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Abstract

The issue of water contamination, specifically with nitrate ions, is a growing concern on
global and Palestinian levels. This pertains to both groundwater and surface water
sources. The escalation in nitrate pollution can be attributed to the excessive and
improper utilization of chemicals as a consequence of human activities. The utilization
of electrochemical reduction of nitrate presents a viable method for addressing this
issue. The key goal of this study is to enhance the removal of nitrate by highly selective
electroreduction to N2. The aforementioned objective is accomplished through the
alteration of an inexpensive, reliable, and durable electrode that exhibits exceptional
efficiency in nitrate reduction. The bench-scale undivided electrochemical cell was
utilized in the potentiostatic mode, aiming to obtain reduced power consumption. The
experimental setup consisted of three distinct electrodes: a reference electrode known as
the saturated calomel electrode (SCE), a counter electrode in the form of a platinum (Pt)
sheet, and one of the newly modified electrodes served asthe working electrode.
Customized electrodes comprise Cu@Cu modified by electrodeposition of Cu
nanoparticles on a chemically pure Cu sheet, FeCls chemically etched copper
electrodes, and copper sheets modified by graphene. The graphene modification was
eliminated due to several reasons that will be discussed later. The electrodes underwent
characterization through the utilization of X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS). Among the studied electrodes, the copper
nanoparticle electrodeposited electrode (Cu@Cu-1) results displayed the most
significant nitrate conversion rate, reaching 92.3% and 85.05% selectivity towards N2
gas within a time frame of 420 minutes. Furthermore, the kinetics associated with the
electrochemical reduction of nitrate via the Cu@Cu-1 electrode was examined through
the use of the initial rate method. The investigation revealed a reaction rate order of

Xiv



0.85. Additionally, the rate constant was determined by analyzing the intercept of the
plot that is equal to In k, from which k was found to = 1.39 x 1072 min™.

Keywords: Copper Nanoparticles; Copper; Electrochemical reduction; Nitrate ions;
Water Pollution,
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Chapter One

Introduction and Literature Review

1.1 General Background and Problem Statement

Water is one of the most important aspects of humans' availability and development on
Earth. Water levels on earth are almost constant, approximated at the height of 1600 X
106 km (1). Although most of the earth’s surface isn’t land but is in fact covered in
water, not all the available water is directly valid for individuals (2). Seawater
corresponds to 97.2% of the overall volume and is unserviceable for human needs, an
additional 2.1% is denoted for ice and snow, leaving out 0.6% of the total water capacity
as fresh, usable water (1). Groundwater is estimated to compose 98 percent of the total
freshwater reserves and is the most copious source (3). Approximately one-half of the
global population relies on groundwater as their primary source of drinking water. Not
only is it the main source of drinkable fresh water, but it’s also fundamental in many
other aspects regarding every form of life and the well-being of the earth; it helps
sustain the ecosystem and maintains a stable temperature (4). Humans' uses of
groundwater may vary depending on the situation, it can be used in food production,
agriculture, energy production, etc. For these reasons, groundwater is an essential factor
in human progress. Since groundwater is a readily accessible source that mostly requires
little or no treatment, it is globally preferred by beings for survival over surface water as

a supply of fresh, usable water (3,4).

In recent years, water scarcity is no longer the only concern regarding water. With
industrialization development and population growth, a stumbling block has occurred
and it’s the quality of the water (5). The statement quality of water conveys the
chemical, biological, and physical features of the water (6). The quality of water has
become a major threat due to pollution caused by the significant increase in the
concentration of uncommon substances and natural components (3,6). Hence, pollution
is an outcome of human activity and genuine incidents by nature (6). As stated, earlier
contamination of groundwater resources is anthropogenic or natural, anthropogenic is

due to diverse actions that generally involve (3-6):

e Agriculture activities,

e Mistreatment of chemicals,



¢ Discarding wastewater, and solid waste,
e Discarding industrially contaminated water,
e Eftc.

Moreover, although human activities are the most abundant reason for world pollution,
they aren’t the only reason for groundwater contamination, groundwater may also get
polluted via natural motives, as an outcome of natural occurrences, or cycles. The

natural causes category consists of (1,3,5,6):

e Chemical reactions in water,

¢ Radioisotopes decay from the uranium-rich substratum,
e Extreme evaporation,

e Easily dissolved rocks,

o [Etc.

As a result of water resources contamination, elements such as (Ni, Se, B, Cr, Cu, Al,
Fe, etc.) were detected in high concentrations in groundwater mines (1). Other
impurities detected in groundwater that are also linked to human activities include
hydrocarbons, nitrates, halogens, biphenyls, and biological impurities (6). Various
health issues affecting living organisms have been linked to water pollution, for

instance, Fluorosis, Diarrhea, Blackfoot, etc. are all waterborne infections (5).

Globally, nitrate has become one of the most predominant chemicals detected in
groundwater, initiated by an array of practices associated with agriculture, industry, and
other similar practices (7). The elevated levels of nitrate in drinking water in recent
years have caused significant public concern due to the potential for severe health
issues; it may lead to methemoglobinemia in toddlers and abdominal cancer in
grownups (8). Therefore, nitrate contamination is a critical matter, and efforts should be
made to resolve it and find appropriate ways for denitrification to attain sustainable

sources of fresh and safe drinkable water.



1.2 The Nitrogen Cycle and Imbalance

The majority of Earth's atmosphere is composed of nitrogen; nitrogen (N) is considered
to be the fourth most abundant element in cellular biomass (9). The major nitrogen
reserve on planet earth is the triple-bonded N2 gas (78% of the total atmosphere).
Nitrogen may exist in many different chemical formulas, several oxidations, and
reduction state (10). For nitrogen to be useful in human activities, it should be in the
form of inorganic compounds (11). There is no doubt that the nitrogen cycle takes
second place among the most essential cycles after the carbon cycle (11). The nitrogen
cycle is the alteration of different nitrogen forms generated by two major processes:
biological and physical processes that are dependent on a range of environmental
aspects that affect its availability (11). The nitrogen cycle was simplified and separated

into four major procedures listed as follows (9):

1. Fixation,
2. Nitrification,
3. Oxidation,

4. Denitrification.

A basic representation of the major nitrogen cycle processes was developed and
presented in Figure 1.1.

Figure 1.1

Basic Nitrogen Cycle Scheme

Nitrogen (N2)

Ammonia (NHs)

% Nitrite (NO2)




In order for dinitrogen to be of use in human activities, it should be readily available by
means of inorganic compounds such as nitrate, nitrite, ammonia, or ammonium (11).
Nitrogen fixation comes as the first step in the nitrogen cycle, and it’s the way
atmospheric N2 is converted into ammonia (NHs) or ammonium (NH.") according to
equation 1.1, (12). Fixation of nitrogen is achieved by nitrogen-fixing bacteria
(Azotobacter, Rhizobium, Clostridium, etc.) located in the roots of specific plants or in
soil. These different types of bacteria convert N2 into ammonia and ammonium to be

easily converted into other various nutrients (9,12-14).
N, + 8H* + 8¢~ = 2NHs+ Hy coooooeiiieeee . (1.1)

The second step in the cycle is nitrification, which is a process carried out by ammonia-
oxidizing bacteria that converts ammonia to nitrite according to equation 1.2,
Nitrosomonas is the main type of bacteria associated with this step, although there are

several other genera that are associated with the nitrification of ammonia (15,16).
NH; + 0, = NO; +3H* +2e™ .o, (1.2)

As the cycle goes on, the third step in the cycle is oxidization. Nitrite-oxidizing bacteria
oxidize nitrite to nitrate, as equation 1.3 states. Nitrobacter is the identified type in this

process, along with other genera that also have the ability to oxidize nitrate (15,16).
NO; + H,0 —» NO3 + 2H "+ 2™ .oooviiiieiein, (1.3)

Finally, the cycle ends with the denitrification process, which converts nitrate back into
its primary form as atmospheric nitrogen (N2). Denitrification is a procedure carried out
by certain types of bacteria found in the soil, such as Bacillus and Pseudomonas,
converting nitrate into nitrogen as stated in equation 1.4 and releasing it back to the
atmosphere (16,17).

2NO3 + 107 + 12H* - Ny + 6Hy0 ..o (1.4)

Human activities have significantly perturbed the nitrogen cycle and disrupted its
equilibrium, resulting in an imbalance. The present management of nitrogen derivatives
in water is regarded as one of the numerous critical challenges facing humankind in the
215t century (18,19). Contamination of different water resources (Surface water or

groundwater) with various pollutants especially nitrate-related pollution, has become a
4



significant issue around the world specifically in underdeveloped areas, as a result,
humans are exhibited to intake nitrate concentrations beyond the normalized limit (20).
Therefore, the increase in nitrate contamination has several disadvantages regarding the

environment and human health.

1.3 Environmental and Health Concerns

On a global scale, nitrate contamination is a developing concern for both public and
environmental health, as it poses a major risk to all living things. As stated previously,
nitrate is a naturally occurring compound that is used in many human activities and is
found in different water resources. However, the unmonitored excessive use of nitrate
and poor practices are leading to an increase in nitrate levels in the environment, which

is leading to food crops and water source contamination (8).

In Palestine, particularly in the West Bank there has been an observed increase in nitrate
content in groundwater aquifers, surpassing the maximum limit set by the World Health
Organization of (50 mg/L) (21). This phenomenon is attributed to agricultural activities
and other contributing factors (22). During the time span from 1982 to 2004, there was a
significant rise in the content of nitrate, surpassing 100 mg/L in numerous locations and

exceeding 200 mg/L in certain areas within the West Bank (22).

Water sources' contagion with nitrate may commence an array of environmental
worries. For instance, when nitrate levels exceed natural levels in seawater, its toxicity
on aquatic animals increases since nitrate converts oxygen-transporting pigments to
pigments that are incompetent to carry oxygen (ex: Hemoglobin is altered to
methemoglobin) (23).

Then again, the effect of elevated concentrations of nitrate affected water quality and
posed serious health risks for humans, specifically for infants less than 6 months old and
pregnant women (19). Nitrite is a nitrate derivative that causes methemoglobinemia, or
“blue baby syndrome,” which is an outcome of the interference with the oxygen-
carrying capacity of red blood cells. These syndromes lead to reduced oxygen supply to

vital organs and are life-threatening for infants (21).

Nitrate also poses health concerns for adults, while nitrate is non-toxic, it may be

converted to nitrite after ingestion through microbial action in the gastrointestinal tract,

5



which may lead to nitrite reacting with amino acids to form nitrosamines that are
carcinogens (24). Consumption of nitrate-contaminated water or nitrate-rich food is
linked with an intensified risk of certain types of cancer, including colorectal and gastric

cancer (25).

Consequently, it is necessary to conduct research and devise a method that effectively

eliminates nitrates from water across a wide range of size scales.

1.4 Regulations and Recommendations

Nitrate in drinking water is the primary route of exposure for humans. The World Health
Organization (WHO) has capped nitrate (expressed as NOz") levels in surface as well as
groundwater at 50 mg L™ in an effort to reduce or preferably eliminate the adverse

health consequences accompanied with nitrate contamination (26).

1.5 Competing Purification Technologies

The increase of nitrate levels in human consumable water led to severe health issues,
and the rising issue of nitrate contamination forced scientists to research and discover
nitrate removal methods. Numerous technologies were uncovered, developed, and
employed in denitrification. The several approaches were typically categorized into

physical, biological, and chemical denitrification technologies.

1.5.1 Physical Methods

It is important to note that physical nitrate removal methods solely focus on the
separation of nitrates without any means of their destruction (27-30). Physical methods
commonly employed for water treatment include reverse osmosis, electrodialysis, ionic
exchange utilizing resins, as well as coagulation and flocculation techniques (27,28,31—
33). The aforementioned techniques necessitate frequent regeneration and are widely
acknowledged for their elevated costs and the production of concentrated nitrate
effluents. Therefore, such methods aren’t very promising and need improvement before

relying on them.



1.5.2 Biological Methods

The biological method has been widely acknowledged as a favorable choice in various
studies (34,35). The current approach exhibits certain limitations. It is characterized by
a relatively slow reaction rate, posing challenges in terms of control. In addition, the
process generates organic residues, which may have implications for subsequent steps
(27). Furthermore, it is vital to note that this approach is not suitable for concentrations
exceeding 1000 mg L* of NOs™ beyond this threshold, the elevated levels of nitrate can
be toxic to the bacteria (27,35). The two major drawbacks of a broad implementation
include the high initial investment costs and the inability to precisely monitor process
parameters due to technical constraints (36).

1.5.3 Chemical Methods

Chemical reduction, often employing hydrogen gas as the reducing agent, poses certain
challenges due to the inherent difficulties associated with handling this particular gas
(37,38). This reduction process is typically facilitated by the presence of metal catalysts
(27). The utilization of this particular methodology necessitates the utilization of
substantial quantities of metallic elements and has the potential to generate undesired

secondary substances in high concentrations, namely nitrite and ammonium (37,39).

1.5.4 Electrochemistry

Electrochemistry is a subfield of chemistry that examines chemical reactions involving
electron transfer at the electrode-electrolyte interface field. The acquisition of electrons
by a chemical species is referred to as reduction, which is a fundamental process in
electrochemistry (40). Electrochemistry provides valuable insights into reduction
reactions and plays an essential role in numerous applications, such as energy storage,

chemical synthesis, and environmental remediation (40).

More importantly, although electrochemistry has numerous applications in several fields
(41). Due to the nature of this research, it is critical to state and review the use of
electrochemistry in environmental remediation. It provides an efficient method for
removing and degrading pollutants from water, wastewater, and soil, such as heavy
metals and organic contaminants (41). Through the application of an adequate voltage
and the selection of electrode materials, electrochemical reduction procedures can

convert toxic species into less dangerous or easily separable forms (41).
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The electrochemical reduction technique to treat aqueous contaminated water with
several hazardous materials, such as oxyhalides and oxynitrogen was first developed by
Olin (42,43). It has lately obtained the researcher's attention and it has been employed to
treat contaminated aqueous solutions such as urine, contaminated water resources, and
wastewater (44-46). Since electrochemistry has proven its efficiency in the reduction of
water contaminants, it may be employed to handle high nitrate concentrations with
simple device arrangements. This approach resulted in several advantages: no sediment
was generated, and no start-up time was necessary, reducing the high costs of treatment
(46, 47).

Electrocatalysis entails the occurrence of reactions at the interface between the electrode
and reactant. The reaction can be made better if there is more charge flow through the

electrodes along with the electrolyte (48).

There are three mechanisms at work in the electrocatalytic reduction of nitrate (49):

1. Introduce electrocatalytically active ions into the solution of choice (50).
2. Inhibiting the metal catalyst on the cathode outer layer (51).

3. Electroreduction is effectively initiated on the solid-modified electrode (52, 53).

Electrolysis can proceed in either a potentiostatic or a galvanostatic mode, each of
which represents a unique mode of operation (54). During the potentiostatic electrolysis
mode, an ongoing electrically powered potential (E in V) is maintained between the
three electrodes of the electrochemical cell, which consist of a working electrode
(cathode), a reference electrode, and a counter electrode. Only relevant reactions can be
carried out in this approach of experiment depending on the given potential and its
probable adequacy (55). That said, due to thermodynamic reasons, nitrate reduction
requires relatively greater potentials than ideally required potentials (over-potentials)
(56). To overcome large activation energy, an overpotential is required (57). Due to the
high activation energy, the nitrate reduction pace is less rapid than in the galvanostatic

mode.

As mentioned above, the galvanostatic electrolysis mode may be more rapid in nitrate
reduction. To carry out galvanostatic electrolysis, a steady flow of current (j in mAcm)
is passed between a pair of electrodes in a simple electrochemical cell. Industrial

applications favor galvanostatic systems due to their simplicity of operation. Despite
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that, the lack of a prospective reference control and competing reactions reduce the
faradaic efficiency (40,58,59).

1.5.4.1 Nitrate Electrochemical Reduction

The success rate and the precision of denitrification by electrocatalysis are influenced
by several factors, including the applied current, the electrode material, the amount of
time, the temperature, and the pH of the electrolyte (60,61). The procedure is
additionally affected by both the type and quantity of electrolytes in the nitrate solution
(60, 62). Thus, different electrolytes have undergone research studies, particularly,
sodium sulfate (Na2SO4) (63, 64), and sodium chloride (NaCl) (65).

It should be mentioned that the parameters for nitrate electroreduction do not have a
consistent approach. The literature displays a variety of approaches, with unpredictable
and contradictory outcomes and interpretations. Researchers don't agree on a single set
of procedures after going over literature reviews. Therefore, it is essential to investigate
the impact of the aforementioned dynamics on the experiment before developing a

suitable nitrate electroreduction system.

When dealing with highly concentrated nitrate solutions, the possible reaction pace is
determined by the ratio of available surface catalytic cavities on an electrode (66). In
order to maximize nitrate uptake, it is required to enhance the electrode specific surface
area (SSA) while simultaneously reducing the uptake of any competing anions. Thus,
the primary aim of this research is to acquire an electrode with an extremely large
surface area. In this study, we will examine these factors in depth to develop a nitrate
electroreduction system that operates at peak efficiency. For the sake of comparison,
there will also be an investigation of electrolysis carried out without any electrode

modifications.

1.5.4.2 Theoretical Framework of Nitrate Electrochemical Reduction

The lowest lunoccupied molecular orbital 1(LUMO*) for the nitrate ion has a
comparatively elevated energy level, which contributes to the high activation energy
and delayed nitrate reduction process. As a result, it takes time and effort to add an
electrical charge to the nitrate ion LUMO. Considering the activation energy required,

the cathode voltage must be sufficiently high to promote electron transfer (10, 55).



Copper (Cu), Silver (Ag), and Platinum (Pt) are metals with partially full or
significantly occupied d-orbitals that could contribute to electrochemical nitrate
reduction (10). This is dependent on the potential gap between the 1d-orbital lenergy
levels of the metals 1and the 1LUMO levels of the nitrate ion (10).

1.5.4.3 Products and Intermediates of Nitrate Electroreduction

The production of nonhazardous nitrogen gas is the overriding aim of nitrate
electrochemical reduction research (20). Nevertheless, ammonia and 1nitrate are two
recurring byproducts, and this reduces the efficacy of electrochemical denitrification
(20,67). There are several other infrequent byproducts that include NH,OH, NO2, NO,
N20, and NH2NH: (20). Below are the main reactions of the nitrate electroreduction
process (68). Nitrate electroreduction might seem like an extensive process it is often
defined by reactions No. (1.6 & 1.7) (69).

NO3 + Hy0 +2e™ 2 NO; 4+ 20H™ ooovivoiiieeee, (1.5)
NO3 +3Hy0 45~ = ~Ny + 60H™ ..ol (1.6)
NO3 + 6H,0 +8e~ = NHs+90H ™ ..oooiveeeieeeen ., (1.7)
NO; +5H,0 + 66~ = NHs+70H™ .oooiveeeeeeee ., (1.8)
NO; + 4H,0 + 4e~ = NH,OH +50H™ ...oovcveeeen. (1.9)
2NO; + 4H,0 + 6= = Ny +80H™ ooovoieeeeee . (1.10)
NO; + HyO +2¢™ = NO3 +20H™ wooveeooeeeenn, (1.11)

Denitrification is accomplished by the direct interaction between the cathode surface

and nitrate, resulting in nitrogen gas along with hydroxyl ions (No. 1.6) (70).

1.5.4.4 Copper as a Catalyst

The transition metal copper (Cu) plays a crucial role in many electrochemical reactions,
especially in catalyzing nitrate reduction, and so is significant to electrochemistry. To
date, this metal has garnered considerable attention from researchers, leading to
extensive studies aimed at understanding and developing its catalytic properties and

potential applications in this specific domain (20). Copper, which is also the most
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widely available and inexpensive option, has been widely acknowledged as the most
reactive metal in this domain of work (69). Nevertheless, the utilization of copper
cathodes in nitrate treatment is limited because of their inadequate stability, primarily
due to issues related to corrosion and leaching in addition to their selectivity towards
ammonia as a significant by-product (71). The forthcoming chapter will delve into a
comprehensive analysis of various recent endeavors pertaining to the modification of
electrodes for the purpose of nitrate electroreduction. Particular emphasis will be placed

on the exploration of copper electrodes.

1.6 Literature Review

The most recent review of nitrate electrochemical reduction was conducted by Meng et
al. in 2023 (72). Several reviews about nitrate electrochemical reduction were made, in
2010 a review was written by Haque and Tariq (73), and another review was also
accomplished by Kaczur in 1998 (74). Conversely, the upcoming lines provide a critical
overview of contemporary literature on the alteration of electrodes, with a specific focus

on the electroreduction of nitrate, particularly in relation to the copper cathode.

1.6.1 Categorization of Cathode Materials for Nitrate Electroreduction

Efforts were undertaken to fabricate electrodes with different materials for nitrate
electroreduction. The objective was to enhance N2 selectivity while minimizing the
energy expenditure associated with the reaction (20). Several materials have been
investigated in previous studies, including noble metals such as palladium (Pd) (75),
and platinum (Pt) (38,66,76,77) in spite of their high efficiency in nitrate reduction, the
necessity for alternate materials arises as a result of their exorbitant cost and limited
availability. Other alternative materials were examined, such as lead (Pb) (49), nickel
(Ni) (76), titanium (Ti) (65), zinc (Zn) (78), aluminum (Al) (79), silver (Ag) (80), iron
(Fe) (39) and copper (Cu) (69,80).

However, copper has been identified as the most operational electrocatalyst 1for the
electroreduction of aqueous NO3™ with NH4" as the ultimate product (69).
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1.6.1.1 Copper and Associated Electrodes

The Cu metal electrode was investigated by many researchers for nitrate
electroreduction (81-83), where ammonia was mainly yielded as a product of the
procedure catalyzed by Cu (49,53). The electrocatalytic behavior of a pure
copper cathode has been explored for (0.1 M NOz?in (1 M NaOH) "alkaline
conditions” by Reyter et al. (69). The research revealed that the electroreduction of
nitrate to nitrite on the copper electrode was the rate-determining phase in the reduction

process.

1.6.1.2 Bimetallic Copper Electrodes

In order to enhance the efficiency of the copper electrode, many metals were employed
for its modification, including Cu/Pt (84), Cu/Pd (85), Cu/Ni (86), Cu/zZn (87),
Cu/MWCNT/FTO (88) electrode, and several more.

1.6.1.3 Cu/Pt Electrode

In 2017, two forms of platinum nanoparticles (NP) were investigated by Ehrenburg et
al. (84). Polyoriented and cubic platinum nanoparticles, both NPs were accommodated
on glassy carbon followed by a coat of Cu adatoms. Kinetics and mechanisms were
studied by cyclic voltammetry (CV). It was revealed that the deposition of a copper
adlayer on platinum nanoparticles resulted in increased stability and enhanced nitrate

reduction kinetics.

1.6.1.4 Cu/Pd Electrode

The reduction of nitrate in basic solutions was investigated using dense, porous Cu-Pd
alloy films. Porous electrodes exhibited greater catalytic activity, but elevated NO>™ and
NH3 levels and lower N2 concentrations were detected (89). To enhance N selectivity,
different routes were taken by several researchers. For instance, Zhang et al.
electrophoreticallyl deposited carbon lnanotube onto 1Ti sheets, and then the alloys
were subsequently electrodeposited utilizing different Cu/Pd atomic ratios on the
Ti/CNT substrates (85). Pronkin et al. had a different vision in mind, electrochemical
deposition of copper onto Pd particles supported by a glassy carbon cylinder (90).

Nitrate electroreduction activity was enhanced by the Cu adlayer onto Pd (85).
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1.6.1.5 Cu/Ni Electrode

Mattarozzi et al. developed a method to create porous Cu/Ni alloy (86). In fundamental
solutions, microporous and sponge-like Cu/Ni alloys were used to reduce nitrate. It was
explained how to electroplate porous copper onto nickel-modified graphite. The system
was used in a continuous-flow configuration with a single cycle, with ammonium being

the primary byproduct of the nitrate reduction process (20).

1.6.1.6 Cu/Zn Electrode

The study conducted by Yang et al. investigated the electroreduction of nitrate in an
alkaline solution (87). The researchers utilized several Cu/Zn oxide composite
electrodes, which were placed on a titanium surface using thermal decomposition (87).

1.6.1.7 Cu/MWCNT/FTO Electrode

More recently, in 2022, Nassar et al. modified a novel electrocatalyst used in the study
of nitrate electroreduction (88). The electrocatalyst utilized in this study is a new
composition consisting of nano-copper particles that are fixed onto multi-walled carbon
nanotubes (MWCNTSs). These nano-copper particlessMWCNTS are then spray-
deposited onto substrates made of fluorine-doped tin oxide glass. Two hours of -1.80 V
electrochemical reduction of nitrate resulted in a 65.40% conversion rate (88). The
nanoscale size of the copper supported the high specific surface area (SSA) and
catalytic activity of the modified electrode (88).

1.7 Thesis Scope

Extensive efforts and scientific investigations have been dedicated to the study of nitrate
electroreduction. However, the development of electrocatalysts that possess exceptional
activity, stability, and affordability for nitrate reduction while also being compatible

with various aquatic environments remains a significant issue.

This study focuses on the enhancement of electrode surface area through the fabrication
of nanocomposite electrodes. Composite electrodes are specifically engineered to
enhance the kinetics of nitrate reduction, thereby achieving improved performance

while simultaneously reducing material expenses.
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In the present work, multiple routes have been taken to produce a novel electrode that
achieves enhanced performance in nitrate electroreduction while simultaneously
reducing costs and achieving electrode stability. To our knowledge, copper as an
electrode with several modifications has been researched by several scientists, but
nanoparticles offer increased catalytic surface areas, a crucial factor in enhancing the
rate of electrochelmical nitrate reduction. For this purpose, copper nanoparticles willl

be used in this research either by electrodeposition or by etching on a copper sheet.

1.8 Research Questions

1. How can highly active and stable electrocatalysts for nitrate electroreduction be
developed at minimal expense?
2. How may electrode selectivity be improved such that nitrogen gas, rather than other

potentially dangerous nitrate by-products, is produced?

1.9 Strategic and Technical Objectives

The issue of nitrate contamination in groundwater sources is increasingly emerging as a
significant concern. Therefore, the current research study aims to resolve the issue by

achieving the following strategic and technical objectives:

1. Identify a cost-effective and feasible method for the removal of nitrate from water.
2. Copper nanoparticles will be electrodeposited on a chemically pure copper sheet to
increase the specific surface area (SSA).
3. A chemically pure copper sheet will be modified by chemical etching.
4. The electrodes were characterized using several techniques, including:
e Cyclic Voltammetry (CV).
e X-ray Photoelectron Spectroscopy (XPS).
e Scanning Electron Microscopy (SEM).
e Energy-Dispersive Spectroscopy (EDS).
e X-ray Diffraction (XRD).
5. The produced electrodes will be tested for their catalytic effectiveness in the
electroreduction of nitrate from purposely polluted aqueous solutions.
6. The impact of various parameters on electroreduction will be thoroughly explored
(pH, temperature, nitrate concentration, electrolyte type, electrolysis potential,

stability, and time).
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1.10 Hypothesis

1. It is assumed that modification of the Cu electrode with copper nanoparticles should
increase the SSA of the electrode and consequently increase charge transfer at the
electrode/solution interface.

2. By increasing the SSA, the modification will increase selectivity towards nitrogen
without residual amounts of undesirable by-products such as nitrite and ammonium

ions.

1.11 Novelty

The issue of nitrate contamination in both ground and surface water is a significant
global concern. This study aims to investigate practical and cost-effective methods for
the elimination of nitrate ions from water. The application of electroreduction on a
recently modified cathode material with high SSA is of significance in the field of de-
nitration. This modification involves the electrodeposition of copper nanoparticles onto
a copper sheet or the modification of the copper electrode by chemical etching. Copper
nanoparticles deposited onto copper sheets or chemically etched electrodes were not
mentioned or described in earlier literature as electrodes for nitrate ion electrochemical

reduction in water.

The primary objective of this study is to identify a highly effective catalyst for the
purpose of water purification, specifically targeting the removal of nitrate ions. The
catalyst should be economically viable and provide safety while also minimizing energy
consumption. The main goal is to convert nitrate into a benign substance, such as
nitrogen gas (N2). The research endeavor, which seeks to identify pragmatic approaches
for removing nitrate from water sources, holds significant importance for Palestine and

other nations grappling with water contamination issues.

1.2 Thesis Outline

An overview of each section is as follows:

First Chapter: Nitrate in water is briefly discussed along with its origin, health effects,
basic theory, and justification for electroreduction besides an overview of
emerging electrocatalysts regarding nitrate electrochemical reduction, with a primary

emphasis on copper cathode. In addition, research objectives are outlined in this chapter.
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Second Chapter: This chapter outlines the experimental framework and procedures
employed in this thesis's research.

Third Chapter: The findings and discussion of this effort are summed up.

Fourth Chapter: Presents the thesis's final findings and recommendations for further

research.
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Chapter Two

Methodology

2.1 Chemicals and Reagents

All starting materials and reagents were of the highest grade available and used without
further purification, they were purchased from Riedel-de Haen, Sigma Aldrich, Merck,
or Frutarom. Chemicals used are Copper Sulphate, Graphene, Toluene, Sodium
Sulphate, Sodium Nitrate (Source of nitrate ion), Sodium Nitrite, Anhydrous
Ammonium Chloride, Ferric Chloride, Dehydrate, N-(1-Naphthyl) Ethylenediamine
Dihydrochloride, Phenol (89%), Ethyl Alcohol, Sodium Hypochlorite, Sulfanilamide,
Trisodium Citrate, Sodium Chloride, Sodium Hydroxide, (37%) Hydrochloric Acid,
Phosphoric Acid (85%), and Sulfuric Acid (98%). Copper sheets (0.1 mm) thick have
been purchased from Riedel-de Haen, (Cat # 12816).

2.2 Equipment

The spectra were measured using the Shimadzu UWV-1800 Ultraviolet-visible
spectrometer. The (Radwag-200/2000C/2) four-digit electrical balance accurately
measured the weight of samples. The heating process was carried out using a Boekkel
(107905) electric furnace. A sonicator (Power Sonic 405), pH meter (Jenway-3510), and

Corrtest potentiostat (Cs350 workstation) were also employed.

XRD patterns were measured on a PAN analytical X'Pert PRO X-ray diffractometer
using a Cu Ka source to characterize electrodes. XPS was measured on a Multi-Lab
2000 with a micro-focusing monochromated Al Ko, X-ray (1486.6 eV) source. SEM and
X-ray spectroscopy were measured with a Field-Emission SEM (FE-SEM, JEOL JSM-
6700F). All SEM, EDS, XRD, and XPS characterisation were performed by the Korean

Institute of Energy Research laboratories in Deajeon, South Korea.
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2.3 Calibration Curve Preparations
2.3.1 Nitrate (NO3” Calibration Curve

To prepare a stock solution of nitrate ions (NOs’) with a concentration of 1000 mg/L,
1.37 grams of sodium nitrate (NaNOs) were dissolved in a 1000 mL volumetric flask of
deionized water D.W. (91). A 100 mg/L nitrate working solution was prepared by
diluting 10 mL of the stock solution in a 100 mL volumetric flask of deionized water
(92).

Concentrations of 0.00, 5.00, 10.0, 20.0, 30.0, 40.0, and 50.0 mg/L were prepared by
diluting the working solution with deionized water in a 100-mL volumetric flask (92).
For UV-vis spectral analysis, each standard sample (92) was prepared by adding 1.0 mL
of 1.00 M hydrochloric acid (HCI) to 50.0 mL of each sample.

The absorbance of each sample was measured using Simadzu UV-1800 spectra within
the wavelength range of 200-400 nm. To exclude influence from dissolved organic
compounds, the net absorbance of nitrate (NO3z") was determined by subtracting the
absorbance at 220 nm from twice the absorbance at 275 nm (92). The plot of absorbance

Vs, concentration was constructed as a calibration curve (92).

2.3.2 NOz Calibration Curve

A nitrite stock solution, with a concentration of 1000 mg/L, was created by dissolving
1.49 g of sodium nitrite (NaNO2) in a 1000 mL volumetric flask of deionized water.
Later, a 100 mg/L working solution was prepared by adding 10.0 mL of stock solution

to a 100 mL volumetric flask of deionized water (92).

The standard samples were prepared by diluting a 100 mg/L working solution of
deionized water in a volumetric flask to obtain concentrations of 1.00, 2.00, 3.00, and
4.00 mg/L.

The dye reagent solution was prepared by dissolving (1.00 g) of sulfanilamide in 80.0
mL of deionized water and 10.0 mL of phosphoric acid in a 100 mL volumetric flask.
Once sulfanilamide had fully dissolved, (1.00 g) of N-(1-naphthyl)-ethylenedieamine
dihydrochloride was added to the mixture and well agitated until it dissolved. At that

point, deionized water was added to reach a final volume of 100 mL (92).
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A volume of 1.00 mL of the dye reagent was injected to each standard sample of 25 mL.
Samples were covered with a paraffin wrapper and left undisturbed for no longer than

120 minutes in order to achieve a desirable color intensity (92).

The absorbance of each sample was measured using a Shimadzu-1800 UV-vis
spectrophotometer at a wavelength of 345 nm (92). The plot of absorbance vs,

concentration was constructed as a calibration curve.

2.3.3 Calibration Curve for NH4*

An ammonium stock solution was prepared by dissolving 3.82 grams of anhydrous
ammonium chloride (NH4Cl) in a 1000 mL volumetric flask of deionized water (92).
Following that, a 100 mg/L workable solution was created by diluting 10 mL of the

concentrated solution in 100 mL of deionized water (92).

The standard samples were generated by diluting the working solution in a 100 mL
volumetric flask of deionized water (92). The concentrations of the samples were (0,
0.25, 0.50, 0.75, 1.00, 1.50, and 2.00 mg/L).

the phenol solution was made by combining 11.1 mL of phenol (89% v/v) alongside
ethyl alcohol (95% v/v) using a 100 mL volumetric flask (92).

A solution of sodiumnitroprusside (0.50% w/v) was made by dissolving 0.50 g of
sodiumnitroprusside in a 100 mL volumetric flask of deionized water (92).

An alkaline citrate solution was made by dissolving 200 g of trisodium citrate and 10 g
of sodium hydroxide in 1000 mL of deionized water using a 1000 mL volumetric flask.

The solution was then stored in a glass container (92).

An oxidizing solution was made by combining 100 mL of alkaline citrate mixture along
with 25.0 mL of sodium hypochlorite (92).

Each standard sample (25 mL) was combined with 2.50 mL of oxidizing solution,
1.0 mL of sodiumnitroprusside, and 1.00 mL of phenol solution. Subsequently, the
specimens were wrapped using paraffin wrapper and placed in a sealed and lightless

compartment at ambient temperature for a minimum duration of one hour (92).
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The absorbance of each sample was measured using a Shimadzu-1800 UV-vis
spectrophotometer at a wavelength of 640 nm (92). The plot of absorbance vs,

concentration was constructed as a calibration curve.
2.4 Electrodes and Ways of Preparation

2.4.1 Bare Copper Sheet Preparation

All the copper sheets used were chemically pure. Copper sheets were cut at (1.00 cm x
5.00 cm). The sheets were pre-cleaned with sandpaper and deionized water. For further
precautions sheets were dipped in sulfuric acid for no more than 20 seconds and rinsed
with deionized water. Sheets were dried using nitrogen gas flow. This method was used
to remove any dirt and eliminate the layer of oxidation on the substrates.

2.4.2 Bare Copper Sheet

These sheets were tested and used for comparison purposes.

2.4.3 Cu@Copper Sheet

The deposition solution used was (0.85 M CuSOas. + 0.55 M H2SOg), and the solution
was prepared using standard methods by mixing 3.18 mL HSOs with 14.25¢g
CuS04.5H20 and diluted with deionized water to 500 mL (93). The solution was mixed
thoroughly, covered, and set aside. A pre-cleaned copper sheet was attached to an
electrochemical cell as a cathode.

Electrode Cu@Cu-1: Prepared by potentiostatic deposition at - 0.80 V for 2 minutes
from (0.85 M CuSO4 + 0.55 M H2S04) deposition solution.

Electrode Cu@Cu-2: Prepared by potentiostatic deposition at - 0.80 V for 4 minutes
from (0.85 M CuSOs4 + 0.55 M H,>S0Qa) deposition solution.

Afterward, electrodes were rinsed with deionized water, dried using a nitrogen flow,

stored in a petri dish, and then into a vacuum chamber to be used later.
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2.4.4 Copper Sheets Modified by Etching

For chemical etching, two different solutions of ferric chloride were prepared (0.30 M
and 0.60 M) (94).

1. Electrode Etch-Cu-1: The pre-prepared copper sheet was sunk in 0.30 M FeCls
solution for 30 seconds.

2. Electrode Etch-Cu-2: The pre-prepared copper sheet was sunk in 0.30 M FeCls
solution for 150 seconds.

3. Electrode Etch-Cu-3: The pre-prepared copper sheet was sunk in 0.60 M FeCls
solution for 30 seconds.

4. Electrode Etch-Cu-4: The pre-prepared copper sheet was sunk in 0.60 M FeCls

solution for 150 seconds.

Afterward, electrodes were rinsed with deionized water, dried using a nitrogen flow,

stored in a petri dish, and then into a vacuum chamber for later use.

2.4.5 Copper Sheet Modified with Graphene

The Graphene mixture used was prepared by mixing 2.00 g of graphene with 5.00 mL
of toluene. The mixture was sonicated for approximately 15 minutes in (Elmasonic S60
— Ultrasoni 7008) sonicator until it had a paint texture (95). The pre-cleaned copper
sheet was painted with the graphene mixture and annealed at a temperature of 500°C for
1 hour in a (Boekkel, 107905) furnace.

Afterward, the electrode was stored in a petri dish, and then into a vacuum chamber for

later use.

2.5 Electrode Characterization

Modified electrodes have been characterized by XRD, SEM, EDS, and XPS, contrasting
with earlier literature. Nanoparticle sizes were determined by the Scherer equation,

while the orientation and structure of crystals were distinguished by Bragg's law.

2.5.1 X-ray Diffraction (XRD)

XRD measurements were conducted to identify the microstructure for electrodes (fresh
and used Cu@Copper sheet, etched Cu sheet, and bare Cu sheet). Scherrer’s equation

(2.1)(96) was used to calculate the particle sizes.
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D =kA/BCOSO .ooveeeeeea, 2.1)

Where:

¢ D represents the average size of crystallites in the tested electrode.

K is the shape factor, typically taken as value around 0.9.

A is the wavelength of the X-ray used for diffraction.

B is the full width at half maximum (FWHM) of the diffraction peak.

6 is the Bragg angle.

2.5.2 Scanning Electron Microscopy (SEM)

Surface morphologies for our prepared electrodes (fresh and used Cu@Copper sheet,
etched Cu sheet, and bare Cu sheet), were examined using scanning electron

microscopy.

2.5.3 Energy-Dispersive X-ray (EDS)

Elemental composition for the following electrodes, (fresh and used Cu@Copper sheet,
etched Cu sheet, and bare Cu sheet) was determined with the help of an energy

dispersive x-ray.

2.5.4 X-Ray Photoelectron Spectroscopy (XPS)

With the help of XPS, the chemical composition and surface oxidation states were
determined for the prepared electrodes (fresh and used Cu@Copper sheet, etched Cu

sheet, and bare Cu sheet).

2.5.5 Voltammetric Scanning of Nitrate Reduction

Electrochemical scanning was performed using cyclic voltammetry. Cyclic voltammetry
(CV) experiments took place in a three-electrode system with the modified electrodes as
the cathode electrode and the saturated calomel electrode (SCE) as the reference
electrode, with the platinum plate acting as the counter electrode. Electrodes response
was firstly conducted in the electrolyte solution prepared (0.05 M) Na>SO4 and followed
up by the working solution (0.05 M NaxSOs + 200 mg/L NOz). All scanning
experiments took place at room temperature 25 +1°C, all solutions were

deoxygenated using nitrogen gas flow before conducting experiments. All pre-prepared
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electrodes (Cu@Copper sheet, etched Cu sheet, and bare Cu sheet) were cycled from -
1.80 V to -0.60 V at a 20.0 mVs™ scan rate.

2.6 Electrocatalytic Reduction Experiments and Measurements

To begin the electroreduction attempts, all glassware to be operated with was precleaned
with dish detergent and cleaned thoroughly with deionized water. Afterward, all stock
solutions (nitrate, nitrite, and ammonium ions) and subsequent dilutions have been done
using deionized water. Stock solutions were renewed weekly and stored at room

temperature.

Working solutions were adjusted and prepared by the dilution of nitrate stock solution
(1000 mg/L), with (0.05 M NaxSO4) as a supporting electrolyte solution to the
anticipated concentration (200 mg/L). All working solutions were degassed by means of
purging with highly purified nitrogen gas (99.999%) for approximately five minutes
before the electroreduction attempt begins.

The electrocatalytic reduction experiments were conducted on aqueous nitrate solutions
by Cu@Cu, Etched Cu, Graphene@Cu, and Cu electrodes (for resemblance). The
electrocatalytic reduction attempts have been carried out in a 100 mL glass cell along
with stirring. The electrochemical experiments were tested by a computer-controlled
potentiostat (Corrtest, Cs 350) with the standard electrode configuration, all attempts
were done in similar conditions. Electrode configuration is as described, platinum sheet
as the counter electrode, the saturated calomel electrode (SCE) as the reference
electrode, and all modified electrodes (Cu@Cu, Etched Cu, Graphene@Cu, and Cu) as
the cathode (working electrode). Cathodes used in the electrochemical experiment had
an active working area of 8.00 cm?. The effective reduction of nitrate was verified by

cyclic voltammetry and UV-spectrophotometry.

2.6.1 UV-spectrophotometry

The amounts of nitrate (NO3’), nitrite (NO2), and ammonium (NH4") that remain in the
reaction media were measured using spectrophotometry. At specific intervals of 30
minutes, 1.50 mL samples were extracted from the reaction mixture. Each specimen is
diluted with an appropriate factor and tested for the concentration of nitrate, nitrite, and

ammonium ions based on the standard procedures listed above.
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For nitrate ions: 0.50 mL of the specimen is taken and diluted to 10.0 mL with deionized
water combined with 0.20 mL of 1.00 M HCI. The mixture undergoes spectroscopy and

net absorbance was calculated by the following formula (2.2)(92).
Net Absorbance = (Abs 220 nm) — 2 (Abs 275 nm) (2.2)

The remaining 1.00 mL from the extracted specimen is diluted up to 50.0 mL with
deionized water. The diluted solution is now divided into two equivalent parts 25.0 mL
each (92).

For the first 25.00 mL diluted mixture, nitrite ions will be measured by adding a
coloring re-agent named as naphthyl ethylenediamine and prepared by adding 80.0 mL
D.W, 1.00 g sulfanilamide, and 10.0 mL (85%) phosphoric acid. The solution was
sonicated to dissolve all sulfanilamide. Afterward, 1.00 g of N-(1-naphthyl)
ethylenediamine dihydrochloride was added to the solution and diluted to 100 mL. 1.00
mL of the coloring solution is added to the diluted mixture. The solution is covered and
saved in darkness until color develops, afterwards, absorbance is tested at 345 nm (92).

The second 25.0 mL will be tested for ammonia ions concentration, by the addition of
0.50 mL of oxidizing solution (12.5 mL (3%) sodium hypochlorite + 50.0 mL alkaline
citrate solution), 1.00 mL solution of phenol (11.1 mL phenol, diluted in 100 mL 95%
ethanol), and 1.00 mL of sodium nitroprusside and mixed thoroughly after the addition
of each reagent. The solution is now covered by parafilm and stored in a dark cupboard
at room temperature for a minimum of one hour. After the blue color is developed

solutions absorbance is tested at 640 nm (92).
2.7 Different Parameters Effect on Nitrate Reduction by Electrocatalysis

2.7.1 Effect of Electrodes Type

Electroreduction of nitrate was investigated with the various electrodes prepared (Cu
sheet, Two Cu@Cu electrodes (modified with different procedures), All four etched Cu
sheets (Different etching methods), and Graphene@Cu). Experiments were conducted

in the three-electrode electrochemical cell, experiments were done for two hours in a

100 mL cell for 80.0 mL of working solution at — 1.80 V potential, and all experiments

were done at room temperature (25 + 1°C). Concentration difference was tested at
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different time intervals for nitrate, nitrite, and ammonium concentration in working
solutions. Cu@Cu-1 plate (Electrode A as illustrated earlier) exhibited the highest
electroreduction proficiency. Hence, this freshly modified electrode was chosen to

complete the research.

2.7.2 Effect of Electrolyte

The effect of electrolytes was initially inspected with two different compounds (NaCl vs
Na2SO4). One with the best effect on the electroreduction of initial nitrate concentration
was chosen. Experiments were investigated with the following concentrations (0.05 M
Na>SO0;4 electrolyte + 200 mg/L NOs™ vs 0.075 NaCl + 200 mg/L NO3’). Experiments
were done for two hours in a 100 mL cell for 80.0 mL of working solution, using

Cu@Cu-1 electrode as the working electrode at — 1.80 V vs SCE, and experiments were
done at room temperature. Concentration difference was tested at different time
intervals by extracting 0.50 mL specimen and diluting as needed to be measured by UV-

Vis spectroscopy. NaxSOs (0.05 M) was preferred and chosen as an electrolyte to

complete the study.

2.7.3 Effect of Applied Potential

The effect of applied potential on nitrate electroreduction was investigated. Different
applied voltages were put to test (-1.50 V, -1.80 V, and 2.10 V). Experiments were done

for two hours in a 100 mL cell for 80 mL of working solution, using Cu@Cu electrode
as the working electrode at — 1.80 V vs SCE, and experiments were done at room
temperature. Concentration difference was tested at different time intervals by

extracting 0.50 mL specimen and diluting as needed to be measured by UV-Vis

spectroscopy.

2.7.4 Effect of Primary NOs™ Concentration

Different initial nitrate concentrations were researched by the electroreduction
procedure. The study was done at four different initial concentrations (200 mg/L, 400
mg/L, 600 mg/L, and 800 mg/L) in addition to a 0.05 M NaSOs electrolyte.

Experiments were done for two hours in a 100 mL cell for 80.0 mL of working solution,

using Cu@Cu-1 electrode as the working electrode at —1.80 V vs SCE, and experiments
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were done at room temperature. Concentration difference was tested at different time
intervals by extracting 0.50 mL aliquots of working solution and diluting as needed to

be measured by UV-Vis spectroscopy.

2.7.5 Effect of Temperature

The effect of different temperatures on the electroreduction of nitrate was researched.
By carrying the electroreduction of nitrate experiments at three different temperatures
(10 °C, 25°C, and 35 °C). Experiments were done for two hours in a 100 mL cell for

80.0 mL of working solution, using Cu@Cu-1 electrode as the working electrode at —

1.80 V vs SCE. Concentration difference was tested at different time intervals by
extracting 0.50 mL specimen and diluting as needed to be measured by UV-Vis

spectroscopy.

2.7.6 Effect of Time

Electroreduction of nitrate working solution was examined over a long period of time
(Seven Hours). Experiments were conducted in the three-electrode electrochemical cell,
experiments were done for two hours in a 100 mL cell for 80.0 mL of working solution
at -1.80 V vs SCE, and all experiments were done at room temperature (25 + 1°C).
Concentration differences were tested at different time intervals for nitrate, nitrite, and
ammonium, by extracting 1.50 mL aliquots from the working solution. Dilution to the

appropriate percentage was done and samples were measured by UV-Vis spectroscopy.

2.7.7 Electrode Stability

To test the performance and stability of the newly proposed Cu@Cu-1 electrode, one
freshly prepared electrode was used repeatedly in three experiments with similar
parameters. Experiments were conducted in the three-electrode electrochemical cell.
Experiments were done for two hours in a 100 mL cell for 80.0 mL of working solution
at -1.80 V vs SCE at room temperature (25 + 1°C). Concentration difference was
tested at different time intervals by extracting 0.50 mL specimen and diluting as needed

to be measured by UV-Vis spectroscopy.
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Chapter Three

Results and Discussions

3.1 Cu@Cu Sheet Electrode

Cu@Cu-1 and Cu@Cu-2 electrodes were modified by potentiostatic Cu deposition from
(0.85 M CuSOs4 + 0.55 M H2S04) at - 0.80 V at different time intervals. Cu@Cu-2 was
eliminated from the nitrate electroreduction study due to inadequate adherence between
Cu nanoparticles and copper sheets.

3.1.1 Interpretations
3.1.1.1 SEM Inspection

SEM images of the electrode top-view and cross-sectional area are illustrated below in
Figure 3.1 (a), (a’), (b), and (b”) of fresh Cu@Cu-1 and used Cu@Cu-1 respectively.
The images represent the Cu@Cu-1 electrode in both forms fresh and used in an
electrocatalytic reduction experiment. Both electrodes were obtained by Cu deposition

under the same conditions by using similar solutions.

Figure 3.1
SEM micrographs of (a) Fresh Cu@Cu-1 and (b) Used Cu@Cu-1

TR 14 € { N 5 R (e
R SR

....................

nnnnnnnnnnn



The provided images (a) and (a’) exhibit compelling empirical support for the growth of
compact copper nanoparticles of diverse dimensions on the surface of the copper sheet.
The analysis reveals that the average particle size was 168.1 nm, and the film exhibited

a thickness of around 2.98 um.

On the other hand, images (b) and (b”) in Figure 3.1 represent a Cu@Cu-1 electrode
used in nitrate electroreduction. The particle size obtained for the used electrode had an
average size of 112.6 nm, and the Cu film exhibited a thickness of approximately 3 um.
After undergoing electrocatalysis, copper crystallites exhibited a distinct transformation,
acquiring sharp edges resembling flakes. These crystallites were found to be randomly
dispersed across the electrode. Furthermore, SEM analysis reveals that the particle size
and thickness indicate a distinct transformation from large copper agglomerates to
smaller agglomerates and crystallites. Following electrocatalysis, the nanoparticles have
acquired well-defined edges, resulting in the formation of agglomerates with a

distinctive flower-like morphology.

3.1.1.2 Cu@Cu XRD Investigation

Cu@Cu-1 electrode crystal structures of new and used electrodes were investigated by
X-ray diffraction analysis (XRD, as shown in Figure A.1. In the XRD display for
Cu@Cu-1 electrode, signals obtained are at 26 = 43.38 (111), 50.52 (200), and 74.20
(220) these signals are accredited to Cu (JCPDS, 65-9743) (97,98).

Signals observed for used Cu@Cu-1 are at 43.42 (111), 50.54 (200), and 74.20 (220),
signals obtained are associated with Cu (JCPDS, 65-9743) (97,98). It was noticed that
the peak was sharper on the used electrode, indicating an increase of crystallinity of
nanoparticles, similar to the indications noticed in the SEM images presented in Figure
3.1. However, both electrodes achieved similar indications with unnoticeable
differences. Particle sizes of deposited Cu were investigated using an XRD pattern and
Scherer equation, the average particle size was found to be 54.57 nm.
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Table 3.1
Breakdown of XRD patterns of Cu@Cu-1 and used Cu@Cu-1

Electrode 26° d ((A) Species  Particle size (nm) FWHM (hkl
43.38 2.0860 Cu 74.45 0.1200 (111)
Cu@cCu-1 50.52 1.8066 Cu 45.89 0.2000 (200)
74.20 1.2781 Cu 43.37 0.2400 (220)
43.42 2.0841 Cu 55.84 0.1600 (112)
Cu%;g%_ 1 50.54 1.8060 Cu 45.54 0.2000 (200)
74.20 1.2781 Cu 52.05 0.2000 (220)

Overall, Table 3.1 reviews XRD patterns, particle sizes, and species of Cu@Cu-1 and
used Cu@Cu-1 electrodes. The patterns reveal that the deposited particles on the copper
sheet are all Cu therefore, Cu@Cu-1 was chosen to complete the study. The used

electrode XRD results are very promising and indicate the stability of the electrode.

Due to technical complications and transportation restraints, XRD analysis was

performed after 5 weeks of preparation.

A comparison between the SEM morphologies and the XRD results obtained It was
noticed that particle sizes obtained by SEM are larger compared with particle sizes
obtained by the Scherer equation using XRD, as illustrated in Table 3.1. This suggests
that the particles derived from the various characterization approaches exhibit
dissimilarities. The X-ray diffraction (XRD) pattern depicted in Figure A.1 yields
insights into the average dimensions of the crystalline particles. Conversely, the
scanning electron microscopy (SEM) pictures in Figure 3.1 display larger agglomerates.
As a result, each SEM-detected agglomeration is made up of numerous smaller

crystallites, as evidenced by XRD patterns.

29



3.1.1.3 Cu@Cu EDS Examination

The elemental analysis of Cu@Cu-1 conserved and consumed electrodes are exhibited
in Table 3.2. It's clearly established that the unused electrode contains 83.53 weight %

of Cu while the used electrode comprises 83.16 weight % of Cu.

The copper content in electrodes has only decreased slightly, while the oxygen content
has barely increased when used in the electroreduction of nitrate. This indicates the
effective stability of the Cu@Cu-1 tailored electrode.

Table 3.2
Comparison between Cu@Cu-1 and electrodes reported in the literature
Fresh Cu@Cu-1 Used Cu@Cu-1
Element Wit% Atomic % Element Wit% Atomic %
C 12.72 40.60 C 11.93 38.53
@) 3.75 9.00 O 491 11.29
Cu 83.53 50.41 Cu 83.16 50.18
Total: 100.00 100.00 Total: 100.00 100.00

3.1.1.4 XPS Analysis of Cu@Cu

XPS was performed for an advanced investigation of the deposited coat components.
The XPS spectra of Cu@Cu-1 electrode is represented in Figure 3.2, involving high-
resolution spectra of Cu 2p and O 1s peaks. In Figure A.2, XPS spectra of used
Cu@Cu-1 are reported, including high-resolution Cu 2p and O 1s.

For the Cu@Cu-1 electrode, XPS spectra gave a peak for Cu 2p at 932.13 eV; in fresh
Cu@Cu-1, the Cu 2p peak was detected at 932.02. The binding energy of Cu 2p
corresponds to Cu 2p*? and it implies the possible availability of Cu (II), Cu (1), and Cu
(0) (99). For both electrodes, Cu@Cu-1 and Used Cu@Cu-1, the O 1s peak was
indicated to be at 531.13 eV. This peak may have been a result of the presence of O 1s
in other constituents where oxygen is present, similar to carbonates (100). The C 1s

peak spotted in the spectra is a result of hydrocarbon from the XPS instrument.
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Figure 3.2

XPS spectra of Cu@Cu-1, (a) Complete spectra, (b) Cu 2p peak, and (c) O 1s peak
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3.1.1.5 Cyclic Voltammetry Examination

Binding Energy(eV)

In Figure A.3 a cyclic voltammogram is represented for Cu sheet in (0.05 M NazSOa)

blank in comparison with the working solution (0.05 M Na2SO4+ 200 mg/L NO3".

The cyclic voltammogram obtained for Cu@Cu-1 in (0.05 M NaxSO4) blank in
comparison with the working solution (0.05 M Na2SO4 + 200 mg/L NO3? is represented

in Figure 3.3. The modified electrodes cyclic voltammogram indicates a clear increase

in the overall reduction current with different scan voltages with the existence of nitrate

in contrast with the 0.05 M NaxSOs blank solution. This verifies the electrode's

capability for nitrate reduction.
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Figure 3.3

Cyclic voltammogram on Cu@Cu-1 in$-65M Na,SO,; and in (0.05-M-Na,SO4 + 200 mg/L
NOs_)
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3.1.2 Nitrate Electroreduction

Cu@Cu-1 electrode modified by potentiostatic Cu deposition at - 0.80 V from (0.85 M
CuSO4 + 0.55 M H»S0s) for 2 minutes was chosen and used to experiment nitrate
electroreduction since Cu@Cu-2 prepared with similar conditions but with a different
time interval (4 minutes) was eliminated due to the poor adherence between the copper
sheet and copper nanoparticles.

3.1.2.1 Nitrate Electroreduction Experiments

The electroreduction of nitrate trial was run for 120 minutes of electrolysis at -1.80 V
using Cu, and Cu@Cu-1 as working electrodes. The Cu sheet was used for evaluation
purposes.

3.1.2.2 Influence of Type of Electrode

The influence of electrode type was determined based on nitrate conversion percent.

Conversion percent was estimated based on equation 3.1.

Nitrate (NOs) Conversion Percentage = % X 100%. ............... (3.1)
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Where C; stands for the initial concentration of NO3z and C; is the nitrate concentration
at any known time. Nitrate conversion percentages, by potenstiostatic electroreduction
at -0.80 V for 120 minutes by Cu and Cu@Cu-1 working electrodes are demonstrated in
Figure 3.4.

Figure 3.4

Nitrate conversion percentage on=Cu, and €u@Cu-1 vs electrolysis time. Experiments were
conducted using (80 mL; 0.05 M Na,SO4+ 200 mg/L NOs?, 120 min, 25 + 1°C, and -1.80 V vs.
SCE
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Cu sheet and Cu@Cu-1 resulted in 36.65% and 60.8%, respectively, under similar
circumstances. Cu@Cu-2 wasn’t used in those trials due to the poor adherence between

the sheet and nanoparticles, as mentioned previously.

Nitrate, nitrite, and ammonium ions variations in working solutions for Cu, and
Cu@Cu-1 are illustrated below in Figure 3.5 (a) and (b), respectively, for 120 minutes
of electrolysis. There is a variation between the results presented in Figure 3.5 for both
electrodes, it clearly appears that the Cu@Cu-1 electrode has better nitrate
electroreduction than the Cu sheet electrode. Figure 3.5 also revealed that ammonium is

the major byproduct for the Cu sheet during the 120 minutes of electrolysis.
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Figure 3.5
Nitrate, nitrite, and ammonium concentrations vs. electrolysis time
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by (a) Cu sheet, and (b) Cu@Cu-1 modified electrode. All experiments were conducted by
means of (80 mL; 0.05 M NazSO, + 200 mg/L NO3?, 120 min, 25 + 1°C, and -1.80 V vs. SCE

Selectivity percentage (S%) for byproducts; nitrite (S NO2 %), ammonium (S NH4" %),
and dinitrogen gas (S N2 %) were calculated by means of equations (3.2), (3.3), and
(3.4) respectively, presuming that other quantities of byproducts resulting from nitrate
electroreduction, for instance, nitrous oxide, hydrazine, or hydroxylamine are
insignificant (101-103). Selectivity values (S%) were estimated as fractions of yielded
moles per product to the reduced moles of NOs™ multiplied by a hundred (49,104,105).

[NO; 1¢

[NO3 linitial — [NO3 Ifinal
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VA, X 100 e (3.3)

[Noa‘_]initial - [Noa‘_]final

S NHs* (%) =

S N2 (%) = 100% - [S NO3 % + S NH; %] wovvvveeeeerrrceee (3.4)

In the above equations [NO3 ], [NO5 ], and [NH/ ] all signify the molar concentration of
ions in the working solution. Selectivity values for byproducts that resulted from nitrate
electroreduction by electrolysis and employing Cu sheet and Cu@Cu-1 as working

electrodes (cathode) are all listed in Table 3.3.

Table 3.3

Selectivity for byproducts (nitrite, ammonium, or dinitrogen gas) on Cu or Cu@Cu-1. All
experiments were conducted by means of (80 mL; 0.05 M NazSO, + 200 mg/L NOs”, 120 min,
25+1°C, and -1.80 V vs. SCE

S% (Based on molar Conc.)

[NO3] Conversion %

Electrode .

(Based on mg L"Conc.) NO; NH} N,
Cu sheet 36.65 6.64 92.82 0.54
Cu@Cu-1 60.80 3.99 24.59 71.42

The result of the electrochemical reduction done for nitrate by Cu@Cu-1 has been
promising compared to the reduction process done by Cu sheet under similar conditions.
The nitrate conversion percentage by Cu sheet has been reported to be 36.65%, while
for Cu@Cu-1 the reported result is 60.8 % and it has exceeded Cu sheet results.

The difference between the conversion percentage for both electrodes is approximately
24.15% giving Cu@Cu-1 a greater advantage than the Cu sheet. Although the difference
is quite high, it’s not the only characteristic for Cu@Cu-1, the selectivity rate towards
nitrogen due to the electrocatalysis done by Cu@Cu-1 is found to be 71.42% while on
the other hand, Cu sheet only reported only 0.54% nitrogen selection since Cu sheet has
a higher selectivity percentage towards NH4", in this research and based on previous
literature (69).
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3.2 Etched Copper Sheets

Electrodes Etch-Cu-1, Etch-Cu-2, Etch-Cu-3, and Etch-Cu-4 were modified by the
etching method using FeCls as an etching solution. Electrodes Etch-Cu-1 and Etch-Cu-2
were etched by 0.3 M FeCls at different time intervals 30 seconds and 150 seconds,
respectively. Electrodes Etch-Cu-3 and Etch-Cu-4 were altered by a 0.6 M FeCls
etching solution at different time intervals 30 seconds and 150 seconds respectively.

Nitrate reduction was tested for all four electrodes, although electrodes Etch-Cu-3 and
Etch-Cu-4 were very weak after being altered by the etchant solution and didn’t pass the
test of strength, they were broken down into pieces directly after the process of

reduction.

Electrodes Etch-Cu-2 and Etch-Cu-4 represented higher strength; nevertheless, nitrate
reduction results weren’t very promising. Electrode Etch-Cu-2 was selected to complete

the research because it exhibited higher reduction rates than the other etched electrodes.

3.2.1 Characterization
3.2.1.1 SEM Analysis

Surface and cross-section SEM image representations of the Cu-etched (Electrode Etch-

Cu-2) are shown in Figure 3.6 (a) and (a’) respectively.

Figure 3.6

Following the etching procedure, a noticeable transformation in the electrode's
appearance has taken place. The once uniform surface of a typical copper sheet now
exhibits noticeable roughness, as depicted in Figure 3.6 (a). The electrode surface has
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irregularities and regions with varying textures and morphologies. Nevertheless, this
irregularity is not uniformly distributed across the electrode surface; rather, it manifests
as a non-uniform topography characterized by variations in size and shape. The

electrode surface has irregularities and regions with varying textures and morphologies.

3.2.1.2 Etched Cu-2 EDS Examination

The elemental analysis of Etched Cu -C is exhibited in Table 3.4. It's clearly established
that the etched Cu-2 electrode contains 74.66 weight % of Cu, along with 5.30 weight
% O, 13.77% C, and 6.27 weight % CI. The CI content in this electrode is an impurity

caused by the etchant solution.

Table 3.4
Elemental analysis by EDS of Etched Cu-2

Element W1t% Atomic %
C 13.77 40.52
O 5.30 11.70
Cl 6.27 6.25
Cu 74.66 41.53
Total: 100.00 100.00

3.2.1.3 Etched Cu-2 XRD Investigation

X-ray diffraction (XRD) analysis was used to investigate the crystal structures of an
etched Cu-2 electrode, Figure A.4. The XRD signals for etched Cu-2 electrode were
obtained at 26 = 43.40 (111), 50.52 (200), and 74.18 (220). These signals are accredited
to Cu (JCPDS, 65-9743) (97,98). As well to a signal obtained at 26 = 28.58 (110) this
signal is related to Cu,O (JCPDS, 05-0667)(106,107). Particle sizes of etched Cu were

investigated using information given by XRD and Scherer equation.
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Table 3.5
Breakdown of XRD pattern of Etched Cu-2 electrode

Electrode 20° d(d)  Species Part(lr?:ﬁ)sme FWHM (hkl)
Etched Cu-2 28.58 3.1234 Cu,0 71.38 0.1200 (120)
43.40 2.0850 Cu 74.45 0.1200 (112)

50.52 1.8066 Cu 57.37 0.1600 (220)

74.18 1.2784 Cu 52.04 0.2000 (200)

Overall, Table 3.5 reviews XRD pattern, particle sizes, and species of etched Cu-2
electrode. The pattern reveals that the copper sheet contains Cu particles along with

Cu20. The presence of Cu20 particles indicates oxidation of the electrode.

Due to technical complications and transportation restraints, XRD analysis was

performed after 5 weeks of preparation.

3.2.1.4 XPS Analysis of Etched Cu-2

XPS was performed for an advanced investigation of the etched layer components. XPS
spectra of the Cu-2 electrode are represented in Figure A.5, involving high-resolution

spectra of Cu 2p and O 1s peaks.

The XPS analysis of the Cu-2 electrode revealed a peak for Cu 2p at 932.05 eV. The

binding energy of Cu 2p corresponds to Cu 2p*?

presence of Cu (II), Cu (I), and Cu (0) species (99). The O 1s peak was indicated to be

and is indicative of the potential

at 531.55 eV. This peak may have been a result of the presence of O 1s in other
constituents where oxygen is present, similar to carbonates (100), or it could indicate
the oxidation of the copper sheet since Cu20 particles are present in the XRD pattern as
shown in Table 3.5. The presence of the C 1s peak observed in the spectra can be

attributed to the hydrocarbon contamination originating from the XPS equipment.
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3.2.1.5 Etched Cu-2 Cyclic Voltammetry Examination

The cyclic voltammogram for Etched Cu-2 in a blank solution of 0.05 M Na;SOg,
compared to the working solution of 0.05 M Na>SO4 with 200 mg/L NOs’, is depicted in
Figure A.6. The cyclic voltammogram of the modified electrodes shows a minor rise in
the total reduction current when different scan voltages are applied in the presence of
nitrate, as compared to the blank solution containing 0.05 M Na>SOs. This validates the

electrode's capacity for nitrate reduction.

3.2.1.6 Nitrate Electroreduction

Etched copper electrodes modified by chemical etching were used to experiment with
nitrate electroreduction.

3.2.1.7 Nitrate Electroreduction Experiments

The electroreduction of nitrate trial was run for 120 minutes of electrolysis at -1.80 V
using all four etched copper sheets as working electrodes. The Cu sheet was used for

evaluation purposes.

3.2.1.8 Influence of Type of Electrode

The influence of electrode type was determined based on nitrate conversion percent.

Conversion percent was estimated based on equation 3.1.

Nitrate conversion percentages by potenstiostatic electroreduction at -1.80 V for 120
minutes by Etch-Cu-1, Etch-Cu-2, Etch-Cu-3, Etch-Cu-4, and Cu sheet working
electrodes are demonstrated in Figure 3.7. Etch-Cu-1, Etch-Cu-2, Etch-Cu-3, Etch-Cu-
4, and Cu resulted in 32.6%, 45.7%, 28.8%, 28.3%, and 36.65%, respectively under

similar circumstances.

Only the Etch-Cu-2 electrode from the working electrodes modified by chemical

etching exhibited a higher nitrate reduction than the Cu-sheet.

39



Figure 3.7

Nitrate conversion percentage on etched electrodes and Cu sheet vs. electrolysis time.
Experiments were conducted using (80 mL; 0.05 M NazSO4 + 200 mg/L NOs?, 120 min, 25
+ 1°C, and -1.80 V vs. SCE
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There is a variation between the results presented in Figure 3.7 when compared to the
Cu-sheet presented above in Figure 3.5 (a), it clearly shows that the modified Etch-Cu-2
electrode achieved higher nitrate reduction rates than Cu-sheet electrode. Nitrate, nitrite,
and ammonium ions variations in working solutions for Etch-Cu-2 are illustrated in
Figure A.7 for 120 minutes of electrolysis. Figure A.7 also revealed that Etch-Cu-2 had
higher ammonium concentration as by-product of nitrate reduction during the 120

minutes of electrolysis.

Table 3.6

Selectivity for byproducts (nitrite, ammonium, or dinitrogen gas) on Etch-Cu-2. All experiments
were conducted by means of (80 mL; 0.05 M Na,SOs + 200 mg/L NOs?, 120 min, 25+1°C, and -
1.80 V vs. SCE

[NO5] Conversion % S%(Based on molar Conc.)
Electrode Based L-C
ased on mg L-Conc.
( g ) NO; NH} N2
Etch-Cu-2 45.7 3.04 71.07 25.89
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Selectivity percentage (S%) for byproducts; nitrite (S NO2 %), ammonium (S NH4™ %),
and dinitrogen gas (S N2 %) were calculated by means of equations (3.2), (3.3), and

(3.4) respectively.

The electrochemical reduction of nitrate using Etch-Cu-2 resulted in a yield of 45.7%,
which is higher than the stated yield of 36.65% achieved using a Cu sheet. This
indicates that Etch-Cu-2 offers a significant advantage in terms of efficiency. However,
the conversion of nitrate to non-hazardous nitrogen gas in Etch-Cu-2 was found to be
just 25.89%, indicating that the desired level of selectivity was not achieved. The
properties of Cu were only slightly improved with chemical etching, as evidenced by a
larger selectivity percentage towards NHs*. This finding aligns with earlier literature
(69).

3.3 Graphene/Copper Sheet

The investigation of copper sheet modification using graphene was conducted in order
to improve the electroreduction of nitrate. Graphene was made ready through the
incorporation of 2 g of graphene and 5 mL of toluene (95). This mixture underwent
sonication and stirring until it achieved a consistency mimicking that of paint. The
copper sheet, which had undergone pre-cleaning, was coated with the graphene mixture
and subjected to annealing at a temperature of 500°C for a duration of 1 hour.

However, after alterations were done, it was revealed that the copper sheet exhibited
increased brittleness, and the adhesion between the graphene and copper sheet proved to

be notably feeble, resulting in detachment upon the initiation of electrolysis.

The outcomes obtained from the investigation on nitrate electroreduction employing the
copper sheet modified by graphene were unsatisfactory. Therefore, graphene-modified

copper sheets were omitted and the research regarding graphene was stopped short.

Since the newly modified Cu@Cu-1 electrode exhibited the highest nitrate conversion
efficiency compared to other electrodes investigated in this study, all subsequent
sections of the investigation will be restricted to the Cu@Cu-1 electrode.
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3.4 Factors Effecting Cu@Cu-1 Efficiency
3.4.1 Effect of Applied Voltage

The data presented in Figure A.8 illustrates the varying levels of nitrate conversion seen
under various applied potentials. According to the data presented in the figure, the
nitrate conversion percentage values were observed to be 56.4%, 60.8%, and 64.1%
within a time frame of 120 minutes, corresponding to applied potentials of -1.50 V, -
1.80V, and -2.10 V vs. SCE, respectively.

The observed rise in the percentage of nitrate conversion exhibits only a marginal
increase upon raising the applied voltage. This phenomenon can be attributed to the
increased electromotive force for electrons at the cathode when subjected to greater
voltage levels. The catalytic efficiency of the electrode is greatly influenced by its

composition and the relative position of the charge distribution on its surface.

For all subsequent studies, a consistently applied potential of -1.80 V was utilized. This
decision was made due to the observed minimal difference in the efficiency of nitrate
electroreduction while applying a potential of -2.10 V. Additionally, selecting a voltage
of -1.80 V would be more advantageous option from an economic standpoint. As a
matter of fact, the voltage utilized in certain scholarly works has a significantly greater
magnitude when compared to the aforementioned values (79,108).

3.4.2 Effect of Electrolyte Type

The data presented in Figure 3.8 illustrates the relationship between the percentage of
nitrate conversion and the elapsed time when utilizing 0.05 M Na>SO4 and 0.075 M
NaCl as the electrolyte. The observed percentage of nitrate conversion was found to be
slightly higher when a 0.05 M NaxSOs solution was employed, compared to the
percentage obtained when a 0.075 M NaCl solution was utilized. Specifically, the

recorded values for nitrate conversion were 60.8% and 54.7% respectively.
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Figure 3.8

Nitrate conversion percentage vs electrolysis time with different electrolytes. Experiments were
conducted using (80 mL; 0.05 M NazSO. + 200 mg/L NO3”, and (80 mL; 0.075 M NaCl + 200
mg/L NOz”. For 120 min, 25 + 1°C, and -1.80 V vs. SCE
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3.4.3 Effect of Temperature

Cu@Cu-1 electrode ability to electro-reduce nitrate has been studied in the (15-35°C)
temperature range. The findings are represented in Figure A.9. The results indicate that
the nitrate conversion percentages at temperatures of 15 °C and 35 °C were 56.9% and
66.02% correspondingly. The observed enhancement in the nitrate conversion efficiency
upon increasing the temperature can be attributed to the accelerated diffusion rate of

nitrate ions toward the electrode surface from the solution's bulk (109).

Nevertheless, the findings indicate that temperature does not have a statistically
significant impact on the process of electroreduction. The investigation of the impact of
temperature on electroreduction has been limited in earlier studies. This study focused
on a narrow temperature range due to the limited impact of temperature on the nitrate
electroreduction process. The temperature utilized in this study was consistently
maintained at 25 + 1 °C, as indicated in the Experimental Sections, unless explicitly

specified differently.

43



3.4.4 Effect of Prolonged Time

The figure labeled as Figure 3.9 displays the changes in the concentrations of nitrate,
nitrite, and ammonium over a period of 420 min during the process of electrolysis using

the newly proposed Cu@Cu-1 electrode at a potential of -1.80 V vs SCE.

Figure 3.9

Nitrate, nitrite, and ammonium concentrations vs. electrolysis time by Cu@Cu-1 modified
electrode. All experiments were conducted by means of (80 mL; 0.05 M NazSO, + 200 mg/L
NOs”, 420 min, 25 + 1°C, and -1.8 VV vs. SCE
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The working solution's nitrate content had reached 15.3 mg/L only after 420 minutes of
electrolysis. The observed concentration falls below the permissible nitrate content as
stipulated by the World Health Organization (50 mg/L). Approximately 92.35% of
nitrate underwent conversion following the process of electrolysis. The concentration of
nitrite in the working solution remained constant with slight variations during the course
of the 420-minute electrolysis experiment, with a final measurement of 2.4 mg/L. The
ammonium ion concentration exhibited an unexpected increase to 21.3 mg/L after 240
minutes of electrolysis, followed by a subsequent decline to 7.1 mg/L after 420 minutes

of electrolysis.
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Table 3.7

Selectivity for byproducts (nitrite, ammonium, or dinitrogen gas) on Cu@Cu-1. All experiments
were conducted by means of (80 mL; 0.05 M Na,SO4 + 200 mg/L NOs’, 25+1°C, and -1.80 V vs.
SCE and different time intervals of electrolysis (120 min, 240 min, and 420 min)

S%
_ o
Time (min) [NO3 ] Conversion % (Based on molar Conc.)

(Based on mg L Conc.)

NO; NH} N,
120 60.80 3.99 24.59 71.42
240 74.90 3.69 48.87 47.44
420 92.35 1.75 13.20 85.05

The selectivity of nitrogen rises when the electrolysis period is extended, as indicated in
Table 3.7. The selectivity for ammonium upon 420 minutes of electrolysis was 13.20%,
whereas the selectivity for nitrogen was 85.05%. The observed significant selectivity
towards nitrogen gas serves as additional evidence supporting the successful application
of our novel modified electrode Cu@Cu-1.

The electroreduction of nitrate ions is a reaction of considerable complexity known to
proceed through a system of reactions (66). The process of nitrate electroreduction
necessitates a primary adsorption phase wherein nitrate molecules are bound to the
surface of the working electrode (110). The optimization of mass transfer and
cathode surface area is crucial in order to enhance the effectiveness of nitrate
electroreduction, as indicated by various studies (83,111,112). This finding substantiates
one of the fundamental hypotheses in the present study regarding the newly developed
Cu@Cu-1 electrode.

One phase in the process involves the adsorption of nitrate ions onto the surface of the
electrode. Subsequently, an electron transfer process takes place, resulting in the
formation of nitrite (NO2) (110). Nitrate undergoes diverse pathways of reaction,
resulting in the formation of different products such as nitrogen gas, ammonia, or
different by-products (74,87).

Nitrite is the main semi-stable intermediate in the electrocatalytic reduction of nitrate.
Figure 3.9 shows nitrite concentration variation, confirming its intermediate status. The

nitrite compound has the potential to produce ammonia through many intermediates,
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ultimately resulting in the formation of nitrogen (113). The integrated formulation of
these laws can be found in equations 3.5, 3.6, and 3.7, as referenced in literature
(114,115).

3.4.5 Variation of Alkalinity Throughout the Process

The pH variations of the working solutions over the course of 300 minutes of
electrolysis are depicted in Figure A.10. The clearly apparent rise in pH can be
attributed to the formation of hydroxyl groups, which is the outcome of the nitrate being
converted to nitrite, ammonia, and nitrogen (108,116). The pH value demonstrates an
upward trend during the duration of the process, reaching a stable level of
approximately 11 + 2 after 140 minutes of electrolysis.

3.4.6 Effect of Initial Nitrate Concentration

Using potentiostatic electrolysis at -1.80 V to determine the effect of increasing the
initial nitrate concentration from 200 mg/L to 600 mg/L and 1000 mg/L, the nitrate
removal amounts obtained were as follows: (121.61 mg, 60.8%), (267.60 mg, 44.6%),
and (312.30 mg, 31.23%), respectively, as shown in Figure A.11. While the conversion
percentage decreases with increasing nitrate concentration, there is a slight increase in
absolute removal between 600 and 1000 nitrate concentration values, with 1000
demonstrating a slightly more pronounced decrease than 600. This illustrates the
feasibility of the research in addressing the issue of nitrate contamination in water

sources.

3.4.7 Stability and Reuse of Electrode

Using just one Cu@Cu-1 electrode, Figure A.12 displays the results of three
consecutive potentiostatic electroreduction tests conducted at -1.80 V. The figure shows
that in all three trials, the percentage of nitrate reduction was almost identical (60.8 £
3%), achieved by using the same electrode for two hours. This indicates that the
modified electrode (Cu@Cu-1) is efficient and stable.

3.4.8 Kinetics of Nitrate Reduction

The exploration of both rate order, as well asrate constant for the electrocatalytic

process of nitrate removal on a Cu@Cu-1 electrode, was conducted by employing well-

established integrated rate laws. The experimental data underwent analysis utilizing the
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principles of the zero, first, and second-order kinetic models. The integrated formulation
of these laws can be found in equations 3.5, 3.6, and 3.7, as referenced in the literature
(114,115).

Zero Order:[Cl; = —Kt+ [Clg «oovvvvvverinininnn, (3.5)

First Order:In[C]; = —Kt+ In[Clg......evvvnnn... (3.6)
1 1

Second Order: L Kt + TITRRRR IR (3.7)

In this context, [C]o represents the starting molar concentration of nitrate, [C]: represents
the molar concentration of nitrate at a specific time (min), and K is the rate constant. To
assess the suitability of the zero, first, and second-rate laws, linear plots were employed
to examine the correlation between [C]t vs t, In [C]t vs. t, and 1/[C]: vs. t respectively. If
any of these models is deemed acceptable, it is expected to exhibit a linear relationship,
enabling the determination of the rate constant and their corresponding correlation

coefficients (R?).

The findings from the examinations conducted on the models pertaining to the
electroreduction of nitrate on the Cu@Cu-1 electrode are presented in Figure A.13 (a, b,

and c).

The coefficients of correlation for the models of zero-order, first-order, and second-
order were found to be 0.87, 0.92, and 0.96, in that order. Thus, the values of the
correlation coefficient (R?) for the second-order model appear to exceed slightly those
obtained for the zero-order and first-order models.

This suggests that the first or second-order kinetic model may be more appropriate than
the zero-order model for describing the kinetics of electrochemical nitrate reduction.
Nevertheless, there is no law that can be considered to be absolutely definitive due to
the fact that the (R?) values for the three alternative rate laws are not considerably

different from one another.

An additional endeavor was undertaken to determine the rate order and constant by
employing the approach of initial rate law, owing to the slight differences observed in
the (R?) values of the three rate laws (117). The study involved conducting three
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electroreduction experiments with varying initial nitrate concentrations (200 mg/L, 600
mg/L, and 800 mg/L). The reaction rate generic formula is provided in equation (3.8)
(118).

Rateinitial = K [Clo" «v v cev e cee et et v e (3.8)
The application of natural logarithms to the two sides of equation (3.8) (118) results in:
In Rateinitiar = Ink + nIn [Clo ... e vev vee e et (3.9)

The variable n represents the order of the reaction. The initial rates for three distinct
trials, each with varying initial nitrate concentrations, were determined. Plotting the
nitrate concentration vs. time result yields a curve whose initial rate is equal to the slope
of a tangent at the starting point (Figure A.14). Based on the data presented in Figure
A.15, the relationship between In Rate initiar VS. In [C]o, Was investigated. It was seen that
the slope of the plot was determined to be 0.85, indicating that it is equivalent to the
order of the reaction (n) when (n < 1). It is evident that nitrate is reduced and adsorbed
at the electrode surface, along with the co-adsorption of other species (111).
Furthermore, the value is similar to the ones depicted in the literature, as shown in Table
3.8. Additionally, the rate constant was determined by analyzing the intercept of the plot

that is equal to In k, from which k was found to = 1.39 x 1072 min™.

Table 3.8

Comparative analysis of order and rate constant between Cu@Cu-1 electrode with reported
literature

Initial Nitrate Order of the Rate Constant

Electrode Concentration  Reaction (n) (x 107%) Area (cm?)  Ref.
CU/MWCNT/FTO 3.22 x 1073 M 0.76 7.55 sect 10 (88)
Cu/Graphite 1M 0.88 0.75 sect 4 (119)
Pd/Cu/Graphite 1M 0.87 0.56 sec™ 4 (119)
Cu@Cu-l 322 x 10°M 085 2.32 sec 8 s
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3.5 Comparative Analysis of Cu@Cu-1 with Literature

The effectiveness of this improved electrode in nitrate electroreduction was compared
with other electrodes as described in Table 3.9. The results demonstrate the performance
of the Cu@Cu-1 electrode in comparison to the findings reported in the literature. The
primary selectivity reported in the literature for nitrate electroreduction by copper
electrode was for ammonium, which reached 97% after 250 hours of electrolysis, with
the remainder being nitrite (69). The Cu@Cu-1 electrode exhibited a nitrate removal
efficiency of 92.35% within 7 hours, resulting in 13.2% NH4* and 85.05% nitrogen. Our
electrode exhibits superior efficiency and selectivity compared to existing reducing
cathodes described in the literature. Compared to merely 7 hours here, lengthier periods

of 250 hours were required in some literature to remove almost all of the nitrate (69).

The literature reports a maximum selectivity of nitrogen of 60-70%, attained by a
bimetallic catalyst consisting of Cu and Pd during an electrolysis process that lasted
approximately 48 hours (119). In contrast, the Cu@Cu-1 catalyst produced a selectivity
of 85.05% for nitrogen in just 7 hours of electrolysis. Hence, the catalyst outlined in this

context exhibits superior efficiency and selectivity in comparison to alternative options.

These findings indicate that the Cu@Cu-1 electrode is highly recommended for the
purpose of removing nitrates from aqueous solutions. Furthermore, the electrolytic
system employed in this study was uncomplicated, and the electrolyte utilized was non-
toxic, in contrast to those described in existing literature. In addition to these benefits, it
is worth mentioning that the required operating potential in our catalyst is nothing more
than -1.80 V.
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Table 3.9

Comparison between Cu@Cu-1 and electrodes reported in the literature

Operation & Reaction . Power . NOs .
Configuration Media Electrode Material Supply Time Conversion % Final Products Ref
S%
Cathode Anode  Reference
NH,* NO; N>
TnGmamet suwon
S +0.1M Cu disk Pt Hg/HgO -140V 250 h 100 97 3 - (69)
Cationic Exchange )
NOs
Membrane
0.1M
Batch Na,SOs+  Ti/CNTs/Cu
Electrochemical Cell 3.6 g/L 5-pd5 SCE  Hg/Hg.Cl, -1.30V 4 h 32.52 54.0 3.5 425  (85)
KNOs
1 M NaNQO3
Batch +0.5M Pd- Pt HgHgO  -L10V  48h 100 1 20 70 (119
Electrochemical Cell Cu/Graphite
NaOH
0.05M
Batch Na SO, + 0 80.0  This
Electrochemical Cell 200 mg/L Cu@Cu-1 Pt SCE -1.80 V 7h 92.35% 13.2 1.75 5 Work
NOgs
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Chapter Four

Conclusion

4.1 Conclusion

To reduce nitrates via electroreduction, various electrodes have been adjusted,

characterized, and implemented. From this investigation, several conclusions were

drawn:

1.

The potentiostatic method of electrodeposition of Cu nanoparticles onto the copper

surface improved the adhesion of the deposited layer and the Cu surface.

. In this study, the thin coating of Cu nanoparticles on Cu electrodes demonstrated

greater stability and nitrate reduction rates than other electrodes that were prepared.

. Copper nanoparticles on copper sheet have demonstrated a high N> selectivity.

. The Cu@Cu-1 electrode exhibited greater nitrate electroreduction efficiency than the

Cu sheet, demonstrating the critical nature of Cu nanoparticles.

. In this study, a Cu@Cu-1 electrode was effectively prepared for the first time.
. N2 was the primary product of nitrate electroreduction by the Cu@Cu-1 electrode

following 7 hours of electrolysis.

. As an electrode, the modified Cu@Cu-1 electrode demonstrated the most effective

nitrate electroreduction performance and was utilized to investigate the impact of

various parameters on nitrate electroreduction.

. At modest overpotentials (E = -1.80 V vs. SCE), electrolysis with Cu@Cu-1 revealed

a relatively rapid decrease in nitrate concentration, validating the electrode's elevated

performance.

. In a durability test, the Cu@Cu-1 electrode maintains stability and upholds its

catalytic activity.

4.2 Future Proposals

It is advisable to perform a thorough investigation into the following:

1.

2.

Implementing Cu@Cu-1 electrode for nitrate electroreduction on real world samples
extracted from ground water.
An effective approach to enhance the stability of the Cu@Cu-1 electrode is to

optimize the reduction rate, as the observed results did not meet the expectations.

51



3. Investigating the process of nitrate reduction through the utilization of various

counter electrodes.
4. Performing nitrate reduction studies utilizing various electrolyte compositions.

5. To preform a BET surface analysis to the Cu@Cu-1 electrode.
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List of Abbreviations

Abbreviation

Meaning

SSA
WHO
LUMO
UV - VIS
NP

Ccv
XPS
SEM
EDS
XRD
SCE
S%

RZ

Specific Surface Area

World health organization

Lowest unoccupied molecular orbital
Ultraviolet visible

Nanoparticles

Cyclic voltammetry

X-ray photoelectron spectroscopy
Scanning electron microscopy
Energy dispersive X-ray spectroscopy
X-ray diffraction

Saturated calomel electrode
Selectivity percentage

Correlation coefficient
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Figure A.l
Measured XRD pattern for (a) Cu@Cu-1 and (b) Used Cu@Cu-1.
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Figure A.2
XPS spectra of used Cu@Cu-1, (a) Complete spectra, (b) Cu 2p peak, and (c) O 1s peak.
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Figure A.3

Cyclic voltammogram on Cu -1 #m8.05 M Na,SO, and in{6:05 M Na,SO, + 200 mg/L NO3”
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Figure A4
Measured XRD pattern for Etched Cu-2

30000 ° e Cu
[} [ J
25000
= .
3 L L
>. 20000 .
g
o
& 15000
=
>
S 10000
X
5000
0 1 1 1 1 1 1 1 1 1 1 1 ]
20 35 50 65 80
2-Theta ("26) (deg)"
Figure A5
XPS spectra of Cu-2, (a) Complete spectra, (b) Cu 2p peak, and (c) O 1s peak.
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Figure A.6

Cyclic voltammogram on Etched Cu -2 in-8-85M Na.SOs and in (0.05-M NaSO4 + 200 mg/L
NO3_)
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Figure A.7

Nitrate, nitrite, and ammonium concentrations vs. electrolysis time by Etched Cu-2 modified
electrode. All experiments were conducted by means of (80 mL; 0.05 M Na,SO4 + 200 mg/L
NOs”, 120 min, 25 + 1°C, and -1.80 V vs. SCE.
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Figure A.8

Nitrate conversion percentage vs. electrolysis time by Cu@Cu-1 modified electrode at (-1.50 V,
-1.80 V and 2.10 V) vs. SCE. All experiments were conducted by means of (80 mL; 0.05 M
NazSO4 + 200 mg/L NOs?, 120 min, 25 + 1°C.
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Figure A.9

Nitrate conversion percentage vs. electrolysis time by Cu@Cu-1 modified electrode at
(15 °C, 25 °C, & 35 °C). All experiments were conducted employing (80 mL; 0.05 M NazSO4 +

200 mg/L NO3?, 120 min, -1.80 V vs SCE).
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Figure A.10

Variation of pH throughout the 300 minutes of electrolysis. All experiments were conducted
employing (80 mL; 0.05 M Na,SO,+ 200 mg/L NOs”, 120 min, -1.80 V vs SCE.
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Figure A.11

Nitrate conversion percentage with different initial concentrations by Cu@Cu-1 electrode. All
experiments were conducted employing (80 mL; 0.05 M Na,SO4 + 200, 600 and 800 mg/L NOs?,
120 min, -1.80 V vs SCE.

70
° 60
S
S 50
2
S 40
S
O 30
s
S 20 d
=
< 10 /

0 -

0 20 40 60 80 100 120 140
Time (min)
—8—-600mg/L —@—1000 mg/L 200 mg/L

71



Figure A.12

Three separate two-hour trials measuring the nitrate conversion percentage with the same
Cu@Cu-1 electrode. All experiments were conducted employing (80 mL; 0.05 M NaySO.4 + 200
mg/L NOs?, 120 min, -1.80 V vs SCE.
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Figure A.13

Nitrate electroreduction kinetics per (a) Zero Oder Law, (b) First Order Law, & (c) Second
Order Law by Cu@Cu-1 modified electrode. All experiments were conducted employing (80
mL; 0.05 M Na,SO4+ 200 mg/L NO3?, 120 min, -1.80 V vs SCE.
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Figure A.14

Influence of the initial nitrate concentration on the initial rate of electroreduction by Cu@Cu-1
modified electrode. All experiments were conducted employing (80 mL; 0.05 M Na;SO4 + 200
mg/L NO3?, 120 min, -1.80 V vs SCE.
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Figure A.15

In Rateinitia VS. In [C]o plot by Cu@Cu-1 modified electrode. All experiments were conducted
employing (80 mL; 0.05 M Na,SO,+ 200 mg/L NOs”, 120 min, -1.80 V vs SCE.

15
1 15 2 2.5 3
X y = 0.8509x - 4.276
2 25
x,
c
.
3
35

Ln [C],

74



Aot gl zladl) dealy
L) clad al) 415

Lgailiadat g (guladl) i o Ay gilih Luladl) cilupa judass
Ll (a5 b Al 4 ) i

das)

gilaa el 3 gria ¢l

il
DA Ceala 2.
Jlal 4 .2

slbasl) A pald 4 0 Lo Jpaad) clthiad YiaSiul Alu )l oda cuadd
COshaadd — Gl (Ah gl ladl dedly B Ldad bl ol IS e

2024



Al g ol Jlas Lgilidat g (uladl) pilia o 4 gl Guladl) cluss judass
slall cpa il All) £ 35 A

a\.\pz
sl o 3 e slaw
[ W
D caeta L3 L]
Jhad 4 .2

uadlal)
csthuldl) g el peall e o) e 3B aae ecnl gl gl spasally g colyal) gl Al <
<l ally (slaiall gl se bl (5 3m of Sas Aundad) sliall 5 A sall obaall alias (e IS5 I3 GBley
JIaY aladi ul J ey Ay, bl dla a0 A A8laSl) o gall sl e g da iall Hlasiuy) )
o oalill sa Al o3 (e s Cangdl s ALl 038 Aalladd dallis 4 kol ull e 5 50
Oe odtel [ sSaal Caagl) Bia s . o) cpms sl Sl M Aals 4l i) 35k e sl bl gl o)
A Ciandind 5 ol e sl 8 Al SeliS ity Aial y Al e A8l S ) sk A
o Al g e Adal) calls s LAl @l al AlasS s jeSl) J) 58N o) e 8l aal e dilbasS g el
e S amanS Jiia kil 5 ((SCE) o irys oxan el calail 3 568 il 25305 (ya 51 Jaal)
Y] €5 a8y Canall 1aa 8 sl Y aal e (IS Jagdl 5 ¢(Platinum) a sisdly dsgiea 3
i e oilad data e gadl 45 gl alail) @l 53 e Y1 e o <i g i sae (e Alaad)
sale aladinly el Gl dlee Lolal o dpalaall CUEY) (e 3l 2580 o oS g L S0 5eSD a3
il sae by Jaaaill 12a ‘;u‘i By ol el Alaee Culas dagion 23D 258 Jadiy Lcebaaall a6l
ol 5 ((XRD) diandl adll) g 21adid A e Sl 5 Castoaill (U 38 Ciniad Ny GaY
3B ciidid) ayhll Qs ((EDS) aabiadl A8l ciidil) gkl Jdaill ((SEM) 55 58N 5 el
380l A tandll QL LY DA el ll e 5 5eSD ) AN Gand @lld aey 5. (XPS)sia

3 s 5 DA (e Janall (CU@CU-L) o ansl) il i) o5 Alaead) UiV (s (g LoDe]



<l i Jysad Jame anl elal cadal) 138 (o bl ekl s L Al 5eS) i Gysk e Gy gl Guladl)
il Gigal) 03 <yl el e 5 Doy Ai8s 120 4ine ey Ul A Al 92,3 sl Cus
Ao Alsina 5l ja gk Jh b il s el a8y A5 3 85.05 Jaray ¢ sl LY Al
Je) Al JLSY dadll 138 Jacaili o3 SN .l 8 -1.80 &l 2en (38 die g (sie 4a 2 25 £+ 1)
3 daxe oo il CadSy el jll J) ) dlend de ) (5 9ild pand 5 celld e 5 Sle g LAl all

139 X 1072 min~t.s 3 culs Jonas U yaae <0.85 gl Jab

a5 5eSl 3RV ¢ el gl el gl Galaill <l 3 e alail) rdgalidal) cilals)



