreases. In these
conditions the hydrogen electro-generated flux at the cathode decreases. As the hydrogen is
not maintained in the reactor, its contribution to the anode current will also decrease until
to be cancelled (simultaneously to urea). The difference in current intensity between the
theoretical and experimental data corresponds to the current ’lost’ due to the absence of a

physical separator.
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IV-6 Conclusion of Chapter 4

This Chapter allowed to highlight and characterize the kinetics of urea indirect electro-

oxidation on active nickel(III) sites in alkaline medium.

NiOOH particles, synthesized from commercial Ni(OH), powder using NaOCI, were
characterized by SEM, BET, XRD and particle size analysis. They exhibited spherical shape
and their content in nickel(III) reached 80%. Compared to Ni(OH), solids, the crystallinity
of the synthesized NiOOH particles appears to be much lower than that of the starting
powder, reflecting a core-shell geometry. The particles after synthesis, were composed of an
amorphous NiOOH shell and a Ni(OH), core.

Firstly, the kinetic study was performed using chemically synthesized nickel(III) particles.
By using the method of initial rate of OH™ disappearance, the partial reaction order of
urea was evaluated at 0.3, highlighting a limitation of the urea adsorption on the active
sites of nickel. Subsequently, the partial orders of 0.6 and 1.9, respectively attributed to
hydroxide ions and nickel active sites, were determined using the same type of experimental
measurements. The dependence of the kinetic rate on hydroxide ions appeared to be low,
whereas it was higher on nickel (v, ~ 2). Although more experiments would be required to
precisely identify the reaction mechanism, an order of 2 against the nickel(III) suggesting
that urea would bind to two nickel sites either (i) via both amine groups or (i) via one of
the amine groups and the ketone group. Besides, this low dependence of the kinetic rate to
dissolved species concentrations would suggest possible mass transport limitations in the
solid spherical particles; indeed, after a consumption of nickel(IIT), the transformed urea or
even the by-products must desorb, and find another nickel(III) available to absorb, to pursue
the oxidative process. Moreover, the performed BET analysis showed particles having low
specific surface area (8.51m?g 1), which would tend to incriminate limitation by the mass
transport into the particles. This initial kinetic law did not consider the effect of the urea
oxidized intermediates on OH™ or nickel(III) consumption, as their initial concentration
was close to zero. Since the limitation of the overall process, at least initially, appears to
be due to the adsorption, these intermediates do not accumulate; they rapidly convert to
observed products, and therefore do not affect the kinetic rate. This fact was validated by
the integration as a function of time, of the initial kinetic law i.e., for higher conversion rates.
The obtained theoretical variation of the OH™ concentration was successfully compared with

the experimental one (maximum deviation of 6%).

Secondly, the kinetics of indirect electro-oxidation of urea was studied by polarizing a
massive nickel electrode which enabled the formation of a catalytic layer NIOOH/Ni(OH)s,
and thus ensured the urea oxidation thanks to the EC continuous regeneration of the
nickel(III) actives sites. Under these assumptions, the kinetic rate law showed a partial order
of urea close to the previous value (i.e., 0.3). However, the order of the nickel surface was
found to be high (vgy ~ 5), signifying that the adsorption of urea onto nickel(III) sites was
followed by complete oxidation of this urea by five nickel(IIT) generated electrochemically, al-

most instantaneously due to potentiostatic polarization of the anode at the required potential.
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Coupled with the previously performed mass balances carried out our electrolyses (which
demonstrated the presence of various by-products in the liquid phase), the present kinetic
study made possible to build up a relatively complete multi-pathway (22 sequential steps,
four different ways and 5 urea oxidation products) mechanism able to describe the process

of indirect electro-oxidation of urea.

Finally, this kinetic study was implemented into a more general predictive model
combining (i) mass transport phenomena, in a liquid film and in a solid porous catalytic
layer with (7i) the indirect electrocatalytic chemical reaction occurring in the previous layer,
and finally (77i) assisted by the quasi-instantaneous regeneration of the reaction driving
factor i.e., the nickel(III) catalytic sites. The resolution of the established model on the
basis of the shooting method allowed to predict spatio-temporal urea concentration profiles
for various operating conditions. These predicted results were compared to the experimental
ones for different hydroxide concentrations and S/V ratio. A satisfactory agreement was
observed with low (< 5%) deviations, thus opening interesting perspectives for further

larger-scale operations in the urea mineralisation.
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130 CHAPTER V. Pilot scale

This chapter presents two major advances towards the process implementation at
industrial scale: (i) the applicability when using real matrix and (i) the scaling up from
lab-scale-scale to pilot-scale.

With this in view, this chapter has been divided into two main sections:

1. The first section deals with the study of the EC treatment of real human urine solutions
by combining two different approaches: (i) establishment of gas and liquid mass

balances during the electrolysis’s course and (ii) linear voltammetry investigations.

2. The second section will focus on the results obtained from the UEO carried out
in the pilot-scale reactor described in Chapter II. In presence of urea synthetic
solutions, complete mass balances will be first presented and the influence of operating
parameters (electrode surface, flow rate, applied potential) then investigated. Lastly,

the proof of concept will be established during the electrolysis of a real urine solution.

The section V-1.1 of this chapter presents the results obtained from the article “G.
Hopsort*, L. Latapie, K. Groenen Serrano, K. Loubiére, T. Tzedakis* (2023). New insights
into urea electro-oxidation: complete mass-balances and proof of concept with real-matrix
effluent. Journal of The Electrochemical Society. 10.1149/1945-7111 /acf87e".

The rest of this Chapter presents the results obtained from the article “G. Hopsort, E.
Piguet, L. Latapie, K. Groenen Serrano, K. Loubiére, T. Tzedakis*. (2023). Towards an
industrial perspective for urea-to-hydrogen valorization by electro-oxidation on nickel (III):

real effluents and pilot-scale proof of concept. submitted in: FElectrochimica Acta’.

V-1 EC treatment of real matrix at lab-scale

This section will be composed of two sub-sections. First, complete mass balances will be
established in both liquid and gaseous phases during the course of lab-scale electrolysis with
urea synthetic solution, and then with human urine. From them, energy assessments will be
then proposed.

In a second time, LSV experiments will be discussed as a tool to better understand the

matrix effect during the electro-oxidation of human urine.

V-1.1 Complete mass-balances and proof of concept

As discussed in Chapter I, the issue related to the by-products formed during the UEO
process has been addressed only very recently where five research papers have reported the
occurrence of several by-products in the liquid phase (OCN™, NOy (x = 2 and/or 3), NH;
and COy) [140, 143, 146, 244, 245]. In addition, in the case of electrolysis with large urea
conversion rates, complete mass balances are scarcely made, even if complex mechanisms
have been suggested [140, 143, 146, 246]. To fill these gaps, in the previous Chapters 11
and IV, we have established for the first time (i) complete mass balances in the liquid phase
during the course of potentiostatic electrolyses with high urea conversion rates (>80%), and
(i) kinetics laws and reaction mechanisms based on a chain of reactional adsorption of urea

on nickel(III) active sites. However, no mass balance in the gas phase has been made, thus


https://doi.org/10.1149/1945-7111/acf87e
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pointing out the need of additional investigation for the part of the mechanism leading to
the gaseous products.

Some works have reported electrolyses on real human urine electrolysis by using BiOx-
TiO4 [247] or IrO4 [71] anodes. However, to the best of our knowledge, none exists with
nickel electrode and real human urine previously alkalinized. Such lack makes difficult to
validate the efficiency of the UEO processes with real effluents in a view of a future industrial
implementation.

To fill this gap, the present section aims at elucidating the performances of a lab-scale
EC reactor operating with real human urine and at rigorously comparing them to the ones
in presence of urea synthetic solutions. For this purpose, the analytical methods need to be
optimized so as to perform complete analysis of all electro-generated by-products in both
aqueous and gaseous phases. This preliminary study will thus pave the way for operating

the process at larger scale.

V-1.1.a Experimental information

Human urine samples were obtained from two healthy male volunteers (aged between 25
and 30 years old). The entire sample of urine was stored at 4 °C between experiments. All

assays were duplicated using the same batch of urine to ensure repeatability.

Note that a special care was taken to ensure that no nitrogenous or carbonaceous com-
pounds present in the anolyte migrated to the catholyte via the IONAC anionic separator

used (the composition of the catholyte was analyzed at the end of the electrolyses).

Electrolyses of urea synthetic solution and human urine were carried out in the H-type
cell with a membrane. The creatinine electrolysis presented later was performed in a

single-compartment cell.

Electrolytes were analyzed by IC-CD/MS, TOC, and GC according to the methods
presented in Chapter II. Figure V.1 presents the different cationic (part a) and anionic
(part b) chromatograms over time of a potentiostatic electrolysis (0.55V vs. Hg/HgO) of a

human urine solution. This reveals the accumulation of by-products such as:

e Formic Acid (FA) (CH,O,) and OA (CyH50,) (not observed in the case of urea

synthetic solution electrolyses);

e OCN", NH,", NO, and CO$~ (already observed in the case of urea synthetic solution

electrolyses).
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Fig. V.1 — Typical a) cationic and b) anionic chromatograms obtained during IC analysis during
potentiostatic electrolysis (0.55V vs. Hg/HgO) of urine solution in alkaline medium at pH = 14.
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As FA and OA were formed in the case of human urine electrolysis (as discussed in the
next section), it was necessary to establish calibration curves for these compounds. The
latter obtained by IC for formic and oxalic acids are shown in the Figure V.2. They enabled
to quantify their quantity present in urine during electrolysis. The linear relationships
between the molar concentrations and the peak area signals obtained in IC are presented in
Eqgs. V.1-V.2.

oeas-1011d

Peak areapy = 16.06 x [FA],,o ;1 with T, = 4.5 min & R? = 0.999 (V.1)

Peak areaps = 28.69 X [OA]o1—1 with T, = 25.2 min & R? = 0.999 (V.2)
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Fig. V.2 — Calibration curves of formic and oxalic acids obtained by IC analysis.

The Faraday efficiency of the compound i, represented as FE; (%), was defined by Eq.

V.3.
n; X ne X F

Qtotal

where n; is the amount of the compound i (mol) and ne represents the number of electrons

FE; = x 100 (V.3)

exchanged (dimensionless) which was equal to:

e 1for OCN™ and NH," (the formation of these species indirectly implies nickel(IT)—nickel(III)
oxidation system, as described in Chapter 1V);

e 6 for No;

e G for NO,.

V-1.1.b Results and discussion

The following results will concern:

(i) electrolysis of urea synthetic solution;

Q
]
g
I8

el
z 2
A o

(7i) electrolysis of human urine (including effect of alkalinization and chronoamperometry);

(iii) electrolysis of creatinine;
(iv) energy cost assessments.

Note that, the results presented here in the case of urea synthetic solutions are complementary
to the ones reported in Chapter III and [V, in particular because they include mass balance

in the gaseous phase (Ny, Hy). They also serve as benchmark a case when comparing the

performances with urine.

V-1.1.b.¢ Electrolysis of urea synthetic solutions

The first set of experiments concerns the performance of chrono-amperometry electrolysis

of a urea solution at 0.55V vs. Hg/HgO performed in undivided Metrohm-type cell.
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Fig. V.3 — Typical results obtained from chronoamperometric electrolysis of a urea synthetic
solution (0.33mol L 1) in alkaline medium (1 mol L' KOH): a) current density and the amount
of formed H, (inset: cell voltage), b) temporal profiles of molar quantity of identified N-species, c)
N-mass balance, and d) N-FE balance.

Figure V.3-a illustrates the temporal variation of the UEO current density, with the
cell voltage shown in the inset. The observed decrease in cell voltage (from 3.1V to 2.2V)
is attributed to both a decrease in cathodic overvoltage and an ohmic drop. Figure V.3-b
reports the temporal profiles of the number of moles for each identified N-specie (the raw
data are provided in Appendix H). The urea degradation achieves a conversion rate of
80% over 50 h, predominantly forming NH; (at 43%, observed as NH;" in IC analysis). A
simultaneous variation was observed with the current density (Figure V.3-a), thus confirming
the absence of poisoning phenomena during the electrolysis. Figure V.3-c presents, for
the first time, a complete mass balance of the N-species formed in both liquid and gas
phases. Interestingly and unequivocally, OCN ", NO,, NH; and Ny are the main (> 98%)
N-compounds produced during the electrolysis since the sum of their molar quantities
remains equal to the N-amount initially present in the EC cell (2 x initial moles of urea),
and this whatever the electrolysis time. As mentioned in Chapter III and illustrated in V.4,
the mass balance of the C-species (namely CO(NH,)y, OCN ™ and CO5 ) is also validated
(more than 98%).
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Fig. V.4 — Typical results obtained from chrono-amperometry electrolysis of a urea synthetic
(0.33mol L™ 1) solution in alkaline medium (1mol L~! KOH): carbon mass balance.

Figure V.3-d reports the FE for all the identified N-compounds. The total FE; reaches
100% (with a maximal deviation of 2%), showing that the charge balance is validated for

50 h.

(i)

(i)

(iii)

The following conclusions can be drawn:

After 9h of electrolysis (corresponding to the disappearance of 35% of the urea
initially present), the distribution of the concentrations of the various compounds
does not evolve anymore (i.e., their FE; tends to become constant). Such trend
could be explained as follows. Urea is oxidized according to a pathway that produces
intermediate products as well as nitrites. These intermediates accumulate over time
and, once enough concentrated in the medium, would oxidize into nitrites. Then, the
ratio of the number of electrons released for nitrite formation to the total electrons
remains constant, as far as the urea is consumed. Once the main pathways for
urea oxidation and by-product formation are established - by setting up the indirect
massive nickel electrode process (nickel(0)—nickel(II)—nickel(III)) - a constant pattern
emerges. The ratio of the molar fluxes formed by each reaction pathway, and thus the

related FE; remains constant, regardless of the residual urea concentration.

Between the four detected products (Figure V.3-d), only Ny and NO, exhibit a higher
oxidation state of nitrogen (0 and +III respectively) compared to urea (-III). Together
they represent more than 60% of the total charge. The N-oxidation state for the
two other compounds (NH,” and OCN ", both at (-III)) does not change, which is in
agreement with the previously presented mechanism (in Chapter IV). The formation
of these compounds (NH," and OCN") results from a catalytic reaction of nickel(IIT)
with urea, which requires the prior formation of nickel(III) from the oxidation of
nickel(II) with an exchange of an electron. By applying n, = 1, according to the
nickel(II)—nickel(III) oxidation reaction, the FE balance is validated, thus indirectly

confirming the previous mechanism [246].

Unfortunately, the formation of OCN™ and NO4 occurs to the detriment of Ny, thus
making the process less interesting from a sustainable point of view. To overcome this
issue, several attempts are very recently made to orient the mechanism towards N,

for example by electrode material functionalisation [245, 248|.
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The production of Hy estimated from Eq. V.4 is reported in Figure V.3-a, leading to a

-1

wea after 50 h of electrolysis. This means that, overall, the oxidation

value of 1.78 moly,.mol
of 1 mole of urea releases 3.5 electrons, instead of the 6 electrons expected for the generation
of 1 mole of Ny. Finally, in this section, the by-products of the synthetic UEO were identified

and quantified, demonstrating that less than 30% of the urea was converted into Ns.

V-1.1.b.i¢ Electrolysis of human urine

The industrial development of EC processes inevitably involves the trial phase with real
matrices. In this section, the UEO will be studied, with human urine previously alkalinized,

during chrono-amperometry electrolysis.

Effect of alkalinization
Urine was alkalinized by adding KOH pellets (until reaching pH = 14), and the effect

of this alkalinization on the concentration of the major compounds contained in urine was
examined. The results are shown in Table V.2.

Two phenomena can be noticed:

(1) The alkalinization of urine solutions results in the precipitation of a whitish solid
which has been characterized. Table V.1 presents ICP-OES analysis (experimental
details provided in Appendix G). Figure V.5 provides optical microscopy images.
Some of the mineral salts identified are whewellite (Ca(Cy0,),H5O) and struvite
(NH,;MgPO,,6 HyO) [249]. The ICP-OES analysis of the precipitate has confirmed
such trends by revealing that the elements Ca (7.3wt.%), Mg (16.0wt.%) and P

(3.8wt.%) are present in majority.

Elementary analyte Weight fraction (%)

Ca 7.3
Mg 16.0
K 5.3
Na 1.0
P 3.8
S 0.1

Table V.1 — Elementary composition of the precipitate formed when urine is alkalinized (ICP-OES
analysis).

(i) The degradation of organic matter (i.e., 7% decrease in TOC) caused by the alkalin-
ization of the biological solution leads to an increase in the concentrations of NHj
(+42%), oxalic acid (+23%) and the appearance of FA. Note that the formation of
low-molecular-weight organic acids (LMWOA), such as FA and OA, has been already

observed [250] during the alkalinization of water from a brown water lake.



Analyte

(mol L1 4 0.1)x10?

CO(NHy),  NOj

NO;  SOF POS CI' NH,” Na® Mg*" Ca?" FA OA

Before alkalinization 248.8 / 1.4 12.0 18,0 858 17.8 1043 4.0 3.0 /0.7
After alkalinization 233.6 / 1.3 114 15.1 829 253 104.3 / 28 16 09
Deviation (%) 17 / 17 15 116 13 142 = { 16 T 128
(gLt £0.1)
roc NS @ o ©o
Before alkalinization 7.1 3.0 / 0.017
After alkalinization 6.6 2.8 0.019 0.020
Deviation (%) 17 17 ) 117

Table V.2 — Effect of the alkalinization (pH = 6.2 and pH = 14 before and after alkalinization respectively) on the main compounds in urine. The deviation
values were calculated as the ratio of the difference between the concentrations before and after alkalinization by the concentration before alkalinization, namely as
Ci,bcforc alkalinization — Ci,aftcr alkalinization % 100

Ci,before alkalinization
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Fig. V.5 — a) Observation of a precipitate in a human urine sample (pH 6.2) formed after adding KOH pellets to reach pH 14 and b) optical microscope images of the
crystals obtained.
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Chronoamperometry results

Figure V.6 presents the results related to electrolysis at constant potential (0.55V wvs.
Hg/HgO) carried out with freshly excreted urine solution after alkalinization in undivided
Metrohm-type cell (described in Chapter II, section I1-1.1, Figure I1.2). Note that the
corresponding urea concentration in the urine was measured at 0.23mol L ! (equivalent to
42% of TOC measured), a value lower than the generally admitted urea concentration into
the urine (i.e., 0.33mol L 1).
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Fig. V.6 — Typical results obtained from chronoamperometric electrolysis of a human urine solution
in alkaline medium (1 mol L—! KOH): a) time profiles of the current density (dashed line corresponds
to urea synthetic solution, reported in Figure V.3) and the formed H, amount (inset: cell voltage),
b) temporal profiles of molar quantity of identified species, c¢) urea mass-balance and d) amount
proportions of identified substances in the urine.

Figure V.6-a presents the temporal variations of the current density during electrolysis of
both (i) urea synthetic (dashed line extracted from Figure V.3 and (%) human urine (solid
line) solutions. The initial current density value, after immediate polarization, is higher for
urine electrolysis (34 A m~2 with urea concentration of 0.23 mol 1) than for urea synthetic
solution (31 Am 2 with urea concentration of 0.33mol L 1), thus suggesting an EC activity
at the applied potential other than the one observed between urea and nickel(IIT)—nickel(II)
redox system. This additional activity could be direct or indirect, and would involve other
organic molecules present into urine, as already depicted for creatinine [251] or ascorbic/uric
acids and glucose [252|. Immediately after the start of urine electrolysis, the current density
decreases more rapidly over time than it does during urea synthetic electrolysis. However,
the same type of temporal variation was observed for both types of electrolysis. Figure

V.6-b presents the temporal variation of the molar quantity of the urea in the case of the
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urine electrolysis under the applied potential. The molar quantity reduces from 0.014 mol
to 0.010 mol after 50 h of electrolysis, resulting a low conversion. Table V.3 compares the
temporal trends, after 50 h of electrolysis, in terms of (i) urea conversion rate X (for urea
synthetic electrolysis in Figure V.3-b) and for urine electrolysis in Figure V.6-b) and (i)

current density i.

. Urea conversion rates Final current density
Electrolyzed solution )
(%) (Am ™)
Synthetic urea 80 0.19 x initial current density
Urine 20 0.07 x initial current density

Table V.3 — Comparison of conversion rates and current densities during chronoamperometric
electrolysis after 50h at 0.55V vs. Hg/HgO of (i) urea synthetic and (i) urine solutions.

From these results, several comments can be made:

(i) in the case of urine, the current decreases and the urea consumption remains low (X
< 20%);

(71) it cannot be ruled out that the degradation of urea might be induced by other oxidant
molecules (such as hypochlorite [253] possibly formed by oxidation of Cl™ naturally

present in human urine) produced by electro-oxidation;

(i17) the measured current results from the oxidation of both urea and other organic

molecules;

(iv) the species contained in urine seems to limit the UEO without inhibiting it. Indeed,
even if the measured currents remain significant, higher values could be expected
taking into account the urea residual concentrations. This would suggest a competition
between urea and other organic molecules present into the urine against the nickel

sites.

Figure V.6-b also presents the temporal variation of the molar amount of the products
detected during the urine electrolysis. The by-products (OCN ", NO,y, NHs, Ny) observed
during the UEO are still present (for more details, Appendix H provides raw data (molar
amount) of all the reactants and by-products present in the process against time and charge).
However, their quantities remain lower compared to the ones detected in the case of urea,
which is in agreement with the low urea conversion rates. Besides, supplementary products
are detected and in relatively significant quantities: typically, FA and OA achieve 0.016
and 0.02mol after 50h respectively. These quantities are higher than the initial molar
quantity observed into the urine, thus suggesting an electro-generation of these acids by
oxidation with another organic molecule. In particular, organic molecules (such as creatinine
C,H;N30, creatine C4;HgN30,, etc.) electro-oxidation could generate FA (HCOOH) and
OA (HOOCCOOH) with possible reactions described by {R V.40-R V.43}.
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C4H7N30(aq) + 13 NiOOH(S) + 7H20(1) 4HCOOH(aq) + 3/2N2(g) + 13 Ni(OH)Q(S)

{R V.40}

Y
C4HyN5O g + 17NIOOH ) + THyO ) ———= 2HOOCCOOH g + ¥ Nogg) + 17 Ni(OH) (e,
(R V.41}

Y3

C4H9N302(aq) + 13 NIOOH(S) + 6H20(1)

4HCOOH(aq) + 3/2N2(g) + 13 Ni(OH)Q(S)
{R V.42}

C4H9N302(aq) + 17 NiOOH(S) + GHQO(D 2HOOCCOOH(aq) + %Ng(g) + 17 Ni(OH)Q(S)

{R V.43}

where Y; could be a catalyst or complexing agent present in the matrix.

In order to gain a more precise understanding of the formation of these by-products, a
further representation has been provided in Figure V.6-c, where the mass balance of five
N by-products (including urea) is presented over the electrolysis time. On the y-axis, it
has been chosen to plot the ratio of the molar amount of compound i by the total molar
amount of nitrogenous compounds initially detected. Note that larger nitrogenous molecules
(creatinine, creatine, glycine, etc.) cannot be included, as they have not been titrated. The
N by-products monitored can be released by both UEO and electro-oxidation of the larger
molecules, thus explaining why the total molar ratio are greater than 100%. This result
indirectly demonstrates the electro-oxidation of molecules such as creatinine and creatine,
and /or the competition existing between UEO and the electro-oxidation of these molecules.
Some previous works have already pointed out this production, such as the formation of
cyanate from the oxidation of glycine [254] or the N4 generated by the oxidation of creatinine
[251, 255].

Figure V.6-d shows the molar distribution of the identified species present in the matrix.

The term ), n; represents the sum of the moles of the seven identified and quantified

Q
p—
g
I8

el
= 2
A o

compounds in the mixture (provided values in Appendix H). First, one can observed that
FA appears through simple alkalinization which could be due to chemical reactions involving
(i) urea or another organic compound and dissolved oxygen, or (ii) even another oxidant
molecules present into urine [256, 257]. The rise of temperature during the alkalinization
step could catalyze this reaction [258]. All these findings clearly demonstrates that the
matrix has a significant effect to orientate the products of the UEQO, typically to obtain
FA and OA instead of carbonate (as identified in the case of urea synthetic electrolysis).
Simultaneously to the electrolysis, 60 mL of alkalinized urine have been stored at room
temperature and the concentration of the various species monitored. For comparison’s
purposes, no degradation of organic matter is observed after alkalinization and without
applying potential in alkaline and neutral urine solutions (the amounts of initial and final
urea/FA /OA have been measured and remain constant). As also observed in Figure V.6-d,
nitrite accounts for 4mol.% of the total substance amount at the end of electrolysis, while it

represents 7mol.% in the case of urea synthetic solution (Appendix H). The same trends are
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observed for ammonia with 38mol.% being produced in the case of urea synthetic electrolysis
compared to 1.5mol.% for urine electrolysis (already present in the initial sample); and
cyanate where 4.3mol.% with urine vs. 15mol.% with urea were obtained at the end. The
presence of organic molecules other than urea can cause significant modifications of these
proportions. Indeed, these compounds can exhibit an electrocatalytic behavior against
nickel (FA [259], dopamine [260], glucose [261], etc.), and thus possibly presenting oxidative
behavior against the urea electro-generated adducts.

As a reminder, about 3,100 compounds have been identified in urine, according to
Bouatra et al. [58|. Figure V.7 (raw data provided in Appendix H) show the distribution
of the identified carbonaceous species compared with the measured TOC. The identified
carbonaceous molecules (urea, cyanate, FA, OA) represent only 43% of the total TOC before
alkalinization of urine. This confirms that urine contains significant quantities (57%) of
other carbon-containing molecules (such as creatinine, urobilin, etc.), not quantified in this

study.

OCO(NH,), OOCN- EFA CJOA ®TOC
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Fig. V.7 — Histogram of concentrations of identified carbon species and TOC measured during
electrolysis of a urine solution.

The reactions delineated in {R V.40-R V.43} involve the usage of nickel(III) sites between
13 and 17 times, corresponding to the exchange of 13 to 17 electrons. This results in the
release of approximately 3.3 to 4.3 electrons per mole of carbon, depending on the nature of
the products. For comparison, the hydrogen production occurring during the electrolysis
of urea synthetic involves 3.5 electrons for oxidizing one mole of carbon urea. This data
provides further evidence for the matrix effect: the presence of other organic molecules in
urine, such as creatinine and creatine, alters the urea degradation pathway established with
synthetic solution. The electro-oxidation of organic molecules, which involves such a high
number of electron exchanges, can be explained by the continuous electro-regeneration of
the active nickel(III) adsorption sites. In addition, the adsorption on nickel sites of higher
size organic molecules (such as creatinine [251]), limits the urea adsorption on these nickel

sites and consequently completely modifies the reaction pathway.

V-1.1.b.#i¢  Electrolysis of creatinine

The objective of this new set of experiments is to elucidate the EC behavior of creatinine.

For that, chrono-amperometry electrolysis of a creatinine solution was performed for 40 h
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in the undivided EC lab-cell (described in Chapter II, section I11-1.1, Figure I1.1-a), in
which a massive nickel electrode (18cm?, single face) was used and a potential of 0.55V
vs. Hg/HgO. The concentration of creatinine was chosen to be close to the maximal
physiological concentration (i.e., the maximal concentration encountered in human urine),
namely 0.013molL~!. The results (based on the monitoring of the liquid phase only) are
shown in Figure V.8.

0.003 400
a)
0.0025 - ” , [ 350
| > e 300 £
©
< 0.002 L 250 ;
iy 2
G 0.0015 F 200 5
5 ©
o L W
£ 0001 4 150 i
L 100 S
0.0005 -
F 50
0 ; T ; . . ; ; T 0
0 5 10 15 20 25 30 35 0 45
Time /h
b) 11l 3014
5 i )
s 1% Growing peaks:
> il 1-Unknown
2
5 ) 2-FA
] 3-NO;3
5 4-0CN-
5 5-0A
v
0 5 10 15 20 25 30 35 20
Time /min
C) o Creatinine O OCN- A NO3 oFA 0 OA
_ 0016
-
€ oorz ¢
£ o012 {
s
2
£ o008 ¢ 9 5
@
£
g 0.004 %
g A
= A
[-]
S 0.000 RRR— . —8 o ® : : —B
0 5 10 15 20 25 30 35 20 45
Time /h

Fig. V.8 — Results of chrono-amperometry of a creatinine solution (0.013 mol L) on nickel electrode
(18 cm?) in alkaline solution (KOH 1 mol L™1): temporal profiles of a) current intensity and charge
delivered, b) the anion chromatograms, and ¢) concentration of creatinine and identified products.

Figure V.8-a shows the temporal profile of the current during the electrolysis. Its shape
is atypical as describing first a rapid decrease, then an increase until reaching a plateau
(83 Am 2) and finally a slight decrease. At the end of the electrolysis, almost 350 C were
supplied to the system. The observed current corresponds to the oxidation of nickel(II) to
nickel(IIT). The creatinine oxidizes, probably by some indirect pathways since the I=f(E)
of creatinine does not show any additional peak other than nickel(II) oxidation (it will be
discussed later, in section V-1.2.b.i). Regarding the intensity profile, it seems that before

oxidation, the creatinine needs to be adsorbed on nickel electrode. The duration required
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to achieve the equilibrium state between adsorption and oxidation could then explain the
shape of the current curve.

In order to determine if creatinine was oxidized, the reaction medium was sampled over
time, and analyzed by IC. Figure V.8-b shows the results only on the anion side (no change
being observed on the cation side). It can be observed that the amount of 5 compounds
increases: (1) FA, (i) nitrite, (iii) cyanate, (iv) OA and (v) an unidentified molecule. The
creatinine signal measured by MS reveals a degradation of 67% at the end of electrolysis.

The temporal variations of both reagent and product concentrations in the bulk are
provided in Figure V.8-c¢ which confirms the degradation of creatinine under these pH
conditions and on nickel electrodes.

All these findings support the idea that:

(1) during the electrolysis of urine solution (as presented in the previous section), a
competition for accessing to active nickel(III) sites takes place between urea (the main
compound in urine) and creatinine (the second abundant compound in urine). To go
further, more investigations on the relative degradation rate for each molecule need to

be done;

(7i) the formation of oxalic and formic acids, observed during the electrolysis of urine (and

not with urea), could be induced by the creatinine electro-oxidation

V-1.1.b.iv Energy cost assessments

Since the electrolysis was performed in a divided cell, the sole cathodic reaction involved
was the reduction of water to Hy. As a consequence, the amount of Hy formed, ng, (mol),

corresponded to the one supplied by Eq. V.4.

ny, = 72“;2 (V.4)

where Qiotal represents the total charge supplied to the EC cell.
Qtotal Was calculated by integrating the current I(t) obtained at the applied potential of

0.55V wvs. Hg/HgO with time during chrono-amperometry measurements.

The energy consumption of the EC cell, denoted as Econsumed (Wh), was defined by Eq.
V.5.

t
Econsumed(t) = / I(t) X A[Ielec‘crolyser(t) x dt (V5)
0

where AUglectrolyser 18 the cell voltage (V).
The energy related to the produced Hs, denoted as Ecq. 1, produced and expressed in Wh,
could be calculated using Eq. V.6.

Eeq. Hs produced =— VHQ, produced X PHy X /\H2 (V6)

where Vi,, produced Was the total amount of Hy formed during electrolysis (L), An, the Hy
gravimetric energy density (kWh kgﬁ;) and pp, the volumetric density of hydrogen in STP
conditions which was evaluated at 8.4 x 10 °kg L1 [262]. At 25°C and under atmospheric
pressure, A\p, is reported equal to 33.33 kWh kgﬁ; [263] and represents an estimate of the

energy that would be produced for a complete Hy combustion.
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In order to estimate the overall energy consumption of the process, the actual consump-
tion, AE (Wh), was then expressed according to Eq. V.7.

AE = Econsumed - Eeq. Hs produced (V7)

The energy consumption of electrolysis is here compared with (i) urea synthetic and (i)

urine.
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Fig. V.9 — Energy data corresponding to the EC-cell consumption, the equivalent energy resulting
from Hy production, and the deviation between the consumption and the added-value energy during
the UEO in the case of a) urea synthetic and b) urine electrolyses.

For urea synthetic electrolysis, Figure V.9-a shows that after 50 h of electrolysis, the
UEO process consumes 34 kWh of electricity to produce 1kg of Hy. This value is in the
same order of magnitude as the one reported by Boggs et al. [20] in 2009 (38 kWh kgﬁ;)
who carried out chronoamperometric measurements under severe conditions of alkalinity (at
1.4V vs. Hg/HgO and 5mol L' KOH).

In the case of urine electrolysis (Figure V.9-b), as time progresses, the energy consumed
by the system increases until reaching 2.9 Wh. Similar to the energy consumption, the
energy equivalent of Hy increases in the same manner up to 1.6 Wh, resulting in an energy
differential (AE) of 1.3 Wh. Given the total amount of H, formed during electrolysis (i.e.,
2.34 x 102 mol, Figure V.6-a, vs. 2.80 x 1072 mol, Figure V.3-a in the case of urea synthetic
solution), the energy consumption for urine treatment is 28 kWh kgﬁ;, and thus reduced by
18% when compared to the electrolysis of urea (34 kWh kgﬁ;). However, this consumption
remains almost 30% lower than the one required to obtain the same amount of Hy from

water electrolysis [264], assuming identical levels of purity and electrolyte alkalinity.

This energy comparison needs to be taken further, in order to improve the comparability
by investigating under more similar industrial conditions (in terms of current density in

particular).
V-1.2 Linear voltammetry experiments as a tool to better understand
the matrix effect during the electro-oxidation of human urine

As discussed in the previous section, the EC response of human urine is significantly

different from that obtained with urea, which is not surprising with respect the complexity
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of the real matrix. In the present section, linear voltammetry experiments will be carried
out so as to provide more information of the processes occurring during electro-oxidation of

human urine. This exploratory study will be structured into 3 parts which objectives are:

(1) to highlight the phenomenon of urea hydrolysis in urine; for that, the I=f(E) curves

will be plotted after different sampling periods and under various storage conditions;

(ii) to evaluate the influence of the matrix effect on the EC response; for that, the I=f(E)
curves will be plotted at various concentrations of the main compounds contained in

urine (as presented in Chapter I, section I-1.3, Figure 1.5) using the spiking’s method,

(71i) to determine the partial kinetic order of urea for the chemical reaction between NIOOH
and urea in the case of a real matrix and comparing it with the case of urea synthetic
solutions (Chapter IV); for that, the I=f(E) curves will be plotted at low potential

scan rates.

V-1.2.a Electrochemical behavior of urine stabilized by alkalinization

Figure V.10 shows typical linear voltammetric curves obtained with an urine solution,
freshly excreted and alkalized at pH = 14 (equivalent to a KOH concentration of 1mol L1).
It was obtained on nickel RDE, at 10mV s~ ! and 1000 RPM (see section II-1.1 in Chapter
II for EC set-up).

Urine/KOH
N 300
S ]
< 250
~
>,200 .
&=
2 150 -
(7]
2100 A
il
c
g 50 -
=
O o e
-0.2 0 1
Potential /V

Fig. V.10 — Linear voltammetry of a freshly excreted human urine immediately alkalinized (KOH
I1molL !, unknown urea concentration, solid line), KOH solution (1 molL !, dotted line) and
urea solution 0.33 mol L1 alkalinized with KOH (1 mol L !, dashed line), all obtained at vyeq, =
10mVs 1t

Two plateau can be observed:

(i) a first anodic signal occurs at —0.1V vs. Hg/HgO, exhibiting a plateau (~ 25 A m~2)
in the potential range between -0.05 and 0.45 V. This wave is not observed in the case
of urea synthetic solutions, while, it is observed for the different human urine samples.
However, considering the fact that oxidation begins at low (i.e., —0.1 V) potentials,
this would orient towards easily oxidative compounds, such as thiol type molecules
known to be present in urine (see Appendix A). To go ahead, additional investigation

is required to fully validate this assumption.



V-1. EC treatment of real matrix at lab-scale 147

(ii) a second oxidation signal is observed at 0.55V wvs. Hg/HgO, and presents a plateau
(~ 100 Am 2) as already observed with urea synthetic solutions, and is attributed to
the oxidation peak of nickel(IT) to nickel(III). Note that the potential of this wave

appears to be independent of the “urine” matrix.

To investigate the stability of urine samples and thus the urea hydrolysis (as discussed
in Chapter I, section I-1.3, Table 1.2), the curves I=f(E) have been plotted over several

days by implementing two situations for the same batch of urine:

Case (i): a part of the urine sample is alkalinized on the first day of the study, and the

[={(E) curves are plotted with the same sample after several days’ storage;

Case (ii): the other part of this urine sample is stored at room temperature, and each day

an aliquot is undertaken, alkalinized and analyzed.

Figure V.11 shows the I=f(E) curves plotted with urine solutions alkalinized at different
ages, expecting to study the urea hydrolysis kinetics in urine. As shown in Figure V.11-a,
the first oxidation signal (—0.1V wvs. Hg/HgO) remains unaffected over time, while the
anodic signal attributed to the nickel(II) oxidation decreases over time.

Figure V.11-b reports the temporal variation of the ratio of the net current to the initial

net current (Eq. V.8).

Liet =1 = 06 v) = LE = 04 v) (V.8)
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Fig. V.11 — Investigations of the stability of urine samples: a) linear voltammetries of a urine
solution at different times after excretion (alkalinized day-after-day, KOH 1mol L1, case (ii)) and
b) temporal variation of the ratio of the net current to the net initial current (observed at 0.55V wvs.
Hg/HgO) obtained from urine solutions alkalinized initially (case (i)) or day-after-day (case (%i)).

These results enable to conclude that:

(i) the nickel(IT) oxidation current decreases with time in both cases. The urea is
hydrolyzed, according to reaction {R V.44}, and its concentration decreases (as
presented in Chapter II, section I-1.3). As this nickel(II) oxidation is catalyzed by

the presence of urea, the current magnitude logically falls down.
CO(NH2)2(aq) + H2O(1) > 2NH3(g) + CO2(g) {R V.44}

(71) an equilibrium state seems to be reached. The observed normalised current (~ 75%

for case (1) and ~60% for case (ii)) remains unchanged after 2 days of urine storage.

(777) the hydrolysis kinetics of urea seems to be affected by alkalinity conditions. Indeed,
the decrease in current is more rapid and more important when urine is stored at
neutral pH (~ -40%) than at pH = 14 (~ -25%). Indeed, when the solution is stored
at pH 14, the equilibrium of the {R V.44} is shifted to the indirect way of Eq. R V.44,
limiting its degradation. It can be seen that the plateau value when urine is stored at
pH 14 is higher (-25%) than in the neutral case (-40%).

These findings point out that the alkalinity of the solution enables to slightly slow down
the urea hydrolysis.
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V-1.2.b Voltammetric response of different matrices spiked by each one of the

most concentrated compounds in urine

The previous section (V-1.1) have shown how the presence of molecules other than urea
in urine could have a strong impact on the UEO process. To deeply understand this matrix
effect, various linear voltammetry experiments will be carried out by spiking three different
matrices: KOH, urea/KOH and urine/KOH. As a first approach, a focus has been made on
the most concentrated compounds present in urine and on the ones formed especially during

the urine electrolysis (i.e., FA and OA). As a result, the solution spiking will involve:

e Either organic molecules: creatinine (C,H;N30), hippuric acid (CgHgNO3), creatine
(C4H9N302), histidine (C6H9N302), OA (02H204) and FA (CH202),

e Or ion compounds: phosphate (PO, sulfate (SO5 ), chloride (C17) and ammonia
(NH;).

Appendix I shows all the curves I=f(E) measured, namely for each matrix, each the
nature of the doped compound and each concentration after doping.

All these I=f(E) curves exhibit an EC behavior. However, to validate a certain elec-
troactivity, electrolyses with significant conversion is required. Between the examined

compounds:

e hippuric acid, sulfate and phosphate do not seem to significantly affect the nickel(III) /nickel(II)

signal. Indeed, the current remains constant whatever the added concentrations.

e creatine, creatinine and histidine seem to react with the NiOOH; indeed the corre-
sponding signal increases as a function of the added concentration. However, this
effect appears to be enhanced in the case of urea/KOH matrix. For urine, except the
creatinine, the two other compounds do not influence the nickel(II) signal. Doping
the urine/KOH matrix by histidine impacts the current magnitude which decreases as

function of the added concentration.

Figure V.12 summarises these results by reporting the ratio of the net current magnitude
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Fig. V.12 — Summary of the curves I={(E) obtained by linear voltammetry plot when spiking
various major compounds in urine in the cases of matrix: a) KOH, b) urea/KOH and c) urine/KOH.

Different conclusions can be drawn depending on the matrices studied and the concen-
trations (chosen to be close to physiological concentrations present in urine), as discussed in

the following sub-sections.
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V-1.2.b.27 KOH matrix

In this case, the oxidation of nickel(II) to nickel(III) takes place without catalysis and
continuous regeneration of nickel(II) by the chemical reaction with urea. If the ratio increases,

nickel(IT) oxidation is exacerbated following two possible ways:
1. by chemical reaction between NiIOOH and the added species;

2. by direct oxidation of the species added at the same potential than the oxidation of
nickel(II).

From the graph V.12-a, the main effect is observed with the creatine (C,HqN30,) since
the signal is multiplied by 4 when 0.05 mol L~! creatine is added. Indeed, the magnitude
of the current oxidation of nickel(II) over the creatine concentration increases, but not
linearly, thus excluding the direct oxidation of creatine. For creatine concentration higher
than 0.05mol L ™!, the current stabilizes, meaning that the kinetic rates, r; is rapid and the

forward direction of ry is major. The limitation comes from rs, as shown in {R V.45-R V.47}

r

Ni(OH)y(q) + OH (5 —= NiOOH + ¢ (R V.45)
T

C4HoN3Os(aq) + NIOOHy) ~—— [C4HgN30,- NiOOH] 44 (R V.46}
T

[C,HN5Oy - NiOOH]ygs ——— Products (R V.47)

The effect of the concentrations of the other compounds appears minor, except probably
for histidine (~ + 0.03V) and creatinine (~ + 0.02V) which seem to poison the electrode,

as the nickel(II) oxidation potential increases over the concentration.

The curves obtained with various concentrations of histidine (Appendix I, Figure. 1.1)
are represented in Figure V.13-a in a potential scale going to the anodic direction until 2 V
vs. Hg/HgO. The goal is to get a better understanding of the observed shift of the potential
of both signals (i.e., nickel(II) and OH™ oxidation reactions) to the anodic direction as a
function of the increased concentration of histidine. The inset shows the nickel(II) oxidation

signal.
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Fig. V.13 — a) Linear voltammogram obtained on nickel RDE (3.14 x 10 ®m?) at 10mVs ! of
KOH (1molL 1) solution, b) linear voltammograms obtained on nickel RDE (3.14 x 10-%m?) at
10mV s~ ! when doping a KOH solution (1 mol L 1) with histidine between 0.001 and 0.05mol L *
and c¢) determination of the affinity adsorption of histidine on nickel sites.

Nickel(II) oxidation is affected by histidine concentration as the potential of the beginning
of the nickel(II) oxidation increases with the concentration of the added histidine. This
confirms an adsorption of histidine on nickel(II) and the consequent blocking of the nickel
sites. As a result, the access of OH  to nickel(II) is forbidden and requires more energy.
Besides the amount of charge of the nickel(II) oxidation signal decreases with histidine
concentration (-30% between the signal before doping and doping at 0.05mol L 1).

For potentials higher than 0.6/0.7V, the oxidation of the solvent occurs following the
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reaction {R V.48}.
4OH7(aq) — OQ(g) +4e + QHQO(I) {R V.48}

Curve @ (Figure V.13-a) is the signal, exponentially shaped, obtained without any
doping of the KOH solution. For very high over-voltage (Eanode >2V), the curve tends
to become horizontal (i.e., to exhibit a diffusion limited plateau). This means that for
potentials higher than 2V, the interfacial concentration of OH™ reaches zero and the new
additional reaction occurring is the water oxidation as in the reaction {R V.49}. This also

induces the acidification of the electrode.
2Hy0() — Oy +4e +4H (5 {R V.49}

In Figure V.13-b, one can note that the corresponding part of the water oxidation does not
appear in curve @ and @; but it is clearly observable for curves ® to ®.

Curves @ to ® have been obtained in presence of histidine by increasing its concentration
from 1 to 50 mmol L—!. They show that both the observed plateau current magnitude and

the potential of the OH™ oxidation signal decrease.

The next part expects to determine if the histidine (CgHgN305) adsorption could be
modeled by the Langmuir model, assuming the following reaction {R V.50}.

kads
C6H9N302(aq) —+ NIOOH(S) ‘k—’ [C6H9N302 . NlOOH]adS {R V50}

des
As detailed in Appendix J, the following relationship can be established as Eq. V.9:

1 1

Al P KX x [Histidine]

(V.9)

where Al is the difference in the oxidation currents of hydroxide ions in the presence of
histidine and in its absence (A), I° is the limiting current in absence of histidine (A) and K
is the equilibrium constant of the adsorption of {R V.50} between histidine and nickel sites

(K = Kadgs/kqdes, dimensionless).

Figure V.13-b shows the variation of the inverse of the current difference as a function of
the inverse of the histidine concentration. A good agreement is found (correlation coefficient
0.99), validating the Langmuir-modeled adsorption of histidine onto nickel sites. The
y-intercept of the straight line (equal to 1/I°, Eq. V.9), enables to determine the mass
transfer coefficient of the hydroxide ions (in the case of 1mol L ! and a anode surface area
of 3.14mm?), as highlighted in Eq. V.10. It is found equal to 8.4 x 10 > ms 1.

1
kon- = (V.10)
Yintercept X Ile X F x [OH_] X S X 1

j—

Assuming a diffusion coefficient of 5.3 x 107 m?s ™! for hydroxide ions [265] and a
transport number tog- equal to 0.75, a diffusion layer of 65 pm is obtained, which is in

agreement with usual values.

Q
p—
g
I8

el
= 2
A o




()
=+
c
==
D
)

o[edss-1o[1d

154 CHAPTER V. Pilot scale

Having determined the kgy- coefficient, the histidine adsorption equilibrium constant,

K, can be deduced and found equal to 0.22, meaning a low affinity of histidine against nickel.

V-1.2.b.is Urea/KOH matrix

In the case of this matrix, remember that urea catalyzes the oxidation of nickel(II) to
nickel(III) by chemical reaction. A matrix effect is undeniably observed. Compared with
the previous section (KOH matrix, V-1.2.b.i), the presence of organic molecules reduces the
nickel(II) oxidation signal. Competition is created with other molecules for the nickel(III)
sites available to urea. From the Figure V.12-b, it appears that increasing the concentration
of creatinine, creatine, histidine and hippuric acid, makes decreasing the current of the
nickel(II) oxidation signal. The decrease is strongly pronounced in the case of histidine and

creatinine, but when considering the one at physiological concentrations.

(i) creatine decreases the signal by 40% (maximum physiological concentration of 2 x 102
mol L1);

(ii) creatinine decreases the signal by 80% (maximum physiological concentration 3 x 103
mol L 1);

(ii3) histidine decreases the signal by 85% (maximum physiological concentration 2 x 103
mol L 1).

This common behavior could translate a competitive adsorption on nickel(III) sites with
the urea. Decreasing the amount of urea adsorbed leads to a decrease in the rate of the
urea/nickel(I1T) reaction, and consequently the nickel(IIT) amount density 'y (molm2)
implying the current. This can be highlighted by comparing the current observed after the
maximum concentration spiking (all at 50 mmol L 1) in Eq. V.11 (reported in the table of
Figure V.12).

Ipa > Ioa 2> IHippuric acid = ICreatine = ICreatinine ~ IHistidine (Vll)

From this, one can deduce the order of the adsorption affinity of these adducts against the
nickel(III) can be deduced as follows:

Creatinine ~ Histidine > Creatine > Hippuric acid > OA > FA (V.12)

V-1.2.b.%¢ Urine/KOH matrix

In order to come as close as possible to the actual conditions under which UEO occurs
in urine, the compounds have also been spiked in this urine/KOH matrix.

The effect of the various compounds added into an alkalinized solution of urine, on the
current of the nickel(II) oxidation signal is presented in Figure V.12-c. Compared to the
effect previously observed (sections V-1.2.b.7 and V-1.2.b.i1), the effect seems here minor
(< 30% of decrease of the current for creatinine, compared to 80% in the case of urea/KOH
matrix). As previously observed, only three compounds (creatinine, histidine and hippuric

acid) exhibit a negative effect on the current.
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Note that the histidine (Appendix I, Figure 1.3) seems to affect also the signal of the
solvent oxidation. As previously, all the observed effects could be explained by an adsorption
of the corresponding species onto the NiOOH sites and the subsequent poisoning of the
electrode against, at the least urea oxidation. Quantitative analysis of these results needs

more investigation.

This study provided clear evidence of the effect of the matrix on nickel(II) oxidation
in alkaline media, and above all of the competition in the chemical reaction between

urea/OH" /nickel(III) and the other compounds present in urine.

V-1.2.c Matrix effect illustrated by means of kinetic study

In this last sub-section, the UEO kinetics will be carried out with urine matrix expecting
to determine the partial order of urea (for the chemical reaction urea/OH /NiOOH). By
comparing with the value obtained with urea/KOH matrix (see Chapter IV, section 1V-3.2),

one can expect to evidence eventual effect of the urine matrix.

The urea partial order was determined by plotting I"*=f(E) curves at very low scan
rates (0.83mV s 1) with various concentrations of the (added) urea into urine. The net

current was calculated as Eq. V.13.

" =1g —057 v — Ig =040 v (V.13)

As indicated in the Chapter IV (i.e., section IV-3.2 in Figure IV.10), operating in this
way avoids limitation of the rate of the chemical reaction by the oxidation of nickel(II) to
nickel(III).
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Fig. V.14 — a) I=f(E) curves plotted at low potential scan rate (0.83mV s !) and b) logarithmic
variation of the nickel(II) oxidation net current against the urea (added) concentration at low
potential scan rates.

A straight line is obtained when plotting the logarithmic variation of the nickel(II)
oxidation current against the urea (added) concentration.

As demonstrated earlier (section, Chapter IV, section 1V-3.2), the slope of this straight
line is directly related to the value of the urea partial order. As a reminder, a value of 0.3
was obtained in a urea/KOH matrix. In the case of the urine matrix, the partial order of
urea is found equal to 0.1. This low value can be explained by the low dependence of the
nickel(IT) oxidation current by the urea concentration ; indeed as discussed in the section
V-1.2.b.ii, there is competition between the adsorption and also the indirect oxidation of

both creatinine and urea.
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V-2 From the lab-scale scale to the pilot-scale

This section is devoted to the transfer of the UEO process from lab-scale cells (Chapters
III-IV) to the pilot-scale reactor. For reminder, the latter of 1L in volume has a cylindrical
vertical geometry in which a nickel anode in the form of a wound grid and a central tubular
cathode made of 316 L stainless steel were inserted. It operates under multi-pass mode: the
reaction medium continuously circulates according to a closed recycling loop between the
reactor and the storage tank. The details of the reactor are given in Chapter II (section
1I-1.2) and in Appendix C.

The present section will be composed of 4 parts aiming at:

(i) implementing and discussing complete mass balances (in both liquid and gaseous
phases) during the whole course of the UEO process in presence of urea synthetic

solutions,

(ii) studying the influence of operating parameters on the UEO performances in presence

of urea synthetic solutions;

(i1i) establishing the proof of concept for pilot-scale electrolysis in presence of human urine

solution;

(iv) proposing a brief comparison of the energy performances of the UEO process.

V-2.1 Complete mass balances during the course of the urea electrolysis

at pilot-scale

This section focuses on the performance of a potentiostatic electrolysis of an urea solution
(0.55V vs. Hg/HgO, where a plateau is observed during nickel(II) oxidation coupled to the
UEO).

The electrolysis was carried out using the undivided configuration described in section II-
1.2. Periodically aliquots (~ 1.5 cm?) were undertaken and analyzed following the analytical

methods described in Chapter II. All obtained results are indicated in Figure V.15.
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Fig. V.15 — Results obtained during potentiostatic electrolysis at pilot-scale (described in section
I1-1.2) of a urea synthetic solution (0.33molL ') in alkaline medium (1molL ' KOH) (anode
surface of 734 cm? equivalent of 2 cylinder variations, 30kgh™! ~ 29Lh~! ~ Re = 155 ~ reactor
residence time Tyeactor Of 1168, undivided configuration, 1L): a) current density and the amount of
formed H, (solid line: measured by GC, dashed line: theoretical amount)(inset: cell voltage), b)
temporal profiles of molar quantity of identified N-species, and c¢) N-mass balance.

Figure V.15-a indicates both the recorded current (black curve) and the H, produced
volume (red curve, in STP conditions) over time. The current seems to decrease exponentially
although that the curve exhibits some distortions. The initial value (0.25A, equal to
3.41 Am 2) is relatively low and decrease 5 times in 70 h, possibly due to poisoning of the
nickel.

Figure V.15-b introduces the time-dependent amount for the main analyzed compounds
(urea, OCN™, NO,, NH," and N,). The rate of urea degradation reaches 28% after 70 h.

Assuming that only urea is oxidized at the anode (which is wrong considering that
H, can also oxidize), one can conclude that at the end of electrolysis, the magnitude of
the current should be equal to 75% of the initially observed current. That is not the case
because the magnitude of the current decrease 5 times, suggesting a certain deactivation of
the nickel electrode.

Besides, because the absence of separator, a fraction of the dissolved H, can move to
the anode and undergo subsequent oxidation, thus contributing to increase the current

magnitude. This can be demonstrated by comparing:
(1) the actual quantity produced Vi, real, determined by GC;

(ii) the quantity, Vi, theoretical, €stimated from the charge considering that no Hy oxidation
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is present according to Eq. V.14.

Charge Q "

22.4 V.14
ne X F ( )

VH2 , theoretical =

where n, is the number of electrons exchanged (dimensionless, 2 in the case of 2 HyO
+2e — Hy +20OH)

At the end of electrolysis, a 10% difference is observed between the volume of hydro-
gen measured by GC (Vh,, real) and the volume theoretically formed without oxidation
(VH,, theoretical). This last result confirms the occurence of either hydrogen oxidation at the
anode or by-products reduction at the cathode at the expense of Hy (such as NO4 , observed
in the Chapter III, section I1I-3.2).

The cell voltage is indicated in the inset of Figure V.15-a. The slight decrease in cell
voltage (from 1.8V down to 1.73V, already observed at lab-scale) is ascribed to the decrease

of both cathodic over-voltage and ohmic drop.

Figure V.15-b outlines the time-dependent profiles of mole number for identified N-species.
The degradation of urea reaches 25%, primarily resulting in NH3 (accounting for 13mol.%
at the end of the electrolysis, appearing as NH," in IC analysis) Cyanate is also signif-
icantly (~10mol.%) present. Note that the Ny gas and NO, are present as traces (<5mol.%).

Figure V.15-c introduces, for the first time, a complete mass balance of the N-species
generated in both liquid and gas phases. Regardless of the electrolysis duration, the predom-
inant (> 97%) N-compounds created during electrolysis at pilot-scale are OCN ", NO,, NHg,

and N,. This further confirms the lab-scale results presented in the previous section V-1.1.

As previously explained in the same section V-1.1, the mass balance of the C-species
(specifically CO(NH,)y, OCN ', and COZ") is also corroborated (exceeding 97% and not

shown here).

In conclusion, this section identified and measured the by-products of the synthetic
UEO at pilot-scale for the first time. All these results confirm those obtained previously at

lab-scale, since the trends remain identical.

V-2.2 Effect of some key operating parameters on the urea synthetic
solution electrolyses at pilot-scale

In this section, the impact on the UEO performances of three operating parameters will

be investigated by carrying out urea potentiostatic electrolyses, namely:
(i) the anode surface area;
(ii) the circulating flow rate of the urea solution into the undivided reactor;

(#7i) the applied potential.
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V-2.2.a Influence of the surface of the nickel grid anode

Figure V.16 shows the results of two potentiostatic electrolyses with two different anode
surfaces: (i) 734 cm? (2 cylinder variations of nickel grid in the reactor, S/V = 78 m~!) and
(ii) 1,101 cm? (3 cylinder variations, S/V = 117m™1!).

a) PR 12 revolutions 13 revolutions b) VHZ, 2revolutions — VHZ, 3revolutions
1000 © NCO(NH,),, 2 revolutions B Nco(NH,),, 3 revolutions
4 onO - 0.30
800 - ®ae
. : ;
O———»
< 600 <, B F020 &
< S 3
— 400 - > 2 :
S
- 0.10 &
200 A T -
le——
0 T T T 0 T T T 0.00
0 20 40 60 80 0 10 20 30 40
Time /h Supplied charge /kC

Fig. V.16 — Results of the potentiostatic electrolyses of a urea synthetic solution (0.33molL 1) in
alkaline medium (1 molL~* KOH) carried out at pilot-scale (30 kg L !, undivided electrolyser, 1L)
for two different anodic surface area: a) the time profile of the current and b) the volume of the
produced H, and the molar amount of unconverted urea during electrolysis.

Some conclusions can be drawn:

(i) in Figure V.16-a, when the surface is multiplied by 1.5, the initial current goes from
0.23 A (734cm?) to 0.96 A (1.101 cm?) and is therefore multiplied by approximately
4. Tt could be explained by (i) an experimental bias (electrode surface), (ii) a
stochiometric ratio in favor of nickel(IIT) and (7i) the chemical kinetic rate law. This
would be consistent with the partial order of nickel(III) determined in Chapter IV
(value of 5, section 1V-3.2). Indeed, the chemical rate is not a linear function of the

nickel site surface concentration, but proportional to Fi:’H.

(ii) Figure V.16-b confirms that the variation of the volume of H, formed during electrolysis
as a function of charge is not affected by the electrolysis surface. The time over which
hydrogen is formed is shortened with a larger electrode surface area (3L, in 71h vs.
4Ly, in 20h).

(#77) in Figure V.16-b, the variation of the degraded urea number with the delivered charge
does not exhibit any influence with the anode surface. However, the rate of urea
degradation is accentuated with larger electrode surface area (—0.08 molyes in 71h
vs. —0.14 molyreq in 20 h).

(iv) The nature of the by-products is found to remain identical whatever the anode surface,

as well as their proportions according to the charge delivered (data not presented
here).

V-2.2.b Influence of the flow rate

Figure V.17 shows the temporal variation of the current magnitude measured during
potentiostatic electrolyses carried out with two different flow rates: (i) 30kgh™! (i.e.,
29Lh~!) and (ii) 60kgh~! (i.e., 58 Lh~1) .
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Fig. V.17 — Results of the potentiostatic electrolyses of a urea synthetic solution (0.33molL 1) in
alkaline medium (1 molL ! KOH) carried out at pilot-scale (3 revolutions or 1101 cm?, undivided
electrolyser, 1 L) for two different flow rates: temporal profiles of the current.

When the flow rate is multiplied by 2, the current is increased by 20%. The decaying
profile is practically identical in both situations and does not seem to be affected by the
flow rate.

In view of values of the Reynolds number presented in Chapter II (e.g., < 300), the flow
regime in the reactor is laminar, thus meaning than a possible limitation by mass transfer
could exists, even when operating under multi-pass mode. For technical limitations (pump),

it was unfortunately not possible to implement higher flow rates.

Concerning the formation of UEO by-products or urea degradation, no change was

observed between both flow rates, consequently analytical results were not presented.

V-2.2.c Influence of the applied potential

Figure V.18 shows the results of potentiostatic electrolyses performed at three different
applied potentials: (i) 0.45V, (%) 0.55V and (iii) 0.65V (vs. Hg/HgO). One can refer to
I=f(E) curve reported in section I11-2.1, page 73, to get an idea of the potential ranges.
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Fig. V.18 — Results of the potentiostatic electrolyses of a urea synthetic solution (0.33mol L 1)
in alkaline medium (1mol L' KOH) carried out at pilot-scale (1,101 cm?, 60kgh !, undivided
electrolyser, 1 L) for three different applied potentials: the time profiles a) the current, b) urea molar
amount, ¢) NOy molar amount and d) Ny amount during electrolysis.

Various conclusions can be drawn from these results:

(i) In general, the initial current magnitude increases as the applied potential increases
(0.04 A at 0.45V, 1.09 A at 0.55V and 4.10 A at 0.65V) as illustrated in V.18-a. At
0.55V, the nickel(II) oxidation plateau is reached. At 0.65 V, the solvent oxidation

Iplateau
2

zone is started, while at 0.45V, the intensity is well below . The decrease in

intensity is not identical in each case, and intensity is more unstable at high potentials.

(i) The urea degradation profiles are shown in Figure V.18-b as a function of delivered
charge and electrolysis time. The graph on the left shows that the urea degradation
is not affected by the applied potential against the supplied charge. The residual

molar amount of urea decreases as the supplied charge increases. Increasing the
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applied potential causes, at identical electrolysis duration, an increase of the current

magnitude, thus implying also an increase of the urea conversion as indicated in the

Table V 4.
Applied potential E Electrolysis duration Urea conversion Current decrease Iimg::;}le"d
(V) (h) (%, Figure V.18-b, right) (%, Figure V.18-a)
0.45 24 3 87
0.55 23 29 59
0.65 22 56 68

Table V.4 — Influence of the potential applied during electrolysis on urea conversion and current.

However, comparing the current decrease to the urea conversion evidences strong
discrepancies, since the current appears to decrease more rapidly (a similar behavior

to the one observed in section V-2.1)

(i4i) The influence of applied potential on the molar amount of nitrite is also investigated.
In NO5 and Ny, the N-oxidation state is +I1II and 0, respectively. In previous Chapter
IV (section IV-4), a mechanism of the UEO was proposed in which both NO, and N,
were produced by two different ways. This is confirmed here with the variation of the
applied potential. Indeed, from the Figure V.18-c, one can compare the molar amount
of nitrite produced. Increasing the applied potential seems to favor the NO, -formation
(Figure V.18-d). As presented in the Table V.5, the applied potential significantly

influences the molar ratio of electro-generated Ny and NO, .

Applied potential E Electrolysis duration NO5 molar amount N, molar amount Nyo-

(V) (h) (mmol, Figure V.18-c) (mmol, Figure V.18-d) "Nz
0.45 0.73 2.50 0.30
0.55 23 32.00 10.00 3.2
0.65 30.00 6.00 5.0 o
Delivered charge Té -
(kC) :é é
0.45 0.71 2.20 0.3 ’n: 4(77;
0.55 1 1.30 0.30 4.3
0.65 0.60 0.07 8.6

Table V.5 — Influence of the potential applied during electrolysis on NO, and N, formations.

These results are similar to those obtained at lab-scale by Tatarchuk et al. [146] for
both NO, and N,. Note that nitrate formation was also observed in their work at
potentials higher than 0.77V vs. Hg/HgO. This range of potential values has not been
investigated in this Chapter, but will be the subject of further investigation.

Finally, to maximize the reactor’s performance from an industrial point of view (decrease
operation time), we need to increase the anode surface area and increase the flow rate.

Consequently in order to maximize the current, the urea conversion and the N, molar
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amount at the expense of the NO,, the applied potential appears as the key parameter to

orientate N-compound formation mechanism.

V-2.3 Human urine electrolysis at pilot-scale

This section compares the results obtained from pilot-scale electrolysis of real urine
solutions with those obtained at lab-scale scale (section V-1.1.b.i7).

Figure V.19 illustrates results obtained during chrono-amperometry electrolysis at 0.55V
vs. Hg/HgO on freshly excreted urine that has been alkalized.

Note that the corresponding urea concentration in the urine was determined to be
0.22mol L~ ! (which is equal to 30% of the initial measured TOC), a value that is lower

than the commonly accepted urea concentration in urine (i.e., 0.33 mol L 1).



V-2. From the lab-scale scale to the pilot-scale 165

a) 12 4 b) s
- 3 6
0.8
< © o — ;k‘)
= F2 > D 4 ]
Gl ()
=3
0.4 - - e
20 L1
2 -
0 T 0
0 T T
0 10 20 30 0 10 20 30
Time /h Time /h
Q) ©CO(NH,), © Creatinine d) OocN- ©NO; ANHf %N, OFA ¢O0A
0.25 0.016 005
s = 6
020 {1 ¢ 9 0.04 {
F 0012 — _
=] <}
S 015 G E| E o0 i
3 .\i - 0008 & 2 §
~ £ El
A 010 A ~. 5 g 0.02
z . T 5 :E 3 % ?
T - =
S 005 % oo 0011z o 1
3 a
0.00 . . 0.000 000 B2 2 . ?—i
0 10 20 30 0 10 20 30
Time /h Time /h
e)
Solid film
deposition in
the reactor
Color gradient of samples taken during
EC treatment of urine
Presence of surfactant in the effluent to
be treated, generating foam

Fig. V.19 — Results of the potentiostatic (0.55V vs. Hg/HgO) electrolyses of a human urine
solution (urea concentration of 0.22mol L ') in alkaline medium (1 molL~! KOH) carried out at
pilot-scale (1,101 cm?, 60 kgh !, undivided electrolyser, 1L): temporal profiles of a) the current
density and the formed Hy amount (inset: cell voltage), b) TOC amount, c¢) urea and creatinine
molar amount, d) molar amount of identified generated products and some illustrations are given in
e) related to the foam formed, the coloring of the samples and the deposit formed, all observed at
the end of electrolysis.

Figure V.19-a presents the time-based variation in current during the electrolysis of a
human urine solution. The initial current value is relatively high (1.1 A) but drops drastically
immediately after polarization (-0.9 A in 1h). This highlights a stabilization time for the
system (typically the electrode surface state), before stabilizing at around 0.3 A. After that,
the current variation exhibits an exponential decreases. Concerning the H, variation, the
same conclusion than for urea synthetic solution (section V-2.1) can be drawn. Dissolved
H, molecules diffuse towards the anode and oxidize into water, thus causing a decrease of

the faradic efficiency and a possible reduction of molecules at the cathode.
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Figure V.19-b reports the temporal variation of the TOC. A slight decrease (~ 3%) was
observed after 24 h of electrolysis, although more than 30 kC was supplied to the system.
This means that oxidation of organic molecules occurs but there is no mineralisation (i.e.,
the oxidation does not generate COy/ 00327). This fact is also confirmed by the color of the
electrolysed urine (Figure V.19-e) which becomes dark brown as the electrolysis duration

increases.

Figure V.19-c shows the temporal variation of the molar amount of urea and creatinine
both initially present into the urine in significant quantities. Both compounds are oxidized.
However, the molar amount of creatinine decreases faster than urea. Final conversion reaches
5 and 85% for urea and creatinine respectively. The initial concentration of creatinine
(9.5 x 103 mol L 1) is lower than the one of urea (0.22molL!). Although this lower con-
centration, creatinine oxidizes first and even appears to block/limit the urea oxidation. This
behavior was also suggested at lab-scale and thus clearly appears to be a serious drawback
for the UEO process. Indeed, if creatinine oxidation led to CO,, then it is reasonable to
imagine that, after creatinine oxidation, the urea oxidation would pursue. In fact, the
creatinine oxidation products seem to present a poisoning behavior against the nickel(II)
oxidation, that could explain why the current magnitude decreases, despite the fact that
the urea conversion is practically equal to 0.

In conclusion, (i) the substances present in urine, at the least the creatinine, hinds UEO as
already observed in lab-scale experiments, (i) the stabilized current was very low compared
to the one expected when considering the residual concentrations of urea. This again

validates competition between urea and at the least creatinine for nickel sites.

Figure V.19-d depicts the temporal profiles of the identified compound concentrations
during potentiostatic electrolysis of human urine solution. OCN", NH3, NOy, FA and OA
are the main electrolysis products. The concentrations of NOy, OCN™, NH,", FA and OA
increase over time, suggesting oxidation of organic compounds. It has been demonstrated
on a lab-scale scale that creatinine oxidizes into various by-products (e.g., OCN™", NOy, FA
and OA, section V-1.1.b.7).

Despite the degradation of organic compounds caused by alkalinization (-20% of TOC at
the time of alkalinization and before electrolysis), the presence of surfactants in the treated
urine is observed, as a significant cloud of foam is seen in the storage tank (Figure V.19-¢).
Similarly, a brownish deposit can be seen on the reactor walls.

It should be noted that after each electrolysis of the section V-2, an ICP-OES analysis
was carried out. The presence of nickel, possibly due to dissolution of the anode, is always

reported below 100 pg L.

V-2.4 Evaluation of energy consumption at pilot-scale

As already performed at lab-scale (section V-1.1.b.iv), an estimation of the energy has

been carried out on the same principle. The results are indicated in Table V.6.

(i) the consumed energy during the electrolysis is estimated using the cell voltage
(Econsumed), and ranges from 16 to 28 kWh kgﬁ;;
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(ii) the equivalent energy that could be obtained, by combustion of the H, formed

(Eeq. Hs produced) ;

(77) the difference between these two energies is used to estimate the energy after hydrogen

recovery (AE).

Urea (0.33mol L 1)

Commercial electrolyser

Surface Flow rate E Urine
- Water splittin,
(cm?) (kgh™!) V) ([CO(NH,)5]=0.21 mol L 1) [262] &
734 1101 30 60 0.45 0.55 0.65
Econsume
j 829 79.1 79.1 743 709 743 745 80.1 53.0
(kthgHZ)
EC roduces
o M2 produced 39.4
(kWhkgy,!)
AE
) 43.5 39.7 39.7 349 315 349 35.1 40.7 13.6
(kWhkey,)

Table V.6 — Process energy performance as a function of operating parameters.

These values are of the same order of magnitude than those obtained on a lab-scale
scale (34 kWH kgﬁ; when treated with a 0.33mol L~! urea synthetic solution in the section

V-1.1.b.7v). From this table, the following observations can be made:

1) the energy densit er kg of Hy) consumed in the EC process decreases as the surface
gy y (Per kg 2 p
area and flow rate increase. This suggests a more efficient conversion process with a

larger surface area and higher flow rate.

(ii) as the potential increases from 0.45V to 0.65V, the energy consumed increases, but

the oxidation rate also increase.
(iii) the AE for urine show a relatively higher value compared to urea synthetic solution.

(iv) the energetic experimental values obtained in the case of this thesis are significantly

higher than those obtained in the case of a commercial water splitting electrolyser.

This paves the way for multiple optimizations to reduce the energy consumption in

the current process such as designed.
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V-3 Conclusion of Chapter 5

First, potentiostatic electrolyses were carried out, at lab-scale, in alkaline media and on
a Ni massive electrode, in presence of urea synthetic and human urine solutions. Thanks
to the IC-CD/MS combined with GC, the concentrations of reactants and by-products
were monitored during the electrolysis, and complete mass balances of the N-compounds
(CO(NH,),, OCN, NO,, NHj, Ny)) were performed for the first time.

In the case of urea synthetic solution, it was observed that:
e the urea degradation rate reached 80% over a period of 50 h;

e the sum of the concentrations of all the identified N-by-products represented 98% of

the initial N-urea involved;

e NH; was the predominant N-compound generated during the UEO and its content

reached 43mol.% of the initial urea at the end of the electrolysis;

e a competition existed between the formation of OCN™ and NO5 and N, which was

evaluated to represent 23mol.% of initial urea at the end of electrolysis;

e at the end of electrolysis, the quantification of the Hy produced, led to a FE (for the
cathodic process of Hy) of 90%. Other compounds (NO, ) thus reduced at the cathode
or H, oxidizes at the anode because of the absence of separator. However, this loss
of 10% could be assumed insignificant compared to the cost and investment of the

separator.

e the FE for N-compounds achieved 100% =+ 4%, thus confirming the interest of poten-

tiostatic electrolyses;

e these quantitative mass and charge balances, and the electro-generated products,

confirmed the previously proposed reaction mechanism in Chapter IV.

In the case of human urine, before electrolysis, the alkalinization step (until pH reached 14)
caused the precipitation of organic matter and mineral salts (phosphorus, sulfur, calcium) in
the form of whewellite or struvite. Besides, the formation of NHz was evidenced. The [=f{(E)
curves showed that alkalinization marginally affected the urea degradation by hydrolysis
(less than 20%). The potentiostatic electrolysis carried out, at the same condition as the

one for the urea synthetic solution, enabled to conclude that:

e the urine contained various organic molecules which would compete with urea electro-

oxidation for the electroactive nickel sites;

e FA and OA were formed during the electrolysis at 10mol.% and 5mol.% wvs. of the
initial urea (into the urine) respectively. Electrolysis of creatinine synthetic solution
led to produce these FA and OA;

e the urea degradation rate reached 20% which was much lower the one obtained in the
case of the electro-oxidation of the urea synthetic solution (80%). This was the direct

consequence of the electro-oxidation of other organics present into the urine;
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e the energy consumption for Hy production was estimated to 28 kWh kgﬁ;, a value
decreased by approximately 18% compared to urea synthetic solution electrolysis. This
result remained difficult to explain. The adsorption of creatinine at the anode could
reduce the H, oxidation rate, thus enabling to lower the consumed energy. Besides,
lowering the urea oxidation rate would reduce the quantity of NO, produced and

consequently losses of Hy by the NO5 reduction at the cathode.

These results clearly pointed out the need to study, for the organics (present into the
human matrix), (i) the effect of the nickel(III) sites availability against the urea adsorption,
as well as (7i) their eventual poisoning effects on the nickel electro-oxidation.

For this reason, a voltammetric study was performed at the steady state, expecting to better
understand the individual effect of each organic adduct present (at significant concentration

> 0.02mol L’l) in human urine. The main results were summarised below:

e the spiking of urine solutions with organic compounds (primarily found in urine in
significant levels), clearly demonstrated (via I=f(E) curves) that the urea adsorption on
the nickel(III) sites and its subsequent electro-oxidation were affected by a competitive
adsorption of molecules like creatinine, histidine, and creatine. When spiking at higher
concentrations, these adsorptions caused the lowering of the magnitude of the nickel(II)
oxidation signal’s. However, the effect of these molecules (and especially the histidine,
and creatine) at their physiological concentrations, remained minor. For creatinine,
the maximum decrease of the magnitude of the nickel(II) oxidation signal in the urine

matrix was about 20%;

e the oxidation rate of the urea in urine, by the nickel(III) followed a very low (0.1)
reaction order against urea, roughly three times lower than the one determined in the
case of the KOH matrix. This was in agreement with the competitive adsorption for

nickel(III) sites between the urea and at the least the creatinine.

In a second part, the scale-up of the UEQO process, was investigated using a pilot designed
and built at the lab-scale. The pilot was used to study the effect of the key operating
parameters (anode surface area, feed rate and applied potential) by performing complete
mass balances on both liquid and gas phases during potentiostatic electrolyses with urea
synthetic and human urine solutions.

Electrolyses in potentiostatic mode (0.55V vs. Hg/HgO), of urea synthetic solution (marking

for the first time such an assessment) showed that:

e Interestingly, the current decreased five times during the 70 h duration of the electrol-
ysis, and the urea degradation rate did not exceed 30%. This result, not observed at

the lab-scale electrolyses, could be due to a certain poisoning of the nickel grid used;

e the predominant N-compounds created during the urea degradation, irrespective of
electrolysis duration, were OCN™ (9mol.% of urea) and NHs, (12mol.% of urea). Trace
amounts of Ny gas and NO, were also detected. The mass balance of the C-species

was also confirmed at more than 98%;
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e the surface area of the anode had an impact on the electrolysis process. Obviously, a
larger (x2 or x3) surface area amplified the initial current and increased the rate of
H, formation as well as the urea degradation. Despite this, the nature and proportions
of the compounds produced remained constant, meaning that increasing the surface

did not affect the reaction pathway;

e there was no observable change in UEO by-products or urea degradation rate when
increasing the flow rate by a factor of two (keeping laminar flow in the reactor), even
the magnitude of the current increased by 20%, which would suggest an urea mass

transfer limitation;

e the applied potential mainly affected the nitrite and nitrogen formation rates. Indeed,
increasing the anodic potential induced an increase of the nitrite/nitrogen ratio to the

detriment of the nitrogen.

Lastly, an electrolysis in potentiostatic mode (0.55V vs. Hg/HgO) was performed with

an human urine solution (marking for the first time such an assessment). It revealed that:

e the urea concentration in the fresh urine was found to be 0.22mol L', which was

lower than the typically accepted concentration in urine (i.e., 0.33 mol L 1);

e the initial current value, relatively high compared to the one obtained with urea,
quickly dropped until 80% in 1h; the subsequent evolution showed an exponential

trend, similar to that observed for urea electrolysis;

e a slight decrease in the TOC was observed after 24 h of electrolysis, implying oxidation
of organic molecules occurred without mineralisation, as confirmed by the darkening
of the electrolysed urine. The temporal variations of the molar amounts of urea and
creatinine showed that both compounds oxidized, with a faster kinetics for creatinine.
Indeed, even if creatinine had a lower initial concentration than urea, it seemed to

block or limit urea oxidation. This could be due to the by-products of creatinine

()
=+
c
==
D
)

oxidation presenting a poisoning behavior against nickel(II) oxidation;

o[edss-1o[1d

e the identified compounds during the electrolysis process included OCN™, NH;3, NOg |

FA and OA. Their concentrations increased over time, indicating the oxidation of

organic compounds, as also demonstrated on a lab-scale scale;

e surfactants were formed during the electrolysis of the urine, along with a brownish
deposit on the reactor walls, indicating the electro-generation of organic polymeric by

products.

All these findings indicate that human urine electrolysis at a pilot-scale induces new
challenges that were not identified in synthetic solution, mainly due to interfering substances
such as creatinine. Further studies are definitively necessary to optimize the process and

overcome these challenges.



General Conclusion and Perspectives

Concluding remarks

As a part of the HyUrea ANR project, this PhD thesis aimed at investigating the
potentialities of EC processes for treating urea/urine effluents with simultaneous production

of hydrogen and possible photo-assistance. More specifically, the scientific objectives were:

e to gain a better understanding of the physicochemical phenomena occuring during

UEO on a massive nickel electrode and in alkaline media;

e to develop a set of analytical techniques enabling to identify and to quantify the UEO
by-products, so as to perform complete mass balances in both liquid and gaseous

phases during electrolysis with high urea conversion rates;

e to propose a multi-pathway mechanism describing the formation of the previously

identified by-products

e to establish an UEO kinetic law with the perspective of engineering and modeling a

larger scale EC reactor, potentially with photo-assistance;

e to design, build and optimize a EC reactor prototype enabling urea oxidation while

producing H, at the cathode, and possibly with photo-assistance.
e to establish the proof-of-concept with real human urine.

Achieving each of the above objectives constitutes a particular challenge when referring
the actual state of the art (Chapter I). Indeed, even if the UEO was considered as the way
to mineralise urea to Ny and CO4 and simultaneously producing Hs, no study involving
complete mass balances was reported, except very recently, to validate this theoretical full

mineralisation.

The contributions of this thesis work can then be structured as follows:

e Development of a wide range of analytical tools and EC set-ups for a better
understanding of the UEO

Different set-up and analytical methods were implemented to study and monitor the UEO
in alkaline media. In particular, the coupling of IC-CD/MS, GC and TOC made possible to
evaluate the abatement performances of the process during the various electrolysis, and this
in one-shot, short time and without complex sample preparation. The applicability of these
techniques was extended to real urine matrix. The different EC reactors used consisted

in two reactors typically encountered at lab-scale scale (a Metrohm-type batch cell and a
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H-type batch cell) and in a pilot-scale cylindrical reactor (and its environment) that was

specially designed for the thesis.

e Establishment of complete mass balances for N and C, and of FE for

electrolysis with high urea conversion rates

The UEQ process in alkaline solutions was deeply investigated at lab-scale with the aim
to evaluate the by-products formed and the stability electrode. Potentiostatic electrolyses
were successfully achieved (equivalent to 9kC) with urea conversions nearing 90%, thus
surpassing most of the previously reported works. They also highlighted the absence of
any poisoning of the anode at lab-scale. For the first time, a complete mass balance was
conducted for various N-compounds, including CO(NH,)y, OCN™, NO,, NH;, and Ny. The
total concentration of these identified by-products accounted for nearly 98% of the initial
N-urea used. NH3 emerged as the major N-compound formed during the UEO, at 43mol.%.
A FE of 100% was recorded, validating the charge balance with only a 3.9% maximum
deviation, even in presence of high conversion rates. Yet, the emergence of OCN™ and
NO, to the expense of Ny (constituting 23% of the FE at the end of the electrolysis) raises
major environmental concerns that should be now solved. The energy consumption of the
process was measured to 34 kWh kgﬁ; at the end of the electrolysis, which was in agreement
with prior studies. The experiments in a mono-compartment cell setup illustrated that
nitrites could be minimized at the cathode. This clearly constituted a way to cut down
on environmentally detrimental by-products by 50% while avoiding the constraints linked
to the use of a separator. Unfortunately, this gain will also affect hydrogen production in
the absence of a separator: (i) reduction of by-products decreases the amount of hydrogen

formed and (i) Hy can move to the anode and oxidize.

In light of these findings, a set of recommendations for designing and operating an
electrolyzer capable of treating urea using this EC method was proposed. It consists in the

use of an undivided cell configuration, in 1mol L~! KOH at room temperature.

e Kinetic study for a better understanding of reaction pathways during UEO

The EC kinetic study, performed with low (< 5mVs™!) and high (> 100mVs™!) po-
tential scan rates, validated (i) the indirect oxidation of the urea by the mediation of the
nickel(ITT) /nickel(II) system, and (7i) the application of the TON concept (thus confirming
the absence of direct urea oxidation). This TON quantified the number of EC catalytic
cycles regenerating nickel(II) and was evaluated at over 100 (1) at potential scan rates lower
(higher) than 5mVs 1.

As an extension of the previous kinetic study, the idea was to observe the chemical action of
urea on nickel(III) without an EC reaction. For that, nickel(III) particles were specifically
synthesized, starting from commercial Ni(OH), powder and NaOC], and then characterized
(by SEM, BET, XRD, and particle size analysis). These particles were spherical, made of
up to 80% nickel(III) and less crystalline compared to Ni(OH), solids, revealing a structure
with an amorphous NiOOH shell surrounding a Ni(OH), core. The kinetic study with these
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chemically synthesized nickel(III) particles was carried out through analytical monitoring
of hydroxide ion concentration. The partial reaction order of urea was found equal to 0.3.

This low value can be explained by the limitation in urea adsorption onto nickel’s active sites.

The subsequent partial orders of hydroxide ions and active nickel sites were determined at
0.6 and 1.9, respectively. The kinetic rate thus exhibited moderate dependence on hydroxide
ions, but showed a high dependence on nickel(III) (v, ~ 2). The relatively low dependence
of the kinetic rate on dissolved species concentrations would indicate some potential mass
transport limitations within the solid spherical particles as suggested by the BET analysis
that revealed a low specific surface area ~ 8.51m?g 1. The initial kinetic law did not
consider the reactions between by-products and OH ™ or nickel(III), as these intermediates
did not exist at the initial time. Given that, the overall process’s limitation would be
primarily due to the urea adsorption, these intermediates would not accumulate, but quickly
transform into observable products, and, thus, have no impact on the kinetic rate. This
was confirmed when integrating the initial kinetic law over time for higher conversion rates.
The theoretical variation of the OH™ concentration was successfully compared with the

experimental one, yielding a maximum deviation of 6%.

In a second time, the kinetics of indirect UEO was explored by polarizing a solid nickel
electrode, thus leading to the formation of a catalytic NNOOH /Ni(OH), layer, that enabled
the urea oxidation through the EC continuous regeneration of nickel(III) active sites. This
kinetic rate law showed a partial urea order similar to the value determined with the
particles (approximately 0.3). However, the order of the nickel surface was found to be high
(YEyx ~ 5), indicating that the urea’s adsorption onto nickel(III) sites was quickly followed
by the complete oxidation of this urea by five electrochemically generated nickel(III), due to
potentiostatic polarization of the anode.

By combining this kinetics study with the measurements of the by-products in the liquid
phase, a relatively comprehensive multi-pathway mechanism (22 sequential steps, four
different paths, and five urea oxidation products) could be proposed to describe the urea’s
indirect electro-oxidation process.

Lastly, this kinetic study was integrated into a comprehensive predictive model that encom-
passed the mass transport in liquid and solid catalytic layers, the indirect electrocatalytic
reaction in the latter, and the near-instantaneous regeneration of the nickel(III) catalytic
sites. The numerical model was solved by the shooting method and able to predict the
variations of the urea concentration with the electrolysis time. The comparison of these
predictions with experimental results obtained for various hydroxide concentrations and
S/V ratios demonstrated a good agreement, with deviations under 5%. This consistency

offers promising perspectives for scaling the process.

e Scaling-up the UEO process from lab- to pilot-scale

The UEO process was scaled up from lab-scale using a pilot designed especially for the
thesis. When electrolysing urea solution at 0.55V vs. Hg/HgO (a first-time assessment),
the current dropped 5-times during the 70-hour electrolysis (equivalent to 26 kC), and the

urea degradation rate never exceeded 30%. This variation, not seen at lab-scale, could be
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explained by different explanations: (i) wrong mass transport conditions (laminar flow) or
even (i) nature of the electrode (nickel grid vs. nickel plate, crystallographic phase). The
dominant N-compounds produced were OCN™ (9mol.% of urea) and NH3 (12mol.% of urea),
with minor traces of Ny gas and NO4. The mass balance of C-species was confirmed at
almost 98%.

The influence of some key parameters on the process was then studied , namely (i) the

anode surface area, (ii) the flow rate and finally (i) the applied potential.

A larger surface area boosted the initial current, the H, formation rate, and the urea
degradation. However, the produced compounds’ nature and proportions remained un-
changed, thus suggesting that the reaction pathway was unaffected when increasing surface
area. Doubling the flow rate (from 30 to 60kgh !, while keeping laminar flow in the
reactor) did not change neither the UEO by-products nor the urea degradation rate, but
led to increase the current by 20%, suggesting a urea mass transfer limitation. The applied
potential, varying between 0.45 and 0.65V vs. Hg/HgO, had a strong influence on the nitrite
and nitrogen formation rates. A higher anodic potential increased the nitrite/nitrogen ratio
at the expense of nitrogen (from 0.3 at 0.45V to more than 8.6 at 0.65V for the same
supplied charge).

e Highlighting the matrix effect in the EC treatment of human urine solution

Lastly, the EC treatment of real human urine solutions was carried out to break the glass

ceiling of the real matrix.

Before electrolysing human urine, the solution was alkalinized to pH=14, leading to
the precipitation of organic matter and minerals like phosphorus, sulfur, and calcium in
forms like whewellite or struvite. Moreover, NH; was formed during this alkalinization.
This alkalinization step had a minor effect on urea, by limiting its hydrolysis degradation
rate to 20%. At lab-scale, when conducting potentiostatic electrolysis, several conclusions
had been drawn. This work pointed out how the organic molecules present in the urine
competed with urea for electroactive nickel(III) sites. FA and OA were formed during the
electrolysis, accounting for 10mol.% and 5mol.% compared to initial urea, which could
be explained by creatinine oxidation. The maximal urea’s degradation rate in urine was
20%, thus significantly lower than the 80% obtained with urea synthetic solutions. This
low conversion was likely due to the electro-oxidation of other organics in the urine. The
energy consumption for Hy production was 28 kWh kgﬁ;, about 18% smaller than that of
urea synthetic solution electrolysis, probable consequence of the creatinine adsorption at

the anode. The decreased urea oxidation rate also reduced NO5 and subsequent Hy losses.

To better understand the impact of organics in urine on nickel(III) site availability wvs.
urea adsorption and their potential negative effects on nickel(II) oxidation, a voltammetric
study was conducted. For that, some organic compounds typically present in large amounts
in urine were added to urine solutions. This spiking’s method made evident that creatinine,
histidine, and creatine competitively adsorbed on nickel(III) sites, thus affecting UEO.

Especially for creatinine, the decrease in the nickel(IT) oxidation signal was about 20%



Perspectives 175

when considering the physiological concentration range. The UEQO rate in urine, catalyzed
by nickel(III), was found to be much slower (urea partial order of 0.1) than in a KOH
matrix (urea partial order of 0.3), thus confirming the competitive adsorption of molecules,
particularly creatinine, for nickel(III) sites.

At pilot-scale, the first-ever electrolysis of human urine on nickel electrode was conducted
in potentiostatic mode (0.55V wvs. Hg/HgO). Fresh urine had a urea concentration of
0.22mol L1, lower than the typically recognized 0.33mol L !. The initial current, although
higher than that with urea, rapidly dropped down by 80% in 1h, then followed an expo-
nential trend similar to urea electrolysis. A minor decline in the TOC was noted after
24 h, suggesting organic molecule oxidation. However, the mineralisation did not occur, as
proven by the darkening of the treated urine. Both urea and creatinine oxidized over time,
but creatinine degraded faster (conversion rate of 85% wvs. 5% for urea), inhibiting urea
oxidation. The by-products identified during the pilot-scale process were OCN ", NH3, NOo,
FA, and OA. Their rising concentrations over time implied organic compound oxidation,
which was in agreement with the lab-scale findings. Some surfactants already present in
urine formed a foam in the storage tank and a brown deposit on reactor walls, indicating
the formation of organic polymeric by-products. These results showed that human urine
electrolysis on a pilot scale is faced with specific challenges, not observed with synthetic

solutions, mainly because of interfering compounds like creatinine.

Perspectives

The results obtained in this thesis open promising horizons that would require strong
interactions between the fields of Electrochemistry, Materials, Electrochemical and Reactor

Engineering. The development of broader collaborations will be key to this undertaking.

Towards a better orientation of by-products The mechanistic orientation of N-by-
products towards H, remain a priority objective, despite that the treatment of by-
products (OCN™, NH3, NO, ) should be considered if N, formation becomes impossible.
The functionalisation of electrode materials appears as the predominant strategy for
orienting the by-product formation mechanism (bi-metallic electrodes or volumetric
electrodes) [146]. Initial results have also shown that certain operating conditions
(mainly the applied potential) influence the reaction mechanism. A more detailed
study of this influence on process energy consumption would enable us to better assess

potential gains.

Real human urine The results of Chapter V showed that a significant matrix effect was
present during the UEO in alkaline media because the EC response was modified by
the presence of secondary compounds present in the urine. More detailed study will
be required to better understand the related reaction mechanisms, mass transport,
adsorption behavior and kinetics, in particular in the perspective of a large-scale
industrial implementation. The fact that urea degrades more slowly when creatinine
is present is not necessarily problematic, given that the objective is to process organo-
nitrogen compounds and produce Hy. However, determining how to achieve high

mineralisation in this context requires further investigation:
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(i) the low mineralisation rate of TOC suggests the presence of a wide range of
intermediates. Measures of toxicity and biodegradability need to be conducted
to verify the sustainability of this process. A more in-depth investigation into
the influence of micro-pollutants, like pharmaceutical products often found in

urine, is also necessary during urine electro-oxidation;

(#i) the drop in current needs clarification; indeed, urine electrolysis likely alters the
potential range. Regarding material surface functions, transitioning from a plate
to a grid revealed noticeable differences. Further research is needed to address

this limitation.

The benefit of PEC reactor Solar illumination on the process could enable the coupling
of two functions: (i) the photo-degradation of the urine by possible absorption of
photons from the organic matter, and (i) the photo-assistance of the EC process using
photo-electrodes or photovoltaic panels, as imagined in the plans for the pilot-scale
reactor tubular cell presented in Appendix B. The engineering of such PEC reactors
still needs strong efforts, that could however benefit from the current research works
developed for applications other than UEO [267].

Toward industrial perspective A first parametric study in the pilot-scale reactor was
successfully carried out. This experimental effort should be continued in the future.
The development of a EC reactor numerical model, inspired from the design of the one
proposed in Chapter V, could be an efficient tool to optimize the pilot-scale reactor,
by enabling the prediction of abatement performance and H, production under various
conditions (feed concentration, flow, temperature, etc.). It would also eliminate the
need for a reference electrode within the reactor. Hydrogen is an inexpensive molecule,
and water treatment companies are not prepared to spend a lot of money to degrade
urine. In this context, an EC process - especially one using electrodes made of Ni, an
expensive metal that is destined to remain so - will only become profitable if it works

at very high current density.



Appendix

Fresh urine composition

Table A.1 reports the data from the pionnering work of Putnam et al. [57] that has been
formatted to better fit with the thesis purposes. This study carried out in 1971 was the
first to identify 68 constituents with a concentration above 10mgL~!. Nowadays, thanks to
the development of advanced analytical techniques, a database with 3,100 molecules can be

established for human urine [58].

For reminder, urine contains 98wt% of water (as presented Chapter I, section I-1.3, Figure
[.5). The dissolved matter consists, in average, of organic compounds (~ 60wt%) and
inorganic compounds (~ 40wt%). Among the organic compounds, urea represents more
than 60wt%, organic ammonium salts more than 20wt%, the rest being creatinine and other

compounds.
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Chemical Molar mass Concentration
Item Structural formula 1 1
formula (gmol ) range (mgL ")
Total Solutes 36,700 - 46,700
O
Urea CH4N,O A 60.1 9,300 - 23,300
HoN NH,
Chloride CI 35.5 1,870 - 8,400
Sodium Na™© 23.0 1,170 - 4,390
Potassium K" 39.1 750 - 2,610
CH3 CH3
/ /
Creatinine CHN;0 : — N> 113.1 670 - 2,150
4H7IN3 S . -2,
(tautomer) /[ >NH )i Y/ NH;
O/ g 0 N
Sulfur, inorganic S 32.1 163 - 1,800
Hippuric Acid CoHgNO4 H 0 179.2 50 - 1,670
N\/J\
OH
O
Phosphorus, total P 31.0 470-1,070

Table A.1 - Constituents of human urine exceeding 10mgL~! (listed in descending order of concentration).
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Chemical Molar mass Concentration
Item Condensed formula 1 1
formula (gmol ) range (mgL ")
Citric Acid CeHO- N 192.1 90 - 930
HO OH
OH
. . OH
Glucuronic Acid CgH1907 0= o 194.1 70-880
OH
Ammonia NH;4 17 200 - 730
O OH
Uric Acid CsH4N,O4 HN NH . N7 N 168.1 40 - 670
)\ ‘ — )\ ‘ \>70H
A~ H X
07 "N NH OH™ °N NH
Uropepsin 70 - 560
Bicarbonate HCO5 61.0 20 - 560

Table A.1 (continued).
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Chemical Molar mass Concentration
Item Condensed formula 1 1
formula (gmol ™) range (mgL™)
CH; O
Creatine C,HgN;0, | JL 149.2 0 - 530
HoN N
Y OH
NH,
Sulfur, organic S 32.1 77 - 470
Glycine C,H:NO, HzNﬁ/O 75.1 90 - 450
OH
Phenols CeHO OH@ 94.1 130 - 420
O
Lactic Acid C3HgO4 90.1 30 - 400
HsC
OH
OH
Calcium Ca®" 40.1 30 - 390
)
Histidine CgHgN30, N 155.2 40 - 330

HO \>

NHy NH

Table A.1 (continued).
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Chemical Molar mass Concentration
Item Condensed formula 1 1
formula (gmol ) range (mgL™")
) O
Glutamic Acid CsHgNO, 147.1 7-320
HO OH
Androsterone ClgH3oo2 290.5 2 - 280
1-Methylhistidine C7H1N30, 169.2 30 - 260
Magnesium Mg?" 24.3 20 - 205
NH
Imidazole Derivatives C3H,N, [ /> 68.1 90 - 200
N

Table A.1 (continued).
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Ttem Chemical Condensed formula MOlafl mass Concentraticl)n
formula (gmol ™) range (mgL™)
OH
Glucose CgH 12046 390.4 30 - 200
HO O
HO
OH OH
. N\ 7
Taurine CoH,NO3S S 125.2 5 - 200
HO” > N,
O
Aspartic Acid C4H;NO, 0 133.1 7-170
N OH
OH NH,
Carbonate COz™ 60.0 100 - 150

N
Cystine CgH;5N,0,S, v[ 240.3 7-130
S
s NH

(0] (@)
Citrulline C6H13N303 )‘\ 1752 0-130
HoN g OH

NH,

Table A.1 (continued).
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Item Chemical Condensed formula MOlafl mass Concentrati?n
formula (gmol 1) range (mgL ')
OH O
Threonine C, HgNO4 119.1 10 - 120
H;C OoH
NH,
O
Lysine C6H14N202 146.2 5-110
HoN
OH
NH,
O\S _0
. 0~ ToH
Indoxylsulfuric CgH,NO,S 231.2 3-110
Acid \
NH
OH
m-Hydroxyhippuric CoHgNO, 0 195.2 1-100
Acid E\/j\
OH
Q)
p-Hydroxyphenyl CoH,00, 182.2 1-100
-Hydracrylic Acid OH
HO
OH O

Table A.1 (continued).
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Item Chemical Condensed formula MOlafl mass Concentrati?n
formula (gmol 1) range (mgL 1)
0]
Aminoisobutyric C4HgNO, 103.1 3-120
Acid HQN OH
CHj;
Tnositol CgH 506 OH 180.2 5 - 100
OH OH
OH OH
OH
(0]
Formic Acid CH50, g 46.0 20 - 90
PN
H OH
HOOC COOH
CH3 CH3
CH3 CH?, H3C CH3
Urobilin CysHy06N, 588.7 7-90
s UsUat
07y N Z Ny N
H H H
TerSine CQH11N03 181.2 10 - 70

0
HO
NH,
OH

Table A.1 (continued).
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Item Chemical Condensed formula MOlafl mass Concentrati?n
formula (gmol 1) range (mgL 1)
O
Pyruvic Acid C3H,04 88.1 2-170
HsC
OH

0)

Albumin 0123H193N35037 2,7541 7-70
0)
Asparagine C,HgN,O4 o 132.1 20 - 70
N OH
NH; NH;
O
Glycocyamine C3H,N30, 117.1 15-70
H;N N
\{ OH

NHs

Tryptophan Cy1H,5N,0, O 286.8 5- 60
/ OH
HN NH,

0)
Ketones C3HO H 58.1 10 - 50
(as Acetone) HyC~ “CHi

Table A.1 (continued).
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Item Chemical Condensed formula MOlafl mass Concentrati(;n
formula (gmol™) range (mgL 1)
O
Alanine C3H7NO, 89.1 15 - 50
H3C
OH
NH,
= N
. N
Purine Bases C.H,N, Ct[ \> 120.1 0- 50
Sy NH
O
Serine C4H,NO; 105.1 20 - 50
HO OH
NHs
0O
Proline CsHgNO, 115.1 7-40
OH
NH
NH
Arginine C6H14N402 )L 174.2 7 - 40
HoN N
H

Table A.1 (continued).
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Item Chemical Condensed formula MOlafl mass Concentrati(;n
formula (gmol 1) range (mgL 1)
OH
Ascorbic Acid C:H:O 176.1 3 - 40
/
OH OH
0O
Oxalic Acid CyH50, 90.0 1-30
OH
OH
O
Bilirubin CasHaeN,Og HgiZ—CH H,C ~cH, 584.7 3-30
Valine C.H,,NO, 117.2 7- 30

Table A.1 (continued).
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Ttem Chemical Condensed formula MOlafl mass Concentraticl)n
formula (gmol ™) range (mgL™)
O
Phenylalamine CoH;;NO, OH 165.2 6 - 30
NH,
//O
Allantoin C4H6N403 HN N NH, 158.1 2-25
HW
-
o~ X o)
O O
Oxoglutaric Acid CsHgO5 ‘ 146.1 13-25
HO OH
O
O
Leucine C:H.sNO 131.2 8-25
611309 H,C
OH
CH; NH,
CHs; O
Isoleucine CegH3NO, 117.1 4-22
H;C
OH
NH,

Table A.1 (continued).
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Item Chemical Condensed formula MOlafl mass Concentrati?n
formula (gmol 1) range (mgL 1)
HOOC COOH
Urobilinogen C33H44N406 5927 0 - 17
Ethanolamine CoH,NO 61.1 3-15
Guanidine CH;5Ny )L 59.1 7-13
H,oN NH,
OH :
Methionine C:.H,NO,S 165.1 0-13
Sulfoxide SIS O/ S\ CHi
NH,
/O
Dehydroascorbic CsHgOg O 174.1 3-.13
Acid 0
HO \\
OH O
Other Organics 285

Table A.1 (ended).
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Appendix
PEC reactor HyUrea concept

This appendix presents a conceptual idea for a photo-anode-assisted PEC reactor based

on the EC reactor developed in this thesis.
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192 APPENDIX B. PEC reactor HyUrea concept

Photo-anodes

Fig. B.1 — Concept envisaged for the construction of a PEC reactor as part of the HyUrea project.



Appendix

Pilot-scale plans of the EC cell

In order to guide the reader towards a better understanding of the EC set-up designed at

pilot-scale, Figure C.1 provides elementary 3D views. The reactor consists of 5 main parts:
Part n°1 This piece collects fluid(s) from storage tank(s);
Part n°2 This part distributes the solution(s) in the reactor;

Part n°3 The PMMA tube is transparent to visible light, allowing future irradiation of the

reactor (via the use of photo-anodes);
Part n°4 This part collects the fluid(s) (liquid and gaseous);

Part n°5 This part features vertical outlets to prevent the accumulation of gases in the

reactor.
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Global schematic of the annular reactor

Longitudinal section along axis B-B
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Fig. C.1 — Semi-pilot-scale plans of the electrochemical cell.
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APPENDIX C. Pilot-scale plans of the EC cell
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Figure C.1 (continued).
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Profiled parts N°1 and N°2 (Bottom
of the reactor)

Anode groove

PMMA groove Hole for tubular
cathode placement
Through hole
allowing the entry
of the anolyte
Through hole

allowing the entry of
the catholyte

Drilling for anode
electrode —>

Cylindrical hole for
catholyte entry

Anolyte arrival
groove

Cylindrical hole
for pipe
installation

\

Cylindrical hole
for pipe

] installation

Drilling for anode
electrode

Hole for tubular
cathode placement

Figure C.1 (continued).
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Profiled parts N° 4 and N° 5
(Top of the reactor)

Screwed Hole for tubular
Teflon cathode electrode
piece

Cylindrical hole Hole for tubular
for catholyte cathode
entry electrode

B

Anolyte exit
groove

Anode groove e o

Through hole
for anolyte
exit

Through hole for
catholyte exit

Figure C.1 (continued).
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Part N°2 bottom view
(= Part N°4 top view except for anode drilling and reversed pin position)
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Part N°2 top view

(= Part N°4 bottom view except for anode drilling)
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Part N°5 bottom view except for anode drilling

(= Part N°1 top view with anode drilling and solution pipe inlets)
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Part 1

Bottom view

Top view

Part 2
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Top view

Fig. C.2 — Illustration of Parts n°1 and 2.
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Fig. C.3 — Illustration of Parts n°4 and 5.
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This appendix presents the results obtained from the article “G. Hopsort*, L. Latapie, K.
Groenen Serrano, K. Loubiere, T. Tzedakis* (2023). Deciphering the human urine matrix:
a new approach to simultaneously quantify the main ions and organic compounds by ion
chromatography / mass spectrometry (IC-MS). Analytical and Bioanalytical Chemistry.
10.1007/s00216-023-04808-2".

D-1 Introduction

Using the human urine composition as a health indicator is an old method; first known
as uroscopy, then as urinalysis, this practice has been in existence for about 6,000 years
ago. Early physicians considered urine as a revealing diagnostic tool, allowing them to
understand various diseases like infections of the urinary tract, problems with the kidneys
and bladder, and liver failure [268-271|. Produced by the kidneys and stored in the bladder
between urinations, urine’s composition depends on various factors, such as diet, lifestyle,
and individual characteristics (i.e., gender, age, weight, eating habits, etc.). When freshly
excreted from the bladder, urine contains more than 95wt% of water. Substances present
in urine are split into organic compounds (~ 60wt%, composed of urea representing more
than 60wt%, followed by ammonium salts ~ 20wt%, the rest including creatinine and other
compounds) and inorganic compounds (~ 40wt%, salts such as sodium chlorides, potassium
chlorides, sulfates, carbonates, and phosphates). The work of Prof. D.F. Putnam in 1971
pioneered the determination of the human urine composition [57]. They provided, for the
first time, a deep analysis demonstrating that human urine is an aqueous solution of urea,
creatinine, uric acid, and various other species, such as chloride, sodium, potassium, sulfate,
ammonium, and phosphate in smaller quantities. Proteins were also found to be present in
urine, but in trace amounts compared to their concentrations in blood plasma. Consequently
and after a multitude of research works, Bouatra et al.[58] identified in 2013 more than 3,100
components in human urine. Since then, over 90 compounds were found to be consistently
present in urine samples, irrespective of gender or collection time. Later, various analytical
methods have emerged to inspect the urine matrix [272, 273|, and currently multiple specific
techniques are available to quantify traces of many “minor” molecules in urine, such as :
HPLC (hormones [274], antidepressants [275], ranitidine [276]), UHPLC-MS/MS (pyrithione
metabolites [277], DL-cysteine [278], steroid hormones [279]) or LC-MS/MS (gluten-derived
metabolites [280], THC metabolites [281], phytocannabinoids [282]). However, any study
has yet been developed allowing efficient quantification of the most concentrated compounds
without sample preparation and in a short time. Among the different analytical techniques

used to measure separately the majority molecules contained in urine, one can typically cite:

(1) for urea, electrochemical sensor [283], chemiluminometric [177] and spectrophotometric
[181] methods,

(ii) for creatinine, electrochemical detection [284], HPLC-MS/MS [285], colorimetric
method [286],

(i17) for chlorides, spectrophotometric method [287].

Besides, the simultaneous determination of both uric acid and creatinine has already
been reported using HPLC [288, 289] or LC/MS [290]. Sakurai et al. quantified urea, uric
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acid and creatinine by LC/MS [190] in real human urine matrices, while Wang et al. focused
on the simultaneous potentiometric detection of sodium and potassium [291]in artificial
urine solutions. Using paper-based sensors in synthetic urine, Tasoglu et al. successfully
detected, in physiological concentrations, the major ions contained in urine, such as sodium,
potassium, calcium, chloride and nitrite [292]. All these methods are undeniably accurate but
do not allow for one-pot and short-time analysis of the majority of compounds in the urine
matrix. To the best of our knowledge, none of them are able to simultaneously determine
the concentrations of both ions and organic compounds. For the first time, the present
work proposes a simple, rapid and sample-preparation-free method for the simultaneous
analysis of the main organic molecules (lactic acid, hippuric acid, citric acid, uric acid, oxalic
acid, urea, creatine and creatinine as biomarkers [293-298|) and the most concentrated
ions (chloride, sulfate, phosphate, sodium, ammonium, potassium, magnesium and calcium)
contained in human urine. This method consists of coupling ion chromatography to mass
spectroscopy, which relevancy, accuracy and robustness will be demonstrated through a

study involving samples obtained from 10 healthy human volunteers.

D-2 Material and methods

D-2.1 Chemicals

Lactic acid, hippuric acid, citric acid, uric acid, oxalic acid, urea, creatine and creatinine
were purchased from Sigma-Aldrich (> 99.5%, St-Louis, USA) with a Normapur® grade.
Anionic standards were prepared from a mixed solution from CPAChem (Combined seven
anions standard II — 7 components, Bogomilovo, Bulgaria), while cationic standards were
prepared from a mixed solution from SCP Science (Standard for IC, Baie-D’Urfé, Canada).
Water was purified by a Milli-Q water purification system from Elga LabWater (Medica,
Lane End, UK). Glassware should be avoided for the preparation and storage of solutions

and replaced by synthetic material in order to avoid any ionic salting-out.
D-2.2 Preparation of standards and urine samples

D-2.2.a Preparation of standards

Standard stock solutions of the analytes containing organic molecules at 0.5gL ! were
prepared in Milli-Q water and stored in plastic bottles at 4 °C for no more than one week.

Then, stock solutions were diluted to standard solutions at different concentrations.

D-2.2.b Preparation of urine samples

Anonymous human urine samples were obtained from 10 healthy volunteers internally
(7 male samples #1—#7 and 3 female samples #8—#10 in their 20s to 60s). The samples
were stored at 4 °C until analysis. Urine samples were (i) filtered through 0.45 pm syringe
filters, (i) diluted 250-fold and then (i) injected to the analytical system.

D-2.3 Validation of the method

An example of the obtained chromatograms for various analyte standard concentrations

is provided in Figure D.1. The method was validated for selectivity, sensitivity, linearity,
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5 x10°
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2-5mgl?
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6 4-15mgl’
5-20mgl’
6-25mg.L"

Intensity /counts

Time /min

Fig. D.1 — Ion chromatograms extracted from a standard sample containing urea at concentrations
ranging from 0 to 25 mgL 1.

accuracy, and precision according to the ICH guidelines [299].

D-2.3.a Selectivity

The method’s selectivity to ensure a proper separation of the different ions was examined
on standard solutions and blank solvent (Milli-Q) water) via conductivity measurements. For
the organic molecules, the method’s selectivity was examined by analyzing several standard
solutions. The signal of the mass spectrum of each pure compound was then compared to

the corresponding one obtained in the urine spectrum as illustrated in D.2 and Table D.1.
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Fig. D.2 — Mass spectra of organic compounds in urine analyzed in standard and real urine samples.



210 APPENDIX D. Validation of IC-CD/MS method

m m

'z [M—H]—, standard sample  z [M—H]~, human urine sample
Analyte %[M—H]*, theoretical Value RE Value RE
(%) (%)
Lactic acid 89.02442 89.02464  2.47x10%  89.02461 2.13x107°
Hippuric acid 178.05097 178.05119 1.24x10* 178.05110  7.30x107
Citric acid 191.01973 191.02002 1.52x10%  191.02003 1.57x10°
Uric acid 167.02106 167.02124 1.08x10*  167.02129 1.38x10°
Oxalic acid 88.98803 88.98823  2.25x10*  88.98824 2.36x 107
m m
z [M—H]*, standard sample  z [M—H]T, human urine sample
Analyte %[M—H]ﬂ theoretical Value RE Value RE
(%) (%)
Urea 61.03964 61.04033  1.13x103  61.04040 1.25%10°
Creatine 132.07675 132.07674 7.57x10° 132.07678 2.27x107
Creatinine 114.06690 114.06441 2.18x10°  114.04807 1.65%x10™%

Table D.1 — Mass spectroscopic identification of organic compounds in human urine by comparison
with standards.

D-2.3.b Sensitivity

The method’s sensitivity was determined under the operating conditions used through
the LODs and Limits Of Quantification (LOQs) determination at a signal-to-noise ratio of
3 and 10, respectively.

D-2.3.c Linearity

The linearity of the CD or MS signals of each compound against its concentration was
examined by plotting the corresponding calibration curves. A set of solutions containing

different concentrations of analyte were prepared, covering a wide range of values as reported
in Table D.2.
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Concentration range Concentration range
Analyte for calibration rcurves Detection mode for determining recoveries
(mgL™) (mgL—)
Organic molecules MS
Urea 0 < [CH4N,0] <25 +p 5 < [CH4N,0] < 25
Uric acid 0 < [CsH4N,O4] < 20 -p 2.5 < [CsHyN,O4] <20
Creatine 0 < [C4HgN30,] < 10 +p 2.5 < [C4HgN30,] < 10
Creatinine 0 < [C4H,N30] <10 +p 2.5 < [C,H;N;0] <10
Citric acid 0 < [CgHgO4] < 7.5 -p 2.5 < [CgHgO7] < 7.5
Lactic acid 0 < [C3HeO5] <5 -p 1 < [C3HgO4] <5
Hippuric acid 0 < [CoHgNO3] < 5 -p 1 < [CgHgNO3] <5
Oxalic acid 0 < [CoHy04) <5 -p 1 < [CoHy04) <5
Tonic compounds CD
Chloride 0<[Cl'] <20 ® 1<[Cl]<20
Ammonium 0 < [NH,] <15 @ 2.5 < [NH,'] <15
Potassium 0<[KT<10 @ 1.25 < [KT] < 10
Sodium 0<[Na']<75 ® 1.25 <[Na'] < 7.5
Sulfate 0<[SOf]<5 e 0.25 < [SOZ] <5
Phosphate 0<[POS]<5 o 0.25 < [PO/] <5
Magnesium 0< [Mg2+] <2 @ 0.25 < [Mg2+] <2
Calcium 0<[Ca?t] <2 ® 0.25 < [Ca?'] <2

Table D.2 — Concentration range (ordered by decreasing concentration) used for each analyte to
obtain the IC-CD/MS calibration curves and recoveries

D-2.3.d Accuracy

The method’s accuracy was assessed by injecting standard solutions at different con-
centrations. By using calibration curves, the RE between the theoretical and measured

concentrations was then determined according to the Eq. D.1.

Theoretical concentration value — Experimental concentration value

RE = |

100 (D.1
Theoretical concentration value | % ( )

The accuracy was also examined by means of the recovery of some known quantities of
organic molecules and ionic compounds added to human urine samples. The latter parameter
was already been studied by El Himri et al. [300] and was defined as Eq. D.2.

Measured amount

R = 100 D.2
eeovery Spiked amount % (D2)

Measured amount = Amount after spiking — Amount before spiking (D.3)

The dispersion of the measurements is assessed by evaluating the SD as shown in Eq.
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D.4.

SD = Z(XN_W (D.4)

where x; represents each value from the population, p is the population mean and N is the
size of the population. The recovery was determined by triplicate analysis of urine samples
spiked with standards as shown in Table D.2.

Concentration range

Analyte (mgL 1)
Organic molecules

Urea 5 < [CH4N,0] < 25
Uric acid 2.5 < [CsH4N,05] < 20
Creatine 2.5 < [C4HgN30,] < 10

Creatinine 2.5 < [C4H7N30] <10

Citric acid 2.5 < [CgHgO4] < 7.5

Lactic acid 1 < [C3HgO4] <

)
Hippuric acid 1 < [CgHgNO3] <5

Oxalic acid 1 <[CyHy04 <5

Tonic compounds

Chloride 1<[CI'] <20

Ammonium 2.5 < [NH,'] <15

Potassium 1.25 < [KT] <10

Sodium 1.25 <[Na'] <75
Sulfate 0.25 <[SOZ]<5
Phosphate 0.25 < [POf’f] <5
Magnesium 0.25 < [Mg*'] < 2
Calcium 0.25 < [Ca?'] < 2

Table D.3 — Concentration range (ordered by decreasing concentration) used for each analyte to
determine the IC-CD/MS method recoveries.

D-2.3.e Precision

The intra-day precision was evaluated through the repeatability defined with RSD, as
Eq. D.5, and determined from 5 replicates at a minimum of 3 different concentrations on
day 1. The inter-day precision was evaluated by injecting the same solution in triplicate on

days 2 and 3.
SD

D-2.3.f Matrix effect

Calibration standards with equivalent concentration levels were prepared by introducing

spiking into blank matrix extracts of the urine sample. Calibration curves were obtained by
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plotting the peak areas as a function of the concentrations of their respective calibration
standards for each compound. The ME was ascertained by comparing the slopes of the
calibration curves formed from the matrix case and the ones formed from solvent-based
calibration curves. The method used to quantify ME was derived from the equation proposed
by Cho et al. [301] as described in Eq. D.6. A value exceeding 100% (below 100%) means
an increase (a decrease) in response signal. This analysis was performed on ten distinct
samples.

slope of matrix calibration curve

ME =
slope of solvent standard calibration curve

x 100 (D.6)

D-3 Results

D-3.1 Implementation of the IC-CD/MS method

The operating parameters of the mass spectrometer were optimized (i.e., ESI voltage,
gas temperature, etc.), corresponding to IC conditions (i.e., flow rate, eluent composition
and concentration) previously described. Under these conditions, all the analytes in this
matrix could be efficiently separated and detected within an overall run duration of 35 min.
The chromatograms of the mixed standards and urine samples obtained are shown in Figure
D.3 and Figure D.3, respectively. The [M — H]™ ions of lactic, hippuric, citric, uric and
oxalic acids were detected in the negative ion mode as lactate, hippurate, citrate, urate, and
oxalate (their identification is also possible in CD but was not applied in this study). The

[M — H| " ions of urea, creatine and creatinine were detected in the positive ion mode.

D-3.2 Validation of the IC-CD/MS method
D-3.2.a Linearity, LODs and LOQs

Table D.4 shows, for each analyte, the calibration curve ranges, regression equations,
correlation coefficients, LODs and LOQs. Whatever the analyte, a linear relationship is
obtained between the peak area and the concentration of standards in water, with correlation
coefficients above 0.993. In Figure D.5, the calibration curves shows, for each standard,
a good validation of the method by applying the Kohlrausch’s law (Eq. D.7) and the
Kingdon’s principle (Eq. D.8), respectively, for CD and MS detections [302, 303].

o= Z A X [Compound i] (D.7)

compounds i

where: ¢ is the conductivity of the solution (Sm™1!), ); is the molar conductivity of the

compound i (Sm?mol ).
z X B

m

w =

(D.8)

where: w is the angular frequency (rads™!), B is the magnetic field (T), m/z is the mass-to-

charge ratio (kg C™1).
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Fig. D.3 — a) Anionic, b) cationic and c) extracted ion chromatograms of a sample containing all
the standards in water. Major compounds are identified and labeled.
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Fig. D.4 — a) Anionic, b) cationic and c) extracted ion chromatograms of a typical human urine

sample. Major compounds are identified and labeled.
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Analyte ESI polarity Reter(lltIil(i)IS time Analyte coii)(z)r;?;ation range Reg(r[‘(;]ssi;o:][l1 geEilla)tion igg;glggl‘:: (igﬂ)j : (igﬁsl :
Organic molecules (MS) (Peak area in countsmin)
Lactic acid -p 4.6 0-5 Peak area = 3.84 x 106 x [C3HgO4] + 9.40 x 10* 0.9988 0.19 0.64
Hippuric acid -p 16.0 0-5 Peak area = 5.08 x 10% x [CgHgNO3] + 6.01 x 10° 0.9958 0.37 1.22
Citric acid -p 18.1 0-7.5 Peak area = 5.43 x 10* x [CgHgO-] + 4.39 x 103 0.9990 0.30 1.01
Uric acid -p 19.5 0-20 Peak area = 3.21 x 103 x [C5H,N,O4] + 8.42 x 102 0.9988 0.72 241
Oxalic acid -p 27.0 0-5 Peak area = 3.98 x 10° x [CyH,0,] + 3.37 x 10* 0.9982 0.24 0.80
Urea +p 5.9 0-25 Peak area = 1.22 x 106 x [CH,N,0] + 1.51 x 10° 0.9999 0.32 1.07
Creatine +p 17.3 0-10 Peak area = 3.86 x 10° x [C4HgN305] + 2.55 x 10* 0.9979 0.59 1.96
Creatinine +p 23.8 0-10 Peak area = 1.25 x 10% x [C4H;N30] + 2.59 x 10° 0.9972 0.63 2.11
Ionic compounds (CD) (Peak area in pSmin)
Chloride 7.5 0-20 Peak area = 0.50 x [Cl'] 4 0.06 0.9999 0.12 0.41
Sulfate 13.1 0-5 Peak area = 0.40 x [SO;~ |+ 0.10 0.9994 0.14 0.47
Phosphate 17.0 0-5 Peak area = 0.17 x [PO{ ] + 0.01 0.9982 0.25 0.84
Sodium H 13.0 0-7.5 Peak area = 8.58 x [Na '] 4 0.68 0.9991 0.23 0.77
Ammonium 14.3 0-15 Peak area = 0.72 x [NH,'] 4+ 0.13 0.9987 0.75 2.59
Potassium 13.1 0-10 Peak area = 0.64 x [K'] + 0.06 0.9994 0.14 0.47
Magnesium 17.8 0-2 Peak area = 2.12 x [Mg?'] 4 0.08 0.9936 0.16 0.54
Calcium 19.7 0-2 Peak area = 1.09 x [Ca?'] +1.05 0.9950 0.14 0.48

Table D.4 — Retention time, calibration curve ranges, regression equation, correlation coefficients, LODs and LOQs obtained, for each analyte (ordered by increasing

retention time) from the curves plotted in Figure D.5.
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Fig. D.5 — Calibration curves for each standard analyte.
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D-3.2.b Precision

As shown in Table D.5, the intra-day precisions for all concentrations of each standard
were smaller than 2.5% and the RSD for the inter-day analysis smaller than 4.0% for each

analyte, thus demonstrating that the method can be used to obtain accurate results.

. Intra-day (n=>5) Inter-day (n=11)
Analyte Concentrati(:;n range Accuracy RE Precision RSD Accuracy RE Precision RSD
sl ) %) %) %) %)
Organic molecules
1.00 1.2 15 4.3 0.6
2.00 2.9 0.8 1.8 3.5
Lactic acid 3.00 3.5 3.1 0.2 2.2
4.00 0.5 1.9 3.4 2.8
5.00 3.3 2.6 2.5 3.4
1.00 3.6 3.2 0.9 1.8
2.00 0.4 2.1 3.7 2.4
Hippuric acid 3.00 1.1 1.4 42 0.3
4.00 2.2 0.9 1.3 3.8
5.00 1.7 1.2 2.0 2.0
2.50 1.1 1.4 2.6 1.5
Citric acid 5.00 3.9 0.9 4.2 3.9
7.50 0.9 2.2 1.1 0.2
2.50 2.5 0.5 3.7 2.8
5.00 4.1 1.8 5.0 1.9
Uric acid 7.50 3.9 1.2 2.4 3.1
10.00 2.8 2.5 0.5 0.7
15.00 0.6 0.3 3.8 3.7
20.00 3.2 2.1 1.3 2.4
1.00 2.7 2.9 3.1 3.7
2.00 4.1 1.7 2.6 0.4
Oxalic acid 3.00 2.3 3.3 1.9 1.1
4.00 15 3.6 4.4 1.6
5.00 3.8 0.7 0.1 1.3
5.00 1.8 0.1 0.9 1.1
10.00 45 1.7 4.1 3.4
Urea 15.00 1.2 2.4 0.2 0.4
20.00 3.6 1.0 3.3 3.0
25.00 0.5 0.7 2.0 1.7
2.50 1.7 1.6 4.6 2.5
Creatine 5.00 2.4 1.3 1.8 1.2
7.50 3.8 0.4 3.9 4.0
10.00 0.3 1.9 1.5 0.9
2.50 2.3 0.1 4.9 2.1
Creatinine 5.00 3.7 2.3 0.0 3.6
7.50 0.7 1.8 2.3 1.4
10.00 15 2.0 3.1 2.9

Table D.5 — Intra-day and inter-day precision and accuracy.



D-3. Results

219

Concentration range

Intra-day (n=5)

Inter-day (n=11)

Analyte 1 Accuracy RE Precision RSD Accuracy RE Precision RSD
sl ) %) %) %) %)
Tonic compounds
1.00 11 0.6 1.1 0.8
5.00 0.8 1.0 0.4 0.3
Chloride 10.00 0.3 0.4 0.9 1.0
15.00 1.3 0.9 1.3 0.4
20.00 0.1 0.2 0.5 0.7
0.25 0.6 0.8 1.0 0.2
1.25 1.2 0.5 0.2 0.1
Sulfate 2.50 0.9 0.3 1.2 0.9
3.75 0.8 1.0 0.7 0.5
5.00 0.8 0.0 0.1 0.7
0.25 0.2 0.7 1.4 0.1
1.25 1.7 0.3 1.0 0.9
Phosphate 2.50 0.6 0.8 0.8 0.6
3.75 0.3 0.5 0.0 0.2
5.00 0.4 0.1 0.4 0.8
1.25 1.9 1.0 1.1 0.4
Sodinm 2.50 0.4 0.6 0.6 0.2
5.00 0.1 0.9 1.3 1.0
7.50 0.1 0.0 0.9 0.5
2.50 1.4 0.7 0.5 0.5
Ammonium 5.00 0.8 0.2 1.1 0.6
10.00 0.4 0.9 1.4 0.7
15.00 0.6 0.4 0.2 1.0
1.25 0.7 0.6 0.6 0.3
2.50 1.9 0.3 1.2 0.3
Potassium 5.00 0.1 0.8 0.9 0.1
7.50 0.3 0.5 0.1 0.9
10.00 0.3 0.2 0.4 0.1
0.25 1.4 0.9 0.7 0.4
0.50 0.7 0.2 1.0 0.7
Magnesium 1.00 0.1 0.7 1.4 0.5
1.50 0.7 0.5 0.2 0.1
2.00 0.1 0.1 1.4 1.7
0.25 0.2 1.0 0.6 0.9
0.50 0.1 0.3 0.3 0.8
Calcium 1.00 1.6 0.6 1.2 0.5
1.50 0.5 0.1 0.1 0.2
2.00 0.8 0.8 1.3 0.1

D-3.2.c Accuracy

Table D.5 (continued).

Table D.6 shows the recovery of different analytes for various concentrations in spiked

human urine samples, ranging from 94.9% to 102.6%. They indicate a good agreement

between theoretical and experimental ones.
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. . Recovery rates
Spiked concentration

Analyte Mean value SD
(mgL~1)
(%) (%)
Organic molecules
1.00 95.8 3.2
2.00 98.3 4.1
Lactic acid 3.00 100.5 5.0
4.00 96.1 3.5
5.00 101.4 4.8
1.00 101.7 5.1
2.00 95.4 3.9
Hippuric acid 3.00 99.9 2.9
4.00 101.1 4.9
5.00 97.3 3.7
2.50 95.3 34
Citric acid 5.00 100.7 5.6
7.50 101.5 4.8
2.50 99.2 4.0
5.00 102.3 5.2
Uric acid 7.50 97.8 3.6
10.00 98.6 4.5
15.00 100.1 5.7
20.00 94.9 3.1
1.00 99.2 4.7
2.00 102.1 5.6
Oxalic acid 3.00 97.6 4.5
4.00 100.8 5.3
5.00 102.5 5.2
5.00 96.4 2.9
10.00 102.6 5.1
Urea 15.00 101.8 4.7
20.00 97.1 3.8
25.00 100.9 5.8
2.50 95.6 3.3
Creatine 5.00 98.0 4.3
7.50 99.7 5.0
10.00 96.9 3.7
2.50 101.1 4.9
Creatinine 5.00 95.9 3.0
7.50 100.4 5.5
10.00 97.5 3.2

Table D.6 — Recovery of the analytes introduced into a human urine sample (n = 3).
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. . Recovery rates
Spiked concentration

Analyte Mean value SD
(mgL~1)
() ()
Tonic compounds
1.00 99.3 0.4
5.00 100.8 1.2
Chloride 10.00 101.5 14
15.00 100.1 0.7
20.00 99.7 0.9
0.25 101.2 1.1
1.25 101.8 1.6
Sulfate 2.50 99.9 0.3
3.75 100.4 1.3
5.00 100.6 0.6
0.25 101.1 1.5
1.25 99.6 0.2
Phosphate 2.50 101.4 0.8
3.75 100.0 1.1
5.00 99.1 0.5
1.25 101.7 1.0
Sodium 2.50 100.9 1.3
5.00 100.2 0.1
7.50 99.5 1.6
2.50 101.3 0.8
Ammonium 5.00 99.8 1.2
10.00 100.5 0.3
15.00 99.4 1.5
1.25 100.7 0.9
2.50 101.0 1.4
Potassium 5.00 101.6 0.7
7.50 99.2 1.0
10.00 100.3 0.5
0.25 101.9 1.6
0.50 99.0 0.4
Magnesium 1.00 101.7 1.1
1.50 100.4 0.2
2.00 100.8 14
0.25 100.1 0.7
0.50 101.5 1.3
Calcium 1.00 99.3 0.6
1.50 99.8 1.0
2.00 100.9 0.2

Table D.6 (continued).
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D-3.2.d Matrix effect

As explained in section D-2.3.f, the ME are evaluated using ten human urine samples
spiked with various analytes, with the objective of evidencing any suppression or enhancement
of their signals. A typical example for a human urine sample spiked with commercial urea
is presented Figure D.6-a. The y-shift shows the presence of urea initially contained in the
human urine sample. As illustrated in Figure D.6-b, the analyte concentration in the urine
matrix can be obtained by applying the standard addition method. The same study was
performed for all analytes and the results are reported in Table D.7. As described in Eq.

D.6, the comparison of the peak areas indicates any significant matrix effect.

® Urea-water matrix @ Urea-urine matrix

5 X107
a)
4 4
. )
S .
o o
27 e ¥
e 2 :
o
c| 11 :
€ .
(g. 0 ' T T T T
=
© 0 10 20 30
g
< 107 ® Urea-urine matrix ~ ® Standard addition determination
=
(1]
8 b)
1 [ =[cotNH,), inurine ] ’
i 2
i /»-"
‘7’/”’
- T T T T T T
0 10 20 30

Urea added concentration/mg.L""

Fig. D.6 — a) Variation of the urea MS signal magnitude with the urea added concentration, into
water or into human urine and b) illustrative example of the application of the standard addition
method for the determination of the urea concentration in a human urine sample.



Organic molecules

Lactic acid  Hippuric acid  Citric acid Uric acid Oxalic acid Urea Creatine Creatinine
Mean Mean Mean Mean Mean Mean Mean Mean

Sample value value 5D value SD value SD value SD value 5D value SD value SD
w P P P w Y w w  w w

#1 97.4 1.7 1081 8.3 98.7 27 972 1.5 100.8 4.9  96.7 3.6 94.8 4.8 1039 7.9
#2 102.6 9.6 104.7 3.1 1015 76 101.8 6.2 101.9 75 1082 10.1 106.3 9.3 99.5 6.5
#3 99.1 5.4 98.7 6.8 97.9 1.9 995 47 1078 04 915 1.9 1032 82 101.6 8.6
A, 104.2 41 1035 29 996 53 967 06 976 87 1043 7.3 97.7 2.7 1048 9.8
#5 101.3 7.2 1069 10.5 100.2 81 100.3 53 103.8 59 998 5.8 95.6 3.6 96.2 3.2
#6 105.7 3.5 99.5 0.8 1021 42 1021 24 983 9.2 100.1 84 1109 7.9 98.3 4.3
#7 106.2 2.6 102.1 6.1 974 06 984 39 1049 89 925 2.5 109.1 10.1 110.0 11.0
#8 100.1 99 1073 45 1009 6.9 101.0 6.7 1024 1.3 1093 9.3 99.2 5.2 92.7 2.7
#9 98.6 103 101.7 3.8 101.7 35 969 4.0 1083 7.1 97.4 4.4 1054 6.4 1051 5.1
#10 103.1 0.6 1003 52 1004 7.3 100.7 6.5 979 21 1026 6.2 90.8 0.8 1104 6.4

Table D.7 — Matrix effects of the analytes introduced into a human urine sample (n = 3).
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lonic compounds

Chloride Sulfate Phosphate Sodium Ammonium Potassium Magnesium Calcium

Sample Mian D MTan D MTan D M(lean D Mtian D Melzan D Mci:an D M(;,an D
value value value value value value value value

(%) (%) %) (%) %) (%) %) (%) %) (%) %) (%) %) (%) %) (%)
#1 95.1 3.1 98.8 6.8 93.4 2.4 98.1 6.1 97.3 4.3 98.6 5.6 97.8 83 101.3 3.5
#2 108.6 10.6  96.5 3.5 1023 7.3 1040 9.0 1007 7.7 1025 7.5 96.1 2.7 93.7 8.2
#83 94.7 4.7 1041 9.1 100.8 6.8 111.5 85 1028 9.8 1002 6.2 1053 5.0 99.0 6.9
#4 106.9 99 101.7 8.7 97.2 4.2 93.9 2.9 94.4 3.4 93.1 1.1 1005 10.1 108.1 2.3
#5 99.3 6.3 95.9 29 1100 11.0 1076 106 103.1 81 106.1 9.1 109.2 9.2 1042 7.1
#6 101.2 82 1074 104  96.9 3.9 95.2 3.2 1089 109 95.8 3.8 98.0 3.3 96.3 10.8
#7 109.8 10.8 93.6 1.6 1057 9.7 109.7 11.7 955 2.5 1084 104 949 4.0 95.0 4.6
#8 90.6 06 1029 79 1046 8.6 92.1 1.1 99.9 5.9 1147 8.7 92.8 11.0 110.0 0.9
#9 97.9 29 1095 11.5 99.1 51 106.8 9.8 91.1 0.1 99.6 56 101.9 1.6 92.6 9.4
#10 1045 7.5 100.0 5.0 91.8 1.8 90.3 0.3 105.0 6.0 91.4 0.4 97.8 6.1 97.1 5.7

Table D.7 (continued).
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D-3.3 Analysis of human urine samples

Ten human urine samples obtained from healthy volunteers have been analyzed using
the proposed method, and the quantitative results are reported in Table D.8. The thirteen
analytes, present in all samples, are quantified at a concentration within the linear ranges of

their calibration curves.



Organic molecules

Lactic acid Hippuric acid  Citric acid Uric acid Oxalic acid Urea Creatine Creatinine
Sample M(lean M(lean M(lean M(lean D MTan D M(lean M(lean D M(lean D
value value value value value value value value

%) (%) %) (%) %) (%) %) (%) %) (%) (%) (%) %) (%) %) (%)
#1 1.62x102 0.17 078 018 092 0.60 0,92 060 3.16x102 2.81 20.37 022 0.16 280 3.01 047
#2 7.17x103 064 042 0.19 0.81 338 0,81 3,38 4.12x102% 075 21.34 0.62 159 035 385 0.77
#8 9.67x103 2.38  0.09 0.26 0.52 0.21 0,52 0,21 LOD - 7.79  2.78 0.14 1.94 1.00 3.38
#4 4.25%x10% 216 019 017 033 083 033 083 LOD - 6.20 233 <LOD - 0.72 1.38
45  1.50x102 021  0.61 057 078 142 0,78 142 511x102 1.74 965 1.50 0.05 3.63 224 1.07
46 LOD - 0.16 224 059 093 0,59 093 3.73x10° 238 11.55 0.13 1754 052 091 1.75
A7 3.46x102 053 0.14 223 038 146 038 146 3.75x10% 1.18 584 099 <LOD - 0.86  0.76
#8 5.53x102 0.02  0.46 0.21 0.77 1.42 0,77 1,42 1.37x102 0.06 15.56 0.09 0.65 0.71 1.58 1.81
#9 3.37x102% 038 061 046 0.72 038 072 0,38 2.17x102% 0.10 1448 1.00 1.73 0.64 221 0.26
#10 1.72x102 0.54  0.19 0.18 093 059 093 0,59 4.43x102 0.20 23.14 1.93 6.88 0.67 137 0.11

Table D.8 — Matrix effects of the analytes introduced into a human urine sample (n = 3).
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lonic compounds

Chloride Sulfate Phosphate Sodium Ammonium Potassium Magnesium Calcium
Mean Mean Mean Mean Mean Mean Mean Mean

Sample value value value value value value value value 5D
(%) (70) %) (%) %) (%) %) (%) %) (70) %) 0 %) (70) %) (70)
#1 337 042 131 101 270 0v6 032 051 073 38 413 1.07 0.08 0.10 0.19 0.61
#2 497 0.0r 142 062 487 011 061 073 051 383 415 073 0.14 1.8 0.08 1.92
#83 3.16 011 038 231 044 235 024 014 010 234 298 065 003 025 0.05 1.76

#4 .51 023 038 117 078 131 0.09 0.18 0.15 151 238 128 0.04 238 LOD -

#5 585 0.06 075 118 129 079 034 07 08 094 423 078 0.05 3.61 LOD -
#6 267 001 107 164 048 214 026 034 016 142 258 064 0.05 1.55 0.10 0.17
#7 260 014 025 174 025 122 016 042 020 000 280 049 0.03 286 0.05 1.60
#8 549 013 106 041 115 089 067 083 038 063 168 033 016 3.67 026 1.24
#9 253 042 116 038 223 046 028 032 064 039 260 1.07 010 1.72 0.09 3.42
#10 339 010 168 026 384 027 049 067 063 1.59 258 097 0.13 0.07 0.12 1.34

Table D.8 (continued).
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D-4 Discussions

To the best of the authors’ knowledge, the analytical technique described above (i.e.,
IC-CD/MS) is applied for the first time for simultaneously determinating major compounds
in urine. This allows a double analysis and direct dilute-and-shoot approach in 35 min
without sample preparation. The validation results demonstrate the reliability of this
method for the simultaneous quantification of lactic acid, hippuric acid, citric acid, uric
acid, oxalic acid, urea, creatine, creatinine and ions in human urine samples (with a pre-
cision within 4.0%, accuracy ranging from 0.1% to 5% and recovery rates varying from
94.9% to 102.6%). Both external calibration and standard-addition approaches enable the
quantification of the analyte. Following this procedure, the proposed method provides
satisfactory quantitative results (compared to the literature’s values presented in D.9),
without the need for expensive isotope-labelled compounds [304], thereby supporting its
applicability to daily testing of human urine samples. The difference in values can be at-

tributed to different lifestyle practices (such as eating habits, sleep, sex, sports practices, etc.).

According to various studies [190, 303, 304], the identification and characterization of a
human urine solution can be performed by evaluating some concentration ratio according to

the two following coefficients K; and Kbo:

K, — 20 x [Uric acid]
[Urea eq nitrogen]
[Uric acid]
Ky= 7>
[Creatinine]

where concentrations are given gL 1.
These two factors have been evaluated and reported in the Table D.10. Sakurai et al. [190]
reported values of K; ranging from to 0.69 to 2.25, which are consistent with those obtained
in this study, ranging from 1.63 to 3.45. As for Ko, Kwon et al. [290] and Sakurai et al.
[190] reported values ranging from 0.28 to 0.66, similar to those obtained in this study (from
0.21 to 0.68). However, the pioneering technique of ion chromatography coupled with mass
spectroscopy allows efficient characterization of the more significant analytes contained in

human urine.
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Converted literature values

Analyte (gL 1) Ref.
Organic molecules
Urea 13.67 £ 2.67
Uric acid 0.31
Creatine 0.06
Creatinine 1.14 £0.04
Citric acid 0.46 +£0.24 58]
Lactic acid 0.01
Hippuric acid 0.46
Oxalic acid 0.01 - 0.03
Tonic compounds
Chloride 5.19 £3.18
Ammonium 0.51 £0.16 [58]
Potassium 2.32
Sodium 0.46 [305]
Sulfate 1.12 [306]
Phosphate 3.01 [307]
Magnesium 0.07 £ 0.02 155
Calcium 0.12+0.04

Table D.9 — Literature values of identified compound concentrations in human urine.

K, Ko
Sample
Value SD Value SD
#1 1.94 0.02 0.31 0.01

#2 1.63 0.05 0.21 0.01
#3 285 009 052 0.02

#4 230 007 046 0.01

#5 345 0.01 035 0.01

#6 220 0.02 0.66 0.02

#7 2.76 001 044 0.01
#8 213 0.03 049 0.01
#9 212 001 0.32 0.03

#10 1.72  0.02 0.68 0.02

Table D.10 — Results in terms of K; and Ky determined for 10 samples expecting the validation of
the method (n = 3).
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D-5 Conclusions

This appendix investigated a new IC-CD/MS method for the simultaneous quantification
of the 8 main organic molecules (biomarkers) and 8 ions naturally present in human urine,
in two runs and within 35min. Chromatographic separation was performed using ion-
exchange columns coupled to a mass spectroscopy detector. Quantitative concentration
values were obtained using the external standard method without requiring the use of
expensive isotope-labeled compounds. The results were validated according to ICH guidelines
(through selectivity, sensitivity, linearity, accuracy, and precision) and showed that the
proposed method provided quantitative values with precision and accuracy higher than 95%.
Furthermore, no matrix effects were observed. In the future, the proposed method could be

thus used as a basic technique in any analytical field.

D-6 Ethical approval

This is an observational study. No ethical approval was needed for the study. Before
gathering any information, we ensured to obtain written approvals from each participant
with notice of information and consent form. All procedures performed in studies involving
human participants were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki Declaration and its later
amendments. This study was conducted with healthy individuals aged 18 and above, who
had no previous record of kidney-related ailments. The study excluded those who were
currently suffering from a urinary tract infection. Furthermore, female participants were

instructed to undertake the test on non-menstrual days.



Appendix

Repeatability of the measurements of

0
X?

time chosen to calculate the initial

the initial rate, r., as a function of

rate from the curve pH (t)

To ensure reliable and accurate measurements, the influence of the sampling time on the

0
X

obtained for five reactant (urea and OH") concentrations and sampling times varying from

initial rate was studied. Table E.1 reports the different measures of the initial rate, noted r

5 to 50 seconds. The RSD was calculated from each averaged value of 7”9(. This criterion
allows identifying which sampling time was the best choice for determining 1"9(. From these
findings, a sampling time of 10 seconds was chosen for calculating all the initial reaction

rates.
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Sampling time (s)

Experiment 1

Experiment 2

Experiment 3

Experiment 4

Experiment 5

Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2
r) (molL s 1) 1.23x107° | 1.40x10™° | 1.57x107 | 1.64x10° | 2.11x10 | 1.67x107 | 2.32x10 | 1.98x107° | 2.01x10° | 2.01x 107
Average 1.31x107° 1.61x107 1.89x107 2.15%107 2.01x107°
5 Standard deviation (SD, molL~!s™1) 1.18x10 4.97x107 3.12x10°° 2.39x 1070 4.11x10°8
RSD 9% 3% 17% 11% 0%
0 (molL s T) 1.22x107 [ 1.38x10™ | 1.55x10 | 1.62x10™ | 2.08x107 | 1.66x10° | 2.29x10P | 1.96x10™ | 2.01x10 | 2.03x10°
10 Average 1.30x10-§ 1.59x10 1.87x10-§ 2.13x10-§ 2.02x107
SD (molL~ts™1) 1.15x10° 5.02x1077 3.03x10° 2.32x10° 1.84x10°7
RSD 9% 3% 16% 11% 1%
9 (molL 's™ 1) 1.18x105 [ 1.33x10™ | 1.50x105 | 1.57x10™ | 2.01x10 | 1.62x10° | 2.22x10 | 1.92x10° | 2.00x10 | 2.11x10°
Average 1.25x107° 1.54x107 1.81x107 2.07x107® 2.05%107°
25 SD (molL~ts™1) 1.08x10°C 4.65%107" 2.76x10° 2.11x10° 8.40x1077
RSD 9% 3% 15% 10% 4%
9 (molL 's 1) 1.12x10°5 [ 1.25x10° | 1.43x105 | 1.50x10™ | 1.89x105 | 1.56x10™ | 2.12x105 | 1.86x10™° | 1.97x105 | 2.24x107
Average 1.18x107° 1.46x107° 1.73x107 1.99x107 2.11x107°
50 SD (molL—ts™1) 9.67x107" 4.74x1077 2.35x10° 1.82x10°C 1.87x10°°
RSD 8% 3% 14% 9% 9%
Average global 1.26x107° 1.55x107 1.83x107 2.08x107 2.05%107°
SD global (mol L~ Ts™T) 5.70x107 6.43x 107 7.39x107 7.14x107 4.32x10°7
RSD global 5% 4% 1% 3% 2%

Table E.1 — Influence of the sampling on the repeatability of the initial reaction rate rg.
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Appendix

Model resolution

1. Initialization

— define all the partial reactional orders, agy, BEy,YEy, the kinetic constant, kg,
the tortuosity, 7, and the porosity, w, of the electrocatalytic layer domain Qgc,

the diffusivity coefficient of urea, Dyyrea,w, and the cell volume, V;

— set the initial concentrations of soluble components in each subdomain:
[OHi]Vz,tzo and [CO(NHz)z]vz,t:o;

geometric
Selec

— set the geometrical surface, , and the rugosity of the electrode, Sdr.
The Sdr parameter can be considered as the ratio between the area of the ‘real’
developed surface and the area of the ‘projected’ surface. In our case, the Sdr is

measured by a 3D optical profiler (S-Neox, Sensofar, Spain) and equal to 1.09%.

— calculate the real electrode surface Sejec according to Eq. F.1;

Selec = SECOMEMIC o Gy (F.1)

elec

— calculate the kinetic apparent constant, kapp;

eff

urea,w?

— calculate the effective diffusivity coefficient of urea, D into the Qgc domain;
— set the time ¢ = 0 and the time step size 7, = 1 s;
— set the size and shape of computational sub-domains, Q2g, QF and Qgc;
— initialize all the model fluxes to 0;
— calculate the dimensionless Biot number, Bi defined in Eq. IV.30.
2. Time stepping (pseudo-steady state)
do

Time step n at time 7,.

(a) Dynamics of urea concentration in the electrocatalytic layer Qpc (steady state)

i. Calculate dimensionless Hatta number
The Hatta number, defined as Eq. F.2, allows to describe the competition,
in the Qg domain, between the chemical kinetics and the effective diffusion

inside the porous solid. Depending on this number, either a chemical or
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diffusional regime takes place.

2
Ha = Kapp X = (F.2)
DS, o x [CO(NH,),"

urea,w

ii. Solve mass balance

~ Solve for urea concentration [CO(NHy)ol5<. <54 ¢, 41, the ODE system
according to Eq. F.3.

0% [CO(NH,),]

i~ — Ha? x [CO(NH,)o]"* =0 (F.3)

from t,, to t,, + 7.

A shooting method for boundary value problems of ODE system was used
for stable and accurate integration between t,, and t,, + 7,. The method
consisted in testing different fluxes in z = § so as to minimize a target

function defined in z = 6+ as a Neumann condition ( W

0).

ZZAE

(b) Dynamics of urea concentration in the liquid film layer Qp (steady state)

i. Scaling the diffusion flux by the respective mass transport characteristics to
the studied area according to Eq. F.4.
Qp Qpc
Biot x 0 [CO(;NHQ)Q] _ 0 [COéNHQ)Q] (F.4)
Z 7

z=AfrEC z=AFEC

ii. Solve mass balance

— Solve for urea concentration [CO(NHy)so<, <. the Eq. F.5.

tn+Tn

9% [CO(NH,),]

=0 F.5
92 (F.5)
(c) Dynamics of urea concentration in the bulk Qp (transient state)

i. Solve mass balance:

— Solve for urea concentration [CO(NHy)s],( 4 ., according to the Eq.
F.6.

QF

0 |[CO(NH
[ ( 2)2]Z§0 +Durea,w X Selectrode X W

Vbulk
x ot oz

=0
Z:ABF

(F.6)

26, t,+m, according to the Eq.

e Solve for urea concentration [CO(NHy),]
F.7.

0 [CO(NHy),] |“*

[CO(NHy),],—s = [CO(NHy)o],_o + 0 x 92

(F.7)

z=ABp



Appendix

ICP-OES experimental details

In Chapter V, section V-1.1.b.ii, some ICP-OES measurements (HORIBA Ultima 2)
with a nitrogen purging were performed to characterize the precipitate formed once human
urine was alkalinized.

The sample was nebulized into Ar plasma, specifically Ultra High Purity 4.5 Grade argon
with 99.999% purity, via a concentric pneumatic nebulizer paired with a cyclonic spray
chamber. The operating guidelines recommended by the manufacturer were strictly adhered
to an auxiliary gas flow of 0.2 L per minute (except for alkali compounds, Na and K, where
0.5L per minute is used), a nebulizer gas flow of 0.6 L per minute, and a radiofrequency
power of 1.2kW. Special care was taken in choosing wavelength to reduce disruption. For
S: 181.978 nm, P: 213.618 nm, Mg: 285.213nm, Ca: 396.847nm, Na: 589.592nm and K:

769.896 nm were used. Calibration curves are illustrated in Figure G.1 and presented in Egs.

G.1-G.6.

Peak areac, = 3.02 x 10% x [Ca] + 6.29 x 10° with R? = 0.999 (G.1)
Peak areax = 3.67 x 10% x [K] — 3.10 x 10* with R = 0.997 (G.2)
Peak areayy = 3.32 x 10° x [Mg] + 1.28 x 10* with R? = 0.999 (G.3)
Peak arean, = 3.80 x 10* x [Na] — 1.69 x 10% with R? = 0.997 (G.4)
Peak areap = 3.71 x 10? x [P] — 5.92 x 10? with R? = 0.999 (G.5)
Peak areag = 2.14 x 10% x [S] 4+ 2.07 x 10% with R? = 0.999 (G.6)
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APPENDIX G. ICP-OES experimental details
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Fig. G.1 — ICP-OES calibration curves.




Appendix

Raw data of complete mass balance

during urea and urine electrolysis

These raw data are presented in the Chapter V in the section V-1.1.

Table H.1

shows the raw data obtained when determining the quantities of reagents and products

during the chronoamperometric electrolysis of a 50 h urea solution. Table H.2 shows the

raw data obtained when determining the quantities of reagents and products during the

chronoamperometric electrolysis of a 48 h human urine solution. Table H.3 shows the raw

data obtained when determining the quantities of C- reagents and products during the

chronoamperometric electrolysis of a 48 h human urine solution.

Time Charge CO(NH,), OCN~ coZ NO5 NH," N, =

(h) (©) (mol)

0 0 1.97x1072 / 6.00x10™ / / / 2.03x1072
2 1080 1.70x102  9.89x10* 1.80x10 5.44x10% 2.30x103 1.56x103 2.42x102
9 2500 1.32x102  247x10%  4.20x10° 1.63x10° 6.89x103 2.23x10%  3.06x102
18 3500 9.75x10%  3.95x10 6.60x103 2.12x103 1.15x10% 2.59x103 3.65x1072
28 4200 7.22x10  5.44x10% 7.20x10% 2.61x103 1.38x102 2.81x103 3.91x102
43 5000 4.77x10%  6.43x10 9.00x103 2.88x103 1.61x102 4.02x10 4.32x1072
50 5400 3.96x10°  6.92x103 9.60x103 3.16x10% 1.70x102 4.46x103 4.51x107?

Table H.1 — Molar quantities

of reagents and products during electrolysis of urea synthetic solution.

pH Time Charge CO(NH,), OCN~ NO, NH," N, FA OA =
(h) (©) (mol)

6.2 0 1.49x1072 1.07 x 1073 4.22x10°  1.60x1072
0 1.40 x 1072 1.52 x 1073 9.56 x 107 5.11 x 107 1.57 x 1072
5 740 1.40x102  2.21x10* 3.59x10%  1.33x10%  1.56x10%  7.04x10%  2.71x10%  1.85x1072
8 1230 1.39x102  6.48x10* 7.02x10%  1.25x10%  2.23x10%  8.96x10%*  3.42x10%  2.00x1072

" 23 2628 1.30x102  1.39x10% 1.33x10°%  9.33x10%  2.59x10%  1.89x10°  6.20x10*  2.18x1072
30 3256 1.18x102  1.75x10% 1.58x10%  9.00x10% 2.81x10% 2.21x10%  833x10?*  2.19x102
48 4508 L12x102  248x10%  2.18x10%  8.50x10%  4.02x10°%  3.20x10%  1.06x10%  2.49x1072

Table H.2 — Molar quantities of reagents and products during electrolysis of human urine.
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238 APPENDIX H. Raw data of complete mass balance

Time Charge TOC CO(NH,;); OCN FA OA >

pH
(h) (©) (mol)

6.2 0 / 7.12 2.99 / /0.02 3.00
0 / 6.61 2.80 / 0.02 0.02 2.84
5 740 6.15 2.81 0.04 014 0.11 3.10
8 1230 5.78 2.79 0.13 0.18 0.14 3.23

H 23 2628 6.00 2.60 0.28 0.38 0.25 3.50
30 3256 5.50 2.37 035 044 0.33 3.49
48 4508 5.39 2.23 0.50 0.64 0.42 3.79

Table H.3 — Carbonaceous species concentrations during electrolysis of human urine.



Appendix

Linear voltammetry of main
compounds in human urine in various

matrices

These raw data are presented in the Chapter V in the section V-1.2.b. The curves
presented in this appendix were obtained in linear voltammetry, during different spiking of
the main organic molecules and ions contained in human urine in 3 different matrices: (7)
KOH (Figure I.1), (i) urea/KOH (Figure 1.2) and (i) alkalinized urine (Figure 1.3).
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Fig. I.1 — I={(E) curves obtained by spiking various compounds, mainly present in human urine, into a KOH matrix.
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Fig. 1.2 — I=f(E) curves obtained by spiking various organic molecules, mainly present in human urine, into a urea/KOH matrix.
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Appendix

Langmuir model for histidine

adsorption on nickel(III) sites

The Langmuir model corresponds to adsorbed molecules which form a single mono-layer
on the surface. Each site for adsorption is equivalent in terms of adsorption energy. There

is no interaction between adjacent molecule.

On the basis of the adsorption reaction, one can established the Eq. J.1.

I'm K x [Histidine]

o — —
FHmax 1+ K x [Histidine]

(J.1)

where I'y is the number of nickel sites covered by histidine, I't max is the number of maximum
nickel sites available to the histidine adsorption, © is the coverage ratio (dimensionless,
between 0 and 1), and K is the equilibrium constant of the adsorption reaction between

histidine and nickel sites (K = kyqs/kges, dimensionless).

For this signal (0.6 to 2V), the current, proportional to the OH™ concentration, can be
expressed by Eq. J.3. In the absence of histidine (when © = 0), a limiting current (I°) can
be expressed as Eq. J.2, without adsorption of this molecule, allowing maximum current for

hydroxide ion oxidation:

1
without histidine : I° =n X F x kgg- x [OH7] x S x T (J.2)
— toH-
1
with histidine: I=n x F x kgg- x [OH7] xS x (1 —0) x TR (J.3)
— YOH~-
[=1°x (1—0) (J.4)

where I is the current (A), n is the number of exchanged electrons (1 in the case of OH™ —
0.25 Oy + 1 e + 0.5 HyO, dimensionless), kop- is mass transfer coefficient of hydroxide
ion (ms~!), S is the geometrical area of the nickel RDE (m?), tog- is the ion transport

number of hydroxide (dimensionless).

The ion transport number of OH™ is estimated via Eq. J.5 and represented the fraction
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of the total current carried in an electrolyte by OH ™ specie.

" _ [OH_] X DOH—
OH™ ™ TOH-] x Doy + [H*] x D+

(J.5)

Assuming diffusion coefficient of 5.3 x 1072 m?s~! for hydroxide ions [265] and 1.83 x 10~

m?s ! for potassium ions [308], the number tog- is equal to 0.75.

The difference in the oxidation currents of hydroxide ions (AI), in the presence of

histidine and in its absence, can then be expressed according to Eq. J.6.

Al=T°—1 (J.6)

Al K x [Histidine]
- I° 14K x [Histidine]

©

Leading to Eq. J.8:
11 N 1 (18)
Al I° K x I° x [Histidine] '
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VALORISATION OF UREA INTO HYDROGEN BY ELECTRO-OXIDATION:
FROM MECHANISM AND KINETIC STUDIES TO PILOT-SCALE REACTOR DESIGN AND
OPTIMISATION

Abstract

To face energy and environmental challenges, the electro-oxidation of urea offers a promising
alternative for wastewater treatment. This operation, implemented at room temperature, allows, in
addition to the depolluting action, the generation of hydrogen at the cathode. Using inexpensive
electrodes, this method has potential for industrial application, and all the more by photo-assisting
the process.

This thesis aims at developing a complete model including the design, implementation
and optimisation of an electrochemical process allowing the recovery of urine effluents into
hydrogen; optionally being assisted by sunlight. Most of the current studies on this subject focus
on the functionalisation of electrode materials, without deeply investigating the electrochemical
engineering aspects. It is precisely this gap that the work carried out in this thesis seeks
to fill. The understanding of the reaction phenomena taking place during the UEO implies
the availability of complementary analytical tools. Thus, a wide range of analytical methods
(TOC, IC-CD/MS, GC, SEM, granulometry, BET, XRD) has been developed, adapted and rig-
orously optimised, enabling to establish complete mass balances on almost all the by-product formed.

Then, an electrochemical kinetic study has been carried out by plotting voltammetric
curves under different conditions, in order: (i) to study the impact of the operating parameters ([j],
6/oc, w/rpM) on the rate of each chemicophysical phenomenon (electro-catalytic layer generation,
reagent transport, reaction kinetics) and (i) to access key quantities describing the overall process
(activation energy, diffusion and anodic charge transfer coefficients, heterogeneous electron transfer
rate constant). The validation of the process on a lab-scale scale has been done by means of
complete mass balances performed on electrolyses at a scale of 1 to 2g of urea and for degradation
rates of 50 to 90%, never reached to date, and this at different operating conditions ([OHT],
6 /o, mono/bi-compartmented reactor). One of the noticeable results is that the content of the

compounds OCN", 00327, NO, ions and NHj represents ~80% of the degraded urea.

To better understanding of UEO mechanism, additional kinetic studies have been con-
ducted by implementing an original strategy combining two different methods: either solid particles
of NiOOH or electro-generated NiOOH on nickel. The analysis of the two kinetic rate laws obtained,
coupled with the study of the nature of the oxidation products identified, has enabled to provide
new insights on this complex system and to propose a detailed reactional mechanism of the overall
process (adsorption, chemical reaction, desorption).

Then, a model combining the established kinetic law with diffusive transport phenomena
has been proposed. Concentration profiles have been solved in the liquid volume, in the diffusion
layer and in the porous solid layer of NiOOH at the electrode. Consistent agreement (>95%) has
been obtained when comparing the lab-scale electrolysis results with the model predictions, and this
for different operating conditions.

Coupling the proposed multi-pathway mechanism with this predictive model paves the way for the
design and operation of a pilot-scale reactor, the study of which forms the final part of the thesis.
The effect of operating parameters ([j|°, flow rate/rate, E) on urea conversion, transport phenomena,
electrode stability and energy consumption, has been studied on urea solutions, and also on
with real effluents. The findings have allowed the validation of the process at pilot-scale (~40 g urea).

At last, this thesis has initiated a multi-disciplinary research dynamic aiming at address-
ing both depollution and energy challenges by valorizing a waste into an energy vector.

Keywords: Urea, Electrochemical Engineering, Kinetic, Mechanism, Effluent valorization, Hydro-
gen




VALORISATION DE L’UREE EN HYDROGENE PAR ELECTRO-OXYDATION :
DES ETUDES CINETIQUE ET MECANISTIQUE VERS LA CONCEPTION ET L’OPTIMISATION
D’UN REACTEUR A L’ECHELLE PILOTE

Résumé

Répondant aux défis énergétiques et écologiques, 1’électro-oxydation de l'urée offre une alternative
prometteuse au traitement biologique des eaux usées. Simple & mettre en ceuvre et opérant a
température ambiante, elle permet, outre ’action dépolluante, de générer du Hy & la cathode.
Utilisant des électrodes peu coiiteuses, cette méthode présente un potentiel industriel accentué par
la perspective de photo-assister le procédé.

Les travaux réalisés dans le cadre de cette thése visent & développer un procédé électrochimique
(conception, mise en ceuvre et optimisation) permettant de valoriser 'urine en hydrogéne et capable
d’étre assisté par la lumiére solaire. La majorité des recherches actuelles se concentrent sur les
matériaux d’électrode, négligeant la dimension Génie des Procédés, que cette thése aborde.

La compréhension des phénomeénes réactionnels liés a l'oxydation anodique de l'urée, im-
plique de disposer d’outils analytiques et de caractérisation. A cet effet, un ensemble analytique
(COT, IC-CD/MS, CPG, MEB, granulométrie, BET, DRX) a été développé, adapté et mis en
ceuvre, ce qui a permis d’établir des bilans de matiére de la quasi-totalité des réactifs/produits
impliqués.

L’étude de la cinétique électrochimique du systéme a été réalisée via les courbes I=f(E)
avec un double objectif : (i) étudier I'impact des paramétres opératoires ([j], 6o, w/rpm) sur la vi-
tesse de chaque phénomeéne physico-chimique (génération d’une couche électro-catalytique, transport
des réactifs, cinétique de la réaction) et (i) accéder a des grandeurs clés décrivant le processus global
(énergie d’activation, coefficient de diffusion et de transfert électronique, constante de transfert
électronique hétérogene). La validation du procédé a 1’échelle laboratoire a été effectuée par des bilans
de matiére complets, sur des électrolyses a 1’échelle de 1 a 2g d’urée et a des taux de dégradation
de 50 & 90%, jamais atteints a ce jour, et cela dans une large gamme de conditions opératoires
([OH'], 6,o¢, réacteur mono/bi-compartimenté). Le résultat marquant de cette étude est que les

ions OCN ", CO5 ", NO, et NH; représentent ~80% de 'urée dégradée, le N, ne dépassant pas ~15%.

Des études cinétiques de la dégradation de l'urée ont été par la suite conduites via une
méthodologie originale combinant deux approches : ’analyse des lois de vitesse cinétique obtenues
(i) sur particules solides de NiIOOH et (ii) sur NIOOH électrogénéré. Couplée a l'identification
des produits d’oxydation, ces résultats ont permis de mieux comprendre le systéme et de propo-
ser un mécanisme réactionnel détaillé du processus global (adsorption, réaction chimique, désorption).

Un modéle combinant la loi cinétique établie avec les phénoménes de transport diffusifs et
convectifs a été proposé. Les profils de concentration ont été déterminés : dans le liquide, la
couche de diffusion et la couche solide poreuse de NiOOH & I’électrode. Les prédictions du modéle
s’accordent & plus de 95% aux résultats d’électrolyses a 1’échelle laboratoire, et ce pour différentes
conditions de fonctionnement.

Du couplage de ce modéle prédictif avec le mécanisme & chemins réactionnels multiples
proposé, un réacteur a ’échelle pilote a pu étre congu et élaboré, dont I’étude a fait 'objet de la
derniére partie de la thése. L'effet des paramétres opératoires ([j]°, débit/régime d’écoulement, ) sur
les performances du procédé (conversion en urée, transport de matiére, stabilité des électrodes et
consommation énergétique) a été étudié avec I'urée commerciale puis avec de I'urine humaine, et a
permis la validation du procédé a P’échelle pilote (~40g d’urée).

L’ensemble de ces travaux ont contribué & une dynamique de recherche pluridisciplinaire,
visant & valoriser un déchet en vecteur énergétique, qui est essentielle pour répondre aux enjeux
contemporains de dépollution et d’énergie.

Mots clés : Urée, Génie Electrochimique, Cinétique, Mécanisme, Valorisation d’effluent, Hydrogéne
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