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Abstract

Modification of nitrate removal methods from aqueous solutions has drawn
deeper attention from researchers all over the world. This is due to nitrate
contamination in ground and surface water. The primary cause for this
contamination is known to be the improper use of nitrate-based chemical

fertilizers.

The major objective of this research is to modify new safe electrodes for
nitrate electroreduction from aqueous solutions, with high efficiency and
cheap production cost. In this study, nitrate electroreduction was studied
using the potentiostatic mode, since it lowers power consumption, although
the galvanostatic mode is widely used in literature. Concentrations of
remaining NOjs together with resulting NO,” and NH4* were measured

during the experiments.

Potentiostatic electroreduction of nitrate from aqueous solutions was
conducted using a bench-scale undivided electrochemical cell. The
electrochemical cell was equipped with three electrodes. Electrodes in the

cell were saturated calomel electrode (SCE) as the reference electrode, Pt



XV
sheet as the counter electrode, and one of the new modified electrodes has

been used as the working electrode.

In this work, three different categories of electrodes have been modified
using fluorine doped tin oxide on glass sheets (FTO/Glass) as substrate. Cu
sheet and FTO sheets were used for comparison purposes. Characterization
of the modified electrodes have been done by scanning electron microscopy
(SEM), X-Ray diffraction (XRD), elemental energy dispersive spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS). Electrochemical
behavior of the prepared electrodes for nitrate electroreduction was

investigated by cyclic voltammetry (CV).

Different types of electrodes have been prepared. The first category includes
FTO/Cu electrodes which have been prepared by Cu electrodeposition on
FTO surface. Electrodeposition was made at -0.80 V from two different
solutions; (0.85 M CuSQO, + 0.55 M H,SO,) and using (0.01 M CuSO, +
0.10 M KCI). Electrode prepared by Cu electrodeposition from
(0.85 M CuSO,4+ 0.55 M H,S0,), which was named FTO/Cu-b, shows more

stability than other electrodes from same category.

Percentage of nitrate conversion by FTO/Cu-b after 2 h of electrolysis at
-1.80 V was found to be 39.90% and nitrogen (N) selectivity% was 29.58%.
FTO/Cu-b shows better efficiency in nitrate electroreduction compared to
Cu sheet which shows 35.13% conversion percentage and 1.10% N,

selectivity under the same conditions.



XIX
The second category involved FTO/Gr electrodes which were prepared by
applying graphite thin film on FTO substrate to get FTO/Gr electrode.
FTO/Gr electrode was modified by Cu electrodeposition on its surface from
(0.85 M CuSO4 + 0.55 M H,S0O,) at -0.80 V, this modified electrode was
named FTO/Gr-Cu electrode. Modification of FTO/Gr electrode by Cu
slightly increases the percentage of nitrate conversion, with 24.00% and
25.69% for FTO/Gr and FTO/Gr-Cu, respectively, after 2 h of electrolysis at
-1.80 V. This may be due to a low amount of Cu particles loaded on the
electrode surface, with 12.92 atomic% according to EDS analysis. On the
other hand, this modification increases the stability of the electrode, as XRD
analysis only shows the presence of Cu nanoparticles at the electrode surface

without any copper oxides even long time after preparation.

The third category involved FTO/MWCNT systems which were prepared
by spray coating of modified multi-walled carbon nanotubes (MWCNTS)
suspension on FTO surface. Preparation of the new modified electrode
FTO/MWCNT-Cu electrode was made by spray coating of MWCNT-Cu
composite on FTO/Glass surface. MWCNT-Cu nanocomposite was
prepared by a new modified cheap and simple method. The average size of

copper particles was determined from XRD analysis to be 35.28 nm.

FTO/MWCNT-Cu electrode shows the best percentage of nitrate conversion
65.27% in 2 h of electrolysis at -1.80 V. Therefore, it was used throughout

this work. The kinetic analysis of the experimental results was studied by the
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initial rate method, and the reaction order with respect to nitrate was (0.76)

with a rate constant 4.53x102 min™.

Nitrate electroreduction on FTO/MWCNT-Cu electrode was investigated
when varying parameters including the applied voltage, electrolyte type and
concentration, distance between electrodes, solution stirring, pH,
temperature, time of electrolysis and nitrate concentration. Results indicates
that increasing the applied potential, temperature (while stirring the solution
and 0.75 cm distance between electrodes) increases the efficiency of nitrate

electroreduction.

When the experiment was conducted for 7 h almost all nitrate ions in the
solution have been converted with 65.31% selectivity for N,. This shows
how advantageous the new modified electrode FTO/MWCNT-Cu is.
Moreover, results of XRD and EDS for fresh and used FTO/MWCNT-Cu
electrode showed higher stability of this electrode upon recovery and reuse.
Nitrate reduction efficiency for the same electrode remained unchanged for

three different consecutive electrolysis experiments at -1.80 V for 2 h each.

In comparison with other electrodes in literature, the FTO/MWCNT-Cu
electrode is highly promising, due to its stability, nitrogen selectivity and
efficiency. It is recommended to use this electrode for water purification
from nitrate, as a simple and efficient catalyst for nitrate electroreduction

system at low voltage.
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Introduction
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Chapter One
Introduction

1.1 The Imbalance of the Nitrogen Cycle

The bio geochemical nitrogen cycle involves both abiotic and biological
processes where various oxidative and reductive processes occur. Nitrogen
can be found mainly in several oxidation states such as in ammonia (3-) and
nitrate (5+) [1]. A simplified scheme of the nitrogen cycle is shown in Figure
1.1. One of the important nitrogen compounds in the cycle is nitrate, which
is fixed from the environment by nitrogen fixing microorganisms, plants and

industrial processes [2].
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Figure 1.1: Simplified scheme for nitrogen cycle.

A nitrogen fixation process transforms the atmospheric nitrogen into

ammonia, after that a nitrification process converts it to nitrite which is
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further oxidized to nitrate. When absorbed by plants, nitrates ions undergo
some plant reactions and are then taken by animals. When humans and
animals die and decompose, nitrates will go back to nature by microbial
degradation, which will be further reduced to nitrogen through the

denitrification process [3].

The increase in human activities affect the equilibrium of the nitrogen cycle
[4]. The imbalance of the natural nitrogen cycle and the effective
administration of it in water is one of the 21% century challenges [5].
Contamination of surface and ground water with nitrate (NO3) is one of the
most serious global challenges [6]. Many areas in Palestine suffer from this
problem [7, 8]. Consequently, people may consume water with nitrate

concentrations above the regulated limits.

Nitrate contamination of ground water all over the world, has been recorded
in the range (50 - 100 mg L NOs’), and may reach 500 mg L in some
region of South Africa [9]. In Palestine nitrate contamination reaches
200 mg L' NO;™ in more than one region in West Bank [8].The average value
of nitrate contamination in Gaza Strip was recorded to be ~200 mg L™* NO3"
[7]. Nitrate concentrations in aquatic water have increased due to human
activities. Although the massive use of fertilizers in agriculture, industrial
wastewater and domestic water are the main sources [10-14], nitrate also

comes from nuclear industries in some countries [15, 16].
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1.2 Environmental and Health Risks

Because of their metabolic reduction to nitrites, high concentrations of
nitrates in drinking water can cause severe health issues to humans. Nitrate
reduction takes place in the saliva of people of all age groups, but particularly
in infant gastrointestinal tract. Nitrites in the red blood cells react with
hemoglobin to form methaemoglobin, which is unable to bind to oxygen,
leading to cyanosis and methaemoglobinaemia ‘‘blue baby syndrome’’ in

infants [17-24], liver disease and cancer [25-27].

High concentration of nitrate ions may also cause eutrophication of seas,
rivers and lakes that appear through uncontrolled growth of algae [28, 29].
Therefore, developing an efficient technology for nitrate removal from water

at large and small scales is needed.

1.3 Regulations and Recommendations

The main source of human exposure to nitrate is drinking water. In order to
minimize the health risk of nitrate contamination, World Health
Organization (WHOQO) has set a maximum limit for nitrate concentrations in

surface and groundwater to 50 mg L expressed as NOs™ [30].

1.4 Nitrate Removal Methods

Various methods have been proposed for nitrate removal from contaminated

water such as:



1.4.1 Biological Methods

The biological method is considered as a good method of choice [31, 32].
However, this method is slow, difficult to control, produces organic residues
[33-35] and cannot be used for concentrations larger than 1000 mg L of
NOjs’, since higher ones can be poisonous to the bacteria [32-34]. High
investments costs and technical limitations in monitoring the process
parameters are considered to be the major shortcomings for a large-scale

application [29].

1.4.2 Physical Methods

Physical methods include ionic exchange by resins [36], reverse 0smosis
[34, 37, 38], electrodialysis [39], coagulation and flocculation [40]. These
methods require regular regeneration and are considered expensive and lead
to concentrated nitrate effluents since nitrates are only separated, not

destroyed [34, 37, 41, 42].

1.4.3 Chemical Reduction

Chemical reduction, generally with hydrogen, which is a difficult gas to
handle [43-45], in the presence of metal catalysts such as aluminium,
amalgam, or zero-valence iron powder [34]. This method requires large
amounts of metals and may produce undesirable by-products, such as nitrite

and ammonium [18, 45-47].



1.4.4 Electrochemical Reduction

Electrochemical reduction technology was developed by Olin for the
treatment of aqueous solutions containing hazardous chemicals such as
oxynitrogen, like nitrates (NO3), nitrites (NO") and/or oxyhalides such as
chlorite (CIO;) and chlorine dioxide (ClO2) [48-50]. Electrocatalytic
processes have been extensively studied recently [16, 51-54]. In the 1980s,
nitrate electroreduction was considered as a promising method for recycling
caustic solutions of radioactive wastes with high nitrate concentrations
[53, 55, 56]. More recently, this method has been used to treat groundwater,

ion-exchange brines, municipal wastewater and urine [57-60].

Electrochemical methods could be applied to large nitrate concentrations
with simple reactor configuration, producing no sludge and requiring no
start-up period, which lowers the costs [57, 61]. Therefore, electrochemical

methods may help in nitrate de-contamination [62].

1.4.4.1 Electroreduction Processes

In electrocatalysis, reactions occur at the electrode/reactant interface. The
reaction can be improved by a higher charge transfer between the electrodes

and the electrolyte [63].
Nitrate electrocatalytic reduction occurs via three processes [64]:

(i) Addition of electrocatalytically active ions to the solution being

treated [65].

(if) Catalyst immobilization on the cathode surface [66].
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(iti) Electroreduction catalysed directly on solid electrodes [16, 54, 67, 68].

1.4.4.2 Electrochemical Cell Designs for Denitrification

Nitrate electroreduction is normally carried out in different designs of

electrolytic cells, each with two electrodes at least:

Undivided Electrochemical Cells:

These involve one-chamber cells without separators between the anode and
the cathode reaction products. In these reactors, the overall faradaic
efficiency may decrease as some of the reduced species may be re-oxidized

at the anode [69, 70].

Divided Electrolytic Cells:

These cells have more than one chamber, with ion exchange membrane
(or salt bridges) between the anodic and the cathodic half-cells (catholyte
compartment and anolyte compartment). In the catholyte compartment the
aqueous solution is added, while in the anolyte compartment a conductive

electrolyte is added [71].

In divided cells ions flow from one half-cell to other half-cell with no mixing
between solutions [72]. Thus, cationic exchange membrane keeps the nitrite
(reduced product of nitrate) away from the anode. The reduced ions cannot
be re-oxidized and the faradaic efficiency increases [72]. For these reasons,

divided electrochemical cells save energy [73].



1.4.4.3 Electrolysis Modes

Two distinct operational modes occur in electrolysis, namely galvanostatic

and potentiostatic [74].

Galvanostatic Mode:

Galvanostatic electrolysis is performed by the conduction of a constant
current density (j in mAcm2) through electrochemical cell with only two
electrodes. Galvanostatic system is favoured in industrial applications due to
its ease of operation. However, the faradaic efficiency is lowered here by

competitive reactions in the absence of potential reference control [75-77].

Potentiostatic Mode:

In potentiostatic electrolysis a constant electric potential (E in V) is used
through the electrochemical cell with three electrodes: a reference electrode,
a counter electrode and a working electrode (the cathode) at which
electroreduction occurs. In this type, only needed reactions can be selectively

conducted based on potential suitability [78].

However, the nitrate reduction needs potentials slightly higher than
theoretically needed (over-potentials), due to thermodynamic reasons [79].
The over potential is needed to overcome high activation energy [80-82].
In this type, the nitrate reduction rate is slower than in galvanostatic system,

due to the high activation energy.
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1.4.4.4 Performance of Electrochemical Reduction of Nitrate

Nitrate electroreduction efficiency and selectivity depend on several
parameters such as electrode material [33, 83], applied current or potential
[33, 83], electrolyte pH [83, 84], temperature [84], time [83, 84], and
electrode separation distance (D) [28, 85]. Mass transfer and nitrate
concentration also affect efficiency and selectivity, by affecting the diffusion
rate in solution to cathode, as explained by Fick’s law [81, 86, 87]. Type and
concentration of electrolyte in nitrate solution also affect the process
[84, 88]. Therefore, different electrolytes have been investigated such as

NaCl [89, 90], Na,SO4 [73, 91, 92], HCIO, [93, 94] and NaOH [95, 96].

As can be noted, there are no unified approaches to the nitrate
electroreduction parameters. Literature shows different philosophies with
irreproducibility and inconsistency in results and discussions. Literature
reviewing leads to no unified practices by researchers. Therefore, in order to
design a practical nitrate electroreduction system, it is important to study the

effect of different variables listed above on the experiment.

Our major goal here is to prepare an electrode with a high surface area. The
relative amount of free surface catalytic sites on the electrodes determines
the achievable reaction rate when treating nitrate solutions of high
concentrations [97]. Enhancing the electrode surface for nitrate selectively
over co-occurring anions, and optimizing the surface area of the electrodes,

are necessary. Electrolysis with no catalysts will also be assessed here. All
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these issues will be investigated in this work, in order to reach a system with

optimal efficiency in nitrate electroreduction.

1.4.4.5 Inorganic Basics of Nitrate Electroreduction

The lowest unoccupied molecular orbital (LUMO, =n*) of nitrate has a high
energy level. Therefore, it is difficult to add electronic charges to the LUMO
in the nitrate ion. This increases the activation energy and slows down the
reduction reaction [80-82]. Therefore, the cathode potential must be

sufficiently high to add electrons to the (LUMO) of nitrate, (Figure 1.2) [98].

e
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Figure 1.2: Molecular orbitals during electroreduction of nitrate (reproduced based on [98]).

Metals with heavily occupied or partially filled d-orbital shells (Cu, Ag, Pt,
etc.) can promote electrochemical NOs  reduction, depending on the
difference in d-orbital energy levels of those metals and LUMO for the

nitrate [99].
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1.4.4.6 Copper Catalyst

In addition to its low cost, copper is known as the most active metal in nitrate
electroreduction [100]. However, using copper cathodes in water treatment
iIs restricted due to lack of stability (corrosion and leaching) and because they
generate ammonia as main by-product [101]. To date, numerous attempts
have been done to design Cu-based electrocatalysts for nitrate reduction [6].
Different recent attempts on electrodes modification for nitrate
electroreduction, especially Cu-based electrocatalysts will be discussed in

the next Chapter.

1.4.4.7 Nitrate Electroreduction Products and Intermediates

The main reactions with standard reduction potentials (E") values in nitrate
electrochemical reduction, are given in Table 1.1 [102-104]. Nitrate
electroreduction is a complex process [100], but nitrate electrochemical

reduction is normally described by reactions No. (2) and (3) [105] in Table 1.1.

Nitrate reduction to harmless nitrogen gas is the ultimate objective of
electrochemical research [6]. Ammonia and nitrite commonly occur as
two main products. This lowers electrochemical denitrification efficiency
[6, 86]. Other products may also occur such as NH.OH, NO2, NO, N2O
and NH2NH: [6].
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Table 1.1: Main cathodic reactions in electrochemical reduction of

agueous nitrates and their standard E" values [102-104].

No. Cathodic Reaction E’

(1) | NOg +H,0+2e =—=NO, + 20H 0.01 V
(2) NOs + 3H,0 + 5 & 12N, +60H 026 V
(3) | NOs +6H,0 + 8 e =—= NH; + 90H" 0.12V
(4) | NOy +5H,0 + 6 & =——= NH3 + 70H" 0.16 V

(5) | NO; + 4H,0 + 4 & =—= NH,OH + 50H" | -0.45V
(6) |2NO, +4H,0+6 ¢ N, + 8OH" 041V
(7)  |NO, +H,0+2¢ NO + 20H 0.46 V

Nitrate removal by electroreduction is achieved by direct reaction of
electrons from cathode surface with the nitrate to form nitrogen gas and
hydroxyl ions (reaction No. 2) [106]. On the other hand indirect reduction
processes may take place, especially the oxidation of ammonia on the anode
(reaction No. 8) and reduction of nitrite to nitrogen on the cathodic side

(reaction No. 6) [28, 107].

ONH; + 60H° == N, + 6H,0 +6¢ (8)

Additional electrochemical reactions (No. 9 and 10) may also take place

2H,0 + 2¢

H, + 20H" 9)

2H,0O O, + 4H" + 4e (10)

1.5 Thesis outline
Contents of thesis Chapters are described below:

*Chapter one provides a brief introduction about the source of nitrate in
water, health effects, fundamental theory and rationale for using

electroreduction.
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*Chapter two presents a literature review on recent electrocatalysts for the
electrochemical reduction of nitrate, focusing mainly on Cu cathode. The

objectives of this research are also included in this chapter.

*Chapter three, describes the experimental set-up and methods used for the

work done in this thesis.
* Chapter four, summarizes the results and discussions of this work.

*Chapter five, introduces thesis conclusion and suggestions for future works.
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Chapter Two

Literature Review
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Chapter Two

Literature Review

In 1998 Kaczur wrote a review of the electrochemical reduction of nitrate
[108]. A more recent review of the electrochemical reduction of nitrate was
made by Haque and Tarig in 2010 [109]. However, this Chapter critically
reviews recent works on the modification of electrodes for nitrate

electroreduction especially the Cu cathode.

2.1 Classification of Electrode Materials for Nitrate Electroreduction

Many studies have been carried out on the modification of the cathode
material and its surface structure in order to improve the performance of the
electroreduction systems. Among these materials, copper is known to be the
most efficient electrocatalyst for nitrate electroreduction that vyield

ammonium as a final product [100].

2.1.1 Copper and Related Electrocatalysts

2.1.1.1 Pristine Cu Electrode

Many studies were conducted in nitrate electroreduction by Cu metal
electrode [110-113], where ammonia was the main product of nitrate
electroreduction [64, 67, 114]. Reyter et al. [100], investigated the
electrocatalytic behaviour of a pristine Cu electrode for nitrate (0.1 M NO3’)
in alkaline media (1 M NaOH) by linear sweep voltammetry, at stationary

and rotating disc electrodes. The study showed that electroreduction of the
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adsorbed nitrate ion on the Cu electrode to nitrite, was the rate determine
step for the reduction process. Hydroxylamine appeared as a short-life

intermediate product and was immediately reduced to ammonia.

The reaction mechanism of nitrate reduction with a pure copper electrode was
studied in (0.1 M NaOH) [33]. The results showed that electrochemical
reduction involved intermediate (N202?7), which was further reduced to

NH4OH (at potential values lower than -1.4 V) and to N2 (at ~-1.3 V), vs. SCE.

Galvanostatic nitrate electrolysis on copper electrode, showed that the
efficiency increased when using Na,SO,4 as supporting electrolyte [115].
Electrochemical nitrate reduction, on Cu with selected surface orientations
(111) and (100), occurred by different mechanisms in acidic and alkaline
media [116]. Cylindrical Cu cathode and anode electrodes, were also
described to prevent the electrode deactivation during nitrate

electroreduction [113].

2.1.1.2 Cu/X Bimetallic Electrode

To further improve the performance of the Cu electrode, it was modified

with different metals, such as:

2.1.1.2.1 Cu/Zn Bimetallic Electrode

Yang et al. [117] studied nitrate electroreduction in alkaline solution using
various Cu/Zn oxide composite cathodes, deposited on Ti surface by thermal

decomposition.
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2.1.1.2.2 Cu/Pd Bimetallic Electrode

Compact and porous Cu-Pd alloy films were prepared and examined for
nitrate reduction in basic solutions. The porous electrodes showed higher
catalytic activity, but higher NO, and NH3; and lower N, amounts were
observed [118]. To improve N selectivity of Cu/Pd alloy, Zhang et al. [119]
electrophoretically deposited carbon nanotube onto Ti sheets. The Cu/Pd
alloys were then electrodeposited on the Ti/CNT substrates using various

Cu/Pd atomic ratios.

Pronkin et al. [15] deposited the active nitrate electroreduction bimetallic
Pd/Cu catalysts. Copper was electrochemically deposited onto cylindrical
glassy carbon-supported Pd particles. The Cu adlayer onto Pd increased

nitrate electroreduction activity.

2.1.1.2.3 Cu/Ni Bimetallic Electrode

Porous Cu/Ni alloy was prepared by Mattarozzi et al. [120]. The
microporous and spongy Cu/Ni alloys were used in nitrate reduction in basic
solutions. Electrodeposition of porous copper onto nickel modified graphite
was described. The system was employed in a one-cycle continuous-flow,

ammonium was the main product of nitrate reduction process [6].

2.1.1.2.4 Cu/Pt Bimetallic Electrode

Ehrenburg et al. [121] used two types of platinum nanoparticles (Pt NPs):
cubic NPs with preferential (100) faces and unshaped (polyoriented) NPs.

The NPs were supported on glassy carbon and then coated with Cu adatoms,
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it was found that Cu adlayer on Pt NPs (100) yielding the more stable, with

faster nitrate reduction.

Kinetics and mechanism of nitrate reduction using Pt (1 1 1) and
Cu-modified Pt (1 1 1) electrodes were investigated by cyclic voltammetry
[122]. Molodikana et al. [123] studied the kinetics and mechanism of

reduction of nitrite and nitrate using Cu-modified Pt (100) electrode.

Addition of sodium inositol phytate increased Pt-Cu efficiency in nitrate
electroreduction in basic media [124]. Stability of copper to oxidation also

increased by this addition.

2.1.1.3 Graphene Modified Cu Electrode

Graphene-modified Cu electrodes were prepared by chemical vapor
deposition (CVD) of graphene onto copper sheet surfaces [125]. Cyclic
voltammetry indicated higher activity than bare copper electrode, in nitrate

electroreduction.

2.1.1.4 Polypyrrole Film Modified with Copper Oxide Particles

Hamam et al.[126] conducted nitrate electroreduction in a synthesized electrode
by chemical polymerization of polypyrrole onto cellulosic substrate. Then they
modified the surface of the polypyrrole film by copper oxide particles. Also,
reduction of nitrate ion was investigated on a polypyrrole coated copper

electrode (PPy/Cu) in acidic aqueous medium [127].



19

2.1.1.5 Copper Phthalocyanine

Rajmohan et al. [128] deposited copper phthalocyanine by impregnation
method on two different support materials: multi-walled carbon nanotubes
(CuPc/CNT) and carbon black (CuPc/C). Results of cyclic voltammetry showed

higher catalytic activity of CuPc/CNT towards nitrate reduction than CuPc.

2.1.1.6 Deposited Cu on Boron Doped Diamond (BDD) Electrode

Copper nanoparticle electrodeposition on Boron doped diamond (BDD)
films (supported on silicon) were strongly affected by the film surface
treatments with hydrogen and oxygen plasma. Cyclic voltammetry showed
that BDD treated with oxygen plasma presented the best response and
reproducibility in nitrate reduction [129]. Another attempt for BDD
electrode modification has been carried by Ribeiro et al. [130], who modified
the surface of the electrode by copper photo-electrodeposition process on
BDD electrode that was grown on Ti substrate by hot filament chemical
vapour deposition. This method gives high density and uniformity of the

deposited cupper all over crystal faces.

2.1.1.7 Pd-Cu/yALOs

Pd—Cu/yAl,O3 catalyst were prepared by impregnation method and 1.0 g/L
of it was added to denitrification cell with two graphite plates as the cathode
and anode [131]. This catalyst enhanced the nitrate removal efficiency and

N selectivity.
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2.1.2 Other Electrocatalysts

Attempts were made to prepare nitrate electroreduction electrodes, with no
Cu. The target was to increase N; selectively, and reaction rate with minimal
energy spending [56]. Various materials have been examined, such as Pt
[122], Pd [132], Rh [92, 133, 134], Ni [53, 114, 135], Ag [136],
Ti [89, 90, 137], Pb [64, 138], Zn [138], Ru [139], Ir [68], Sn [96], Al [73,
85] and Fe [73, 84, 85]. Alloys of different materials have been modified for
nitrate electroreduction such as Sn/Pd [15], Cu/Sn [64]. Also, modification
of metal surface with different materials such as Sn/Pd, Sn/Pt [137] have

been done.

2.2 Thesis Scope

A lot of work and scientific research has been done on nitrate
electroreduction, but there are still challenges to achieve highly active,
stable and low cost electrocatalysts for nitrate reduction that can be

applied in different agueous media.

In this work, attention is paid to increasing the electrode surface area by
preparing nanocomposite electrodes. Composite electrodes are designed to
lower the cost of materials while improving the kinetics of nitrate reduction.
Nanoparticles provide higher catalytic surface areas, which are critical for
speeding up electrochemical nitrate reduction. For these purposes, Cu
nanoparticles will be immobilized on stable conductive materials
(fluorine-doped tin oxide (FTO), graphite and multi-walled carbon
nanotubes (MWCNTSy)).
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Different supporting materials have been used in the electrode preparations
for nitrate electroreduction such as pyrolytic graphite [93], glassy carbon
[92, 95] and boron doped diamond [96]. In the present work, MWCNTSs films
were deposited onto conductive fluorine-doped tin oxide (FTO/glass) plates.
To our knowledge, FTO/glass has not been described as a substrate for
electrodes in electroreduction experiments. It was chosen here due to its high

stability, low resistance, safety and availability.

Carbon nanotubes (CNTSs) have recently been used due to their
special structural, electrical, mechanical, optical and magnetic
properties in various fields of research and applications [140, 141], such
as composite matrices with improved properties and performance
[142, 143]. CNTs diameters range between 1-100 nm and can be up to
millimetres long [144]. CNTs with single layers are called single-walled
CNTs (SWCNTSs), and those with multi-layers, are called multi-walled
CNTs (MWCNTSs) [145, 146]. An effective and economic way to prepare
well dispersed Cu-MWCNTSs composite is reported here.

MWCNT

e—el i Graphite

Figure 2.1: Structures of various graphitic materials.
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Graphite is also examined here for electrode preparation, because it is an
abundant carbon material with high conductivity and specific surface area.
Furthermore, graphite may provide the devices with long-term stability and
improve charge transfer in the system [146, 147]. Figure 2.1 shows the

structures of SWCNT, MWCNT and graphite.

In this study FTO/Glass has been used as a substrate for copper nanoparticles
in three different ways: direct electrodeposition, electrodeposition on
graphite thin film onto FTO/Glass and MWCNT/Cu nanocomposite onto
FTO/Glass. The porosity of the carbon substrate materials allows copper
nanoparticle formation with limited agglomeration. The supported copper
catalysts on the graphite or MWCNTSs that have been deposited on
FTO/Glass, are anticipated to have soundly good conductivity with high
adherence into the pores. In this work, the new modified electrodes were
characterized and used for nitrate electroreduction from pre-contaminated

solutions.

2.3 Questions of the Study
This study will answer the following questions:

— How to develop low cost electrocatalysts with high activity and

stability for nitrate electroreduction?

— How to increase the efficiency with lower electrical power

consumption in nitrate electroreduction?
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2.4 Objectives

2.4.1 Strategic Objectives

Nitrate contamination of ground water sources is becoming a major problem.

This research attempts to find practical and economical way to remove

nitrate from water.

2.4.2 Technical Objectives

1.
2.

Copper nanoparticles will be electrodeposited on FTO/Glass.
Copper nanoparticles will be deposited on graphite thin films

supported on FTO/Glass.

. Nanocomposite of MWCNTs and Cu nanoparticles will be prepared

and supported on FTO/Glass.

Characterization of the prepared electrodes by different techniques
such as: X-ray Photoelectron Spectroscopy (XPS), Energy-Dispersive
Spectroscopy (EDS), X-ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), and Cyclic Voltammetry (CV).

Catalytic efficiency of the prepared electrodes in agueous nitrate
electroreduction from pre-contaminated aqueous solutions will be
studied and critically compared.

Effects of different parameters (pH, temperature, contaminant
concentration, composition of electrolytic medium, electrolysis
potential, hydrodynamics (stirring) of solution, distance between

electrodes and time of contact) on electroreduction will be studied.
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7. Reproducibility and efficiency of the prepared catalyst electrodes on
nitrate electroreduction, will be investigated.

8. Long term stability of the prepared electrodes will be studied.

2.5 Assumptions

Higher real electrode surface area is assumed to give greater contact of
electrolyte with the electrode surface. The use of nanoparticles and
MWCNTs provide high catalytic surface. This should improve the electrode
performance. This work suggests that preparation of the modified electrode
by electrodeposition of copper nanoparticles on graphite substrate and
applying MWCNT-Cu nanocomposite on FTO substrate will provide a new
way for electroreduction of nitrates in acidic or basic media, as well as in
neutral media. The good contact between the copper nanoparticles with

graphite and MWCNTSs should yield a highly stable catalyst system.

2.6 Significance and Novelty

Nitrate contamination of ground and surface water is a serious global
problem. In this work, removal of nitrate ions from water will be conducted
by practical and economic processes. Electroreduction on a newly modified
highly porous cathode material, prepared by electrodeposition of copper
nanoparticles on FTO/Glass is relevant to the de-nitration field. Copper
electrodeposition on Graphite/FTO/Glass, and MWCNT-Cu nanocomposite
deposition onto FTO/Glass are also relevant to the field. The present study

aims to find an efficient catalyst for water purification from nitrate ion in
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a safe economic way with minimal energy consumption. The main target is
to reduce the nitrate into a non-hazardous material such as nitrogen gas (N>).
The work, which aims to find practical solutions to remove nitrate from
water, is highly valuable to Palestine and other countries, which suffer from

water contamination.
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Chapter Three
Methodology
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Chapter Three

Methodology

3.1 Chemicals and Materials

All chemicals were purchased with analytical grade and used without further
purification. Sodium hydroxide and ammonium chloride were purchased
from Frutarom. Hydrochloric acid (37%), sulphuric acid (98%), copper

nanoparticles were provided by Riedel-de-Haen.

Fluorine doped tin oxide coated glass slide, acetyl acetone, Triton-X-100,
ethanol (99%), acetone, isopropyl alcohol, graphite, copper sheets
(> 99.5%), were purchased from Sigma-Aldrich. Copper sulphate, sodium
nitrate, sodium nitrite, sodium sulphate was purchased from Alfa. MWCNTSs
(HONANO-CNTSs-010-0, purity > 95% (w/w), synthesized by a thermal
chemical vapour deposition process, with inner diameter 3-5 nm, and outer
diameter 8-15 nm and a length -12 pm), were provided from

(bjxdkj-technology Company-China).

3.2 Equipment

Potentiostat (Corrtest, China), UV-vis spectrometer (UV-3101PC,
Shimadzu), pH meter (Jenway-3510), electrical furnace (Boekel, 107905),
four degenerate electrical balance (Radwag-200/2000C/2), atomic
absorption spectrometer (Thermo scientific-iCE 3000), ultracentrifuge
(Thermo-sorvall lynx 6000), freeze-dryer (Miiirock-85C) and sonicator

(Power sonic 405) were used.
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Electrode characterizations by scanning electron microscopy (SEM) images,
and the X-ray spectroscopy (EDS) measurements, were investigated on
a Field Emission SEM (FE-SEM, JEOL JSM-6700F). X-ray diffraction
(XRD) measurements were done by PAN alytical X’Pert PRO X-ray
diffractometer, with Cu Ka rays. X-Ray photoelectron spectroscopy (XPS)
analysis were made using a Multi Lab 2000 spectrometer with
a micro-focusing monochromated Al Ka X-ray (1486.6 eV) source. SEM,
EDS, XRD and XPS, were conducted at Korean Institute of Energy

Research, Daejeon, South Korea.

3.3 Preparation of the Electrodes

3.3.1 Copper Electrodes

Copper sheets were cut into (1 cm x 5 cm) slides. Before use in
experiments, they were immersed in 10% (w/w) of HNO; for 10 seconds (5s),
then they were washed several times with distilled water. These electrodes

were named Cu electrodes and used for comparison purposes.

3.3.2 FTO Electrodes

Fluorine doped tin oxide (FTO) sheets were cut into (2 cm x 5 cm) slides.
Prior to use, the slides were sonicated in isopropyl alcohol and in acetone for
5 min each time. They were then washed several times with deionized water.
These electrodes were called FTO electrodes, and have been used for further

modification and for comparison purposes.
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3.3.3 Modified FTO Electrodes

3.3.3.1 FTO Electrodes Modified with Cu

FTO substrate modified directly with Cu were obtained by electrodeposition

at room temperature (25 = 1 °C). Electrodeposition preparations were

conducted on electrochemical workstation (Corrtest, Cs350), in a 100 mL

electrochemical cell. The electrochemical cell contained three electrodes:;

standard saturated calomel electrode (SCE) as the reference electrode, Pt

plate as a counter electrode and the FTO as working electrode. Different

attempts have been made to increase the stability of the deposited electrode:

a)

b)

One method was to deposit Cu from (0.85 M CuSO,4+ 0.55 M H,SO,)
using cyclic voltammetry. The voltage scan rate was fixed 100 mV/s
from 0.25 V t0 -0.80 V as reported in literature [148]. Deposition by
this method was performed for different times (10 cycle, 20 cycle and
30 cycle). Those electrodes were named FTO/Cu-10, FTO/Cu-20, and
FTO/Cu-30.

In another method potentiostatic deposition was used by applying
-0.80 V for 600 s. Deposition was done firstly using (0.01 M CuSO,
+ 0.10 M KCI) as reported in literature [149], and this gave us an
electrode that has been named FTO/Cu-a. Another electrode was
prepared by applying -0.80 V for 200 sec, using (0.85 M CuSO, +
0.55 M H,S0Os) and the prepared electrode from this bath was named
FTO/Cu-b. The two solutions were pre-purged with high purity N, for

5 min to remove O, before deposition experiments, and they were
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stirred continuously with magnetic stirrer during the depositions. The
prepared electrodes were then rinsed with deionized water and

ethanol, dried, and stored in a desiccator for further use.

3.3.3.2 FTO Electrodes Modified with Graphite

Graphite nanopowder was well mixed with acetyl acetone, triton X-100 and
H,0 at a ratio of 10: 20: 30: 40 to form a slurry. This method was applied in
literature for the preparation of FTO electrodes with MWCNT thin film
[150]. FTO plates were coated with aluminium foil (2 cm x 1 cm) for
protection. Then thin graphite film was applied on hot FTO surface by

drop-casting process.

Graphite film with thickness greater than ~111.90 1am, was found to peel off
during the electroreduction experiments. Finally, the aluminium foils were
removed and those electrodes were sintered for 1 hour (h) at 300 °C, to
improve the compactness of the thin film. FTO/Gr name was given for this

electrode.

Other attempts to modify electrodes by graphite thin film were done
according to different procedures described in literature [151, 152], they

didn’t give the stabile electrodes.

3.3.3.3 FTO/Graphite Electrodes Modified by Cu Nanoparticles

Copper nanoparticles were deposited on graphite by electrochemical
deposition at (25 + 1 °C). Deposition of Cu on the FTO/Gr electrode was
done from (0.85 M CuSO4+ 0.55 M H,SOy) at -0.80 V for 600 sec. After the
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potentiostatic deposition, the prepared electrode was rinsed with deionized
water and ethanol respectively to remove traces of surface impurities. Those
electrodes were stored in a desiccator for further use. The modified electrode

was named as

FTO/Gr-Cu.

3.3.3.4 FTO Electrodes Modified with Functionalized MWCNT's

Chemical modification of MWCNTs was done by sonicating (1.00 g) of
MWCNTSs in 80 mL 3:1 (v/v) mixture of H,SO, 95%, HNO; 70% at 60 °C
for 6 h, analogous to another work [148]. After that, 200 mL cooled
deionized water was added dropwise to the prepared suspension. This
suspension was centrifuged for 20 min at 8000 rounds per minute. Washing
of the modified MWCNTSs with deionized water, and centrifuging them with
the same above procedure was repeated many times for neutral pH solution.
The neutral suspension was then transferred to a -20 °C freezer for 24 h,
followed by freeze-drying for 24 h and stored in a glass container in

desiccator, for subsequent experiments.

MWCNTs functionalization by oxygen-containing groups, enhances its
exfoliation and dispersion in polar media [153, 154]. This modification was

done in order to make MWCNTSs useful in further surface modification.

Fabrication of the surface of FTO electrode with MWCNTSs was done by
spray coating process. For the preparation of the spraying suspension,
1.00 mg of modified MWCNTSs were mixed with 20 mL anhydrous ethanol.

The mixture was sonicated for 15 min in a bath-type sonicator. The
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suspension was poured in a glass hand sprayer, and then sprayed on hot FTO
substrates, after (2 cm x 1 cm) section of each FTO plate was covered using
an aluminium foil (spraying 20 time for each FTO plate from the same
distance). The modified electrode was named as FTO/MWCNT. Fabrication
by this method using unmodified MWCNTSs described in earlier work [155]

didn’t give stable thin films on FTO surfaces.

Other attempts to apply MWCNTSs on FTO substrate, according to different

literatures [150, 156-158], didn’t give stable electrodes.

3.3.3.5 FTO/MWCNTs Electrodes Modified with Cu

The electrode was prepared by spray coating of MWCNTSs-Cu suspension
on hot FTO substrate. MWCNT-Cu nanocomposite suspension was prepared

by a new modified, simple and cheap method as follows:

a) Commercial Cu nanoparticles (1.00 g) were placed on filter paper in
Buchner funnel and washed with 10% (w/w) HNOs, deionized water
and ethanol.

b) Certain amounts of Cu nanoparticles and 2.00 mg of functionalized
MWCNTSs were placed in 150 mL conical flask containing 40 mL pure
ethanol 97%.

c) The prepared suspension was sonicated for 15 min and allowed to
stand 24 h at room temperature.

d) The above mixed slurry was transferred to a fragrance spray glass
bottle. Then hot FTO substrates with (2 cm x 1 cm) section of each

plate covered using an aluminium foil, was coated with this
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suspension by spray coating method (spraying 20 time for each FTO
plate). This electrode was named FTO/MWCNT-Cu.

3.4 Characterization of the Electrodes

3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy analysis was conducted for our prepared
electrodes (FTO/Cu-a, FTO/Cu-b, FTO/Gr, FTO/Gr-Cu, FTO/MWCNT,
fresh and used FTO/MWCNT-Cu). This was to study the morphologies

(surface textures) of different electrodes.

3.4.2 Energy-Dispersive X-ray Analysis (EDS)

EDS for elemental analysis of the prepared electrodes (FTO/Cu-a,
FTO/Cu-b, FTO/Gr, FTO/Gr-Cu, FTO/MWCNT, fresh and used
FTO/MWCNT-Cu), was conducted.

3.4.3 X-Ray Diffraction (XRD)

The microstructure for the prepared electrodes (FTO/Cu-a, FTO/Cu-b,
FTO/Gr, FTO/Gr-Cu, FTO/MWCNT, fresh and used FTO/MWCNT-Cu)

was examined by XRD measurements.
The particles sizes were calculated by using Debye-Scherrer’s equation (3.1):
S=09MBCOSO oo (3.1)

in which (S) is the average particle size (A), () is the X-ray wavelength of Cu
Ka radiation (A = 1.5406 A), () is the full-width at half-maxima (FWHM) in
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radians, and (0) is the diffraction angle (degree) [159-161]. The structure and

the orientations of crystal were measured by using Brag's law (3.2):
2dSINO=NA ..o 3.2)

in which (d) is the spacing of the crystal layers, (n) is an integer, (0) is the

incident angle [161], and by Miller indices equation (3.3):

= al(n2+ K2+ Y2 (3.3)

to specify directions and planes of crystal, where (a) is the lattice constant

and (h. k. ¢) is the lattice planes [161].

3.4.4 X-Ray Photoelectron Spectroscopy (XPS)

The chemical composition and surface oxidation states was investigated for
our modified electrodes (FTO/Cu-a, FTO/Cu-b, FTO/Gr, FTO/Gr-Cu,
FTO/MWCNT, fresh and used FTO/MWCNT-Cu) using XPS.

3.4.5 Voltammetric Investigation of Nitrate Reduction

Cyclic voltammetry (CV) studies were done in a three-electrode cell. The
prepared electrodes were used as working electrodes, saturated calomel
electrode (SCE) as reference electrode and the counter electrode was
a platinum plate. The experiments were carried out at 25 + 1 °C. Solutions
were deoxygenated by bubbling with nitrogen prior to the electrochemical
experiments. In each experiment, the working electrode was one of (FTO,
Cu, FTO/Cu-b, FTO/Gr, FTO/Gr-Cu, FTO/MWCNT and
FTO/MWCNT-Cu). Each working electrode was cycled from -1.80 V to

-0.80 V at a scan rate of 20 mVs™'.
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The response of the prepared electrodes was studied in the electrolyte
solution 0.05 M Na,SO,, and the working solution (0.05 M Na,SO, +
200 mg/L NOy"). Cyclic voltammograms were taken after steady graphs were

obtained.

3.5 Electroreduction Experiments and Electrochemical Measurements

3.5.1 Set up of Nitrate Electroreduction Experiments

3.5.1.1 Glassware and Solutions

The glassware was cleaned by a dishwashing liquid and thoroughly washed
with deionized water before the experiments. Solutions were prepared with
deionizes water (resistivity 0.215 MQ.cm). Fresh (weekly prepared) stock
solutions of nitrate, nitrite, and ammonium were made with deionized water

and stored at ambient temperature.

Nitrate stock solution (1000 mg/L) was diluted to the desired concentration
by supporting electrolyte solution (0.05 M Na,SO,) just before use. Working
solutions were pre-purged with N, gas before each experiment, unless

otherwise mentioned.

3.5.1.2 Cell and Electrodes

Nitrate electroreduction experiments were done in a 100 mL glass cell
with three electrodes connected to a potentiostat (Corrtest, Cs 350). The

reference electrode was SCE, the counter electrode was a platinum sheet,
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and in each experiment the working electrode was one of prepared

electrodes, see Figure 3.1.

Computer display

Nitrogen inlet «———
Teflon cap

g
Glass container «——— W

Magnetic rod <—Ar—'\—_/

Magnetic stirrer A—\ /

Potentiostat

—> Working electrode
— > Counter electrode

———» Reference electrode

Figure 3.1: Schematic design of the electroreduction system.

A magnetic stirrer was used to stir the solution in the electroreduction
experiments. All potentials were measured vs. SCE. Distance between the
working and counter electrode was set to 0.75 cm. The geometrical working

area of each cathode was 7.60 cm?, unless otherwise stated.

3.5.1.3 Analysis Methods

At specific time intervals, certain volumes of samples from the reaction
mixture were withdrawn from the electrolytic cell by dropper. Suitable
dilutions were done for the samples. The nitrate concentration was then
determined by its spectral absorbance at 220 nm. The ammonia and nitrite
concentrations were determined by the phenate method (640 nm) and
naphthyl ethylenediamine method (543 nm), respectively, using UV-vis

spectrophotometry. These methods are standard and described elsewhere
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[162]. A calibration curve using standard solutions was used for quantitative

determination of each compound.

3.5.2 Effect of Different Factors on Nitrate Electroreduction

3.5.2.1 Effect of Electrode Type

Nitrate electroreduction experiments with different prepared electrodes (Cu,
FTO, FTO/Cu-b, FTO/Gr, FTO/Gr-Cu, FTO/MWCNT and
FTO/MWCNT-Cu), were conducted in the above described electrochemical
cell. In each experiment 70 mL of the working solution (0.05 M Na,SO,4 +
200 mg/L NOs) was used with -1.80 V vs. SCE as working potential for 2 h
at intrinsic pH (5.40) and 25 £ 1 °C. At selected time intervals, 1.00 mL of
the working solution was taken and diluted to appropriate percent in order to
measure nitrate, nitrite and ammonium concentrations in the solutions.
FTO/MWCNT-Cu showed the highest electroreduction efficiency.
Therefore, this new modified electrode was used for further study throughout

this work unless otherwise stated.

3.5.2.2 Effect of Applied Potential

Effect of different applied voltage (-1.50 V, -1.80 V and -2.10 V) on nitrate
electroreduction was studied. In each experiment, the working solution was
70 mL (0.05 M Na SO, + 200 mg/L NOg3’). Each experiment was conducted
for 2 h, at 25 £ 1 °C. At selected time intervals, 0.50 mL of the working
solution was taken from the electrochemical cell, in order to measure nitrate

concentration after appropriate dilution.
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3.5.2.3 Effect of Electrolyte Type

The effect of the electrolyte type on nitrate electroreduction was investigated
by carrying electrochemical nitrate reduction experiments in two different
working solutions: (70 mL; .0075 M NaCl + 200 mg/L NOs’) and (70 mL;
0.05 M Na,SO4 + 200 mg/L NOj5’). Each experiment was conducted at
-1.80 V, for 2 h at intrinsic pH (5.40), and 25 £ 1 °C. At selected time
intervals, 1.00 mL of the working solution was taken from the
electrochemical cell, in order to measure nitrate, nitrite and ammonium
concentration after appropriate dilution. Solution of Na,SO,4 was chosen as

electrolyte in the next experiments.

3.5.2.4 Effect of Electrolyte Concentration

Effect of different concentrations of Na,SO,4 on nitrate electroreduction was
studied. Each experiment was conducted in the electrochemical cell with
70 mL of (0.025 M Na,SO4+ 200 mg/L NO3’, 0.05 M Na,SO,4 + 200 mg/L
NO3, and 0.10 M Na,SO,4 + 200 mg/L NOy), at intrinsic pH (5.40), under
-1.80 V and 25 £ 1 °C. At selected time intervals, 0.50 mL of the working
solution was taken from the electrochemical cell, in order to measure nitrate
concentration after appropriate dilution. Na,SO, (0.05 M) was chosen as

electrolyte in the next experiments.

3.5.2.5 Effect of Stirring

In all the above experiments, the electrochemical cell was provided with

a magnetic stirrer. To study the effect of solution stirring, two experiments
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were conducted under intrinsic pH (5.40), -1.80 V, and 25 + 1 °C for 2 h.
The working solution was (70 mL; 0.05 M Na,SO, + 200 mg/L NOs’). One
experiment was done while stirring the working solution, the other one was
conducted without stirring. After each experiment nitrate concentration was

measured.

3.5.2.6 Effect of Distance between Electrodes

The effect of the distance between electrodes on nitrate electroreduction was
studied, by conducting two electroreduction experiments of (70 mL;
0.05 M Na,SO4 + 200 mg/L NOs") at intrinsic pH (5.04) and 25 + 1 °C for
2 h, at -1.80 V. The distance between the working and counter electrode was
0.75 cm in the first experiment, and 3.5 cm in the other. Every 30 min,
0.50 mL of the working solution was taken, and nitrate concentration was

measured after the appropriate dilution.

3.5.2.7 Effect of Temperature

The effect of temperature on nitrate electroreduction was studied at 10 °C,
25 °C and 30 °C. Working solutions (70 mL; 200 mg/LL NOs; +
0.05 M Na,SO,) were used at intrinsic pH (5.40) and -1.80 V working
potential. Nitrate concentration was measured at selected time intervals, by
taking 0.50 mL of the working solution and making the needed dilution for

it, before measuring.
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3.5.2.8 Effect of Initial NO3;~ Concentration

Effect of initial nitrate concentration on the electroreduction process was
studied at three different initial concentrations of nitrate (200 mg/L,
600 mg/L and 1000 mg/L) with 0.05 M Na,SO, in each. Each experiment,
was conducted for 70 mL of the working solution, using -1.80 V on the
working electrode, at intrinsic pH (5.40), and 25 £ 1 °C, for 2 h. Nitrate
concentration was measured at selected time intervals, by taking 0.50 mL of
the working solution and making the needed dilution for it, before

measuring.

3.5.2.9 Effect of Initial pH

The effect of initial pH on nitrate electroreduction was studied, using the
working solution (70 mL; 0.05 M Na,SO, + 200 mg/L NOg"), by adjusting
the initial pH of the working solution with NaOH or H,SO, solutions, to
basic (11.10 pH), acidic (2.04 pH) and original (5.40 pH) values. The
electroreduction experiments were then conducted for 2 h for each, at
-1.80 V and 25 £+ 1 °C. Aliquots were taken from the working solution every

15 or 30 min, to find nitrate concentration after the appropriate dilutions.

3.5.2.10 Effect of Electroreduction Time

Potentiostatic electroreduction of 70 mL of nitrate working solution
(0.05 M Na,SO4 + 200 mg/L NOg3), at intrinsic pH (5.40) and 25 £ 1 °C, was
conducted at -1.80 V. Aliquots (1.00 mL each) of the working solution were

pipetted out at different time intervals until 7 h. Nitrate, nitrite and
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ammonium concentrations were measured for the samples after appropriate

dilution.

3.5.3 Alkalinity Measurements

The pH of the working solution was periodically measured during the
electroreduction of the working solution (70 mL; 0.05 M Na,SO, +
200 mg/L NOs7) at -1.80 V and 25 £+ 1 °C, using pH meter (Jenway-3510) at
25 °C.

3.54 Performance and Reproducibility of the Modified
FTO/MWCNT-Cu Electrode in Nitrate Electroreduction

To study the reproducibility of the modified FTO/MWCNT-Cu electrode,
the same electrode was used in three separate experiments of nitrate
electroreduction. Each experiment was conducted for 2 h at 25 + 1 °C. The
applied potential was -1.80 V, and the working solution was 70 mL of
(0.05 M Na,SO, + 200 mg/L NOg3’). Nitrate concentration was measured at

the end of each experiment.
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Chapter Four
Results and Discussion
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Chapter Four
Results and Discussion

4.1 FTO/Cu electrode

FTO/Cu electrodes prepared by Cu deposition from (0.85 M CuSO, +
0.55 M H,SO4) using cyclic voltammetry, named as FTO/Cu-10,
FTO/Cu-20 and FTO/Cu-30, were not used in nitrate electroreduction
experiments. That was due to poor adhesion between the Cu thin film and

FTO surface.
4.1.1 Characterization

4.1.1.1 SEM Analysis

Figure 4.1 (a), ("), (b) and (b™) shows SEM images of the electrode surface
and cross sectional area of the electrodes FTO/Cu-a and FTO/Cu-b
respectively. These two electrodes were obtained by Cu deposition using

different solutions.

Potentostatic deposition of Cu on FTO surface from (0.01 M CuSO,4 +
0.10 M KCl) at -0.80 V, yielded Cu dendritic form. The Cu dendrites have
main trunk with short side branches decorated by small particle accumulates

on it. As shown in Figure 4.1 (a).
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Figure 4.1: SEM micrographs measured for (a) FTO/Cu-a and (b) FTO/Cu-b.

Electrodeposition of Cu on FTO surface from (0.85 M CuSO, +
0.55 M H;S0,) at -0.80 V, gave Cu film with irregular granular shapes and
varying particle sizes of Cu nanoparticles. The average thicknesses of the
deposited layer on FTO/Cu-a and FTO/Cu-b, were calculated from cross

sectional SEM images to be 4.05 um and 3.84 pum, respectively.

4.1.1.2 EDS Analysis

The elemental composition of the FTO/Cu-a and FTO/Cu-b films was
studied by EDS as shown in Figure 4.2. From the EDS it’s clear that the two
electrodes contain almost the same weight of Cu, but FTO/Cu-a electrode
contains higher percent of oxygen. Other labelled peaks of Sn and O arrive

from FTO glass and atmosphere.
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Figure 4.2: EDS spectra measured for (a) FTO/Cu-a, and (b) FTO/Cu-b.

4.1.1.3 XRD Analysis

The crystal structures of FTO/Cu-a and FTO/Cu-b electrodes were studied
by XRD analysis, Figure 4.3. In FTO/Cu-a, the signals observed at

20 = 36.38° (111) and 42.56° (200) are due Cu,0 (JCPDS, 03-0879)
[163, 164].
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Figure 4.3: Measured XRD patterns for (a) FTO/Cu-a and (b) FTO/Cu-b.

In the XRD pattern of the electrode FTO/Cu-b, the signal observed at 36.48°
(111) is attributed to Cu,O (JCPDS, 03-0879) [163, 164]. Other signals
observed at 43.38° (111), 50.52° (200) and 74.20° (220) are related to Cu
(JCPDS, 65-9743) [165, 166]. The average particle size of deposited Cu
nanoparticles was found to be 34.20 nm. In Figure 4.3, signals at
20 = 26.56°, 33.76°, 37.68°, 51.56°, 61.68° and 65.68° are related to FTO
substrate (JCPDS, 41-1445) [167]. Table 4.1 summarizes results of XRD

patterns together with particle sizes for FTO/Cu-a and FTO/Cu-b electrodes.
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Table 4.1: Analysis of XRD pattern of FTO/Cu-a and FTO/Cu-b

electrodes.

- .| Particle | d | (hkl)
Electrode 20° | FWHM | Species size (nm) | (A)

3638 | 0.32 Cu,0O 27.30 | 2.46]|(111)

FTOICU-a 56T 040 | Cu,0 | 2225 |2.13 | (200)
3648 | 028 | Cu0 | 3121 |2.46](111)
crojcun [43:38] 020 Cu 4467 |2.08 | (111)

50.52| 0.28 Cu 32.78 | 1.80 | (200)
7420 0.36 Cu 25.16 | 1.28 | (220)

XRD patterns indicate that the deposited film on FTO/Cu-a mostly involves
Cu,0, while FTO/Cu-b mainly involves metallic Cu. Therefore, the prepared
electrode FTO/Cu-b was used to study the electrochemical reduction of
nitrate. For technical difficulties and transportation limitations, XRD

analysis of the prepared electrodes was done after one month of preparation.

4.1.1.4 XPS Analysis

XPS was conducted for further analysis of the deposited film compositions.
Figure 4.4, shows XPS spectra of FTO/Cu-a, including high resolutions
spectra of the Cu 2p and O 1s peaks. Figure 4.5 also shows XPS spectra for
FTO/Cu-b electrode with high resolution spectra of Cu 2p and O 1s spectra

included.

The Cu 2p peak in FTO/Cu-a was located at 932.42 eV. In FTO/Cu-b, it is
found that the Cu 2p is at 932.08 eV. Cu 2p binding energy fit to Cu 2p3?
and indicates the possibility of the presence of Cu(0), Cu(l) and Cu(ll) [168].
It is difficult to differentiate between the binding energies of Cu(0) and Cu(l)
by XPS [169-171].
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The O 1s beak in the XPS of FTO/Cu-a occurs at 530.77 eV related with the

O 1s of Cu,0 [171]. While the O 1s peak of FTO/Cu-b occurs at 532.00 eV

may result from other cupper oxides or other compounds containing oxygen

such as H,O [171]. The C element detected by XPS is due to the adventitious

hydrocarbon from instrument itself.
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Figure 4.4: Measured XPS spectra for FTO/Cu-a, (a) complete spectrum, (b) copper peak

and (c) oxygen peak.
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Figure 4.5: Measured XPS spectra for FTO/Cu-b, (a) complete spectrum, (b) copper peak

and (c) oxygen peak.

4.1.1.5 Cyclic Voltammetry Investigation

Figure 4.6 (a) shows cyclic voltammograms obtained for FTO in the blank
(0.05M Na,SO4) compared with the (0.05 M Na,SO4 +200 mg/L NO5’). The
figure shows slight increase in the reduction current between (-1.50 V and
-1.80 V). This indicates the ability of FTO for nitrate reduction, with a very

low efficiency. Cyclic voltammograms for Cu in Figure 4.6 (b), show higher
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reduction current at all the scan voltages in the working solution compared

with the blank solution. At-1.30 V there is also a clear irreversible reduction.
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Figure 4.6: Cyclic voltammograms on (a) FTO, (b) Cu and (c) FTO/Cu-b in ——

0.05 M NazSOs and in - - - - (0.05 M Na,SO4 + 200 mg/L NOg3), scan rate 20 mVs™.

Cyclic voltammograms for the modified electrode FTO/Cu-b electrode in
Figure 4.6(c), shows that this modification has increased the reduction
current all over the scan voltage in the presence of nitrate compared with the
blank solution. This confirms the ability of this electrode for nitrate

reduction.

The current density values at -1.40 V was -1.40 mA/cm?, -4.00 mA/cm? and
-5.30 mA/cm? for FTO, Cu and FTO/Cu-b electrodes, respectively. This
implies that, the modification of FTO surface by Cu nanoparticles increased
its efficiency in nitrate reduction. The lace of symmetry in voltammograms

for nitrate reduction, indicate irreversible nature of the reaction.
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4.1.2 Electroreduction of Nitrate

FTO/Cu-a electrode which has been prepared by potentiostatic deposition at
-0.80 V from (0.01 M CuSO4 + 0.10 M KCl), easily oxidized when exposed
to atmospheric oxygen. FTO/Cu-b electrode which has been prepared by
potentiostatic deposition at -0.80 V from (0.85 M CuSO,+ 0.55 M H,S0,)

have been used to study nitrate electroreduction.

4.1.2.1 Electroreduction Experiments

Nitrate electroreduction experiments were conducted for two hours of
electrolysis at -1.80 V using FTO, Cu and FTO/Cu-b as working electrodes.

FTO and Cu were used for comparison purposes.

4.1.2.1.1 Effect of Electrode Type

Nitrate conversion percent was calculated according to equation 4.1, where
Ci is the initial nitrate concentration and C; is nitrate concentration at any

time t.

C;_C,

Nitrate conversion percent = X 100% ... oo cee ve e (41)

i
Figure 4.7, shows nitrate conversion% by FTO, Cu and FTO/Cu-b electrodes
during 2 h of potentiostatic electroreduction at -1.80 V. FTO and Cu
electrodes show 5.50% and 35.13%, respectively. While the percentage for
FTO/Cu-b was 37.90%, under the same conditions. FTO/Cu-a electrode has
not been used in those experiments because its surface easily oxidized by

atmospheric oxygen, as mentioned above in its characterization.
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Figure 4.7: Percentage of nitrate conversion on e FTO, Cu, and FTO/Cu-b
vs. electrolysis time. Experiments were conducting using (70 mL; 0.05 M Na;SOs +

200 mg/L NO3), at: 25 £ 1 °C, intrinsic pH, D =0.75 cm, 2 h, and -1.80 V vs. SCE.

Figures 4.8 (a), (b), and (c) show variation in nitrate, nitrite and ammonium
ions in the working solutions for FTO, Cu, and FTO/Cu-b respectively,
during two hours of electrolysis. As we can see from Figure 4.8 the main

product of nitrate electroreduction is NH4*, during 2 h of electrolysis.
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Figure 4.8: Variation of e nitrate, = nitrite, and A ammonia concentration vs. electrolysis
time on (@) FTO, (b) Cu and (c) FTO/Cu-b electrodes. Experiments were conducted using
(70 mL; 0.05 M NazSO4 + 200 mg/L NO3), at: 25 £ 1 °C, intrinsic pH, D = 0.75 cm, 2 h,
and -1.80 V vs. SCE.
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Selectivity values for nitrite (S no,” %) and ammonium (S " %) were
calculated according to the following equations 4.2, and 4.3, respectively.
The %selectivity (S%) was calculated as the fraction of the produced moles
of each product to the removed moles of nitrates multiplied by 100
[64, 95, 119, 172]. Selectivity of nitrogen (S n,%), was found according to
equation 4.4 [64, 95, 119, 172], assuming that the amount of by-products
such as hydrazine (H2N-NH,), nitrous oxide (NOx ), and hydroxylamine
(H2N-OH) were negligible [6, 173, 174].

[NH,*]
SNH4+ (%) = [ .

NOs37] initiai—[NO3™] final

[NO;] ¢
NOs37] initiai—[NO3™] final

SNOZ'(%) = [

S n. (%) =100% - [S NH," (%) + S noa (%0)]veveeeeeeeienns (4.4)

Where [NOs], [NH;"] and [NO,], denotes the molar concentrations of
nitrate, ammonium and nitrite ions, respectively in the reaction solution.
Table 4.2, shows different selectivity’s for the product from nitrate

electroreduction using FTO, Cu and FTO/Cu-b as working electrodes.
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Table 4.2: Selectivity for ammonium, nitrite and nitrogen on FTO, Cu,
and FTO/Cu-b electrodes. Experiments were conducted using
(70 mL; 0.05 M NaxSO4 + 200 mg/L NOg3) at: 25 £ 1 °C, intrinsic pH,
D=0.75¢cm, 2 h, and -1.80 V vs. SCE.

Electrode NO3 conversion% S%
(Based on mg L Conc.) (Based on molar Conc.)
NH4* NOy N2
FTO 5.50 5.95 21.50 72.55
Cu 35.13 92.50 6.40 1.10
FTO/Cu-b 39.90 63.28 7.14 29.58

The percentage of nitrate conversion by FTO was very low, but its selectivity
for nitrogen was the best compared to the other two electrodes, in two hours
of electrolysis at -1.80 V. Modification of FTO surface by Cu nanoparticles
thin film, in the electrode FTO/Cu-b, improve the nitrate conversion

percentage to 39.90%.

Percentage of nitrate conversion by Cu electrode was found to be 35.13%
under the same conditions. Although difference in nitrate conversion by
FTO/Cu-b and Cu was small, nitrogen selectivity was affected and increases
by this electrode FTO/Cu-b. This is a special characteristic for this electrode,
since almost all nitrate were converted to NH," on Cu electrode, in this work

and in literature [100].
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4.2 FTO/Gr Electrodes
4.2.1 Characterization

4.2.1.1 SEM Analysis

SEM image for FTO/Gr surface, cross section image of the electrode and

surface of FTO/Gr-Cu are shown in Figures 4.9 (a), (a*) and (b) respectively.

37 ) D A Y S P
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Figure 4.9: SEM micrographs measured for (a) FTO/Gr and (b) FTO/Gr-Cu.

Both images show irregular and uncompact surface structures. While SEM
image of FTO/Gr-Cu show small amount of dispersed Cu nanoparticles at

the surface of the electrode. Thickness of graphite layer on the surface of
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FTO, calculated from the cross-sectional image of the electrode, was

~111.90 pm.

4.2.1.2 EDS Analysis

The composition of the electrode FTO/Gr-Cu was determined using energy
dispersive spectroscopy (EDS), as shown in Figure 4.10, it can be seen that

electrode contains 87.08 weight% C and 12.92 weight% Cu.

Weight% Afomicis

ar.08 a727
1292 273

1 2 3 4 4 G 7 3 9 10
Full =cale 5459 ctz Curzor: 0.000 ke

Figure 4.10: EDS spectra measured for FTO/Gr-Cu electrode.

4.2.1.3 XRD Analysis

Analysing the XRD pattern of FTO/Gr and FTO/Gr-Cu in Figure 4.11,
shows that signals at 26 = 26.56°, 33.76°, 37.68°, 51.56°, 61.68° and 65.68°
are related to FTO substrate (JCPDS, 41-1445). Sharp signals at 26 = 26.58°
and 54.72° correspond to graphite [175]. XRD pattern of FTO/Gr-Cu shows
small signal for Cu (111) at 2 © = 43.38° (JCPDS, 65-9743) [165, 166]. Cu
particle size was found to be 37.22 nm. XRD analysis for signals related to

graphite and Cu are given in Table 4.3.
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Figure 4.11: Measured XRD patterns for (a) FTO/Gr and (b) FTO/Gr-Cu.

Table 4.3: Analysis of XRD pattern of FTO/Gr and FTO/Gr-Cu

electrodes.
Electrode | 20° | FWHM | Species | Particle | d (A) | (hkl)
size (nm)
FTO/Gr [26.58 | 0.20 | Graphite - 3.353 | (002)
5472 | 0.20 | Graphite - 1.6775 | (004)
FTO/Gr-Cu |26.58 | 0.20 | Graphite - 3.3537 | (002)
54.72 | 0.20 | Graphite - 1.6775 | (004)
4338 | 0.24 Cu 37.22 | 1.6775 | (111)

XRD pattern for FTO/Gr-Cu indicates successful incorporation of small
amount of Cu with graphite. This modification gives stability for Cu
nanoparticles deposited on FTO/Gr electrode. Although the electrode

analysis was done after one month of preparation (due to lack of instruments
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in our university), that analysis shows that Cu nanoparticles didn’t react with

the air oxygen.

4.2.1.4 XPS Analysis

Figure 4.12 shows XPS spectra of FTO/Gr-Cu. Peak at binding energy
284.84 eV is well known to be related to C 1s binding energy in graphite
C-C [176, 177]. Binding energy at 534.09 eV is corresponding to C-OH
[178]. Binding energy peak at 935.08 eV is related to Cu 2p [168].
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Figure 4.12: Measured XPS spectra for FTO/Gr-Cu, (a) complete spectrum, (b) copper peak

and (c) oxygen peak.
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4.2.1.5 Cyclic Voltammetry Investigations

Cyclic voltammograms obtained for the reduction of nitrate, using FTO/Gr
and FTO/Gr-Cu as the working electrodes are shown in Figures 4.13 (a) and
(b), respectively. The cyclic voltammograms show an increase in reduction
current for FTO/Gr electrode between -1.40 V to -1.80 V, in the working
solution (0.05 M Na,SO; + 200 mg/L NO;) compared with the blank
(0.05 M Na;SO,). At -1.60 V current density was 6.00 mA/cm? and
10.60 mA/cm?, for FTO/Gr and FTO/Gr-Cu electrodes, respectively. This
confirms the effectiveness of the modified electrode FTO/Gr-Cu in nitrate
reduction. This may be due to high number of active sites on the electrode

surface and better conductivity of Graphite-Cu composite.

-1.80 -1.60 -1.40 -1.20 -1.00 -0.80
E vs. SCE (V)
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Figure 4.13: Cyclic voltammograms on (a) FTO/Gr and (b) FTO/Gr-Cu in 0.05 M

Na,SOsand in - - - - 0.05 M NazSO4 + 200 mg/L NO3™ . Scan rate 20 mVs™.

4.2.2 Electroreduction of Nitrate

4.2.2.1 Electroreduction Experiments

Nitrate electroreduction experiments were conducted for two hours of

electrolysis at -1.80 V using FTO/Gr and FTO/Gr-Cu electrodes.

4.2.2.1.1 Effect of Electrode Type

Figure 4.14 shows that the new modified electrode FTO/Gr-Cu has slightly
higher nitrate conversion percentage (25.69%) compared with FTO/Gr

(24%), after two hours of electrolysis.
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Figure 4.14: Percentage of nitrate conversion on e FTO/Gr, and FTO/Gr-Cu
vs. electrolysis time. Experiments were conducted using (70 mL; 0.05 M Na;SOs4 +

200 mg/L NO3), at: 25 £ 1 °C, intrinsic pH, D =0.75 cm, 2 h, and -1.80 V vs. SCE.

Little amount of NO,” was observed for the two system as shown in Figure
4.15. The FTO/Gr had 1.30 mg/L after 2 h and FTO/Gr-Cu electrode had

6.30 mg/L NO; in the same time of electrolysis.
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Figure 4.15: Variation of e nitrate, m nitrite and A ammonium concentration vs. electrolysis
time on (a) FTO/Gr, and (b) FTO/Gr-Cu electrodes. Experiments were conducted using
(70 mL; 0.05 M Na S04 + 200 mg/L NO3), at: 25 £ 1 °C, intrinsic pH, D =0.75 cm, 2 h, and
-1.80 V vs. SCE.

Table 4.4: Selectivity for ammonium, nitrite and nitrogen on FTO/ Gr,
and FTO/Gr-Cu. Experiments were conducted using (70 mL; 0.05 M
Na.SO; + 200 mg/L NOg’) at: 25 + 1 °C, intrinsic pH, D = 0.75 cm, 2 h,
and -1.80 V vs. SCE.

S%
NOs™ conversion%
Electrode (Based on molar Conc.)
(Based on mg L™ Conc.)
NH4* NOy N2
FTO/Gr 24 40.91 3.68 55.41
FTO/Gr-Cu 25.69 46.78 16.19 37.03

Table 4.4 shows nitrate conversion percentage and selectivity for different
products after two hours of electrolysis, for FTO/Gr and FTO/Gr-Cu
electrodes. Modification of the electrode surface by graphite slightly
increases its efficiency in nitrate reduction. The modified electrode FTO/Gr

electrode yields higher N, selectivity than for FTO/Gr-Cu electrode.
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4.3 FTO/MWCNT Electrodes
4.3.1 Characterization of the Electrode
4.3.1.1 SEM Analysis

Figure 4.16, show SEM image for surface and cross section of
FTO/MWCNT (a) and (a“), (b) FTO/MWCNT-Cu and (¢c) FTO/MWCNT-Cu
electrode that was used for 2 h of electrolysis at -1.80 V. Tubular structure

of the MWCNTs is clearly visible in the modified electrodes.

Figure 4.16: SEM images for (a) FTO/MWCNT, (b) FTO/MWCNT-Cu and (c) used

FTO/MWCNT-Cu.
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Thickness of MWCNT on FTO surface was found from the cross section

image to be ~1.66 um.

4.3.1.2 EDS Analysis

Elemental analysis of FTO/MWCNT-Cu electrode before it was used in the
electroreduction experiment, and after using, are shown in Table 4.5. It can
be seen that the electrode contains 35.23 weight % of Cu and after using
cupper content was decreased to 31.52 weight %. This revealed the good

stability of the modified electrode FTO/MWCNT-Cu.

Table 4.5: Elemental analysis of FTO/MWCNT-Cu (a) before and after
use (b).

(a) (b)

Element Weight% AfomicY Flement Weight% Atomic®s

CK A7 .48 83.88 CK 4911 1623

oK 297 496 Ok 12 .68 106
CuL 3152 1020

CulL 35.23 11.85 SnL 6.60 507

Totals 100.00 Totals 100.00

4.3.1.3 XRD Analysis

XRD patterns of FTO/MWCNT and FTO/MWCNT-Cu before and after it
have been used is given in Figure 4.17. Signals appear in the XRD pattern at
20 = 26.56°, 33.76°, 37.68°, 51.56°, 61.68° and 65.68° are related to FTO
substrate (JCPDS, 41-1445). Signals related to MWCNTSg observed at 26.1°
is associated with (002) plane (JCPDS, 01-0646) [179-181]. XRD pattern of
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the electrode FTO/MWCNT-Cu shows signals related to Cu
(JCPDS, 65-9743) [165, 166], CuO (JCPDS, 45-0937) [163, 164], and Cu,O
(JCPDS, 03-0879) [164, 182, 183], analysis of signals related to Cu and Cu
compounds in the electrodes are presented in Table 4.6.

4800

*FTO o MWCNT ACu 0CuO eCu,0

4400 |

4000

3600 |

3200

2800 |

Intensity (a. u)
N
o
o
*
*

2000
1600 |
1200

800 | *

400 |

5 15 25 35 45 55 65 75
2 Theta (deg)

Figure 4.17: Measured XRD patterns for (a) FTO/MWCNT, (b) fresh FTO/MWCNT-Cu
and (c) used FTO/MWCNT-Cu.

The signals of Cu are stronger than other signal of CuO or Cu,O indicating

that nanocomposite is mainly composed of metallic Cu. While XRD pattern
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of the electrode after it have been used in electrolysis for 2 h, only show
signals related to Cu nanoparticles. This is another indication of the stability
of the prepared electrode compared to other in literature, since it’s known

that corrosion of copper occurred at pH higher than 8 [6].

Table 4.6: XRD analysis for Cu and related compounds in fresh and

used FTO/MWCNT-Cu electrode.

Electrode 20° | FWHM | species | PaTtCle 1 &) | (hki)
size (nm)

2954 | 040 | Cu,0 | 2146 |3.021] (110)
3642 | 028 | Cu,0 | 3121 | 246 | (111)
423 | 044 | Cu,0 | 2023 |[2.134](200)
4328 | 0.16 Cu 55.82 | 2.088 | (111)
5042 | 0.20 Cu 4583 | 1.808 | (200)
6146 | 036 | CuO | 2683 |1.507 ] (113)
6548 | 036 | CuO | 2742 |1.424](022)
74.14 | 0.8 Cu 37.16 | 1277 | (220)
4341 | 0.20 Cu 44.67 |2.084 ] (111)
50.53 | 0.28 Cu 32.78 | 1.806 | (200)
7421 | 0.32 Cu 32.53 | 1.277 | (220)

FTO/MWCNT-Cu

FTO/MWCNT-Cu
**used

4.3.1.4 XPS Analysis

Figure 4.18 and Figure 4.19 show XPS spectra of the modified
FTO/MWCNT-Cu with high resolution spectra of Cu 2p and O 1s included.
The full-scale XPS spectrum of the electrode FTO/MWCNT-Cu, show that

the Cu, O and C elements can detected.
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Figure 4.18: Measured XPS spectra for fresh FTO/MWCNT-Cu electrode, (a) complete

spectrum, (b) copper peak and (c) oxygen peak.

XPS spectra measured for fresh FTO/MWCNT-Cu electrode show peaks of
Cu2pat933.37eV, O 1sat532.19 eV and C 1s at 284.8 eV. While after the
electrode was used for 2 h of electrolysis the peaks are almost found at the
same positions. Cu 2p found at 933.08 eV, O 1sand C 1s at 284.82 eV. The

peak of Cu 2p spectra for the two electrodes fits to Cu 2P%2, indicting
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possible of presence of Cu(0), Cu(l) and Cu(ll) or some of them on the

prepared electrode, in congruence with literature [168, 170].

The peak of C 1s peak at 284.82 eV is related to MWCNTSs [184, 185]. The
O 1s binding energy at 532.06 eV can be assigned to hydroxide, oxide metal
species, adsorbed water and adsorbed oxygen on the electrode surface
[186-189]. Here this energy may be due to functionalized group on MWCNT

surface.
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Figure 4.19: Measured XPS spectra for used FTO/MWCNT-Cu electrode, (a) complete

spectrum, (b) copper peak and (c) oxygen peak.
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4.3.1.5 Cyclic Voltammetry Investigations

Cyclic voltammograms for FTO/MWCNT and FTO/MWCNT-Cu are shown
in Figure 4.20. The cyclic voltammograms show increased cathodic current
for FTO/MWCNT with nitrate solution, compared with the Na,SO,
electrolyte only in the voltage range -1.26 V to -1.80 V, which confirms the
nitrate reduction. The current density at -1.60 V is 5.60 mA/cm? and
18.60 mA/cm? for FTO/MWCNT and FTO/MWCNT-Cu, respectively. This
suggested high electrochemical activity of the modified electrode

FTO/MWCNT-Cu toward nitrate reduction.
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Figure 4.20: Cyclic voltammograms for (a) FTO/MWCNT and (b) FTO/MWCNT-Cu in
———0.05 M NazSO4 and in - - - - 0.05 M NapSO4 + 200 mg/L NOs". Scan rate 20 mVs™.
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The higher cathodic current in the voltammogram of the electrode
FTO/ MWCNT-Cu, indicates efficient reduction of NO3z on the electrode
surface. This improvement could be due to high number of active sites and

better conductivity of MWCNT-Cu composite.
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Figure 4.21: Cyclic voltammograms for (a) FTO, (b) FTO/Cu-b, (c) FTO/Gr, (d) FTO/Gr-Cu,
(e) FTO/MWCNT and (f) FTO/MWCNT-Cu in 0.05 M Na;SO. + 200 mg/L NOs". Scan rate

20 mVs.

For comparison of the FTO/MWCNT-Cu electrode, with all prepared
electrodes, cyclic voltammograms are shown in Figure 4.21. The Figure
shows the cyclic voltammograms for reduction of nitrate at (a) FTO, (b) Cu,
(c) FTO/Cu-b, (d) FTO-Gr, (e) FTO/Gr-Cu, (f) FTO/MWCNT and
(g) FTO/MWCNT-Cu. Figure 4.21 show that FTO/MWCNT-Cu electrode
has the higher current densities at all reduction potential ranges, which

indicates efficient nitrate reduction by this electrode. Therefore, the electrode
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efficiency has been investigated in nitrate reduction under different

conditions.

4.3.2 Electroreduction of Nitrate

4.3.2.1 Electroreduction Experiments

Nitrate electroreduction experiments were conducted for two hours of
electrolysis at -1.80 V using FTO/MWCNT and FTO/MWCNT-Cu

electrodes.

4.3.2.1.1 Effect of electrode Type

Figure 4.22 shows percentage of nitrate conversion vs. time, on
FTO/MWCNT-Cu electrode. To pinpoint the value of the Cu particles, the
FTO/MWCNT (with no Cu) has been studied as a control electrode.
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Figure 4.22: Percentage of nitrate conversion on ¢ FTO/MWCNT and A FTO/MWCNT-Cu
vs.electrolysis time. Experiments were conducted using (70 mL; 0.05 M Na>SO4 + 200 mg/L

NOz3), at: 25 £ 1 °C, intrinsic pH, D=0.75cm, 2 hand -1.80 V vs. SCE.
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About 20.83% and 65.37% of nitrate was converted in two hours of
electrolysis at -1.80 V by FTO/MWCNT and FTO/MWCNT-Cu,
respectively. This can be attributed to the difference in electrode charge
transfer efficiency, as described above. This confirms the added value for

using Cu in the composite electrode.

Variation in concentrations of nitrate, nitrite and ammonium ions, during
nitrate electroreduction with FTO/MWCNT and FTO/MWCNT-Cu
electrodes are shown in Figures 4.23 (a) and (b) respectively. Selectivity
values for nitrite, ammonium and nitrogen, after two hours of electrolysis,

on FTO/MWCNT and FTO/MWCNT-Cu are given in Table 4.7.

After two hours of nitrate electroreduction, concentration of Cu in the
working solution was measuread and found to be 0.80 mg/L, which is far

lower the permeisiable limit (2 mg/L) acording to WHO [190].
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Figure 4.23: Variation in concentration of e nitrate, = nitrite and Aammonium on (a)
FTO/MWCNT and (b) FTO/MWCNT-Cu. Experiments were conducted using ( 70 mL;
0.05 M NaxSO4 + 200 mg/L NO3") at: 25 =+ 1 °C, intrinsic pH, D = 0.75 cm, 2 h, and

-1.80 V vs. SCE.

Table 4.7: Selectivity for ammonium, nitrite and nitrogen on
FTO/WCNT and FTO/MWCNT-Cu. Experiments were conducted
using (70 mL; 0.05 M Na>SO4 + 200 mg/L NO3’) at: 25 £ 1 °C, intrinsic
pH, D=0.75cm, 2 h, and -1.80 V vs. SCE.

Electrode NO3 conversion% S%
(Based onmg L Conc.) | (Based on molar Conc.)
NH4" | NO2 N2
FTO/MWCNT 20.83 72.68 | 14.49 12.83
FTO/MWCNT-Cu | 65.27 62.55|13.60 23.85

The significant importance of this modified electrode FTO/MWCNT-Cu in
the electrode stability, selectivity for nitrogen, as well as the kinetics are

clear. As the new modified FTO/MWCNT-Cu has the best nitrate conversion
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efficiency relative to other electrodes in this research. The all following

sections in the study have been restricted to the FTO/MWCNT/Cu electrode.

4.3.2.2 Parameter Effects on FTO/MWCNT-Cu Efficiency

4.3.2.2.1 Effect of Applied Voltage

Figure 4.24 shows percentage of nitrate conversion at different applied
potentials. As shown in the figure, percentage of nitrate conversion was
52.88%, 65.27% and 67.16% in two hours, at -1.50 V, -1.80 V and

-2.10 V vs. SCE, respectively.
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Figure 4.24: Percentage of nitrate conversion at (= -1.50 V, e -1.80 V, and A -2.10 V)
vs. SCE against electrolysis time, on FTO/MWCNT-Cu electrode. Experiments were

conducted using (70 mL; 0.05 M NaSO4 + 200 mg/L NO3z), at: 25 = 1 °C, intrinsic pH,
D=0.75¢cm, and 2 h.

Percentage of nitrate conversion slightly increases by increasing the applied
voltage. This may be due to the increase of electromotive force for electrons
by cathode at higher voltage. The catalytic activity of the electrode depends

much on its composition and the distribution of the charge on its surface.
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The applied potential -1.80 V was used in all next experiments, since there
is a small difference in nitrate electroreduction efficiency when applying
-2.10 V. Also, this voltage (-1.80 V) is a better choice for economic purposes.
In fact the voltage used in some literature is very high compared to this value

[28, 85, 191]. This shows the value of the electrode used here.

4.3.2.2.2 Effect of Electrolyte Type

The percentage of nitrate conversion vs. time using 0.05 M Na,SO, and
0.075 M NacCl as electrolyte is shown in Figure 4.25. The percentage of
nitrate conversion when 0.05 M Na,SO, was used is slightly higher than the

percentage when 0.075 M NaCl was used as in the values, 65.27% and

62.48% respectively.
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Figure 4.25: Percentage of nitrate conversion using (e 0.05 M NaSOsand A 0.075 M NacCl)
as electrolyte, vs. electrolysis time, on FTO/MWCNT-Cu electrode. Experiments were
conducted using (70 mL; 200 mg/L NO3), at: 25 £ 1 °C, intrinsic pH, D =0.75 cm, 2 h and

-1.80 V) vs. SCE,
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Percentage of nitrate conversion dropped to 29.13%, when the same
experiment was done in tap water without the presence of electrolyte. The
similarity in the effectiveness of NaCl and Na,SO, in nitrate conversion may

be related to high conductivity of both.

Figures 4.26, show variation in nitrate, ammonium and nitrate concentration
vs. electrolysis time, when 0.05 M Na,SO, and 0.075 M NaCl were used as
electrolyte, respectively. As is shown in Figure 4.26 (b), in the presence of
NaCl, a linear depletion of nitrate concentration occurred during the first
90 min of electroreduction. Loss of linearity after that happened because of

change in kinetics of the process due to side reactions that may happened.

The selectivity for ammonium, nitrite and nitrogen after two hours of
electrolysis in the presence of NaCl and Na,SO,, have been calculated from

equations 4.2, 4.3 and 4.4. Results are shown in Table 4.8.

Table 4.8: Selectivity for ammonium, nitrite and nitrogen on
FTO/MWCNT-Cu,in the presence of 0.075 M NaCl and 0.05 M Na>SO..
Experiments were conducted using (70 mL; 200 mg/L NO3z) at:
25 £1 °C, intrinsic pH, D =0.75 cm, 2 h, and -1.80 V vs. SCE.

NO3 conversion% S%
Electrolyte (Based on mg L" Conc.) | (Based on molar Conc.)
NH4* NO2 N2
0.075 M NaCl 62.48 70.79 4.18 25.03
0.05 M Na,SOq 65.27 62.55| 13.60 | 23.85

Results show that both electrolytes are suitable for nitrate electroreduction.
Therefore, Na,SO,4 was used as electrolyte in the next experiments. However,

earlier studies were made on both electrolytes. [61, 73, 89, 192], in this work
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the Na,SO,4 was used due to its higher conductance than NaCl [193]. It is

recommended to use NaCl electrolyte in future studies on the same electrode

used here.
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Figure 4.26: Variation in concentration of e nitrate,= nitrite and ammonium on
FTO/MWCNT-Cu, in (a) the presence of 0.075 M NaCl and (b) 0.05 M Na>SO4. Experiments
were conducted using (70 mL; 200 mg/L NO3) at: 25 + 1 °C, intrinsic pH, D =0.75 cm, 2 h,

and -1.80 V vs. SCE.
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4.3.2.2.3 Effect of Electrolyte Concentration

Figure 4.27 indicates the variation of nitrate conversion with various
electrolyte (Na2SQO4) concentrations. By increasing electrolyte concentrations,
a substantial increase in nitrate reduction was observed. Values 45.46%,
65.27%, and 74.52% of nitrate conversion, in the presence of 0.025 M, 0.05 M
and 0.10 M of Na>SOs4 respectively, within two hours of electrolysis. This
tendency agrees with literature [115]. This may be due to the increase in
conductivity of the working solutions, which leads to increase in charge transfer
between electrodes. Electrolyte concentration of 0.05 M was used in all the next

experiments.
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Figure 4.27: Percentage of nitrate conversion at (e 0.025 M NaxSOs, A 0.05 M Na>SO;4 and
0.10 M NazSOa4) vs electrolysis time, on FTO/MWCNT-Cu electrode. Experiments were
conducted using (70 mL; 200 mg/L NO3), at: 25 + 1 °C, intrinsic pH, D = 0.75 cm, 2 h, and

-1.80 V vs. SCE.
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4.3.2.2.4 Effect of Solution Stirring

The effect of stirring the working solution on nitrate reduction was studied,
as shown in Figure 4.28 without stirring, the percent of nitrate conversion
decreased by 10.75%, when the same nitrate electroreduction experiment on
FTO/MWCNT-Cu was conducted under the same conditions for 2 h.
Such a tendency is not unexpected, as stirring increases the mass transfer to
the electrode surface within the electrolysis experiment [21]. Therefore, all
experiments were performed here using stirring as stated in the Experimental

Sections.
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Figure 4.28: Effect of stirring the working solution on nitrate conversion percent using
FTO/MWCNT-Cu electrode. Experiments were conducted using (70 mL; 0.05 M Na,SO4 +

200 mg/L NO3), at: 25 £ 1 °C, intrinsic pH, D =0.75 cm, 2 h, and -1.80 V vs. SCE.

4.3.2.2.5 Effect of Distance between Electrodes

Effect of distance between electrodes (D) on nitrate electroreduction was

studied. Figure 4.29 show that nitrate reduction was more efficient when
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(D =0.75 cm). This slight increase in the conversion of nitrate, by reducing
the distance between the electrodes, is due to improvement of the charge
transfer between them. Therefore, we have used the distance (D = 0.75 cm)

throughout this work as stated earlier in the Experimental Sections.
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Figure 4.29: Percentage of nitrate conversion on FTO/MWCNT-Cu electrode at
(e D=35cmand A D =0.75 cm) vs. electrolysis time on FTO/MWCNT-Cu electrode.
Experiments were conducted using (70 mL; 0.05 M Na,SO, + 200 mg/L NO3z’), at: 25+ 1 °C,

intrinsic pH, 2 h, and -1.80 V vs. SCE.

4.3.2.2.6 Effect of Temperature

The effect of temperature on nitrate electroreduction by FTO/MWCNT-Cu
electrode has been investigated in the (10-35) °C range. The results are
shown in Figure 4.30. As seen, the percentage of nitrate conversion at 10 °C
and 35 °C, were 65.27% and 74.79% respectively. This slight improvement

in the conversion of nitrate by raising the temperature, is attributed to the
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increase in the rate of diffusion of nitrate to the electrode surface from the

bulk of the solution [112].

However, the results show no significant effect of temperature on
electroreduction. Temperature effect on electroreduction was rarely studied
in previous works. A narrow temperature range was studied here as
temperature has only small effect on nitrate electroreduction process. Unless
otherwise stated, the temperature 25 £+ 1 °C was used throughout this work,

as stated in Experimental Sections.
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Figure 4.30: Nitrate conversion percentat (e 10 °C, A 25 °Cand = 35 °C) vs. the electrolysis
time on FTO/MWCNT-Cu electrode. Experiments were conducted using (70 mL;

0.05 M NaxSO4 + 200 mg/L NO3"), at: intrinsic pH, D = 0.75 cm, 2 h, and -1.80 V vs. SCE.

4.3.2.2.7 Effect of Initial Nitrate Concentration

Effect of variation of initial nitrate concentration during a potentiostatic
electrolysis at -1.80 V is reported in Figure 4.31. As shown, when nitrate

concentration was increased from 200 mg/L to 600 mg/L and 1000 mg/L,
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the amounts of nitrate removal and nitrate conversion percentage values were
(130.54 mg, 65.27%), (189.60 mg, 38.98%) and (316 mg, 31.60%),
respectively. While the conversion percentage decreases with increased
nitrate concentration, the absolute removal increases. This shows the

practical value of this study to treat waters with high nitrate contamination.

70

Nitrate conversion%

0 20 40 - 60 80 100 120
Time (min)

Figure 4.31: Perentage of nitrate conversion vs. the electrolysis time on FTO/MWCNT-Cu
electrode, using different initial concentrations of NO3™ (e 200 mg/L, A 600 mg/L and
1000 mg/L). Experiments were conducted using (70 mL; 0.05 M NaxSOs), at: 25 + 1 °C,

intrinsic pH, D =0.75 cm, 2 h, and -1.80 V vs. SCE.

4.3.2.2.8 Effect of Initial pH

Effect of the variation of the initial pH of the working solution
(0.05 M NazSO4 + 200 mg/L NOs3’), which was 5.40 to more acidic medium,
or to basic medium, on nitrate electroreduction have been studied. Figure

4.32 summarizes the results. The Figure shows that changing the initial pH
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of the working solution affect the percentage of nitrate conversion within

two hours of electrolysis.

Results show that nitrate electroreduction by the prepared electrode
FTO/MWCNT-Cu is effective at various pH ranges; acidic or basic media.
Also, nitrate electroreduction at the intrinsic pH (5.40) is effective, this is an
added value for the prepared electrode from this work, since natural waters

have close pH values.
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Figure 4.32: Variation of percentage of nitrate conversion against the intrinsic pH on
FTO/MWCNT-Cu, for (70 mL; 0.05 M NaSOs + 200 mg/L NO3’). Experiments were

conducted at: 25+ 1°C,D=0.75cm, 2 h, and -1.80 V vs. SCE.

4.3.2.3 Kinetics of Nitrate Electroreduction

To find out the rate order and rate constant of nitrate electroreduction process
on FTO/MWCNT-Cu electrode, common integrated rate laws were used.
Laws of zero order kinetic model, first-order kinetic model and

second-order kinetic model were used to test the experimental data.
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Integrated formula of these laws are given in equations 4.5, 4.6 and 4.7,

respectively [194-196].

Zero order reaction: [Clt=-kt +[Clo ...covvvivviiiiiiiiiiien. (4.5)
First order reaction: In [Clt=-kt+In[Clo.......cccoviviiiiiiii. (4.6)
Second order reaction: 1/[Clt=kt+ 1/[Clo...covivviiiiiiinn. 4.7)

Where [C]o is the initial molar concentration of nitrate, [C]: is the molar

concentration of nitrate at time t ( min) and k is the rate constant.

In order to quantify the applicability of zero-rate law, first-rate law and
second- rate law, linear plots of [C]: vs.t, In [C]t vs.t, and 1/[C]tvs.t were used
to check the fit of the above models respectively. If any of these models is
applicable, it should give a linear relationship, from which the rate constant

and their correlation coefficients (R?) can be determined.

Results of investigations of these models on nitrate electroreduction
on FTO/MWCNT-Cu electrode are shown in Figure 4.33 (a, b and c)

respectively.
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Figure 3.33: Kinetics of nitrate electroreduction according to (a) the zero-order law, (b) the

first-order law and (c) to the second-order law by FTO/MWCNT-Cu electrode. Experiments

were conducted using (70 mL; 0.05 M Na>SO4 + 200 mg/L NO3), at: 25 + 1 °C, intrinsic

pH, D =0.75cm, 2 hand -1.80 V vs. SCE.

The correlation coefficients for the zero-order, first-order and second-order

model are found to be 0.95, 0.99 and 0.98 respectively. The correlation

coefficient values (R?) of the first-order model is slightly greater than those

obtained for the zero-order and second-order model. Thus, this indicates that
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the first-order kinetic model might be more suitable to describe the kinetic
of nitrate electroreduction process on FTO/MWCNT-Cu electrode.
Literature also showed that, the nitrate electroreduction obeyed the first order

Kinetic [101].

Because of the small differences in R? values for the three rate laws, another
attempt to find the rate order and constant was made using the methode of
initial rate law [197]. Three electroreduction experements with different
initial concentrations of nitrate (200 mg/L, 600 mg/L and 1000 mg/L) was
studied. The general formula of the reaction rate is given in equation (4.8)

[198, 199].

In Rateinitia = Ink +nIn [C]O ............................ (49)

Where n is the order of the reaction. Initial rate for three different
experiments with different initial nitrate concentration was found. Initial rate
of each reaction equals the slope of a tangent at initial time to the curve result
from plotting nitrate concentration vs. time (Figure 4.34). From the plot of
In Rateinitiar VS. In [C]o (Figure 4.35), the slope was found to be (0.76), which
is equal to the order of the reaction (n), and the rate constant was found from

the intercept which is equal to In k to be 4.53x102 min™,
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Figure 4.34: Effect of initial concentration of nitrate on initial rate of electroreduction.
Experiments were conducted using FTO/MWCNT-Cu electrode, (70 mL; 0.05 M NazS0.),
at 25+ 1 °C, intrinsic pH, D =0.75cm, 2 h, and -1.80 V vs. SCE.
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Figure 4.35: Plot of In Rateinitiar vS. In [C]lo on FTO/MWCNT-Cu electrode. Experiments
were conducted using (70 mL; 0.05 M NaxSQOy), at: 25 + 1 °C, intrinsic pH, D = 0.75 cm,
2h, and -1.80 V vs. SCE.

It should be noted that the logarithmic method does not tell surely if the
reaction is first or second order despite the value for R2. However, based on

higher R? value, the reaction is closer to but not a first order. This is
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consistent with the initial rate method findings, where the reaction rate is not
first order as well, but is 0.76. This value is comparable to those in literature
as Table 4.9 shows. Values of (n < 1) reveals that nitrate is adsorbed at the
electrode surface and reduced, as well as co-adsorption of other species
occurs [139]. The rate constant value is therefore preferentially obtained

from the initial rate method as 4.53x107 min™..

Table 4.9: Comparison of order and rate constant of nitrate

electroreduction values for FTO/MWCNT-Cu electrode with literature.

Order of Initial
Electrode the reaction | Rate constant NO-- Ref.
(n) 37 Con
CUPc/CNT* 0.78 15.03 sec’! IM [128]
Pd/Cu 0.70 - 0.1 M [200]
Cu/Graphite 0.88 0.75x10* sec’! 1M [201]
Pd/Cu/Graphite 0.87 2.23x10% sec’! 1M [201]
FTO/MWCNT-Cu 0.76 7.55x104 sec”! | 3.22x10°M v{g‘r'f(

* Copper phthalocyanine supported on functionalised multi-walled carbon.

Reaction rate constant indicates the efficiency of nitrate electroreduction
[202]. Table 4.9 shows that reaction of nitrate electroreduction in this work

occurs more efficiently than in literature.

4.3.2.4 Prolonged Electroreduction Time

Variation of concentration of nitrate, nitrite, and ammonium during 7 hours
of electrolysis by FTO/MWCNT-Cu electrode, at -1.80 V vs. SCE, are

shown in Figure 4.36.
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Figure 4.36: Variation of the concentration of nitrate, nitrite and ammonium against the
electrolysis time on FTO/MWCNT-Cu. Experiments were conducted using (70 mL;

0.05 M Na,SOs4 + 200 mg/L NOs') at: 25 £ 1 °C, intrinsic pH, D =0.75 cm, and -1.80 V vs. SCE.

After 200 min of electrolysis, nitrate concentration in the working solution
reaches only about 25 mg/L. This concentration is about half the allowed
nitrate concentration according to WHO (50 mg/L). Almost 100% of nitrate
was converted after 300 min of electrolysis. Nitrite concentration increased
in the working solution and began to decrease after 130 min of electrolysis,
and at the end of the experiment no nitrite was found in the solution. The
concentration of ammonium ion started to decrease within the last hour of

electrolysis.
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Table 4.10: Selectivity for ammonium, nitrite and nitrogen on
FTO/MWCNT-Cu. Experiments were conducted using (70 mL;
0.05 M Na;SO4 + 200 mg/L NO3’) at: 25 + 1 °C, intrinsic pH, D = 0.75
cm, -1.80 V vs. SCE, and different time of electrolysis (2 h, 3 h and 7 h).

NOs" conversion% S%
Time | (Based on mg L™ Conc.) (Based on molar Conc.)
NH4* NO2 N2
2h 65.27 62.55 13.60 23.85
3h 87.62 53.61 7.11 39.28
7h 97.28 34.69 0.00 65.31

As shown in Table 4.10, selectivity of nitrogen increases by increasing the
time of electrolysis. After seven hours of electrolysis, selectivity for
ammonium, and nitrogen, were 34.69% and 65.31% respectively. The high
selectivity for nitrogen gas is another evidence for the efficiency of our new

modified electrode FTO/MWCNT-Cu.

Figure 4.37: Simplified scheme for nitrate electrochemical pathways on FTO/MWCNT-Cu

electrode.
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Electroreduction of nitrate ions is a complex reaction that occurs at
a multi-step reaction mechanism [97, 139, 203]. Figure 4.37 shows
simplified scheme of the main steps in nitrate electrolysis on
FTO/MWCNT-Cu electrode. Nitrate electroreduction requires an initial
adsorption step of nitrate at the cathode surface [204]. So, enhancing mass
transfer and increasing electrode surface area is important to increase the
efficiency of nitrate electroreduction [111, 139, 200, 205, 206]. This proves
one of the basic assumptions made in this work for the new modified

FTO/MWCNT-Cu electrode.

Adsorption of nitrate ion on the electrode surface is one step. Then, an
electron transfer occurs to yield nitrite NO,", as described earlier [204]. The
nitrate reacts in various routes to other products including nitrogen gas or

ammonia [208 ,207 ,117].

In the electroreduction process, the major semi-stable intermediate is nitrite
[208 ,207 ,117]. Variation in nitrite concentration shown in Figure 4.36,
confirms that nitrite is an intermediate product. The nitrite may vyield
ammonia in through intermediates, such as the nitrous oxide (N,O) and nitric

oxide (NO), which finally yields nitrogen [209].

4.3.2.5 Alkalinity Change during Process

Figure 4.38 shows pH changes of the working solutions during 5 hours of
electrolysis, increasing pH is expected to be due to formation of hydroxyl

group result from conversion of nitrate to nitrite, ammonia and nitrogen
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[28, 210]. The pH value increases during the reaction after 120 min of

electrolysis get a stable value ~ 10.9 £ 0.2.
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Figure 4.38: pH changes during five hours of electrolysis. Experiment was conducted using
(70 mL; 0.05 M NazSO4 + 200 mg/L NOs’) at: 25 £ 1 °C, intrinsic pH, D = 0.75 cm,

-1.80 V vs. SCE.

4.3.2.6 Stability and Reuse of the Electrode

Result of three consecutive potentiostatic electroreduction experiments at
-1.80 V, using the same electrode FTO/MWCNT-Cu, are shown in Figure 4.39.
As is shown in the figure, the percentage of nitrate conversion obtained by
using the same electrode for two hours, was almost the same (65 = 2%) in
all three experiments. This implies the stability and efficiency of the

modified electrode (FTO/MWCNT-Cu).
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Figure 4.39: Percentage of nitrate conversion for three consecutive times (2 h each), using
the same electrode (FTO/MWCNT-Cu). Experiments were conducted using (70 mL;
0.05 M NaxSO4 + 200 mg/L NOy"), at: 25 £ 1 °C, intrinsic pH, D = 0.75 cm, and

-1.80 V vs. SCE.

Comparison of nitrate electroreduction performance of this modified
electrode, with other reported materials, is given in Table 4.11. Results show
the effectiveness of FTO/MWCNT-Cu electrode compared with literature.
In literature, the main selectivity for nitrate electroreduction by Cu electrode
was for NH4* (reaching 97% after 250 h of electrolysis) and the remaining
as NO; [100]. The FTO/MWCNT-Cu electrode here shows complete
removal of nitrate in 7 h, with 34.7% NH;" and 65.3% nitrogen. Our
electrode thus shows higher efficiency and selectivity than literature
systems. In some literature, longer times of 250 h [100] or 48 h [201] were

needed for complete removal of nitrate , compared to only 7 h here.

Maximum selectivity for nitrogen was recorded in literature to be (60 - 70%),
this was achieved by bimetallic catalyst from Cu and Pd in ~48 h of

electrolysis [201], while the FTO/MWCNT-Cu gave 65.35% selectivity of
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nitrogen within only 7 h of electrolysis. Therefore, the catalyst described

here combines both efficiency and selectivity compared to others.

These results show that the FTO/MWCNT-Cu electrode is strongly
recommended to use in nitrate removal from aqueous solutions. Moreover, the
electrolytic system used throughout this work was simple and the electrolyte
used was not harmful, compared to others used in literature. Add to these

advantages the working potential needed in our catalyst is only -1.80 V.
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Table 4.11: Comparison between the present electrodes with reported ones in nitrate electroreduction.

(@}
. S g
: c 3 =4 |8z oI o)

o O A Electrode material 8= 3 a0 S5 @

S8 ® = & ® g' @, S =3 :

& g 5 S ”

3 S S

S 3 2 Q > |3 @

- a 5 2 2 |3 2

o o D
= s 3
® Hs" | NO2 | N2
Flow cell (2 mL/ min), | Acetate and phosphate 500
with cation and anion buffer (pH 4.8) + | Graphite/Ni/Cu Pt - 1.86 A min 82 | 62 4 - [6]
exchange membrane. 3 g/L NOs
Ag/
Undivided cell 0.1 MKSO:+ 1 rygppicu | BOD* |Agcl | 20 ,| sh |5746| - | - | - |[211]
150 ppm NO3 KClisay mA/cm
Undivided batch 2 g/ L NaxSOq4+ . 20 140
electrochemical cell 25 mg/L NO3-N cu PUTI " maem?| min |2494] i - [[119]
Two compartment cell
L + :

separated by cationic 101\/{ I':I/Iaill({) . Cu disk Pt HH ggcl) -1.4V |250h| 100 | 97 3 - |[100]
exchange membrane ' 3
Bach undivided 30 mmol dm™ NOs + | Cu rotating
electrolytic cell 0.1 mol dm™ K,SOs4, cylinder Pt SCE | -12V | Th | 92 1 86 | - - |13
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H cell separated by | 5/ jyj0, +1 MNOs | CuPc/oNT** | puc | A% | 06V |24n| 65 | - | - | - |[28]
parous glass fit AgCl
. 500 mg/L NaCl + :
Batch electrochemical | 4o "0 0 Na:S0s + | Ti/CusZNOX+*x | THRUO | gop | 20 1oy Tonrs | o | L | 337 |[17]
cell ] IrO, mA/cm
150 mg/L NO3
1 M NaOH + Cu70Ni30 Ho/
Two compartment cell 0.1 M NOx rotating disc Pt HgO -12V | 8h | 86.8 959 | - - |[120]
Batch electrochemical 0.1 M Na»SO4 + . Hg/
coll 3.61 gL KNO; | THCNTSICUS-Pd5 SCE HgClo| 13V 4h [32.52| 54.0 | 3.5 | 42.5 |[119]
Batch electrochemical 1 M NaNOs + Pd-Cu/graphite Ha/
cell 0.5MNaOH | (©@%Pd+5%cy| "¢ | Hgo | 11V [48h ] 100 ) ~1 1 291 70 1[201]
. FTO/Cu-b Pt SCE | -1.8V | 2h |93.90| 63.3 | 7.14 | 29.6
EeaitIChﬁethOChemICal Ofgohﬁll\i?f%%‘-+ FTO/Gr-Cu Pt SCE | -1.8V | 2h |25.69| 46.8 | 16.2 | 37.0 | This
& 3 FTOIMWCNT-Cu| Pt | SCE | -1.8V | 2h |65.27| 62.6 | 13.6 | 23.8 |work
7h [97.28| 34.7 | 0.00 | 65.3

*Boron doped diamond.

** Copper phthalocyanine supported on functionalised multi-walled carbon nanotubes (CuPc/CNT).

*** Cu/Zn atomic % 5.37:1.
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Chapter Five

Conclusion

5.1 Conclusion

Different electrodes have been modified, characterized and used for nitrate

electroreduction. The following conclusions were drawn from this study:

l.

Electrodeposition of Cu on FTO surface by potentiostatic method gave
better adhesion between the deposited film and FTO surface, compared

with deposition by CV method.

. Thin film of Cu on FTO was more stable when deposited from acidic

solution than from neutral solution, as shown by XRD analysis.

. FTO has been used here for the first time as substrate for electrodes in

nitrate electroreduction. FTO sheet showed low rate for nitrate
conversion with high selectivity for nitrogen.

FTO/Cu-b electrode showed higher efficiency in nitrate electroreduction
compared with Cu sheet, which shows the special importance of Cu
nanoparticles.

Modification of FTO surface by graphite thin film increased the
efficiency of nitrate electroreduction.

Small amount of highly stable Cu was loaded on the surface of FTO/Gr
electrode by electrodeposition.

FTO/Gr-Cu electrode was prepared successfully for the first time here.
FTO/MWCNT-Cu electrode was successfully fabricated, for the first

time, via a simple method.
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9. Characterization of MWCNT-Cu nanocomposite by transmission
electron microscopy could not be made and is recommended.

10. The main product for nitrate electroreduction by almost all the prepared
electrodes after 2 h of electrolysis was NH,".

11.Voltammetric tests of nitrate reduction showed highest catalytic activity
for the FTO/MWCNT-Cu electrode.

12. Among different electrodes, the modified electrode FTO/MWCNT-Cu
showed the best performance for nitrate electroreduction, and was used
for studying the effects of different parameters on nitrate
electroreduction.

13.Electrolysis carried out at low over potentials (E = -1.80 V vs. SCE) with
FTO/MWCNT-Cu showed a fairly rapid decay of nitrate concentration,
confirming the high performance of the electrode.

14.FTO/MWCNT-Cu electrode is stable and retains its catalytic activity in

a durability test.

5.2 Future Suggestions
It is recommended to investigate the following:

1. Studding the effect of Cu amount on the FTO/Cu electrodes on the
efficiency of nitrate electroreduction.

2. Using the FTO/Glass substrates for deposition of bimetallic system
such as Ni/Cu or Pd/Cu to modify other electrodes.

3. Deposition of Ni on FTO/Gr electrode before Cu deposition on its

surface.
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. Conducting nitrate electroreduction experiments on real samples by

FTO/MWCNT-Cu electrode.

. Studying the mechanism of nitrate electroreduction on

FTO/MWCNT-Cu electrode.

. Studying current efficiency of nitrate electroreduction on

FTO/MWCNT-Cu electrode.

. Conducting nitrate electroreduction experiments by the prepared

electrodes using NaCl g as electrolyte.

. Studying nitrate electroreduction using H-electrochemical cell with

cation exchange membrane, by FTO/MWCNT-Cu electrode.

Studying nitrate electroreduction using different counter electrodes.

10.Preparing a new electrode by electrodeposition of Cu on the surface

of FTO/MWCNT electrode.

11.Fabrication of the prepared composite MWCNT-Cu on the surface of

graphite felt to study the effect of substrate on the electroreduction

process.

12.Preparation of MWCNT/Cu-Pd nanocomposite in order to prepare

13.a new modified electrode on FTO substrate.

14.Designing a pilot-plant scale continuous-flow reactor for nitrate

electroreduction based on the FTO/MWCNT-Cu electrode described

here.
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