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Abstract

This thesis explores novel applications of analytical electrochemistry in addressing
environmental challenges and advancing pharmaceutical analysis, focusing on three
main areas: water disinfection, pharmaceutical compound detection, and carbon

dioxide capture and utilization.

In the first study, platinized titanium electrodes were investigated for their efficacy
in inactivating Escherichia coli in water through electrochemical processes. The
research elucidated the mechanisms underlying the disinfection process, particularly
the generation and role of reactive oxygen species, demonstrating feasible rapid

disinfection even at low electrolyte concentrations.

The second study developed and optimized methods for detecting and quantifying
praziquantel, an important antiparasitic drug, in water samples. Two techniques
were compared: gas chromatography-mass spectrometry (GC-MS) and voltammetry,
both utilizing solid phase extraction for sample preparation. While GC-MS showed
lower detection limits, the voltametric method demonstrated comparable accuracy
and precision, offering a potentially more cost-effective and portable alternative for

on-site testing.

The final study explored the electrochemistry of organic molecules, specifically
quinones and flavins (vitamin Bsy), for potential applications in carbon dioxide
capture and energy storage. The research investigated the molecular interactions
between reduced organic species and COs, as well as their electrochemical behavior
under various conditions, providing insights into the development of novel carbon

capture technologies and organic-based energy storage systems.

Throughout these investigations, the thesis demonstrates the versatility and power
of analytical electrochemistry in addressing diverse challenges in environmental
remediation, pharmaceutical analysis, and sustainable energy technologies. The
research contributes to the advancement of electrochemical methods and their

practical applications in these critical areas.

XXV






Chapter 1

Introduction

1.1 Background and Motivation . . . . . . .. ... ... ... ... .. 2
1.2 Fundamentals of Electrochemical Systems . . . . .. .. ... ... 3
1.2.1  Cyclic Voltammetry . . . . ... ... ... ... ... ... 4
1.2.2  Square Wave Voltammetry . . . . . . . ... ... ... ... 5
1.2.3 Electrolysis . . . . . . . ... 6
1.3 Electrochemical Water Treatment . . . . . . . .. ... .. ... .. 8
1.3.1 Challenges associated with decentralized small-scale water
treatment . . . . .. o000 10
1.3.2  Critical evaluation of electrochemical water treatment ap-
proaches . . . . . .. . 12
1.4 Electrochemical detection and quantification of praziquantel . . . . 13
1.4.1 Introduction to praziquantel . . . . . . . . . ... ... ... 13
1.4.2  Various detection methods of praziquantel . . . ... . . .. 14
1.4.3  Previous electrochemical and chemical studies on praziquantel 15
1.4.4 Comparative analysis of detection methods . . . . . . . . .. 16
1.5 Electrochemical COs reduction . . . . . . . . . . . ... ... ... 17
1.5.1  Electrochemical approaches to CO, reduction . . . ... .. 17
1.5.2  Electrochemical CO5 binding mechanisms and reduction path-
WAYS « ¢ e e e e e e e e e e e e 20
1.5.3  Quinones as redox-active molecule for COy capture . . . . . 24
1.5.4 Vitamin B, as a potential redox mediator for CO4 reduction 26
1.5.5 Investigation of quinones in energy storage systems . . . . . 27
1.5.6  Critical assessment of CO, reduction strategies . . . . . .. 28
1.6 Objective and scope of the thesis . . . . ... ... ... ... ... 29
1.7 Thesis organization and chapter overview . . . . . . . . .. ... .. 31




2 1.1. Background and Motivation

1.1 Background and Motivation

In an era marked by escalating environmental concerns, the field of analytical
and physical chemistry has emerged as a critical discipline in identifying, quan-
tifying, and understanding the complex pollutants that threaten our ecosystems.
Electrochemistry, with its inherent versatility and potential for green remediation
strategies, plays an increasingly pivotal role in addressing these challenges. By
harnessing the power of electron transfer reactions, electrochemical techniques offer
promising avenues to address diverse topics, ranging from environmental remedia-
tion, detection and quantification of pollutants/pharmaceutical compounds, and
potentially limiting the environmental effects of CO5 emissions leading to climate

change. Three problems are specifically studied in this thesis:

e Potable water has always been an essential component in sustaining human

life, yet globally today, millions of people still lack access to a reliable supply.

e The accurate detection and quantification of active pharmaceutical ingredients
(APIs) represents critical aspects of analytical chemistry research, development,
and quality control. Accurate API detection and quantification methods
are essential in surveillance and regulatory compliance. In recent years,
advancements in analytical techniques and instrumentation have led to more
sophisticated and sensitive methods for API detection and quantification,

contributing significantly to analytical chemistry research.

e The increase in atmospheric CO; levels due to continuing industrialization is
contributing to climate change. Carbon capture and storage (CCS) is a way
of reducing carbon dioxide emissions, which could be key to helping to tackle
global climate change. Through the lens of electrochemistry, fundamental

studies and applications could be applied as a unique approach toward CCS.

Electrochemical methods have emerged as a powerful toolkit for addressing environ-
mental challenges due to their inherent sensitivity, selectivity, and versatility. This
thesis explores the diverse applications of electrochemical methods in environmental
analysis, ranging from the development of novel sensors for trace-level detection to

the implementation of electrochemical remediation strategies for CO5 in atmosphere.
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While water treatment, pharmaceutical analysis, and CO, reduction may appear
unrelated, these three topics share fundamental electrochemical principles that
make them naturally complementary areas of study. All three applications rely on
controlled electron transfer processes at electrode surfaces - in water treatment,
these process generate reactive oxygen species for disinfection; in pharmaceutical
analysis, they enable selective detection through characteristic oxidation or reduction
potentials; and in CO4 reduction, they facilitate the conversion of CO, through
specific redox mediators. The development of understanding of electron transfer
kinetics can benefit all three areas simultaneously. Moreover, these applications face
similar practical challenges: the need for stable electrode materials, the influence
of solution conditions and interfering species, and the requirement for scalable,
cost-effective implementations. Advances in fundamental electrochemistry, such
as improved understanding of surface process or proton-coupled electron transfer
can therefore drive progress across all three domains. This thesis demonstrates
how electrochemical expertise can be leveraged to address these seemingly distinct

environmental challenges through a unified analytical and mechanistic approach.

1.2 Fundamentals of Electrochemical Systems

Electrochemistry is a branch of physical and analytical chemistry in which the
electrochemical parameters are correlated to the chemical changes of the system
under study. In potentiometry, the potential difference is measured between two
electrodes when there is minimal current flow, which can be used to measure
concentration changes of the analyte-of-interest. For coulometry, to determine
the analyte concentration, a constant potential must be applied to the surface
of the working electrode to either fully oxidize/reduce the target analyte or to
ensure that the analyte has completely reacted with an intermediate reagent that
has been electrochemically produced at the working electrode. Electrochemical
reactions are heterogeneous in nature and occur in the region in the vicinity of an
electrode (diffusion layer). Three steps are involved: mass transfer from the bulk
to the electrode surface, heterogeneous electron transfer at the electrode surface,
and mass transfer back to the bulk solution. Electrochemical techniques can be
separated into two classes with respect to the bulk solution and diffusion layer: (a)

techniques that attempt to change the composition of the bulk solution, and, (b)
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techniques that are limited to the diffusion layer.! The first class is bulk electrolysis
or coulometry, which requires a large ratio of electrode area to surface volume, and
effective mass transfer is required. The second class is electroanalytical techniques
that usually use small electrodes that do not result in alteration bulk concentration
of the analyte. Examples of techniques in this class are cyclic voltammetry and
square wave voltammetry. Descriptions of the three main electrochemical procedures
used in this thesis (cyclic voltammetry, square-wave voltammetry and electrolysis

methods) are discussed subsequently.

1.2.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a fundamental electrochemical technique that is used to
study redox behavior of chemical species. It involves linearly sweeping the potential
applied to a working electrode in a cycle (hence the name cyclic) and recording the
resulting current. This generates characteristic current-potential curves, known as
cyclic voltammograms, which reveal a wealth of information about thermodynamics

and kinetics of electron transfer processes.

In a typical CV experiment, the potential is linearly swept from an initial value
(Ep) to a switching potential (£;) and then back to E, in a sawtooth waveform
(right-hand pane in Figure 1.1). This cycle can be repeated as needed, with the

scan rate (Vs™!) determining how quickly the potential changes.

The left-hand pane in Figure 1.1 shows the CV for the oxidation of ferrocene (Fc),
while the right-hand pane shows applied potential and resulting current. During
the forward scan, as the potential approaches the formal potential of the analyte
(Eg ), the anodic current increases due to the oxidation of the ferrocene that exits
in its natural uncharged reduced (Red) state. This current eventually peaks and
then decreases as Red is depleted near the electrode surface. Upon reversing the
scan, a cathodic current emerges as the oxidized ferrocene (Ox) is reduced, peaking
and then decaying as Ox is consumed. The resulting current-potential plot, the
cyclic voltammogram, provides valuable insights into the electrochemical behavior

of the analyte.?

For chemically and electrochemically reversible redox couples with fast electron

transfer kinetics, the voltammogram displays symmetrical anodic and cathodic peaks,
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with the peak current 4, directly proportional to the analyte concentration and the
square root of the scan rate, as described by the Randles-Sevcik equation ((1.1)).
However, chemically irreversible reactions, where the oxidized or reduced species
undergoes further chemical transformations on the timescale of the voltametric
scan, result in asymmetric voltammograms with altered peak shapes and positions.
Analysis of the peak shapes with the aid of digital modelling such as with the
commercial software, DigiElch, can be used to determine thermodynamic and kinetic

parameters associated with the homogeneous reactions following electron transfer.
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FIGURE 1.1: (Left) Cyclic voltammogram of 1 mM Ferrocene in 0.5 M nBuyNPFg
in MeCN. (Right) (Solid black line) applied potential, and (Dashed red line)
resulting current from the same cyclic voltammogram.

EQuATiON 1.1: Randles-Sevcik equation

(1.1)

nkvD 2
RT

ip = 0.4463nF AC <

where 7, = current maximum in A; n = number of electrons transferred in the
redox event; A = electrode surface area in cm?; F = Faraday constant in C mol™;
2571, v = scan rate in Vs~!; R = Gas constant in

D = diffusion coefficient in cm “s~

JK 'mol™': and T = temperature in K.

1.2.2 Square Wave Voltammetry

Square wave voltammetry (SWV), invented by G. C. Barker and A. W. Gardner, is
an advanced pulse voltammetry technique designed to enhance detection capabilities

by minimizing capacitive background current and maximizing the signal-to-noise
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ratio.? It achieves this by superimposing a square wave onto a staircase potential
waveform applied to the working electrode. Figure 1.2 (right-hand pane) illustrates
the combined applied potential (solid black line) as a result of a combination between
square potential (dashed red line) and staircase potential (dashed blue line). This
unique waveform subjects the electrode to alternating forward and reverse potential

pulses at each step of the staircase.

SWYV measures current twice during each pulse: once at the end of the forward pulse
and again at the end of the reverse pulse. The current difference between these two
measurements is then plotted against the staircase potential, effectively eliminating
capacitive current and isolating the faradaic current, which is directly related to
the analyte’s redox reactions. This approach significantly improves sensitivity and
allows for faster scan rates compared to traditional differential pulse voltammetry.*
The recording at the forward pulse (dashed red line) and backward pulse (dashed
blue line) can be seen in Figure 1.2 (left-hand pane), while the resulting current (&

current, solid black line), can be seen in the same figure.

The resulting square wave voltammogram provides valuable information about the
analyte. The peak potential corresponds to the formal potential of the analyte,
the peak height is directly proportional to its concentration, and the peak width
offers insights into the reversibility of the electron transfer process. By analyzing
these parameters, SWV enables both qualitative identification and quantitative
determination of electroactive species in a solution. Square wave voltammetry
has various applications, ranging from biological systems (human blood serum,®

flavonoids in human urine®), to industrial uses (SB-14 in fuel samples).”

1.2.3 Electrolysis

Contrary to techniques focused on analyzing reactions that occur only at the elec-
trode surface within the diffusion layer (resulting in minimal loss of the analyte from
solution), coulometry, specifically controlled potential electrolysis (CPE), measures
the charge passing between two electrodes that are used to completely oxidize or
reduce a target compound. This enables solutions prepared by bulk electrolysis to be
used for subsequent isolation of electrolyzed products for characterization or further
experimentation. CPE can be performed in two-electrode (working and counter)

or three-electrode (working, auxiliary and reference) mode. Three electrode mode
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FIGURE 1.2: (Left) Separated forward (dashed red line), backward (dashed blue
line) and delta current (solid black line) of 1 mM ferrocene in 0.5 M nBuyNPFg in
MeCN. (Right) Separated square potential (dashed red line), staircase potential
(dashed blue line) and combined applied potential (solid black line) of the same
experiment.

helps considerably with reducing the effects of solution resistance but requires an
expensive potentiostat, while two-electrode mode is usually preferred if performing
experiments on a large scale where very high currents are needed, and a simpler
DC power supply can be used. In this study, experiments were conducted in both

two-electrode and three-electrode mode depending on the required data.

CPE can be used to determine the number of electrons transferred during a redox
reaction and scaled up for the production of oxidized or reduced products. Large
surface area working electrodes, such as meshes or cylinders, are often used to
expedite the electrolysis process. Inert gas bubbling, such as nitrogen or argon,
deoxygenates the solution and facilitates mass transfer of products away from the

electrode, ensuring faster electrolysis.

Cyclic voltammetry (CV) usually precedes CPE to identify the peak potential of
the analyte to so that the required applied potential can be identified. During CPE;,
a potential 100-200 mV more positive (for oxidation) or negative (for reduction)
than this peak is applied. The recorded current-time plot decays until negligible,
indicating exhaustive electrolysis. Integrating this plot with respect to time yields
the total charge transferred, revealing the number of electrons involved in the redox

reaction.

Figure 1.3 shows an example of the CPE process by plotting the graph of current

over time (solid black line), and the resultant integrated charge (dashed red line).
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This figure was obtained from an experiment in chapter 4.
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FIGURE 1.3: (solid black line) example plots of resulting current from CPE
experiments, and (dashed red line) integrated charge resulting from the same
experiment.

1.3 Electrochemical Water Treatment

Potable water has always been an essential component in sustaining human life, yet
globally today, millions of people still lack access to a reliable supply.® The United
Nations, seeing the importance of water to universal prosperity, established the
mission to ensure availability and sustainable management of water and sanitation
for all as the Sustainable Development Goal (SDG) number 6, under the broader
overarching 17 SDGs that are intended to be achieved by the year 2030. The
purpose is to alleviate the rapid degradation of accessible water due to extensive
use and reducing supplies due to global climate change. Should there be no
extensive collaborative effort to address the issue, a considerable fraction of the
global population will experience water scarcity problems. Though the target year
is approaching, there are still many countries and regions exhibiting difficulties in

reaching these goals.’
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Even worse, the rapid rate of global climate change has magnified droughts in both
frequency and severity, putting pressure on securing water supplies. Take as an
example Sub-Saharan Africa; during 2000-2015, only 57.6% of the total population
had access to basic drinking water services (compared to 90.6% for North Africa
and Western Asia), and 28.1% for basic sanitation (compared to 86.1% in North
Africa and Western Asia).®? Though progress has been made since 2015 to secure
water access in the Sub-Saharan Africa region, global climate change has reduced
the percentage of the population with water access.'® Efforts to secure water access
in this region, as with other regions, is partly to treat used and naturally accessible

water — grey water — to become drinkable water

Electrochemistry, particularly electrolysis, has the ability to function as a water
purifying process, either through directly killing microorganisms via the applied
electric fields or by generating chemical species that kills pathogens. There have
been a number of recent developments in novel electrode materials and reagents
that can potentially be used in electrochemically based water treatment devices. It
is envisioned that the devices would be for small scale applications using natural
source waters in remote locations that have limited chemical contamination but
with likely biological contamination from animal sources such as livestock or wild
animals, rather than full-scale industrial applications where existing membrane-

based solutions have cost and energy advantages.

Some major contaminants in surface water involves biological and chemical con-
tamination, including but not limited to, Escherichia coli (E. coli), Giardia, Cryp-
tosporidium, viruses, pesticides, synthetic and pharmaceutical compounds, heavy
metals, and metalloids. Many systems and technologies have been developed to
remove these contaminants that differ in scale and complexity. A significant problem
in providing the entire global population with clean drinking water (in addition to
water shortages) lies in the difficulty in establishing large scale water treatment
systems in remote regions. Distances and lack of the required infrastructure make
creating high volume efficient water treatment plants not viable, thus smaller scale
systems employing the necessary technologies for onsite treatment are suggested
as a replacement in remote communities. These facilities are usually stand-alone
with no connection or back up to a water grid and are small in scale, which comes
with their own set of challenges. Contrary to the traditional primary treatment

processes, electrochemical technologies are more compact and convenient, and are
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an interesting alternative to be explored. In this section, advances in electrode
materials and co-chemical reagents that may be used in possible future decentralized

water treatment systems are discussed.

1.3.1 Challenges associated with decentralized small-scale

water treatment

Considering the scale of water treatment, the size and the complexity of such systems
can be used as a general guideline to separate between a small scale (aiming for the
point-of-use) versus a large scale (industrial, centralized) system. The difference,
and the limitation preventing the transition between small scale and large scale,
lies in the scalability (or the lack thereof) of various technologies employed in each
construction. For small scale low volume systems, conventional technologies rely
on passive treatment processes without external energy or chemicals added into
the system. These conventional technologies are precipitation, and filtration. Since
without energy or chemicals, these systems are useful in treating relatively clean
natural water to non-potable applications such as washing. However, for large
scale treatment with more stringent matrix requirements, the filtration processes
become more complicated, partly because the time requirement necessitates that
the purification occurs much more quickly compared with the small-scale system.
A typical public water treatment system starts from coagulation and flocculation,
sedimentation, filtration, disinfection, adsorption on biologically activated carbon,
to chemical treatment. Though lengthy, these steps are necessary to meet the
standard of potable water. The challenges that are faced for small-scale remote
purification processes include the availability of resources, energy requirements!!
and degradation in water quality if some of the steps are missed.!? There is a current
research gap on producing potable water with stringent quality requirements while

maintaining a small footprint with limited energy and resources required.!!3

Aiming to address the challenges of potable water production with a small footprint,
electrochemical methods for water treatment have been receiving interest in recent
years. By passing current to water, electrochemical methods can trigger a cascade
destruction of pathogens and chemical contaminants, providing water treatment
without requiring reactive supplementary chemicals or elevated pressures. Consider-

ing that electrochemical treatment systems can overcome the mentioned limitations,
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the continuing investigation of electrochemical water treatment techniques, and ulti-
mately the development of small-scale treatment devices are worthwhile endeavors.
Nevertheless, electrochemical methods for water treatment still cope with serious

1417 such as fouling, power control requirements, robustness

engineering challenges
to operate in all water characteristics, and geometry and spatial placement consid-
erations for the electrodes. The following sections present two approaches toward
pathogen/pollutant mitigation, either through direct water oxidation, or with the

help of added chemicals.

1.3.1.1 Organic contaminant decomposition through electrochemical

advanced water oxidation

Using electrochemical techniques, organic contaminant decomposition is typically
achieved through cascade radicalization, a process whereby contaminants are de-
composed through destructive oxidation with OH®.!® Several reviews in recent years

1,' mechanisms,?’

have focused on this field, ranging from choice of anode materia
or substrate scope (e.g., antibiotics,'"?! dyes,?? or pesticides).?® The greatest degree
of decontamination is achieved by generating as many OH® as possible, either

catalytically or directly.

This procedure, named electrochemical advanced oxidation process (EAOP) can be
divided into two broad categories depending on the mechanism of radical generation:
anodic oxidation (AO) and electro-Fenton (EF). For AO, OH® radicals are generated
directly through water oxidation, whilst the electro-Fenton process generates OH®
radicals using the Fe?' /Fe’" redox pair as a catalyst.'® The EF process shows
better decontamination properties than direct water oxidation. However, the EF
process suffers from a low pH requirement, the presence of the catalyst and the
high cost of oxidant, and sludge generation, preventing it from being adopted at a
scale necessary for decentralized water treatment.'®?* 27 AO, on the other hand, is
a cleaner process, though limited by lower decontamination efficiency. The water
oxidation process can be divided into two approaches based on the definition by
Comninellis, depending on whether the electrode material actively participates
on the oxidation processes or not: active anodes which suffer from a constant

replacement requirement, and non-active anodes, which are more robust.!42%29
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1.3.1.2 Pathogens disinfection through in-situ electrochemical genera-

tion of disinfectants

The drawback of direct oxidation is that the decontamination is limited to the
electrode diffusion layer, since OH® have a very limited lifetimes;?° hence electro-
chemical generation of other disinfectants can increase the degree of oxidation
degradation reactions. Therefore, the aim of adding chemicals is to help with
decontamination and disinfection, where OH® fall short. There is a long history
of how electrochemical disinfection works and it can be achieved in many ways,
including by direct oxidation, the addition of oxidizable chemicals, and integrating
photoelectrocatalytic systems.?* 32 In addition, electrochemical generation of dis-
infectants aids in mitigating backcontamination of treated water by allowing the
generation of trace amounts of disinfectants, especially useful in growing concern
over current and future pandemics. This allows a similar approach to swimming
pool water disinfection where only trace amounts of chlorine and chlorine dioxide

need to be present in the pool water to prevent new pathogen contamination.

1.3.2 Critical evaluation of electrochemical water treatment

approaches

Despite the significant advantages offered by electrochemical water treatment over
conventional methods, several fundamental challenges warrant critical examination.
These limitations not only affect current applications but also guide future research

directions in the field.

1.3.2.1 Material and Design Constraints

Choosing electrode materials involves a critical balance between performance and
cost. Although noble metal electrodes, such as platinum, offer excellent activity and
stability, their high expense significantly hampers large-scale application.?*3* On
the other hand, alternative materials like metal oxides and carbon-based electrodes
frequently experience decreased stability over extended use, slower electron transfer
rates, and varied performance in diverse water conditions.*® These challenges
underscore an important research opportunity to develop economical materials that

uphold high performance levels.?
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1.3.2.2 Operational Challenges

There are numerous challenges when it comes to practical implementation, including
the suboptimal energy efficiency caused by high overpotentials needed for water
oxidation, mass transport limitations that greatly reduce treatment efficiency at
larger scales, and the impact of variable water composition on the stability and
efficacy of the process.! " Moreover, current research lacks comprehensive solutions
for integrating these systems with renewable energy sources, especially in remote

applications where grid electricity might be unreliable or inaccessible.

1.3.2.3 Performance Assessment

Evaluating treatment effectiveness presents distinct obstacles, including the lack of
standardized testing protocols, which hinders direct comparisons between different
techniques. Furthermore, there is a limited understanding of how different oxidative
species interact during treatment, and insufficient long-term performance data
under real-world conditions complicates evaluations. For instance, the conductivity
of water, influenced by the supporting electrolyte, impacts both the generation
of reactive species and consequently the efficacy of water treatment. Variations
in experimental setup and the amount of supporting electrolyte used make it
challenging to compare results in existing literature reports.'* These gaps highlight
the need for more comprehensive validation studies across a variety of operating

conditions.

1.4 Electrochemical detection and quantification

of praziquantel

1.4.1 Introduction to praziquantel

Praziquantel (PZQ), a synthetic anthelmintic drug discovered by Bayer in the 1970s,
is a cornerstone in treating schistosomiasis and various cestode and trematode
infections.?” Its broad-spectrum efficacy and tolerability in diverse patient pop-

ulations underscore its significance in both human and veterinary medicine.?3?
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While the exact mechanism of action remains elusive, the prevailing hypothesis
suggests multiple pharmacological targets synergizing to exert detrimental effects
on parasites.®” PZQ is a stable crystalline powder, practically insoluble in water but
soluble in organic solvents.*® Notably, PZQ exhibits low toxicity in animal studies,
further solidifying its safety profile.*'*> The drug’s widespread use, particularly in
aquaculture, necessitates robust analytical methods for its detection and quantifica-
tion in complex environmental matrices. Monitoring PZQ levels in water sources
is crucial due to its potential impact on aquatic life, making the development of
sensitive and reliable analytical techniques a pivotal endeavor for environmental

research and protection.

1.4.2 Various detection methods of praziquantel

The precise detection and measurement of active pharmaceutical ingredients (APIs),
including PZQ), are crucial components of analytical chemistry research, development,
and quality control. Reliable API detection and quantification methods play a
vital role in monitoring and ensuring compliance with regulations. Recent progress
in analytical techniques and instrumentation has resulted in the development of
more advanced and sensitive methods for API detection and quantification, making
significant contributions to analytical chemistry research. Various review articles

have addressed the different approaches to API detection.*? "

High Performance Liquid Chromatography (HPLC) is one of the most widely used

5152 This method offers high sensitivity, selectivity,

techniques for PZQ detection.
and reproducibility, making it suitable for both qualitative and quantitative analysis.
Another chromatographic technique, Liquid Chromatography with Tandem Mass
Spectrometry (LC-MS/MS), has gained popularity due to its enhanced specificity

and ability to detect trace amounts of PZQ in complex matrices.?%4

Spectroscopic methods, such as Near Infrared Spectroscopy (NIS), have also been
employed for PZQ detection.”® NIS is a non-destructive technique that allows for
rapid and cost-effective analysis, making it suitable for high-throughput screening

and on-site testing.
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Capillary Electrophoresis (CE) is another technique that has been used for PZQ
detection.’® CE offers high resolution, fast analysis times, and requires small sample

volumes, making it an attractive option for certain applications.

Electrochemical methods have emerged as promising alternatives to chromato-
graphic and spectroscopic techniques. These methods offer good sensitivity, simpler
instrumentation, and the potential for portable and on-site analysis. However,
electrochemical methods may be more susceptible to interference from complex

sample matrices compared to chromatographic methods.

1.4.3 Previous electrochemical and chemical studies on praz-

iquantel

Electrochemical methods have emerged as promising techniques for the detection
and quantification of praziquantel (PZQ) in various matrices. The electrochemistry
of PZQ in aqueous solution was first investigated by Rizk et al. using a dropping
mercury electrode under basic conditions.”” They proposed that PZQ underwent
reduction at the carbonyl group and successfully applied this method to analyze
spiked human urine and blood plasma without pretreatment, obtaining nearly
identical recoveries. In another study, Ghoneim, Mabrouk, and Tawfik observed a
single 2-electron irreversible reduction wave of PZQ in acidic aqueous conditions.’®
Based on this finding, they developed a voltametric procedure using cathodic

adsorptive stripping differential-pulse voltammetry on a hanging mercury drop

electrode.

An alternative approach was proposed by Radia and Hassanein, who suggested
the indirect determination of praziquantel through nitration to produce more elec-
troactive nitro-praziquantel derivatives.’® This method also relied on the adsorptive
properties of a hanging mercury drop electrode and employed differential-pulse
techniques. However, despite the development of various voltametric detection
methods for PZQ determination, the use of hanging mercury drop electrodes has
largely been phased out due to safety and environmental concerns associated with

mercury use.

As the field of analytical chemistry continues to evolve, there is a growing need

for safer, more environmentally friendly, and sensitive electrochemical methods for
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PZQ detection. The development of mercury-free electrodes and novel voltametric
techniques could provide new opportunities for the accurate and reliable quantifica-
tion of PZQ in complex matrices, contributing to advancements in pharmaceutical

analysis, environmental monitoring, and public health.

1.4.4 Comparative analysis of detection methods

The detection and quantification of pharmaceutical compounds in environmental
matrices present unique analytical challenges that have led to the development of
various complementary approaches. Each method offers distinct advantages while

facing specific limitations.

1.4.4.1 Chromatographic Techniques

Traditional chromatographic techniques are still considered the benchmark for
pharmaceutical analysis, yet they encounter several challenges: substantial upfront
investment and ongoing expenses, intricate sample preparation needs, limited
portability and use in the field, and the necessity for considerable expertise for both

60,61

operation and upkeep. Despite their remarkable sensitivity and selectivity, their

use in routine monitoring situations proves to be difficult.

1.4.4.2 Electrochemical Methods

Electrochemical detection techniques offer promising alternatives but require diligent
consideration of factors such as matrix effects and interfering substances, electrode
fouling and degradation, variable performance across different sample types, and
decreased selectivity compared to chromatographic methods. Advantages of electro-
chemical techniques involve compact apparatus and reduced costs. Applications
in this domain include the detection of heavy metals,% pesticides,?® and active
pharmaceutical ingredients.%® These advantages make them pertinent for on-site and
routine monitoring. Current research challenges involve developing more selectively
tailored electrodes and improving stability in complex sample matrices. Key topics
that warrant additional inquiry include: Establishment of solid sample preparation

strategies, Combination of various detection techniques to enhance dependability,
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Verification across a range of environmental matrices, and Improvement of detection

thresholds while preserving the simplicity of the method.

1.5 Electrochemical CO; reduction

1.5.1 Electrochemical approaches to CO> reduction

The relentless rise in atmospheric carbon dioxide (COs) levels over the past century
has emerged as one of the most pressing environmental challenges of our time, driving
global climate change and posing unprecedented threats to ecosystems, human
health, and socioeconomic stability worldwide. This increase in CO5 concentration
is primarily attributed to human activities, particularly the burning of fossil fuels,
solid waste, and biomass, as well as certain industrial chemical reactions. As
economic activity grows, it introduces significant changes to the global carbon cycle,
adding more COy to the atmosphere while simultaneously affecting the capacity of
natural carbon sinks, such as forests. Although CO, can be naturally removed from
the atmosphere through plant absorption as part of the carbon life cycle, increased
economic activity coupled with deforestation and changing land use patterns have

compromised the Earth’s natural ability to sequester carbon.

As of June 2024, atmospheric COy concentrations have surpassed 420 ppm, a
level unprecedented in recent geological history.%* The strong correlation between
human greenhouse gas emissions and rising global average temperatures underscores
the urgent need for action (Figure 1.4). This alarming trend not only disrupts
ecosystems and weather patterns but also threatens food security, water resources,
and human health on a global scale, making the mitigation of CO, emissions and
the development of effective carbon capture and utilization technologies critical

priorities for scientific research and policy interventions.

In response to this critical challenge, the international community has established a
series of treaties and agreements aimed at reducing CO, emissions and combating
climate change. These range from the 1979 Geneva Convention on long-distance
cross-border air pollution to more recent and comprehensive accords such as the

1997 Kyoto Protocol, the 2012 Doha Amendment, and the 2015 Paris Agreement.



18 1.5. Electrochemical CO5 reduction

)

)

— 2.0
S 1.0 =
B — 1.5 <
3 <
g 0.5 -g
Q 2
g — 1.0 Lﬁ
[0 N
— (@)
g 0.0 S
N — 0.5 2
5 g
05— S
< 0.5 :
) S
T T T T T T T T — 0.0 ©
1880 1920 1960 2000
Year

FIGURE 1.4: Global average land-sea temperature anomaly relative to the 1961-
1990 average temperature,%’> and cumulative CO2 emissions®9-%7 versus time.

The Kyoto Protocol, adopted in 1997 and implemented in 2005, was a landmark
agreement that obliged participating countries to reduce their greenhouse gas
emissions based on scientific consensus. It recognized the principle of common
but differentiated responsibilities, acknowledging that developed countries bear a

greater historical responsibility for current greenhouse gas concentrations.

Building on the Kyoto Protocol, the Paris Agreement of 2015 represents the most
recent and ambitious global effort to address climate change. As of April 2018, 175
countries had ratified this agreement, which aims to limit global temperature rise
to well below 2 °C above pre-industrial levels, with efforts to limit the increase to
1.5 °C. The Paris Agreement requires all parties to put forward their best efforts
through "nationally determined contributions” (NDCs) and to strengthen these

efforts in the years ahead.5’

These international agreements underscore the urgent need for coordinated global
action to mitigate CO, emissions and reduce atmospheric CO, levels. They provide
a framework for countries to work together in addressing this critical challenge, em-
phasizing the importance of both developed and developing nations in contributing

to climate change mitigation efforts.

To limit global temperature rising below 2 °C, immediate curtailment of industrial

emissions along with direct air capture strategies are required.
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Current state-of-the-art COy capture technology is the thermal swing adsorption
process, which uses an aqueous base to selectively absorb CO, from the industrial
waste stream followed by thermal stripping to release CO, for further sequestration.™
This process is limited by Carnot efficiency and requires a substantial amount of

thermal energy for stripping, making it inefficient and costly.™

Electrochemical CO, direct-air-capture (DAC) has emerged as a promising approach
to address the urgent challenge of reducing atmospheric CO» levels. This technology
offers a potential solution by directly extracting CO, from ambient air or diluted

sources, providing a versatile and scalable method to combat climate change.

The primary goal of electrochemical DAC is to selectively capture CO, from the
complex mixture of gases in the atmosphere and produce a concentrated stream
of high-purity CO,. This captured CO5 can then be safely stored underground or

utilized in various industrial processes, effectively closing the carbon cycle.

Electrochemical methods for CO, capture are particularly attractive due to their
ability to efficiently utilize renewable electricity and their adaptable designs for easy
integration into existing systems. These techniques can potentially be combined
with electrochemical valorization processes to create compounds for liquid fuels,

offering exciting possibilities for sectors like aviation and automotive industries.

The development of electrochemical DAC technologies could lead to the creation of
COy capture devices for use in vehicles and commercial aircraft, significantly reduc-
ing emissions from these hard-to-decarbonize sectors. However, the effectiveness of
these systems in mitigating climate change will depend heavily on the availability

of clean energy sources to power them.

An example of industrial scale DAC is by the Swiss company Climeworks, which
commenced the largest DAC facility in Iceland,” based on the CO, capture via solid
amine-containing compounds, then injecting them underground toward basaltic
rock for mineralization with calcium, magnesium, and iron compounds to create

solid carbonate materials.”

As DAC technologies continue to advance, they have the potential to play a crucial
role in achieving climate goals, complementing other carbon reduction strategies

and negative emissions technologies. By directly addressing the issue of atmospheric
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COs concentrations, electrochemical DAC offers a powerful tool in the global effort

to combat climate change and transition towards a more sustainable future.

Addressing these challenges requires removing CO, from the atmosphere or mit-
igating point source emissions through the separation and concentration of CO,
from diluted sources. This requires a reduction in energetic and monetary costs of

DAC technologies relative to traditional thermal and pressure swing methods.

1.5.2 Electrochemical CO, binding mechanisms and reduc-

tion pathways

Electrochemical COs direct air capture is an emerging technology that aims to
extract COy from dilute gas mixtures, including ambient air. This process utilizes
redox-active systems to produce a pure CO, stream, offering potential advantages
over traditional capture methods. Electrochemical processes have been described
that can operate with the full range of source concentrations (0.04% from air to
flue gas concentrations near 15%). Electrochemical methods fall under two general
classes of separations: direct processes where a sorbent is reduced or oxidized to
modulate CO, binding affinity, and indirect processes, where electrochemistry acts
on a secondary aspect of the system to modulate sorbent affinity for CO,.™ Figure 1.5
illustrates this direct process in four steps: Sorbent activation through oxidation or
reduction, COs(g) capture on the activated sorbent, sorbent deactivation through

the reverse electrochemical process, CO2(g) release.

Several classes of compounds have been investigated as catalysts for electrochemical
CO5 DAC. Quinones, derived from aromatic compounds, have garnered significant
attention due to their strong CO, binding affinity in their reduced form. Examples
include 9,10-phenanthrenequinone, 2,6-di-tert-butyl-1,4-benzoquinone (DTBQ), and
1,4-naphthoquinone (1,4-NQ). Other promising catalysts include bipyridines,™ which
can form stable radical anion CO, adducts, and sulphur-containing compounds
like benzyl disulfide (BDS),™ which form thiolate anions capable of reacting with
COs3. The organic systems listed above are shown in Scheme 1.1 and a detailed
discussion pertaining those system containing quinones will be discussed in detail
in Section 1.5.3. Transition metal complexes, particularly binuclear complexes of
nickel and copper with amino and pyridyl ligands, have also shown potential for

CO; capture and release through M** /M™ redox reactions, ™ although in this thesis
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FiGUurE 1.5: Illustration of the direct process where a sorbent is reduced or
oxidized to modulate CO2 binding affinity.

work is concentrated on organic systems. Despite its promise, electrochemical CO,
DAC faces several challenges that require further research and development, which

are discussed in the following sections below.
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ScHEME 1.1: Examples of organic system capable of capturing COs through
electrochemical CO4 capture process.
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1.5.2.1 Redox potential landscape

The selection of appropriate redox-active molecules is crucial and challenging. These
molecules must have reversible redox-active sites, significant changes in CO4 binding
affinity between oxidized and reduced states, and high selectivity for CO,. The
redox potentials of current molecules span from approximately -0.4 to -1.4 V versus
the standard hydrogen electrode (SHE). This presents several issues: a) Many of
these potentials necessitate non-aqueous media to avoid the water reduction window,
limiting the choice of electrolytes. b) More negative reduction potentials, while
offering higher CO, affinities, also increase the risk of parasitic reactions with trace
water and especially oxygen. ¢) There is a need to decouple CO5 binding affinities

from O, reactivity for practical separation systems.

1.5.2.2 Energy efficiency

The energy requirements for the redox reactions and overall process efficiency
are significantly challenging: a) The correlation between more negative reduction
potentials and higher CO, affinities means that more energy-intensive processes
often yield better capture performance. b) Parasitic reactions, especially with
oxygen, can significantly reduce the Faradaic efficiency of the process. ¢) The energy
input for the electrochemically induced reversible binding must be optimized to

make the process competitive with other CO, capture technologies.

1.5.2.3 Scalability

Scaling up electrochemical COy DAC systems from laboratory to industrial scale
faces several hurdles: a) The need for specialized non-aqueous electrolytes or ionic
liquids may pose challenges for large-scale operations. b) Electrode design and cell
architecture must be optimized for efficient mass transfer in large-scale systems. c)
The stability and longevity of redox-active molecules over many cycles need to be

ensured for continuous operation.
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1.5.2.4 Economic viability

The economic feasibility of electrochemical CO, DAC is a significant challenge: a)
The cost of specialized redox-active molecules and electrolytes may be prohibitive
for large-scale deployment. b) The energy costs associated with the electrochemical
process must be balanced against the value of captured COy or environmental
benefits. ¢) Competition with other COy capture technologies and the need for
supportive policies or carbon pricing mechanisms to make the process economically

attractive.

1.5.2.5 Selectivity and contaminant handling

The presence of other gases and contaminants in air poses challenges: a) The
redox-active molecules must maintain high selectivity for CO, in the presence of
other atmospheric gases. b) Strategies are needed to handle or mitigate the effects
of trace contaminants that may interfere with the capture process or degrade the

capture materials over time.

1.5.2.6 System integrations and process design

Developing a complete, integrated system involves several challenges: a) Balancing
the electrochemical capture process with subsequent steps for CO5 concentration,
purification, and utilization or storage. b) Designing systems that can handle the
intermittent nature of renewable energy sources if the process is to be powered
by clean electricity. ¢) Optimizing the overall process flow, including electrolyte

management and CO, release mechanisms.

Addressing these challenges requires interdisciplinary research efforts, combining
advances in materials science, electrochemistry, process engineering, and system
design. Future developments in molecular design, electrolyte formulation, and cell
architecture will be crucial in overcoming these obstacles and making electrochemical
COy DAC a viable technology for large-scale carbon dioxide removal from the

atmosphere.
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1.5.3 Quinones as redox-active molecule for CO, capture

Literature reports have shown that quinones in their reduced forms can undergo
supramolecular bonding with carbon dioxide (COs) leading to substantial changes
in their formal reduction potentials (EJQ) compared to those observed under inert Ar
of Ny atmospheres.”” This binding relationship between quinone and CO, has been

7884 Flectrochemical

proposed for utilization for CO4 capture and concentration.
methods for carbon dioxide capture and concentration have gained significant
interest as alternatives to traditional thermal swing processes. Among these,
systems utilizing redox-active quinone molecules as CO, binding agents have shown
promise. Several studies have investigated the electrochemistry and CO, binding
properties of various quinone structures to optimize their performance as capture

agents.

Mizen and Wrighton (1989) conducted a seminal study on the electrochemical re-
duction of 9,10-phenanthrenequinone (PAQ) in the presence of CO,.%> Using cyclic
voltammetry, they observed that PAQ undergoes two reversible one-electron reduc-
tions in acetonitrile without CO,. However, in the presence of COs, a larger cathodic
current was observed, suggesting a change from a one-electron to a two-electron
process. Through UV-vis and IR spectroelectrochemistry, they determined that two
moles of COy were consumed per mole of PAQ reacted, forming a bis(carbonate)
adduct [PAQ -2 CO,)* . The authors proposed an ECEC (electrochemical-chemical-
electrochemical-chemical) mechanism for this process, with initial one-electron
reduction of PAQ followed by CO, addition, a second one-electron reduction, and
addition of a second CO5 molecule. Importantly, they demonstrated that oxida-
tion of the CO, adducts resulted in quantitative regeneration of PAQ and COa,

establishing the chemical reversibility of the system.

Building on this work, Simpson and Durand (1990) expanded the investigation to var-
ious quinones including benzoquinone (BQ), anthraquinone (AQ), naphthoquinone
(NQ), duroquinone (DQ), and 2,6-dimethylbenzoquinone (DMQ) in dimethyl sul-
foxide (DMSO).” They observed similar electrochemical behavior across all studied
quinones in the presence of CO,, characterized by a shift in the second reduction
wave to more positive potentials, resulting in a single irreversible two-electron
wave. This behavior further supported the ECE mechanism proposed by Mizen and
Wrighton.®® Using rotating disk voltammetry, they determined second-order rate

constants for the reaction of quinones with CO,, finding them to be in the order of
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102 to 10> Mt s~1. Notably, they observed a correlation between the reduction
potential of the quinones (as an indicator of nucleophilicity) and their reaction rate
with COs, suggesting that the nucleophilicity of the reduced quinones plays a role

in their reactivity towards COs.

Scovazzo et al. (2003) took these fundamental studies a step further by demon-
strating the practical application of quinones for electrochemical CO5 separation
and concentration.®® Using 2,6-di-tert-butyl-1,4-benzoquinone (DtBBQ) as a redox-
active COs carrier in propylene carbonate (PC) or the ionic liquid [bmim][PFg], they
showed that COs could be selectively separated from sub-1% levels and concentrated
to nearly 100% at atmospheric pressure. In PC, they achieved a 200-fold increase in
CO, partial pressure, from 0.5% to 97%. The system demonstrated high efficiency,
with a molar ratio of COy pumped per electron transferred of 0.43, close to the

theoretical maximum of 0.50.

These studies collectively highlight the potential of quinone-based systems for elec-
trochemical CO, capture and concentration. The work of Mizen and Wrighton®
established the fundamental mechanism of CO, binding to reduced quinones, while
Simpson and Durand” expanded this understanding to a range of quinone struc-
tures and identified key structure-reactivity relationships. Scovazzo et al.* then
demonstrated the practical application of these principles in a working separation

and concentration system.

However, challenges remain. The oxygen sensitivity of many quinones, including
DtBBQ used by Scovazzo et al.,®® limits their practical application for atmospheric
COg capture. Future work should focus on developing oxygen-stable quinone deriva-
tives or protective strategies to enable their use in ambient conditions. Additionally,
further optimization of solvent systems, cell designs, and process parameters will

be crucial for improving the efficiency and scalability of these systems.

Quinones undergo reversible reduction to form semiquinone radical anions and
dianions, which can bind CO, via nucleophilic addition reactions. The electro-
chemistry and CO, binding properties of various quinone structures have been
systematically investigated to optimize their performance as capture agents. Simeon
et al. examined a wide range of para- and ortho-quinones using cyclic voltammetry,
categorizing them as either ”"weakly complexing” or ”strongly complexing” based

on their interactions with CO,.%% Weakly complexing quinones showed two distinct
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reduction waves under COs,, with only the second wave shifted positively compared
to under an Ny atmosphere. In contrast, strongly complexing quinones exhibited
merging of the two reduction waves under a CO5 atmosphere, indicating rapid reac-
tion of the semiquinone with COs followed by further reduction. The COs binding
constants were found to correlate with quinone basicity, with electron-donating

substituents generally enhancing CO, affinity.

While quinones show promise for CO4 capture, a key challenge is their sensitivity
to oxygen, which can lead to degradation of the reduced species. Barlow and Yang
addressed this issue by utilizing alcohol additives to shift the reduction potentials of
quinones to more positive values.® They found that hydrogen bonding interactions
with ethanol could shift the reduction potential of tetrachloro-p-benzoquinone by
up to 350 mV, making it stable in the presence of Oy. The alcohol additives also
enhanced CO, binding in some cases. By optimizing the pKa of the alcohol additive,
they achieved both Oy stability and improved COs capture performance. However,
the alcohol itself underwent weak molecular binding with the reduced quinone
through a hydrogen-bonding mechanism, which would likely affect the ability of
the reduced quinone to bind with CO,.

Building on these fundamental studies, Diederichsen et al. advanced the concept of
a continuous-flow electrochemical CO, capture process utilizing liquid quinones.5!
They synthesized a naphthoquinone derivative that remained liquid at room tem-
perature and combined it with low-volatility glymes to create a redox-active liquid
sorbent. This approach achieved high quinone concentrations (1 M) and eliminated
the need for water as a solvent. In a dual-cell flow system, they demonstrated
continuous COy capture and release with promising initial energetics between 50-
200 kJ mol~! CO,. The liquid quinone system offers the potential for large-area

distributed capture with centralized CO, release.

1.5.4 Vitamin By as a potential redox mediator for CO,

reduction

Riboflavin is the crucial component responsible for redox activity in the cofactors
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). These cofac-

tors power numerous biological redox reactions by facilitating electron movement
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across diverse chemical groups.®™® Examples of these reactions include the dehydro-
genation of NADPH and D-amino acids. Within membranes, flavoenzymes exhibit
greater electron-transfer adaptability than nicotinamide coenzymes (NAD/NADP),
handling both single-electron and two-electron transfers.® 92 This flexibility lets
flavins bridge the gap between two-electron donors (like NADH) and single-electron
acceptors (like heme Fe). Importantly, flavins engage in key aerobic processes due

to their distinct oxygen interactions.”

Like quinones, flavins can exist in three oxidation states: flavoquinone (Flyy),
flavosemiquinone radical (Fl.,q® ), and flavohydroquinone dianion (Fl,.q®> ). The
electrochemical reduction mechanism for vitamin B, in aprotic solution is an ECE
(where E represents an electron transfer and C represents a chemical step) process
for cyclic voltammograms recorded between —0.5 and ~1.6 V vs. Fc/Fc™ (where
Fc = ferrocene).”? For larger potential windows, additional electron transfer and
chemical steps are observed. In buffered aqueous solutions a chemically reversible

electron transfer involving the transfer of two electrons and two protons occurs.”

Considering the similar electrochemical behavior of quinones and flavins, experi-
ments were performed in this thesis to test whether reduced flavins were also able
to undergo molecular interactions with dissolved CO,, and to determine how the
overall reduction mechanism changed in a COs-rich environment. The ability of
flavins to undergo reversible redox transformations and potential for CO interac-
tions make it an interesting candidate for CO, utilization applications. Therefore,
the exploration of riboflavin’s electrochemical behavior in the presence of COq
could provide valuable insights into bio-inspired approaches for COy reduction and

utilization.

1.5.5 Investigation of quinones in energy storage systems

In parallel with CO, utilization, the development of efficient energy storage systems
is crucial for the widespread adoption of renewable energy sources. The intermittent
nature of solar and wind power necessitates robust storage solutions to ensure a
stable and reliable energy supply. Redox flow batteries (RFBs) have emerged as
promising candidates for large-scale energy storage due to their ability to decouple

power and energy capacity, as well as their potential for long cycle life and scalability.
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Organic redox-active compounds, including quinones and flavins, offer several
advantages for RFB applications, such as structural diversity, tailorable redox
properties, and potential for low-cost, sustainable production. The electrochemical
properties that make these compounds interesting for CO, utilization also render
them attractive for energy storage applications. The ability to fine-tune their redox
potentials and solubility through molecular engineering provides opportunities for

optimizing their performance in RFBs.

This thesis investigates the dual potential of quinones for CO, utilization and
energy storage applications. By exploring their electrochemical behavior, CO4
binding properties, and potential for reversible redox cycling, we aim to contribute
to the development of innovative solutions at the nexus of carbon management and
sustainable energy technologies. The research presented here spans fundamental
electrochemical studies to proof-of-concept demonstrations, providing insights into
the challenges and opportunities in harnessing organic redox-active compounds for

addressing critical environmental and energy challenges.

Through this exploration, we seek to advance the understanding of structure-
function relationships in organic electroactive materials, elucidate mechanisms
of CO, interactions and electron transfer processes, and assess the feasibility of
integrating CO, utilization with energy storage functionalities. The findings from
this research could pave the way for the development of novel, multifunctional
systems that simultaneously address CO, mitigation and energy storage needs,

contributing to a more sustainable and low-carbon future.

1.5.6 Critical assessment of CO; reduction strategies

Electrochemical CO5 reduction represents a promising approach for carbon capture
and utilization, yet significant challenges remain before widespread implementation

becomes feasible.

1.5.6.1 Fundamental Challenges

Several critical constraints influence current CO, reduction strategies: Thermo-
dynamic barriers hindering CO, activation, Rivalry with the oxygen reduction

reaction, Complex multi-electron transfer mechanisms, and a limited understanding
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of reaction pathways. Electrochemical capture of carbon dioxide using redox-active
molecules such as quinone necessitates a careful equilibrium between the binding
affinity of reduced species and their redox potential, which contends with the
oxygen reduction reaction.” Addressing these challenges demands precise catalyst
development and optimization of operational conditions. Recent advancements
in this domain have shifted focus from basic quinone to other redox mediators,

including modified quinones,®! guanidinos,’® and isoindigos.””

1.5.6.2 Practical Implementation

Translating laboratory results into real-world applications encounters multiple
obstacles: Limitations in mass transport at current densities pertinent to industry,
Challenges in integrating systems with renewable energy sources, Requirements for
product separation and purification, and Economic competitiveness against current

technologies.”®

1.5.6.3 Research Priorities

Significant topics that require further investigation encompass: the development
of catalysts with improved selectivity and stability, an enhanced understanding
of reaction mechanisms and the intermediate species involved, the refinement of
system designs to boost efficiency, and research on long-term stability in realistic
environments. Additionally, exploring the effects of molecular interactions and
stabilization brought about by COs binding for applications like energy storage and

redox flow batteries is also of interest.

1.6 Objective and scope of the thesis

This thesis aims to explore and advance the applications of analytical electrochem-
istry in addressing critical environmental and pharmaceutical challenges. The
primary objective is to demonstrate the versatility and effectiveness of electrochem-
ical techniques in three key areas: water disinfection, pharmaceutical compound

detection, and carbon dioxide capture and utilization. By focusing on these diverse
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yet interconnected fields, the thesis seeks to contribute to the development of

sustainable solutions for pressing global issues.

The study focuses on the feasibility of employing platinized titanium electrodes for
electrochemically deactivating FEscherichia coli in water. The goal is to create a
water treatment process that minimizes the need for additional supporting elec-
trolytes and conductivity, which is crucial when treating potable water to limit
electrolyte content. This research investigates the disinfection mechanisms, the key
factors impacting inactivation efficiency, and evaluates varying electrode designs. A
significant emphasis is placed on analyzing how reactive oxygen species, notably
hydroxyl radicals, contribute to bacterial inactivation. The research aspires to offer
insights for creating effective, sustainable, and eco-friendly water disinfection meth-
ods, especially beneficial in regions lacking access to conventional water treatment

systems.

The objectives of this thesis in pharmaceutical analysis are to establish and refine
methods for detecting and measuring praziquantel, a crucial antiparasitic medi-
cation, in water samples. This investigation encompasses a comparison between
two analytical techniques: gas chromatography-mass spectrometry (GC-MS) and
voltammetry. The methods are assessed based on detection limits, accuracy, preci-
sion, and their viability for field applications. This research seeks to advance the
environmental monitoring of pharmaceutical compounds and explore the potential
of electrochemical methods as either alternatives or complements to conventional

chromatographic approaches, enabling cost-effective routine on-site detection.

In the area of carbon dioxide capture and energy storage, the research objective is to
explore the electrochemistry of organic molecules, specifically quinones and riboflavin
(vitamin B,), for potential applications in COy capture and utilization. The scope
of this study includes investigating the supramolecular interactions between reduced
organic species and CO,, examining their electrochemical behavior under various
conditions, and assessing their potential for energy storage applications. This
research aims to provide fundamental insights that could guide the development of

novel carbon capture technologies and organic-based energy storage systems.

Overall, the thesis seeks to bridge the gap between fundamental electrochemistry
and practical applications in environmental remediation, pharmaceutical analysis,

and sustainable energy technologies. By addressing these diverse yet interconnected
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areas, the research aims to demonstrate the broad applicability and potential
impact of electrochemistry in solving complex global challenges. The scope of
the thesis extends from laboratory-based investigations to considerations of real-
world applicability, with the goal of contributing to the development of sustainable

solutions for water treatment, environmental monitoring, and carbon management.

1.7 Thesis organization and chapter overview

This thesis is organized into six chapters, each focusing on different aspects of elec-
trochemistry and its applications in addressing environmental and pharmaceutical
challenges. The structure of the thesis reflects a progression from fundamental
electrochemical studies to practical applications in water treatment, pharmaceutical

analysis, and carbon dioxide utilization. Below is an overview of each chapter:
Chapter 1: Introduction

The introductory chapter provides a comprehensive background on the importance
of electrochemistry in environmental and pharmaceutical sciences. It outlines the
global challenges related to water quality, pharmaceutical pollution, and carbon
dioxide emissions. The chapter also introduces the key concepts and techniques in

electrochemistry that form the foundation for the subsequent research chapters.
Chapter 2: Electrochemical Water Treatment

This chapter focuses on the development and optimization of an electrochemical
system for water disinfection using platinized titanium electrodes. It begins with
a literature review on current water treatment technologies and the potential
advantages of electrochemical methods. The experimental section details the setup
and methodology used to investigate the inactivation of Escherichia coli in various
electrolyte solutions. Results and discussion cover the comparison between two-
electrode and three-electrode configurations, the influence of different electrolytes
on disinfection efficiency, and the identification and quantification of reactive oxygen

species, particularly hydroxyl radicals, generated during the process.

Chapter 3: Electrochemical Detection and Quantification of Praziquantel
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This chapter explores the development of electrochemical methods for detecting
and quantifying praziquantel, an important antiparasitic drug, in water samples.
The chapter begins with an overview of the environmental concerns related to
pharmaceutical contaminants and the need for sensitive and reliable detection meth-
ods. It then describes the optimization of a voltametric technique for praziquantel
analysis and compares its performance with gas chromatography-mass spectrometry
(GC-MS). The chapter concludes with a discussion on the potential applications
of the developed method in environmental monitoring and pharmaceutical quality

control.
Chapter 4: Towards Organic CO, Batteries

This chapter investigates the electrochemical properties of quinones and their
potential applications in COy reduction and energy storage. The experimental
section details the controlled potential electrolysis studies of various quinones under
inert and CO, atmospheres. Results and discussion cover the mechanisms of quinone-
COs, interactions, the stability of reduced quinone species, and the feasibility of

using quinones in COg-based energy storage systems.

Chapter 5: Probing the Supramolecular Interactions of Electrochemically Reduced
Vitamin By with CO5 in Non-Aqueous Media

This chapter focuses on the electrochemical behavior of riboflavin (vitamin Bsy) and
its interactions with CO5. The chapter begins with an introduction to the biological
significance of riboflavin and its potential as a bio-inspired redox mediator. It then
describes the electrochemical studies conducted to elucidate the mechanisms of
riboflavin reduction in the presence of CO,. The results section presents findings
from cyclic voltammetry, controlled potential electrolysis, spectroscopic analyses,
and molecular orbital analysis providing insights into the formation of riboflavin-CO,

complexes and their implications for CO, reduction processes.
Chapter 6: Conclusions and Future Perspectives

The final chapter synthesizes the key findings from the preceding chapters, high-
lighting the contributions of this thesis to the field of electrochemistry and its
applications. It discusses the implications of the research for water treatment
technologies, pharmaceutical analysis, and CO, utilization strategies. The chap-

ter concludes by outlining future research directions and potential applications of
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the developed electrochemical methods in addressing environmental and energy

challenges.

Throughout the thesis, each chapter is structured to include a targeted introduction,
detailed experimental procedures, comprehensive results and discussion, and specific
conclusions. This organization allows for a thorough examination of each research
topic while maintaining a cohesive narrative that demonstrates the versatility and

potential of analytical electrochemistry in addressing critical global challenges.
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46 2.1. Abstract

2.1 Abstract

This chapter explores the feasibility of using platinized titanium electrodes for
the electrochemical inactivation of Escherichia coli (E. coli) in water, aiming to
develop an efficient and sustainable water disinfection method. The study focuses
on elucidating the mechanisms underlying the disinfection process and identifying

the key factors influencing the inactivation efficiency.

A comparative analysis between three-electrode and two-electrode configurations
revealed the superiority of the three-electrode system in achieving higher current
throughput, a critical factor in effective water purification processes. The inactiva-
tion of E. coli in various electrolyte solutions followed a logarithmic decay pattern,
with no significant differences observed among the electrolytes tested, except for
sodium chloride (NaCl). The enhanced bactericidal activity in the presence of NaCl

was attributed to the generation of chlorine species.

The comparison of deactivation efficacy between potentiostatic and galvanostatic
modes revealed that the inactivation velocity of E. coli is more influenced by the
applied current than the potential. The identification and quantification of hydroxyl
radicals generated during water electrolysis were successfully achieved through
the analysis of dimethyl sulfoxide (DMSO) decomposition using proton nuclear
magnetic resonance ("H-NMR) spectroscopy. The findings underscore the crucial
role of hydroxyl radicals in the electrochemical inactivation of E. coli, with a strong
correlation observed between the quantity of hydroxyl radicals generated and the

degree of bacterial inactivation achieved.

This study demonstrates the feasibility of using platinized titanium electrodes for
the effective inactivation of F. coli in water through electrochemical processes. The
insights gained into the mechanisms of disinfection, the influence of different elec-
trolytes, and the role of hydroxyl radicals contribute to a better understanding of the
electrochemical water treatment process. These findings can guide the optimization
of electrochemical disinfection systems for enhanced bacterial inactivation efficiency

and the development of practical applications in water treatment technologies.
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2.2 Introduction

Water disinfection is crucial for preventing the spread of waterborne diseases. Tra-
ditional methods, such as chlorination, have been widely used for this purpose.
However, these chemical treatment methods have several drawbacks, including the
formation of harmful byproducts and the potential for creating chlorine-resistant
pathogens. Electrochemical water disinfection has emerged as a promising alterna-
tive, offering the ability to generate powerful oxidants, such as hydroxyl radicals, in

situ without the use of harmful chemicals.

Recent studies have attributed the enhanced disinfection efficacy of electrochemical
processes to the generation of reactive oxygen species (ROS), such as hydroxyl
radicals (OH®), ozone, and hydrogen peroxide, during water electrolysis.? These
ROS are particularly effective when generated directly in the electrolyzer rather
than in an externally generated oxidant solution. For example, the high redox
potential of OH® (Eq = 2.7 V vs. saturated calomel electrode (SCE)) allows it to
compensate for its short-lived nature in advanced oxidation technologies.> However,
most previous studies have not successfully demonstrated the clear role of these
oxidants due to the simultaneous production of chlorine in their experimental

designs, leaving the disinfecting nature of these oxidants unclear.

This chapter focuses on investigating the disinfecting nature of an electrochemical
disinfection system, including without generating chlorine by employing a chloride-
free phosphate buffer medium as the electrolyte in some studies. The roles of
individual ROS, including OH®, ozone, and hydrogen peroxide, in the disinfection
process are systematically examined. Additionally, factors affecting the disinfection
efficiency, such as current density (or applied voltage), the presence of radical
scavengers, initial bacterial population, and electrode cleaning, are also investigated.
E. coli was used as an indicator bacterium, and platinized titanium electrodes, for
both the anode and the cathode were chosen for the electrochemical disinfection

studies due to their chemical stability.

The feasibility of using platinized titanium electrodes for inactivating E. coli K-12
bacteria in relatively low ionic strength media similar to found in surface water
used for drinking was assessed. The process efficiency for the removal of E. coli was
evaluated under optimized conditions, providing insights into the mechanisms of

electrochemical disinfection and the potential for its application in water treatment.
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The findings of this study will contribute to the development of effective, sustainable,

and environmentally friendly water disinfection methods.

2.3 Materials and methods

The experiments were conducted using an electrochemical cell under potentiostatic
or galvanostatic control in two-electrode or three-electrode arrangements. The
disinfection efficiency was assessed by measuring the reduction in F. coli microbial

populations in the treated water.

2.3.1 Chemicals and reagents

All the reagents were of analytical grade and were used as received without further
purification. The water used for preparation of E. coli suspension and electrolyte
solution was distilled and deionised by an ELGA Purelab option-Q to ensure
the exclusion of chloride ions from the electrolytic solution (for experiments in
the absence of chloride). Dimethyl sulfoxide, sodium carbonate, sodium chloride,
sodium dihydrogen phosphate and sodium sulphate were procured from Sigma-
Aldrich. Stock solutions of electrolyte with different concentrations were prepared
by dissolving appropriate amount of electrolyte in ultrapure water before subsequent

serial dilutions.

2.3.2 Electrolysis instrumentation and procedure

Electrolysis was carried out using a computer-controlled Eco-Chemie Autolab
PGSTAT302N potentiostat, employing either a three-electrode or two-electrode
configuration. Experiments were performed at a constant temperature of 22(2) °C,
under conditions of either constant potential or constant current. A 50 mL beaker

served as the electrolytic cell.
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2.3.3 Comparison study between two-electrode and three-

electrode arrangement

Most experiments were carried out in either a two-electrode undivided or three-
electrode undivided cell, with platinized titanium electrodes as cathode and anode,
and Ag/AgCl reference electrode in a 50 mL beaker. The platinized titanium
electrode was cut into a 2 x 2 cm sized plate (0.010 inches thickness, surface
area, 4 cmcm) from a 10 x 10 cm platinized titanium screen (the Fuel Cell Store,
USA). An Ag/AgCl reference electrode (Metrohm, Switzerland) was filled with
3mol L1 KCl as the reference electrolyte. All the potential values measured in this
study are reported relative to the Ag/AgCl reference electrode. All electrochemical
experiments were performed using a potentiostat-galvanostat (Eco-Chemie Autolab
PGSTAT302N, Metrohm, Switzerland).

2.3.3.1 Two-Electrode Configuration

The two-electrode system consisted of two 2cm x 2 cm platinum mesh electrodes
serving as working and counter electrodes. The electrodes were positioned parallel
to each other at a fixed distance of 0.5 cm in a 50 mL beaker. The reference and
auxiliary leads from the potentiostat were connected to the counter electrode. The
system contained 40 mL of electrolyte solution inoculated with a predetermined

concentration of E. col.

2.3.3.2 Three-Electrode Configuration

The three-electrode arrangement utilized the same platinum mesh electrodes as
the working and counter electrodes, with the addition of an Ag/AgCl reference
electrode (Metrohm Pte Ltd). The reference electrode was positioned 0.5 cm from
the working electrode to minimize solution resistance effects. The working and
counter electrodes maintained the same spatial configuration as in the two-electrode

configuration.

Prior to each experiment, all electrodes underwent thorough cleaning with ultra-pure

water followed by complete drying to ensure reproducible surface conditions.
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2.3.4 Preparation and analysis of E. col:

E. coli K12, obtained from Nanyang Environment and Water Research Institute
(NEWRI), was first pre-cultured by inoculating a single colony in 5 mL sterile LB
Miller broth, then incubated at 35°C for 24 hours with agitation at 130 rpm. This
pre-culture was subsequently inoculated into 100 mL. LB Miller broth and grown
under identical conditions. Prior to each experimental run, the F. coli culture was

diluted to achieve the desired concentration for use as the electrolyte solution.

2.3.5 Electrochemical inactivation of E. col:

Prior to all the experiments, the electrodes are washed with 70% ethanol and
ultrapure water to remove any deposits or absorbed dead cells. The volume of the
solution treated in each experiment was 50 mL and the solution was stirred (500
rpm) during the experiments using a Teflon coated magnetic stirrer bar. The E. coli
culture was freshly prepared with 0.1 mL of the E. coli culture and was diluted in
50 mL electrolyte solution for disinfection experiments. The concentration of E. col:
was not identical in all experiments, due to fluctuations in the concentration of E.
coli in the culture. As an approximation, F. coli culture freshly prepared in the lab
was diluted and the concentration of E. coli in the diluted solutions was measured.
Based on these results, the initial concentration of E. coli in most experiments in
this work was estimated at 1.0 x 10°® CFU/mL.

2.3.6 Viable E. coli cells counting by plating

The viability of E. coli was assessed by quantifying colony-forming units (CFU)
through a serial dilution and plating method. At designated time points, aliquots
of the culture were collected and serially diluted to obtain countable bacterial
concentrations. Diluted samples were then spread onto Nutrient agar plates and
incubated at 37°C for 24 hours to facilitate the development of visible colonies.
Each colony theoretically represents a single viable bacterium from the original
sample. Post-incubation, colonies were enumerated, and the results expressed as
log(N/Ny), where Ny denotes the initial colony count at 0 hours and N signifies

the colony count at subsequent time intervals. This approach provides a reliable



Chapter 2. Feasibility study of electrochemical E. coli inactivation 51

estimation of the viable E. coli population, acknowledging that not all bacteria in

the sample may successfully proliferate into a visible colony.

2.3.7 Monitoring of hydroxyl radicals

Hydroxyl radicals generated during electrolysis were analyzed by monitoring the
conversion of dimethyl sulfoxide to dimethyl sulfone and detected by quantitative
'"H-NMR spectroscopy. Prior to the experiment, 1.0 L of DMSO was added into
40 mL of electrolyte solution and passed through the three-electrode electrolysis
protocol without added F. coli. In each timepoint, 0.5 mL of the electrolyte solution
was sampled and stored for '"H-NMR experiment. NMR experiments were performed
on Bruker Avance 400 MHz or JEOL JNM-ECA 400 MHz spectrometers. All NMR

data were processed and analyzed using Mestrenova software.

2.4 Results and discussion

2.4.1 Preliminary studies of electrolysis of tap water

Initial investigations utilized cyclic voltammetry to determine the onset potentials
for electrolysis in the electrolyte solutions. Given the low conductivity of tap water,
cyclic voltammetry was also conducted on tap water supplemented with 0.1 mol L}
NaHCOj. Figure 2.1 illustrates the voltammetric results with a significantly higher
current generated in the spiked tap water due to the increased concentration of

1ons.

The electrolysis of water at neutral pH, as described by (2.1) and (2.2), involves
the reduction of water to hydrogen gas and hydroxide ions at the cathode (negative
electrode) and the oxidation of water to oxygen gas and hydrogen ions at the anode
(positive electrode). These reactions generate an electric current, the magnitude
of which increases with applied potential or overpotential, leading to a greater

production of oxygen gas, hydrogen gas, acid, and base.

In a three-electrode setup, the minimum potential needed to oxidize tap water is
approximately 1.9 V vs Ag/AgCl (3mol L~! KCl), as illustrated in Fig. 2.1. To
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maximize bacterial inactivation, our study employed an overpotential to enhance

the production of disinfecting agents.
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FIGURE 2.1: Cyclic voltammogram of tap water (solid black line) and 0.1 mol L~!
NaHCOj3 (dashed blue line). The scan was performed from 0 V to 2 V and -2 V,

consecutively.
EQUuATION 2.1: Water reduction equation in neutral conditions

21,0 (1) + 2¢~ — Hy (g) + 2 OH" (aq) (2.1)

EQuATION 2.2: Water oxidation equation in neutral conditions

2H,0 (1) — 4e” +4H" (aq) + O2 (g) (2.2)

However, recognizing the potential limitations inherent, especially the detrimental
potential drop, we proposed a mitigation strategy by adjusting the solution’s
conductivity via the introduction of additional electrolytes into the simulated tap
water. Although the ultimate objective is to purify water without supplemental
electrolytes, understanding their role in microbial inactivation, particularly in
organisms like E. coli, was deemed essential. This necessity stems from tap water’s
low conductivity, attributable to its minimal ion content. The hypothesis was that
enhancing conductivity through electrolyte addition would facilitate higher currents,

thereby accelerating the generation of disinfecting agents and the subsequent
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inactivation of microorganisms. This led to an investigative study examining the

impacts of various electrolytes.

2.4.2 Inactivation of E. col: by platinized titanium electrode

water electrolysis
2.4.2.1 General overview

Building on previous research and considering cost-effectiveness, platinized titanium
was selected as a substitute for platinum. Given the limited existing research on
bacterial inactivation using electrolyzed platinized titanium, particularly regarding
the influence of different electrolytes, this study offers novel insights into E. coli

inactivation under such conditions.

Utilizing platinized titanium for both working and auxiliary electrodes, the inac-
tivation of E. coli was investigated in various electrolyte media, employing both
potentiostatic (constant potential) and galvanostatic (constant current) modes. The
advantages and disadvantages of each mode will be explored further. To assess
E. coli inactivation, viable cell counts were determined using the plate counting
method.

2.4.2.2 Comparing the deactivation efficacy between different elec-

trolytes with similar ionic strength in two-electrode operations

The deactivation of E. coli in various electrolyte solutions was investigated to eluci-
date the influence of different anions on the inactivation process. The electrolytes
chosen for this study were sodium chloride (NaCl), sodium bicarbonate (NaHCO3),
sodium sulfate (NaySO,), and sodium dihydrogen phosphate (NaH,PO,), each
prepared at similar ionic strengths to ensure comparability. These electrolytes were

chosen because they are commonly found in potable water supplies.

To investigate the influence of electrolyte composition and ionic strength on the
potential and current throughput of the electrolytic water treatment system, a
series of experiments were conducted by applying a constant potential of 6 V across

the electrodes, as illustrated in Fig. 2.2. The results indicate that, for a given
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ionic strength, the choice of electrolyte did not significantly impact the current
throughput. At an ionic strength of 10 mM, the current density averaged between
30 and 50 A m™ across the various electrolytes tested. When the ionic strength
was reduced to 1 mM, the average current density decreased to less than 10 A m™2,
irrespective of the electrolyte used. These findings suggest that ionic strength plays
a more significant role in determining the current throughput of the electrolytic
system than the specific electrolyte composition, within the range of electrolytes

investigated in this study.
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FI1GURE 2.2: Current throughput over time for various electrolytes at different
ionic strengths under a constant applied potential of 6 V. The current response
is primarily dependent on the ionic strength, with electrolytes at 10 mmol L~!
(NaCl, NagSO4, NaHCOs3, and NaH2PO,4) and those at lower ionic strengths
(NaHCO3 and NapSOy4 at 1 mmol L~1).

The inactivation kinetics of E. coli followed a logarithmic decay pattern, as evidenced
by the linear relationship between the logarithm of the viable CFU ml! and
treatment time (Fig. 2.3). This trend was consistent across the three electrolytes
tested (NaHCO3, NaH,POy4, and NaySOy) at ionic strengths of 1 mmol L™, The
logarithmic decay suggests that the inactivation process adheres to first-order
kinetics, with the rate of bacterial deactivation proportional to the remaining active

population.

Notably, the inactivation efficiency was comparable among the three electrolytes,

despite their different chemical compositions. However, additional tests using
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sodium chloride (NaCl) as the electrolyte resulted in a 6-log scale deactivation of
the E. coli in the first 10 minutes (the data are not included in Fig. 2.2 as the
concentrations drop to zero within 10 minutes so are not clearly represented on
a logarithmic scale). The distinct efficacy using Cl™ as the electrolyte anion can
be attributed to the generation of chlorine species during the electrolysis process.
Chlorine is a well-known disinfectant that enhances the bactericidal activity of
the system. When sodium chloride undergoes electrolysis, chloride ions (Cl")
are oxidized at the anode, forming chlorine(Cly), hypochlorous acid (HOCI) and
hypochlorite ions (OC1 "), which are potent antimicrobial agents. The presence of
these chlorine species in the NaCl electrolyte solution contributes to the increased

inactivation of E. coli compared to other electrolytes.

This observation indicates that the primary factor governing the inactivation process
is the electrochemical generation of bactericidal species, such as reactive oxygen
species (ROS) and other oxidants, rather than the specific electrolyte used. The elec-
trolytes containing carbonate (HCO3 ), phosphate (HyPO, "), and sulfate (SO,*")
anions exhibited similar E. coli inactivation rates, as demonstrated by the parallel
lines in Fig. 2.3. These anions do not directly contribute to the formation of bacte-
ricidal species during electrolysis. Instead, their primary function is to maintain
the ionic strength and conductivity of the solution, ensuring efficient operation of

the electrochemical cell.
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FIGURE 2.3: Inactivation kinetics of E. coli in the presence of different electrolytes
(NaHCO3, NaHPO,, and NagSOy) at ionic strengths of 1 mmol L~! by applying
constant current of 10 mA across two electrodes setting.

The effect of ionic strength on the inactivation kinetics of E. coli was further
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investigated using NaHCOj3 as the electrolyte. As depicted in Fig. 2.4, the inac-
tivation efficiency significantly improved when the ionic strength was increased
from 1mmol L™! to 10 mmol L™, At 1mmol L~! ionic strength, a 1-log reduction
in F. coli concentration was achieved after 60 minutes of treatment, while at
10mmol L™, a 2-log reduction was observed within 20 minutes. Interestingly, at an
ionic strength of 100 mmol L=!, no appreciable inactivation was detected throughout

the experimental duration.

To elucidate this phenomenon, the potential at the working electrode was examined
for each ionic strength condition. At 1mmolL~! ionic strength, the potential
exceeded 10 V (the upper limit of the instrument), while at 10 mmol L™}, the
average potential was approximately 6.5 V. In contrast, at 100 mmol L~ ionic
strength, the average potential was only 3 V. The lower potential observed at
100 mmol L™ is likely insufficient to drive the water electrolysis reactions ((2.1)
and (2.2)), resulting in diminished inactivation efficacy compared to the higher
potentials attained at 1 mmol L= and 10 mmol L™! ionic strengths. These findings
support our hypothesis that the generation of reactive oxygen species (ROS) at the
electrode surfaces is the primary contributor to E. coli inactivation, irrespective of

the anion type.
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FIGURE 2.4: (Left) Inactivation kinetics of E. coli in the presence of NaHCO3 elec-
trolyte at various ionic strengths (1 mmol L=, 10 mmol L™, and 100 mmol L ~1)
at the constant current of 10 mA in two-electrode configuration. (Right) Poten-
tials at the working electrode as a function of time (chronopotentiometry) for
NaHCO3 electrolyte at different ionic strengths (1 mmol L~!, 10 mmol L™}, and
100mmol L™1) at the constant current of 10 mA.

The absence of a significant correlation between the anion type (except for NaCl)
and F. coli inactivation suggests that the primary inactivation mechanism is not

contingent upon the specific anion present. Instead, the deactivation process
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appears to be governed by factors such as the generation of ROS at the electrode
surface. ROS, including hydroxyl radicals (OH®), hydrogen peroxide (H50,), and
superoxide anions (O9® "), are produced during water electrolysis and possess potent
antimicrobial properties. The consistent inactivation patterns observed across
various electrolytes indicate that the ROS-mediated inactivation mechanism is
predominant and independent of the anion type. Additional explanations for F.
coli deactivation include localized pH changes at the electrode surface due to water
electrolysis and direct electroporation of the bacterial cells at the electrode surface,

leading to cell membrane damage and lysis.

2.4.2.3 Achieving higher current throughout via three-electrode opera-

tion

This section delves into the comparative analysis between three-electrode and two-
electrode configurations in the electrochemical treatment of water, emphasizing the
superiority of the former in achieving higher current throughput, a critical factor
in effective water purification processes. Electrolysis experiments were conducted
using both configurations in water having similar ionic concentrations to that
found in typical potable water, and the resultant currents at varying applied
potentials were meticulously compared. Both configurations exhibited a consistent
trend: an escalation in potential led to an increased current, conforming to Ohm’s
law. However, the three-electrode arrangement outperformed its two-electrode

counterpart by generating substantially higher currents at equivalent potentials.

The enhanced performance of the three-electrode system is attributed to the poten-
tiostat’s ability to compensate for the voltage drop across the solution resistance
(iR drop). While both configurations experience this voltage drop due to solution
resistance, the three-electrode arrangement, coupled with the potentiostat’s negative
feedback circuitry, actively corrects for these losses. The reference electrode provides
a stable potential reference point, allowing the potentiostat to adjust the applied
voltage to maintain the desired potential at the working electrode despite solution
resistance effects. In contrast, the two-electrode system lacks this compensation
mechanism, resulting in an effective potential at the working electrode that is
lower than the applied potential due to uncompensated solution resistance. The
placement of the reference electrode near the working electrode helps minimize

the resistance between these electrodes, enabling more accurate potential control.
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Fig. 2.5 shows the current throughput through the chronoamperometry graph of
10mmol L= NaHCOs5 at constant 6 V applied potential with respect to the counter
electrode and Ag/AgCl reference electrode, in two-electrode and three-electrode
arrangement, respectively. The average current throughput of the three-electrode
arrangement is much higher at 110 mA, while the two-electrode arrangement shows

moderate current throughput at 18 mA.
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F1GURE 2.5: Chronoamperometry graph of 10 mM NaHCOg3 at 6 V applied
potential with respect to the counter electrode (black solid line, two-electrode
arrangement) and with respect to Ag/AgCl reference electrode (blue dashed line,
three-electrode arrangement).

To investigate the impact of the higher current throughput in three-electrode
systems on water treatment efficacy, the F. coli inactivation performance of the
three-electrode arrangement was compared to that of the two-electrode arrangement
mentioned in the Section 2.4.2.2. Fig. 2.6 presents representative experiments of E.
coli inactivation in NaHCO3 and NaySO, solutions at constant ionic strength and
applied potential. In the three-electrode arrangements, every experiment achieved
a 6-log reduction in E. coli within the first 5 minutes (Fig. 2.6, top), and even a
1-log reduction within the first minute (Fig. 2.6, bottom). This is an improvement
over two-electrode configuration which only achieve modest 2-log reduction over
20 minutes (Fig. 2.4 (Left), red line). An examination of the chronoamperometry
and chronopotentiometry data reveals a much higher current throughput (50 to 100
mA) in the three-electrode settings compared to the two-electrode settings. This

observation leads to the hypothesis that the inactivation efficacy is a function of
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the applied current, with higher currents resulting in more rapid and extensive

bacterial inactivation.
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FIGURE 2.6: (Left) Inactivation kinetics of E. coli in the presence of NaHCOs3
and NaySOy4 at 10mmol L~! ionic strength at the constant applied potential of
6 V with respect to the Ag/AgCl reference electrode in three-electrode setup.
(Right) Chronoamperometry (black solid line) and chronopotentiometry (red
dashed line) of the same experiment.

2.4.3 Identification and quantification of hydroxyl radical
generated from water electrolysis in three-electrode

operations

The electrochemical inactivation of E. coli is a complex process that involves the
generation of various oxidants during water electrolysis. Among these oxidants,
hydroxyl radicals (OH®) are considered to play a pivotal role in the bacterial
inactivation process. To better understand the mechanisms underlying electrochem-
ical disinfection, it is essential to identify and quantify the oxidants generated,

particularly the OH® radicals.
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The hypothesis of OH® formation was a central focus of this study, investigat-
ing its role in the electrochemical inactivation process. Hydroxyl radicals are a
highly reactive species with a short lifetime, making their direct detection challeng-
ing. To overcome this obstacle, an indirect approach was employed, utilizing the

decomposition of dimethyl sulfoxide (DMSO) as a probe for OH® quantification.

Nuclear magnetic resonance (NMR) spectroscopy was employed for the precise
measurement of the sulfone formation. NMR is a powerful analytical technique
that provides detailed structural information and enables the quantification of
specific compounds in a mixture. The electrolyte solution containing DMSO was
subjected to electrochemical treatment, and the samples were collected at various

time intervals for NMR analysis.

DMSO is known to react selectively with OH®, and the resulting "H-NMR peaks
were confirmed to be dimethyl sulfone as a stable product.* By monitoring the
formation of the sulfone, it was possible to indirectly quantify the OH® generated
during the electrochemical process. Fig. 2.7 shown the time-dependent change of
DMSO to dimethyl sulfone (DMSO,) over the experiment timescale.
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FIGURE 2.7: '"H-NMR spectra of DMSO and dimethyl sulfone (DMSO3) over time
for the electrolysis of 10 mM NaHCOj3 under galvanostatic mode at 30 mA. The
original concentration of DMSO prior the electrolysis being 3.5 x 10™4mol L~!.

The reaction between DMSO and OH® was reported to be under first-order kinetics
with respect to DMSO and OH®.® The derivation used in this chapter is as follows
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d[DMSO]

——— = K[DMSO)[OH"] (2.3)

Reaction rate = —
Assuming [OH®] produced (concentration of OH® produced) is constant over the

experiment time, then

d[DMSO]

Daiso] ~ MOl (2.4)

And integrate of both sides of the equation to obtain

[DM SO,

(DMso). = ~Hlo (2.5)

In
A plot the ratio between [DM SO]; (concentration of DMSO at time t) and [DM SO,
(initial concentration of DMSO) over time (seconds) gives a slope of —k[OH®|,
with the kinetic constant (k) between DMSO and OH® reported to be 7.1 X
10° Lmol ! s~1.5% The correlation between time and the natural logarithm of DMSO

concentrations is shown in Fig. 2.8.
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FI1GURE 2.8: Correlation graph between natural log of the concentration of
DMSO over time for electrolysis of 10mmol L~! NaHCO3 under galvanostatic
mode at 30 mA.



62 2.4. Results and discussion

The NMR spectra of the treated samples revealed the presence of the sulfone, con-
firming the generation of OH® during the electrochemical process. The intensity of
the DMSO signal was found to decrease with treatment time, indicating a higher con-
centration of OH® being produced. By comparing the degradation of DMSO signal
intensity over time, it was possible to quantify the OH® generated. The calculated
OH® concentration (ranging from 1 x 107! to 5 x 107! mol L.™!), was comparable to
previous other quantification methods using fluorescence compounds.”™® To further
investigate the factors influencing OH® generation, the relationship between the ap-
plied current and the OH® concentration was examined across different electrolytes,
as shown in Fig. 2.9. The results suggest that the choice of electrolyte does not
have a strong effect on the generation of OH® during the electrochemical water
treatment process. This finding implies that the applied current is the primary

factor governing the production of OH®, regardless of the specific electrolyte used.

51014 ®  NaHCOg 10 mM -
NaHCO,, 1.0 mM m =
1| = Na,$0,,33mM
4x107%— NaH,PO,, 10 mM = " -
‘Tw - .
= 3x107—
T =
O, 2x107= s "=
T [ ]
1x107"4=
C L] I L] I T I 1 I
0.0 2.0x102  4.0x102 6.0x102  8.0x107
ilA

FIGURE 2.9: Correlation graph between calculated OH® concentrations and
applied current for various electrolyte types and concentrations.

The NMR analysis confirmed the presence of OH® and suggested potential rela-
tionships between hydroxyl radical generation and FE. coli inactivation. The data
indicated a positive correlation between the quantity of OH® generated and bacte-
rial inactivation rates, where samples with higher measured OH® concentrations

generally showed faster inactivation of E. coli cells.
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Other oxidant species, including hydrogen peroxide (HyOs) and ozone (O3), may
also play important roles in the inactivation process. While this study focused
primarily on OH®, future work could investigate the relative contributions of these

additional oxidants and potential synergistic effects in bacterial inactivation.

In summary, the analysis of DMSO decomposition using NMR spectroscopy enabled
successful identification and quantification of OH® generated during water electroly-
sis. The findings suggest OH® may be an important factor in the electrochemical
inactivation of F. coli. This improved understanding of potential disinfection mech-
anisms could help inform the optimization of electrochemical treatment systems,
although further research is needed to fully elucidate the relative importance of

different oxidant species.

2.4.4 Comparative analysis of platinized titanium electrode

longevity and cost against alternative materials

This section presents a comprehensive comparison of various electrode materials for
water treatment applications, analyzing their properties, advantages, and limitations
against platinized titanium electrodes. The mechanism of water treatment typically
involves initial water discharge at anode active sites (M), producing adsorbed hy-
droxyl radicals (M(OH®),qs). These radicals facilitate organic pollutant destruction
in aqueous solutions, competing with side reactions that form dioxygen, as de-
scribed by Comninellis.” Electrodes can be categorized as either active or non-active
based on their mechanism of action during electrochemical oxidation processes.’
Active anodes involve surface changes during oxidation, with oxygen atoms forming
covalent bonds with the anode surface. In contrast, non-active electrodes maintain
surface stability and function primarily as electron transfer sites without direct
participation in anodic oxidation reactions. Non-active anodes, such as boron-doped
diamond, Ti4O7 and noble metals electrode (such as platinized titanium used in
this work), are particularly efficient in advanced oxidation processes due to their

capacity to generate hydroxyl radicals and secondary oxidants.!%!!

The criteria used to determine the electrode longevity include:

e Physical stability and resistance to mechanical wear
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e Chemical stability and corrosion resistance
e Maintenance of disinfection efficacy over time

e Operational lifespan under standard conditions

2.4.4.1 Alternative electrode materials

Pure platinum electrodes These electrodes exhibit excellent electrical conduc-
tivity and remarkable catalytic capabilities with superior corrosion resistance. Their
low oxygen evolution potential makes them particularly effective for water treat-
ment applications, as demonstrated by Brillas et al. in dichlophenac mineralization

studies.'? However, their high cost and low abundance limit widespread adoption.

Boron-doped diamond (BDD) electrodes BDD electrodes offer superior
stability compared to conventional diamond electrodes and demonstrate high elec-
trocatalytic activity with excellent chemical durability. While they exhibit the
highest overpotential and require minimal maintenance, their complex prepara-
tion through chemical vapor deposition and associated costs restrict large-scale

implementation.'?

Mixed metal oxide (MMO) electrodes MMO electrodes present an economical
alternative to BDD electrodes, offering enhanced stability compared to graphite
electrodes and suitability for high current density applications. However, their

stability and longevity characteristics do not match BDD standards.!?

Graphite/carbon-based electrodes These electrodes feature extensive surface
area and strong adsorption characteristics at relatively low cost. Their primary

limitations include susceptibility to surface oxidation and scaling effects.!?

Titanium suboxide electrodes While titanium dioxide exhibits poor conductiv-
ity, substoichiometric titanium oxide demonstrates enhanced conductivity. Magneli

phase titanium has proven stable as an anode material, utilizing higher oxygen
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evolution potential for hydroxyl radical production. These electrodes can be fabri-
cated through various methods including CVD, coating, magnetron sputtering, and

sol-gel processes.

Platinized titanium electrodes These electrodes combine platinum’s benefits
with titanium’s structural integrity, offering high electrical conductivity, mechanical
strength, and non-toxicity. Research by Zambrano and Min has demonstrated their
effectiveness in phenol oxidation, with increased COD removal at higher current
densities. They show particular promise for treating low biodegradability effluents

and toxic materials.™

2.4.5 Scalability and integration with renewable energy

sources

The development of effective water treatment systems requires careful consideration
of scale and complexity. Traditional approaches to water treatment typically fall
into two categories: point-of-use systems for small-scale applications and centralized
facilities for large-scale industrial treatment. While large-scale systems employ
comprehensive multi-step processes including coagulation, flocculation, sedimen-
tation, and advanced filtration to achieve potable water standards, small-scale
systems often rely on simpler, passive treatment methods such as basic filtration

and precipitation.!?

Small-scale water treatment systems for remote applications face unique chal-
lenges. These include limited resource availability, energy constraints, and the
risk of compromised water quality when simplifying treatment processes.'® Current
research highlights a significant gap in developing systems that can produce high-
quality potable water while maintaining a small footprint and minimal resource
requirements.'” The development of such systems is particularly crucial for remote

communities without access to centralized water treatment infrastructure.

Electrochemical water treatment methods offer a promising solution to these chal-
lenges. These systems can effectively eliminate pathogens and chemical contami-
nants without requiring additional reactive chemicals or high-pressure conditions.

However, several engineering challenges must be addressed,'® 2! including:
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Electrode fouling and degradation

Power control requirements

System robustness across varying water qualities

Optimal electrode configuration and placement

The findings from this study suggest that a three-electrode system utilizing platinized
titanium electrodes could provide a viable solution for small-scale water treatment.
The replacement of conventional two-electrode power supplies with miniaturized
potentiostats enables effective bacterial inactivation even with readily available

electrode materials. This approach offers several advantages for remote applications:

Improved control over the treatment process through precise potential regula-

tion

Efficient operation at low electrolyte concentrations

Compatibility with renewable energy sources

Simple maintenance through easily replaceable electrodes

The potential integration with renewable energy sources, such as solar panels
or small-scale wind turbines, makes this system particularly suitable for remote
locations lacking reliable grid power. Furthermore, the system’s ability to operate
effectively with minimal infrastructure requirements addresses many of the challenges

typically associated with remote water treatment applications.

These findings contribute to bridging the research gap between large-scale water
treatment facilities and small-scale point-of-use systems, offering a potential pathway
for providing safe drinking water in remote or resource-limited settings. Future
development should focus on optimizing system design for specific deployment
scenarios and further evaluating long-term performance under varied environmental

conditions.
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2.5 Conclusion

In this chapter, the feasibility of using platinized titanium electrodes for the
electrochemical inactivation of Escherichia coli in water was investigated. The
study aimed to elucidate the mechanisms underlying the disinfection process and

identify the key factors influencing the inactivation efficiency.

The inactivation of E. coli in various electrolyte solutions followed a logarithmic
decay pattern, with no significant differences observed among the electrolytes tested,
except for sodium chloride. The enhanced bactericidal activity in the presence of
NaCl was attributed to the generation of chlorine species. The consistent inactivation
patterns across various ionic strengths and bacterial concentrations suggest that
the primary mechanism of deactivation is ROS-mediated and independent of the

specific anion present in the electrolyte.

The comparative analysis between three-electrode and two-electrode configurations
revealed the superiority of the three-electrode system in achieving higher current
throughput, a critical factor in effective water purification processes. The enhanced
performance of the three-electrode system was attributed to its significantly lower
internal resistance, facilitated by the inclusion of a reference electrode with a stable

potential.

The identification and quantification of hydroxyl radicals generated during water
electrolysis were successfully achieved through the analysis of DMSO decomposition
using NMR spectroscopy. The findings underscore the crucial role of hydroxyl
radicals in the electrochemical inactivation of E. coli. A strong correlation was
observed between the quantity of hydroxyl radicals generated and the degree of

bacterial inactivation achieved.

In conclusion, this study demonstrated the feasibility of using platinized titanium
electrodes for the effective inactivation of E. coli in water through electrochemical
processes. The insights gained into the mechanisms of disinfection, the influence
of different electrolytes, and the role of hydroxyl radicals contribute to a better
understanding of the electrochemical water treatment process. These findings have
several potential practical applications, particularly in small-scale water treatment
systems for remote communities. The demonstrated effectiveness at low electrolyte

concentrations suggests possible implementation in treating natural water sources
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without chemical additives, while the rapid disinfection rates observed in the

three-electrode system could be valuable for point-of-use water purification devices.

However, several limitations of this study should be acknowledged. The experiments
were conducted under controlled laboratory conditions using a single bacterial strain,
and real-world applications would need to address more complex microbial com-
munities and varying water qualities. Additionally, while the study demonstrated
effective bacterial inactivation, it did not address the removal of other potential
contaminants such as viruses, protozoa, or chemical pollutants. The scalability
of the three-electrode system, while promising in terms of performance, may face
practical challenges in field implementation due to the complexity of maintaining

reference electrode stability in continuous operation.

Experiments in three-electrode mode indicate that fast disinfection is feasible even
at low electrolyte concentrations, meaning that electrochemical disinfection may
be carried out in natural waters without the need of added electrolytes under
potentiostatic or galvanostatic control. This finding has particular relevance for
developing portable water treatment systems, though further research is needed to

optimize the design for practical deployment.

Additionally, while this study demonstrated effectiveness against E. coli as a model
organism, future research should examine the system’s performance with more
complex microbial communities. This could include testing against mixed bacterial
populations commonly found in natural water sources, as well as investigating the
system’s efficacy using real potable water samples spiked with various microorgan-
isms. Such studies would better reflect real-world conditions and provide valuable
insights into the system’s practical effectiveness. Particular attention should be paid
to potential variations in disinfection efficiency across different bacterial species, as
well as any selective pressure that might arise during the treatment process. This
expanded testing would help validate the technology’s applicability for real-world
water treatment scenarios and identify any limitations or necessary modifications

for treating diverse microbial populations.
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3.1 Abstract

Two new techniques for analyzing Praziquantel (PZQ), an effective antiparasitic
drug used in fresh and saltwater aquariums, were optimized and compared. One
method was based on voltammetry and one method used gas chromatography
combined with mass spectrometry (GC-MS), although both procedures utilized
the same sample pretreatment strategy for saltwater samples which involved the
PZQ being quantitatively transferred into acetonitrile using solid phase extraction.
GC-MS analysis led to lower limits of detection (0.16 pmol L™!) and quantification
(0.48 umol L™1) compared to voltammetry, although both methods gave acceptable
quantification for levels of PZQ > 2.5 pmol L=!. GC-MS is preferred for the most
accurate determination, but voltammetry may provide a cost-effective alternative

for detecting PZ(Q where on-site testing is required.

3.2 Introduction

Praziquantel (PZQ), also known as 2-(cyclcohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-
4H-pyrazino [2,1a] isoquinolin-4-one, is a synthetic drug that was discovered by Bayer
in the 1970s. It is one of the most commonly used anthelmintic drugs in medicine
with strong efficacy against a broad range of cestodes (tapeworms) and trematodes
(flukes).! The exact mechanism of its functionality is largely unknown, with the
leading hypothesis suggesting that PZ(Q may have multiple pharmacologically
relevant targets and the effects on these may synergize through protein-protein
interactions to produce an overall detrimental effect on the parasite.? As PZQ is
effective amongst a wide range of hosts, it has also found applications in veterinary
science, especially in aquaculture.® With the wide consumption of PZQ, it would
be beneficial to develop a method that could easily determine the PZQ content in

aquatic environments rapidly and accurately.

The accurate detection and quantification of active pharmaceutical ingredients
(APIs), PZQ included, represents critical aspects of analytical chemistry research,
development, and quality control. Accurate API detection and quantification
methods are essential in surveillance and regulatory compliance. In recent years,
advancements in analytical techniques and instrumentation have led to more sophis-

ticated and sensitive methods for API detection and quantification, contributing
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significantly to analytical chemistry research. Previous review articles can be at-
tributed to the different approaches of detection of APL.* ! Recent studies have

12,13 modi-

demonstrated successful API detection using carbon-based electrodes,
fied glassy carbon electrodes,'* and screen-printed electrodes.'® 7 Previous review

articles can be attributed to the different approaches of detection of API.

Various methods have been developed to determine the PZ(Q content in different
matrices, including high performance liquid chromatography (HPLC),'%! liquid

20,21 near infrared

chromatography with tandem mass spectrometry (LC-MS/MS),
spectroscopy (NIS),?* and capillary electrophoresis (CE).?* Electrochemical methods
are also attractive since they have simpler less expensive instrumentation that can
be portable. However, although electrochemical methods offer good sensitivity
and simpler instrumentation, they often suffer more interference problems than
chromatography methods,?* 2% therefore, the exact method that is used will depend

critically on the complexity of the sample matrix.

The electrochemistry of PZQ in aqueous solution was first studied by Rizk et al.
using a dropping mercury electrode under basic conditions,?* and it was proposed
that PZQ underwent reduction at the carbonyl group. The authors applied this
method to analyze spiked human urine and blood plasma without pretreatment
and obtained near identical recoveries. Another study by Ghoneim, Mabrouk, and
Tawfik proposed a single 2-electron irreversible reduction wave in acidic aqueous
conditions.?® The authors developed a voltammetric procedure based on cathodic
adsorptive stripping differential-pulse voltammetry on a hanging mercury drop
electrode. Separately, Radia and Hassanein proposed the indirect determination
of praziquantel through nitration to produce more electroactive nitro-praziquantel
derivatives.?® This method also relied on the adsorptive nature of a hanging mer-
cury drop electrode and differential-pulse techniques. Nevertheless, despite the
development of various voltammetric detection methods for the determination of
PZQ, the use of hanging mercury drop electrodes has largely been phased out due

to safety and environmental concerns over mercury use.

While all the published reports on voltammetric studies conducted on PZQ were
performed in aqueous solutions, preliminary work from the present laboratory
found that PZ(Q undergoes a chemically irreversible oxidation wave on a glassy
carbon (GC) electrode in acetonitrile (MeCN) at a relatively positive potential (vide

infra). This discovery presented an opportunity to utilize MeCN for the analysis
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medium, which offers a wide potential window for the determination of PZQ) instead
of relying solely on aqueous solutions and mercury-based electrodes, where the
oxidative response cannot be observed due to the lesser usable potential window of
water. Since PZ(Q is soluble in both aqueous solutions and organic solvents, the
application of solid-phase extraction (SPE) for PZQ determination addressed the
issue of the solvent background response in aqueous solutions.?”?® Furthermore, this
extraction method simultaneously eliminates water-soluble interferences present in
the sample solution while achieving excellent selectivity. Hence, the present chapter
focuses on investigating and optimizing a voltammetric method that employs MeCN
as the solvent medium for the quantitative determination of PZQ extracted from
fresh and saltwater samples and comparing the results with that from GC-MS

analysis on the same SPE treated samples.

3.3 Materials and methods

3.3.1 Chemicals

PZQ (CRS Grade) was obtained from United State Pharmacopeia. MeCN and
methanol used in all experiments were either high-performance liquid chromatog-
raphy or analytical reagent grades. Purified water, with a resistivity > 18 M(2 cm,
was obtained from an ELGA Purelab Option-Q system. Tetrabutylammonium
hexafluorophosphate (n-BuyNPFg) was used as the supporting electrolyte for elec-
trochemical experiments and was prepared following a literature procedure®” by
reacting equimolar amounts of aqueous solutions of n-BuyNOH (40%, Alfa Aesar)
and HPFg (65%, Fluka), washing the white precipitate with water until the pH was
neutral, recrystallizing three times from hot ethanol and drying under vacuum at
413 K for 6 h. Artificial saltwater was prepared by dissolving the correct amount of
Blue Treasure™aquarium salt. Aquarium saltwater was obtained courtesy of S.E.A.

aquarium, Singapore.

3.3.2 Sample preparation and PZQ extraction

Samples of PZQ dissolved in artificial freshwater and artificial saltwater were

prepared by dissolving the correct solid amount of PZQ in aqueous solutions. Oasis
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Hydrophilic-Lipophilic Balanced Copolymer (HLB) SPE cartridges (6 mL, 500 mg
sorbent, 60 pm pore size) were used to extract PZQ from simulated solutions in
a similar procedure used previously to extract caffeine®” and capsaicinoids®® from
foods and beverages.?”?® The 5-step extraction procedures involved conditioning,
equilibrating, sample loading, washing, and eluting. The cartridge was conditioned
with methanol (6 mL) and equilibrated with water (6 mL). The sample solution
(100 mL) was loaded into the cartridge and subsequently washed with water (6 mL).
MeCN (10mL) was used to elute PZQ from the cartridge into a vial containing
preweighed supporting electrolyte (388 mg). After each step, air was pushed through
the cartridge to remove any excess solvent. The concentration of PZ(Q) in the
eluted solution was 10 times the sample solution through this process (verified
by performing PZQ recovery tests on the PZQ procedure). The SPE protocol
procedure and steps are summarized in Figure 3.1. For consistency, the GC-MS
and electrochemical analysis of all samples was performed after they had undergone

the SPE procedure, without the last step of preweighed supporting electrolyte..

3.3.3 Instrumentation

GC-MS analysis was performed on an Agilent 7890A gas chromatography system
coupled with an Agilent 5975C mass spectrometer. A ZB-5MS Guardian (THG-
G010-11-GGA) column (30 m x 0.25 mm x 0.25 pm) was used for chromatography.
Initial oven temperature of 50°C was maintained for 1 min and then increased
to 300°C at a rate of 20°Cmin~" followed by holding at 300°C for 5min. The
injection size was 2L in split (4:1) mode. Helium (high purity grade, 99.999%,
Leeden National Oxygen) was used as the carrier gas (1.2mLmin"'). The injector
temperature was set at 200 °C, while the MS transfer line temperature was set at
280 °C. The MS source temperature was set to 230 °C and the MS quad temperature
was set to 150°C. The electron impact (EI) mode was set to 70 eV for sample
ionization. The mass spectrometer acquisition parameter was set to SCAN mode
(m/z: 20.00 — 350.00) for the preliminary analysis and SIM mode (m/z: 55.00, 83.10,
132.00, 145.00, 173.10, 181.10, 185.10, 201.10, and 312.20) for the quantification.

All voltammetric experiments were carried out using a Metrohm Autolab PG-
STAT302N potentiostat controlled by NOVA software. Voltammetry experiments

in MeCN were conducted in a three-electrode cell configuration. A 3 mm diameter
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OASIS HLB SPE column
(500 mg /6 mL)

Activation
6 mL methanol

\ 4

Equilibrating
6 mL ultrapure water

\ 4

Sample loading
100 mL

\ 4

Washing
6 mL ultrapure water

\ 4

Eluting
10 mL acetonitrile

\ 4

Chromatographic
and electrochemical
analysis

FIGURE 3.1: Solid-phase extraction protocol of PZ(Q in freshwater and saltwater

circular glassy carbon electrode was used as the working electrode, a platinum wire
as the auxiliary electrode, and a miniature silver wire connected to the test solution
via a salt bridge containing 0.5mol L™ n-BuyNPFg in MeCN was used as the
reference electrode. voltammetric experiments were performed in MeCN containing
0.1mol L™! n-BuyNPFg as the supporting electrolyte at 22°C in a Faraday cage.
Potentials were calibrated using ferrocene (Fc) as the internal standard. Cyclic

1 while square-wave

voltammograms (CVs) were obtained at a scan rate of 0.1V s~
voltammograms (SWVs) were recorded with a pulse period of 25 Hz, potential step

of 2mV, and pulse amplitude of 50 mV which had been optimized to obtain the
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best peak shape and peak height.

3.3.4 Validation and statistical analysis

To evaluate the effectiveness of both methods in quantifying PZQ from samples
taken from both artificial freshwater and artificial saltwater sources, a comprehensive
validation process was undertaken. This validation encompassed key parameters
such as target specificity, linearity, detection limits, precision, repeatability, and
accuracy. The GC-MS method was validated and established as the reference

standard against which the electrochemical results were compared.

Given the intricacies of sample extraction, linearity assessments were conducted
based on three replicates for the GC-MS method and seven replicates for the elec-
trochemical method. The calibration curves were established using the internal
standard method, where known concentration of the analyte is spiked, and subse-
quent measurements were taken. PZQ standard solutions were prepared from CRS
grade PZQ obtained from United State Pharmacopeia to serve as the analytical
standard. Each calibration point was analyzed in triplicate injection for the GC-MS
method and measured seven independent times by the electrochemical method.
The concentration levels used to construct the analytical curves was 1.6, 3.2, 6.4,
12.8, 19.1, 25.5, and 31.8 pmol L' for GC-MS method (0.5 — 10 ppm equivalent),
and 5.0, 10.0, 15.0, 20.0, 25.0, and 30.0 pmol L=! for electrochemical method. This
ensured sufficient statistical sampling to reliably construct the standard addition

calibration curves.

The determination of method detection and quantification limits relied on an ICH
method based on standard deviation. The calibration curve enabled estimation
of the minimum PZQ concentration that could be detected and quantified with
acceptable accuracy. The detection limit was calculated to be 3.3 times the standard
deviation of response over the slope of the calibration curve, and the quantification
limit was calculated to be 10 times the standard deviation of the response over
the slope of the calibration curve, based on the ICH Guideline: Validation of
Analytical Procedures Q2(R1).2° The precision was evaluated by calculating the
pooled standard deviation across measurements, while accuracy was assessed by
comparing the measured values to the declared concentrations of reference materials.

Intermediate precision assessments were conducted over random experimental days.
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Precision, accuracy, and intermediate precision measurements were carried out with
three replicates for various concentration ranges (12.7 and 25.5 pmol L= for GC-MS
method, and 10.0, 15.0, 20.0 pmol L™ for electrochemical method), all performed
by the same analyst on the same day within the same batch, thereby demonstrating

within-run variation for routine applications.

To compare the performance of the GC-MS method and the electrochemical method,
paired comparison of means between the results utilizing Student’s t-test (p<0.05)

and F-test at 15.0 pmol L~ were employed as chosen methods for this assessment.3!

3.4 Results and discussion

GC-MS is the most reliable and accurate quantification method for many low
molecular weight species dissolved in organic media, so it was adopted as the
gold standard identification and quantitative determination of PZQ in MeCN. The
experimental mass fragmentation of praziquantel was identified to be m/z 55, 83.1,
132.1, 145, 173.1, 181.1, 185.1, 201.1, 312.2 and 99% matched with the National
Institute of Standards and Technology (NIST) library,®? as shown in Figure 3.2.

3.4.1 GC-MS optimization

The GC-MS procedure was optimized to obtain the target specification as shown in
Table 3.1 . The specifications were established based on the International Conference
on Harmonization of Technical Requirements For Registration Of Pharmaceuticals
For Human Use — Validation Of Analytical Procedures: Text And Methodology
(ICH Q2 (R2)).3® GC-MS coupled with purge and trap was unable to directly extract
the PZQ from the aquarium water matrix because PZQ is a non-volatile compound
with a melting point around 135°C. According to United States Environmental
Protection Agency, volatile compounds are compounds that convert to vapor readily
at normal atmospheric pressure and temperature. Typically, solid compounds with

melting points below 70 °C are considered volatile.

Direct injection of the simulated saltwater containing PZQ was not considered
because of the likely clogging of the GC inlet with the very high concentration

soluble salts that would also harm the column. Hence, the sample extraction via
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FIGURE 3.2: (top) Chromatograms obtained from samples containing different
concentrations of PZQ in MeCN (16 pM, 32 pM, 64 pM, 0.13 mM, 0.19 mM, 0.25
mM, 0.32 mM). (top, Inset) Calibration plot of PZQ peak height with increasing
concentration. (bottom) Mass spectrum obtained from the sample containing
0.32 mM PZQ.

the SPE treatment as shown in Figure 3.1 was adopted, enabling the GC-MS and
electrochemical results to be directly compared. The column used is a mid-polar
column, while a DB-Wax polar column that was also tested was found to be unable
to detect PZQ from the extracts. An increase sample injection volume from 1 uL

to 2 nLL showed an increased sensitivity without traces of peak saturation.

3.4.2 Cyclic voltammetry and square wave voltammetry of
PZQ

The electrochemical behavior of PZQ was initially explored in aqueous media. While

PZQ exhibits limited solubility in water compared to organic solvents,'” square
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TABLE 3.1: Target specification for PZQ detection and quantification
using GC-MS and electroanalysis method.

cient of linearity

calibration curve

Specification pa- | Target value GC-MS results Electrochemistry
rameters results
Specificity Absence of interfer- | No interference ob- | No interference ob-
ence served. The single | served.

peak has 99% sim-

ilarity with the li-

brary data.
Linearity At Teast 0.95 coeffi- | 0.9902 for method | 0.9776 for method

calibration curve

Limit of detec-

Signal to noise = 3

MDL =

MDL =

Within 95% confi-
dence interval

confidence interval

tion 0.16 pmol L1 0.87 pmol L1

and IDL =

0.32pumol L1
Limit of quantifi- | 3 times signal to | MDL = | MDL =
cation noise 0.48 pmol L1 2.61 pmol L1

and IDL =

0.72 pmol L1
Precision Within 5% stan- | Within 5% stan- | Within 5% stan-

dard deviation dard deviation dard deviation

Repeatability Within 5% relative | SD and RSD are | SD and RSD are
test standard deviation | less than 5% at 95% | less than 5% at 95%

confidence interval

Intermediate pre-
cision

Within 10% stan-
dard deviation
Within 10% relative
standard deivation
Within 95% confi-
dence interval

Pooled RSD at 95%
confidence interval
covering the whole
working range is

7.70%

Pooled RSD at 95 %
confidence interval
covering the whole
working range is
7.14%

Accuracy

80% to 120% of de-
clared content

Between 84% to
108% across work-
ing range

Between 80% to
120% across the
working range

MDL: Method Detection Limit; IDL: Instrument Detection Limit; MQL: Method
Quantification Limit; IQL: Instrument Quantification Limit

wave voltammetry enabled its successful detection. As shown in Figure 3.3, a
distinct oxidation peak for PZQ was observed at 0.175 V vs. Ag/AgCl in phosphate
buffer solution (PBS). Further investigation revealed that the detectability of PZQ
is pH dependent. Notably, lower pH values resulted in an increased peak current
(6 current), as illustrated in Figure 3.4. This suggests that pH influences the

electrochemical oxidation process of PZQ).

Nevertheless, although PZQ could be detected in aqueous PBS buffer, it was found
that artificial seawater samples suffered from major interference due to the oxidation
of chloride, resulting in poor electrochemical quantification. Therefore, electrochem-
ical experiments were shifted towards organic solvents where PZQ exhibit good
solubility, suitable for electrochemical analysis. Acetonitrile was chosen due to its
wide potential window and high dielectric properties. In addition, the n-Buy;NPFg

electrolyte was selected for its compatibility with the wide potential window and
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FIGURE 3.3: Square wave voltammogram obtained from samples containing

16 pmol L=! (5 ppm) of PZQ (blue) compared to blank (black) in pH 5 citrate
buffer

its inert nature, and it is commonly used in non-aqueous electrochemistry exper-
iments. Notably, previous studies that investigated PZ(Q in aqueous solutions
recommended the use of a high-density mercury drop electrode (HDME) for better

surface cleanliness.?426

In the initial experimental phase, the oxidation of 1 mM PZQ in acetonitrile con-
taining 0.1 mol L~ n-BuyNPFg was examined on glassy carbon electrodes. Glassy
carbon electrodes were chosen for their electrochemical inertness and the broad
potential window they offer in acetonitrile. PZ(Q exhibited a chemically irreversible
oxidation wave, as illustrated in Figure 3.5, occurring at a relatively positive

potential of 1.6 V vs. Fc¢/Fct (where Fc = ferrocene).

3.4.3 Electrochemical detection of PZQ

To demonstrate the sensitivity of SWV for PZQ using the oxidation peak at 1.6
V vs. Fc¢/Fe+, experiments were conducted covering a concentration range of 25
M to 0.25 mM, which is similar to the PZ(Q concentrations added to aquarium
water (Figure 3.6). At these lower PZ(Q) concentrations, additional very broad peaks
were also detected at less positive potentials (ca. 0.4 — 0.8 V vs. Fc¢/Fc+), but

these did not scale uniformly with concentration and were possibly associated with
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FIGURE 3.4: Baseline-substracted d current obtained from square wave voltam-
mograms of 1 ppm PZQ in PBS buffer at different pH. Error bar obtained from
5 replicates.

weak adsorption responses and so were not used for quantification purposes. A
linear relationship was observed for the anodic peak at 1.6 V vs. Fc¢/Fc+ within
the range of 25 pM to 0.3 mM, with a good coefficient of determination (R?) of
0.991, as shown in the inset of Figure 3.6. The repeatability of the method was
demonstrated by a standard deviation of approximately 6% for seven replicates
performed between 50 pM and 0.3 mM, indicating excellent consistency within the
50 1M to 0.3 mM range.

3.4.4 Matrix effects and interference studies

The effectiveness of the SPE protocol in eliminating potential matrix interferences
was validated by analyzing PZQ in various water samples including ultrapure water,
tap water, simulated saltwater, and real saltwater samples. The results showed
excellent agreement across all matrices, demonstrating the robustness of the method.
This consistent performance can be attributed to the selective nature of the SPE
protocol, which effectively removes interfering ions and retains only the organic

compounds of interest before elution with acetonitrile.

The HLB SPE cartridge’s dual-phase chemistry allows for:
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FIGURE 3.5: (a) Cyclic voltammogram obtained from samples containing
0.1molL™! PZQ in MeCN (red) compared to blank (blue) (b) Square wave
voltammogram obtained from samples containing 1mol L=! PZQ in MeCN (red)
compared to blank (blue).

e Retention of PZQ through hydrophobic interactions while aqueous matrix

components pass through
e Complete removal of potentially interfering ions during the washing step

e Selective elution of PZQ) in acetonitrile, providing a clean sample matrix for

both GC-MS and voltammetric analysis
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FIGURE 3.6: Square wave voltammogram of increasing concentration of PZQ
on glassy carbon electrode in MeCN (0 pM, 25 pM, 50 pM, 0.1 mM, 0.15 mM,
0.20 mM, 0.25 mM). (Inset) Calibration plot of PZQ peak height with increasing
concentration. Standard deviations marked for each concentration were obtained
from 7 replicates.

Recovery studies across different water matrices showed consistent results within
84.3% to 108.0%, indicating that common ions present in various water sources
do not impact the analytical performance. This validates the effectiveness of the
sample preparation strategy in producing interference-free samples suitable for both

analytical methods.

3.4.5 Evaluation of method agreement through statistical

analysis

It is important to note that the concentrations reported in this section reflect the
original sample concentrations before SPE preconcentration, while the concentra-
tions mentioned in previous sections refer to neat samples in acetonitrile. Through
our SPE protocol, samples were concentrated by a factor of 10 (100 mL sample
to 10 mL final volume), allowing for enhanced detection sensitivity. Therefore,
while the statistical comparison was performed at 15.0 pM (referring to original
sample concentration), the actual measurements were conducted at 150 pM after
preconcentration. This concentration factor should be considered when comparing

different sections of this study.
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Statistical analysis is performed to compare the performance of the voltammetric and
GC-MS methods, specifically the accuracy of PZQ quantification. Paired Student’s
t-test are used to evaluate whether there is a significant difference between the
mean PZ(Q) concentrations quantified by each method at a spiked level of 15 pM.
The mean concentration found was 14.583 £ 0.836 nM for GC-MS and 15.317 £
0.594 pM for the electrochemical method. The t-test result (t=1.907) was less than
the critical value at the 5% significance level (t=2.447), indicating no significant

difference between the means.

An F-test was also performed to compare the variances of the results obtained
by each method. The F-test result (F=2.027) was less than the critical value at
the 5% significance level (F=4.28), suggesting no significant difference in variance
between the two methods. Both analyses indicate comparable results, as is given in
Table 3.2.

TABLE 3.2: Precision and accuracy data for the determination of PZQ by the
proposed GC-MS method and electroanalysis method

GC-MS method Electrochemical method
PZQ 15 uM  Conc. found % found Conc. found % found
(nM) (1M)
T + S.D. 14.583 £ 0.836 97.22 £ 5.74 15.317 £0.594 102.11 &+ 3.88
t-test 1.907 (2.447)
F-test 2.027 (4.280)

The values shown in parenthesis are the tabulated t-test and F-test values at
p = 0.05.3

Overall, the statistical analysis demonstrates strong agreement between the proposed
voltammetric method and the established GC-MS technique for PZQ quantification.
No significant differences are found between the methods in terms of accuracy or
precision at a 95% confidence level. This supports the validity of the voltammetric
method as a more convenient and cost-effective alternative to GC-MS for detecting

PZQ in water samples.
3.4.6 SPE coupled to voltammetry compared to non-SPE
direct voltammetric determination of PZQ

While both GC-MS and voltammetric methods have demonstrated suitable ana-

lytical performance for PZQ detection, each technique offers distinct advantages
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and limitations that make them appropriate for different applications. To aid in
method selection, Table 3.3 presents a comparison of key operational parameters
between GC-MS and voltammetric detection. The comparison considers practical
aspects such as equipment costs, analysis time, detection capabilities, portability,

maintenance requirements, and operator training needs.

The data show that while GC-MS offers superior detection limits and is well-suited
for regulatory compliance testing and research laboratories, voltammetric detection
provides advantages in terms of cost, speed, and portability that make it particu-
larly suitable for routine monitoring and field applications. These complementary
strengths suggest that the choice between methods should be guided by specific
analytical requirements, resource availability, and intended application rather than
purely analytical performance metrics.

TABLE 3.3: Cost-benefit analysis comparison between GC-MS and voltam-
metry detection of PZQ

Parameter GC-MS Voltammetric Detection
Equipment Cost High ($50,000+) Low ($5,000-15,000)
Analysis Time 20-30 min/sample 5-10 min/sample
Detection Limit 0.32 pmol 0.87 pmol
Field Deployment Not portable Portable
Maintenance Complex, expensive Simple, inexpensive
Operator Training Advanced (1-2 weeks) Basic (2-3 days)
Best For:

GC-MS: Regulatory compliance, research labs
Voltammetry: Routine monitoring, field testing

To quantify PZ(Q in real samples, an SPE technique was employed to extract PZQ
from salt and freshwater aqueous sample solutions, followed by elution using MeCN.
This change in solvent medium, from aqueous to organic, enabled the retention of
PZQ while removing unwanted water-soluble interferences and insoluble non-polar
compounds. This extraction process allowed for the quantification of the sample
using both electroanalytical and GC-MS methods. The SPE procedure exhibited
satisfactory percentage recoveries ranging from 84.3% to 108.0% when measured

using GC-MS, and these results were consistent with the voltammetric findings
(Table 3.1)

Comparing the advantages of using SPE coupled with GC-MS and SPE coupled

with voltammetric methods for PZQ determination in MeCN;, to directly injecting
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the samples into GC-MS or using voltammetric methods without any extraction

procedures, several points can be discussed.

e Detection limit: SPE coupled with the GC-MS method provides smaller
detection limits than SPE coupled with voltammetric methods (Table 3.1),
although SPE-coupled detection can be used to lower the detection limits by
concentrating the sample (injecting more solution through the SPE cartridges,
as described in this chapter). It is important to note that the PZQ dosing
range in an aquarium setting typically falls between 2.5 to 5.0 ppm (8.0 to 16.0
nM), necessitating sample preconcentration when employing voltammetric

methods for measuring aquarium samples.

e Cost of methodology: While the absolute costs are difficult to assess between
studies, it is expected that electrochemical methods are more economical than

GC-MS methods, both in terms of equipment and reagents.

e Ease of operation: Previously reported voltammetric analysis of PZQ was
typically done in aqueous solution while relying on hanging drop mercury
electrodes. While reducing the complication of sample preparation, the use
of mercury electrodes has increasingly been phased out due to toxicity and
environmental concerns. The presented method relies on SPE to allow the

electrochemical detection to be performed on a glassy carbon electrode.

3.5 Conclusions

This chapter introduces two methods for quantifying PZQ in water samples: GC-MS
and voltammetric analysis, facilitated by the SPE sample preparation. Through
SPE, PZQ present in aquarium samples can be efficiently extracted into the organic
medium, MeCN. This process effectively eliminates water-soluble interferences and
insoluble non-polar compounds. The voltammetric method for PZQ detection
demonstrates comparable accuracy to the results obtained from GC-MS. Moreover,
the extraction procedure is straightforward, while the detection process is convenient

and cost-effective compared to GC-MS.
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96 4.1. Abstract

4.1 Abstract

This chapter investigates the unique electrochemical properties of quinones and
their potential applications in COs reduction and energy storage. The primary focus
is on elucidating the behavior of quinones during controlled potential electrolysis
(CPE) experiments under inert and CO, atmospheres, assessing their viability for
energy storage, optimizing conditions for reversible electrochemical cycling, and

investigating their stability and decomposition pathways.

Preliminary studies revealed that weakly complexing quinones exhibit a positive
shift in the second reduction wave under CO,, while strongly complexing quinones
display a complete merging of the first and second reduction waves. Attempts
to use quinones as organocatalysts for the electrocarboxylation of styrene were
unsuccessful, leading to a redirection of efforts towards understanding the binding

of CO to quinones for battery applications.

CPE experiments demonstrated that reduced quinones are sensitive to further
reactions via adventitious impurities present in aprotic solvents, with attempts
leading to decomposition. The use of organic oxidants, such as phenylene diamines,
in the counter chamber helped to alleviate this issue. The chemical reversibility of
quinone redox processes was found to be better under CO5 than under Ar, likely
due to the positive shift in the second reduction potential under CO,. However,
reduction under COy followed by Ar purging led to irreversible decomposition,

contrary to previous findings.

The impact of proton/hydrogen sources on the cyclic voltammograms of quinones
was also investigated. Trifluoroethanol and diethylmalonate successfully shifted
the reduction potentials of naphthoquinone and tetrachlorobenzoquinone to more
positive values, increasing the stability of the reduced quinones-CO, adduct. How-
ever, acidification of reduced quinone species did not yield the desired formate or

methanol products.

A prototype battery was constructed based on the two-electron reduction and
two-electron oxidation of naphthoquinone. While the charging reaction proceeded
well, the charge release efficiency was limited to 40%. Preliminary tests suggest

that a CO5 oxidation atmosphere enables more charge release than Ar.
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This chapter highlights the potential of quinones as COs-binding redox molecules
for carbon capture and energy storage applications. However, challenges such
as oxidative instability, modest charge release efficiency, and discrepancies in the
stability of reduced quinone species under different conditions need to be addressed.
Further research is necessary to optimize quinone-based systems and elucidate the

underlying mechanisms governing their behavior.

4.2 Introduction

The escalating levels of atmospheric carbon dioxide (CO,) and its profound impact
on climate change have driven the exploration of innovative strategies for mitigating
its environmental effects.! One promising avenue involves leveraging CO; as a
resource in chemical processes, aligning with the broader quest for sustainable
energy technologies. Among advanced energy storage systems, redox flow batteries
(RFBs) stand out for their scalability and ability to independently tune energy
and power capacities, making them particularly suited for large-scale applications.
Within this context, organic redox-active compounds such as quinones have emerged
as compelling candidates due to their abundance, affordability, and structural
adaptability, positioning them at the forefront of efforts to develop efficient and

cost-effective energy storage solutions.?

Quinones, renowned for their exceptional redox properties, hold significant potential
for revolutionizing energy storage, particularly in redox flow batteries (RFBs).?
Their structural flexibility and reliance on earth-abundant elements make them ideal
for designing scalable and low-cost systems.® Moreover, the unique reactivity of
reduced quinones with CO5 opens up possibilities for integrating energy storage with
CO, utilization, converting it into valuable chemical products.* However, challenges
persist in optimizing their performance under controlled potential electrolysis (CPE)
conditions, including issues with chemical stability, reversible transformations, and
operational efficiency during charging and discharging cycles. Additional obstacles
such as pH-dependent solubility, oxidative stability, and limited operational voltage
further highlight the need for innovative approaches like molecular engineering and
tailored electrolyte formulations to unlock the full potential of quinone-based energy

systems.
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Tam et al. investigated the electrocatalytic behavior of similar quinones in ace-
tonitrile solutions.” The study focused on the reversible binding of CO, to the
reduced forms of quinones (Q® /Q? ) and the subsequent release of COy or COy*~
under an argon atmosphere. Using cyclic voltammetry (CV) and CPE, the authors
observed that the two one-electron reduction processes of quinones merged into a
single two-electron process in the presence of CO,, indicating the formation of a
complex [Q(COs),]>” The binding of CO, was found to be chemically reversible, as
evidenced by the regeneration of the original quinone species upon purging with Ar.
The study also employed UV-vis spectroscopy to characterize the quinone species
and their complexes with CO,, confirming the reversible nature of the binding
process. The finding of this study is the basis of this chapter as we aim to extend

the applicability of this process further.

This project aims to address these knowledge gaps by elucidating the processes
quinones undergo during CPE under inert and CO, atmospheres, assessing the via-
bility of quinone-based energy storage systems, optimizing conditions for reversible
electrochemical cycling, and investigating quinone stability and decomposition path-
ways. The potential impacts of this research are potentially far-reaching, as it will
contribute to the development of fundamental knowledge of quinone electrochem-
istry under different reactive atmospheres, provide a basis for potential grid-scale
quinone-based redox flow battery systems, and offer a strategy to store intermittent
renewable energy sources through CO, utilization. Moreover, this project presents a
novel approach that merges energy storage and CO, conversion motivations, paving
the way for innovative solutions to address the pressing challenges of sustainable

energy management and climate change mitigation.

4.3 Materials and methods

4.3.1 Materials

The supporting electrolyte, tetrabutylammonium hexafluorophosphate (n-BuyNPFg),
was synthesized by reacting equimolar 40% aqueous n-Bu4NOH with 65% aque-
ous HPFg. The precipitate was washed with water, recrystallized thrice from hot
ethanol, and vacuum dried at 140 °C for 24 hours.® Electrochemical solutions were

prepared by adding acetonitrile (Merck) and n-BuyNPFg to activated 3 A molecular
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sieves (Fluka) that had been vacuum dried at 250°C for 6 hours. The acetoni-
trile/electrolyte mixture was stored under nitrogen in a glass vacuum syringe for at
least 36 hours prior to use.” Quinone reagents were commercially obtained from

Sigma-Aldrich and used as received.

4.3.2 Electrochemical measurements

Cyclic voltammetry (CV) was performed using an Eco Chemie Autolab PG-
STAT302N potentiostat in a three-electrode cell configuration. The working elec-
trode was a 1-mm diameter planar glassy carbon (GC) disk (eDAQ). The counter
electrode was a platinum wire (Metrohm). A silver wire isolated by a salt bridge
containing 0.5 M n-BuyNPFg/acetonitrile served as a miniature reference electrode
(eDAQ). Test solutions contained 1-2 mM analyte in 0.1 M n-BuyNPFg/acetonitrile
and were deoxygenated with argon for 5 minutes prior to measurement. Experiments
were conducted at 22°C inside a Faraday cage. The GC electrode was polished
with 0.3 pm alumina slurry on a Buehler Ultra-pad, rinsed with water and acetone,
and dried between measurements. Measured redox potentials were referenced to

the ferrocene/ferrocenium (Fc/Fc™) couple added as an internal standard.

Controlled potential electrolysis (CPE) was conducted in a two-compartment cell
divided by a sintered glass frit (porosity no. 5, 1.0pm to 1.7 pm pores). Twin
cylindrical GC electrodes (34.4 cm? area each) served as the working and counter
electrodes in separate compartments. A silver wire reference isolated by a 0.5
M n-BuyNPFg/acetonitrile salt bridge was positioned near the working electrode.
Each compartment contained 30 mL of 0.1 M n-BuyNPFg/acetonitrile electrolyte
and was deaerated and stirred by bubbling with argon. The number of electrons
transferred (n) was determined by measuring the charge passed (Q) and applying

Faraday’s law:

_ @
NF

n

(4.1)

where N4 is moles of analyte electrolyzed, and F is Faraday’s constant (96 485 C mol ).
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4.3.3 Rationale for Reagent Selection

Acetonitrile was chosen as the solvent for its compatibility with organic and inorganic
species, high dielectric constant, and wide electrochemical window (up to 6.1
V depending on electrolyte and water content).® Glassy carbon served as the
electrode material due to its wide potential range, high chemical resistance, and
large overpotential for solvent breakdown compared to platinum.® Zito and Yang
(2024) explored the impact of different electrolyte cations on the reduction potential
and CO, binding affinity of quinones in acetonitrile solutions.? The study focused on
two key properties of quinone-based redox carriers for electrochemical COy capture
and concentration (eCCC): the reduction potential required to activate the carrier
and the COy binding constant. The authors investigated the effects of various
alkylammonium and alkali/alkaline earth metal cations on these properties. They
found that the choice of electrolyte cation can significantly influence the reduction
potential of quinones, with shorter-chained alkylammonium cations leading to
more positive reduction potentials. However, the CO, binding affinity was not
significantly affected by the choice of electrolyte cation. The study also revealed
that the interaction between alkali and alkaline earth metal cations and quinones
can inhibit COy binding due to strong interactions with the anionic oxygen of the
quinone. Based on this outcome, n-BuyNPFg was selected as supporting electrolyte

for its excellent solubility, high conductivity, and lack of interference.

4.4 Results and discussion

4.4.1 Preliminary studies on electrochemistry of quinones

In the absence of COy, 1,4-cyclohexadienediones (p-quinones) exhibit two well-
separated reduction waves in aprotic electrolyte solutions. The first wave is at-
tributed to the reduction of the neutral quinone (Q) to form the semiquinone
radical anion (Q®), while the second wave represents the further reduction of the
semiquinone to form the aromatic dianion (Q*"). The electrochemical behavior of
the first wave was typically characterized as reversible, indicating a rapid electron
transfer process. In contrast, the second wave displayed quasi-reversible kinetics,

suggesting a slower electron transfer rate. The relative positions of the two reduction
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potentials followed the expected trend, with the second electron transfer occurring
at a more negative potential than the first. This observation can be rationalized by
considering the electrostatic repulsion experienced by the incoming electron during
the second reduction step. The semiquinone radical anion, bearing a negative
charge, presents a higher energy barrier for the second electron transfer compared
to the initial reduction of the neutral quinone. Consequently, the second reduction
process requires electrons with greater reducing power to overcome the increased

electrostatic repulsion.

Previous studies by Hatton et al. and Hofer et al. classified para-quinones into
two classes depending on their interactions with CO, and how it affected their
redox properties in aprotic organic solvents: weakly complexing (those that shows
only weak interaction with CO,) and strongly complexing (those that showed
stronger interaction with CO,).'%! Subsequent analysis by Yayuan et al. through
molecular dynamics and DFT studies highlighted the correlation between COq
binding strength and the reaction rate.'? Cyclic voltametric studies of quinones
in the presence of CO, revealed distinct behaviors depending on the strength
of the quinone-CO; interaction. For quinones exhibiting weak coordination, the
introduction of COy resulted in a positive shift of the second reduction wave,
indicative of the formation of a complex between the dianion quinone and COs.
Notably, no evidence of complex formation was observed between the semiquinone
radical anion and CO,. In contrast, quinones displaying strong complexation
tendencies exhibited a merging of the first and second reduction waves, suggesting a
concerted two-electron transfer process at the potential of the first reduction. The
oxidation and dissociation of COs from the reduced quinone species followed either
an electrochemical-chemical (EC) or a chemical-electrochemical (CE) mechanism,
contingent upon the sweep rate employed in the cyclic voltametric experiments. This
mechanistic distinction highlights the intricate interplay between the electrochemical
reduction and the chemical complexation processes, emphasizing the importance of

kinetic considerations in understanding the behavior of quinone-CO; systems.

The CV data for dichlorodicyanobenzoquinone (no interaction with CO,), tetra-
chlorobenzoquinone (weak interaction with COsz), duroquinone, naphthoquinone
and menadione (strong interaction with CO,) are shown in Fig. 4.1 to Fig. 4.5,

respectively.!?
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Dichlorodicyanobenzoquinone has no observed change in the voltammogram when
cycling between argon and COy atmosphere, indicating that the reduced state of
dichlorodicyanobenzoquinone has no supramolecular interaction with CO, (Fig. 4.1).
This can be attributed to the lower (more positive) reduction potential of dichlorod-
icyanobenzoquinone. Yang et al. reported on the linear relationship between
reduction potential and CO,-binding constant,'® so that quinones with more neg-
ative reduction potentials undergo stronger interactions with CO,. Therefore, in
order for the quinone to bind strongly with COs in solution state and the effects to
be observable with voltammetry (via the shot in voltametric wave), the quinone
requires a reduction potential of -1.1 V vs Fc¢/Fc+.'3 Thus, dichlorodicyanoben-
zoquinone with its relatively low reduction potential does not appear to undergo

significant molecular binding with COs,.

Tetrachlorobenzoquinone exhibits a 0.1 V positive shift in reduction potential
for the second reduction process in a CO, atmosphere compared to in an argon
atmosphere, as well as a change in the peak shape for the reverse oxidation process
of the second reduction peak (Fig. 4.2). Hatton et al. described the behavior of
tetrachlorobenzoquinone and this class as “weakly complexing quinones” (quinones
that exhibit a positive shift only in the second reduction potential under the CO2
atmosphere).'” Scheme 4.1 shows the interaction pathway between CO2 and weakly
complexing quinones during the reduction process (dark blue arrow). For weakly
complexing quinones, the reduction process is separated into two sequential steps,
the first reduction (E;"%) from quinone (Q) to quinone radical anion (Q® ), and
the second reduction (E,™) from Q" to quinone dianion (Q?"), before subsequent

coordination with COs.

Duroquinone, naphthoquinone, and menadione exhibit substantial shifts in the
second reduction potential to an almost-merging or merging between the first and
second reduction processes. Hatton et al. described the behavior of these three
quinones as “strongly complexing quinones” (quinones that exhibit a merging
between first and second reduction potentials).'® Scheme 4.1 shows the interaction
pathway between CO; and strongly complexing quinones during the reduction
process (dark green arrows). For strongly complexing quinones, the reduction process
merges into one peak: two-electron reduction with simultaneous complexation with

COs to generate the dianion.
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Zito et al. (2022) combined computational and experimental approaches to design
quinone derivatives for electrochemical CO, capture and concentration (eCCC).™
They used density functional theory (DFT) calculations to predict these properties
for a vast library of substituted benzoquinones. The computational model was
validated against experimental data, and molecular orbital analysis revealed key
insights into the relationship between quinone structure, reduction potential, and
COg binding affinity. The authors found a linear relationship between the reduction
potential and CO4 binding affinity of quinone derivatives, suggesting that improving

one property may negatively impact the other.

In this chapter, the attention was focused mainly on tetrachlorobenzoquinone
(Fig. 4.2) and naphthoquinone (Fig. 4.4) as representative species for weakly com-

plexing and strongly complexing quinones, respectively.
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FicURE 4.1: Cyclic voltammograms of 2 mM dicyanodichlorobenzoquinone in 0.1
M n-BuyNPFg,MeCN recorded using a 1-mm diameter planar GC disk electrode
at 0.1 V s~ (Left) under Ar and (Right) under COs atmosphere.
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F1GURE 4.2: Cyclic voltammograms of 2 mM tetrachlorobenzoquinone in 0.1 M
n-BuyNPFg,MeCN recorded using a 1-mm diameter planar GC disk electrode at
0.1 V s71 (Left) under Ar and (Right) under COy atmosphere.
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FicGure 4.3: Cyclic voltammograms of 2 mM duroquinone in 0.1 M
n-BuyNPFg,MeCN recorded using a 1-mm diameter planar GC disk electrode at
0.1 V s7! (Left) under Ar and (Right) under COy atmosphere.
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FI1GURE 4.4: Cyclic voltammograms of 2 mM naphthoquinone in 0.1 M
n-BuyNPFg,MeCN recorded using a 1-mm diameter planar GC disk electrode at
0.1 V s7! (Left) under Ar and (Right) under COy atmosphere.

4.4.2 Controlled potential electrolysis of quinones

Controlled potential electrolysis (CPE) experiments were conducted to assess the
reversibility and stability of the redox processes under long time scales (minutes
to hours). It was observed under a CO5 atmosphere that when the reduction step
was performed first, followed by re-oxidation of the reduced species, the starting
material could be at least partly regenerated (depending on the exact quinone)

indicating stability of the reduced species over hours timescales.

Fig. 4.6 (black line) is the cyclic voltammogram of naphthoquinone under an argon
atmosphere (before electrolysis). The dashed blue line in Fig. 4.6 is the cyclic
voltammogram that was obtained after naphthoquinone had been bulk reduced
under a CO, atmosphere by two-electrons and then reoxidised by electrolysis (also

under a CO, atmosphere), and then the solution again purged with argon to remove
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FiGure 4.5: Cyclic voltammograms of 2 mM menadione in 0.1 M
n-BuyNPFg,MeCN recorded using a 1-mm diameter planar GC disk electrode at
0.1 V s71 (Left) under Ar and (Right) under COy atmosphere.

the CO,. An extra voltammetric peak was observed in the dashed blue trace,
suggesting that the bulk reduced quinone has undergone reactions with CO2 over
the electrolysis timescale possibly at the free sp?’C—H site, and so could not be

completely reoxidised back to the starting material.

Fig. 4.7 shows cyclic voltammograms of duroquinone under an argon atmosphere
(before electrolysis) and after bulk electrolysis under a CO, atmosphere to first
exhaustively reduce the compound and then to exhaustively reoxidise the reduced
solution. In this case, an extra peak was not observed in the CV at the completion of
the entire CPE reactions, possibly because duroquinone does not have a freesp?C—H
bond available for side reaction. Noting that the position of the second reduction
peak is substantially shifted possibly due to the presence of trace water seeping in
the voltametric cell during the electrolysis timescale (hours), which results in the
second reduction wave moving towards the first reduction wave due to a hydrogen-
bonding mechanism of the reduced quinone with water molecules. The effect of
water content on quinone electrochemistry in aprotic organic solvents has been

extensively reported.”!5:16

Rocha-Ortiz et al. (2020) investigated the electrochemical behavior of disperse red
60 (DR60), an anthraquinone dye, in acetonitrile solutions.!” The study focused on
the interactions of the reduced forms of DR60 with water and molecular oxygen
(O3). Using cyclic voltammetry, the authors observed two one-electron reduction
processes for DR60, forming an anion radical and then a dianion. The first reduction
process was found to be influenced by the presence of water, suggesting hydrogen

bonding interactions between the anion radical and water molecules. Additionally,
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SCHEME 4.1: Mechanism for the interaction between COs with weakly and
strongly coordinating quinones during reduction process.

the presence of Oy led to a homogeneous electron transfer reaction between the anion
radical of DR60 and O,, as evidenced by changes in the voltametric response and
color of the solution. The study also examined the reduction of O, in the presence
of DR60 and found that the superoxide intermediate formed during Oy reduction
undergoes association steps with water molecules. The authors estimated the
equilibrium constant for the homogeneous electron transfer reaction between DR60
and Os, indicating a slight preference for the forward reaction. Similar experiments
with 9,10-anthraquinone (AQ) confirmed the occurrence of the homogeneous electron
transfer reaction with Og, and the presence of superoxide is suspected to cause
an irreversible decomposition leading to the changing peak shape. We expected a

similar interaction could be the cause of change in voltametric response in Fig. 4.6
and Fig. 4.7.

However, when the order of electrolysis was reversed, so that an exhaustive oxidative

electrolysis was carried out first, preceding the exhaustive reverse reduction, it was
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FIGURE 4.6: Cyclic voltammograms of naphthoquinone in acetonitrile under an
argon atmosphere before (solid black line) the compound had been exhaustively
reduced in an electrolysis cell under a CO2 atmosphere and after (dashed blue
line) the reduced solution had been exhaustively reoxidised (also under a CO2
atmosphere).

noticed that there was a significant degradation in the electrochemical response for
the quinone. Fig. 4.8 shows the results from an experiment where naphthoquinone
was oxidized under constant current electrolysis (CCE) conditions, forcing the
transfer of two-electrons from the system under electrolysis timescale (hours). As an
oxidation peak was not originally observed in the CV, the CCE was used instead of
CPE to forcefully apply current into the solution system. The loss of features in the
cyclic voltammogram were observed after the bulk oxidation (Fig. 4.8). This led to
the hypothesize that the application of a positive potential to the solution containing
the quinone leads to its decomposition or further interaction with electrolyte and/or
solvent, potentially through oxidative pathways that irreversibly alter the molecular
structure marking the loss of voltammogram features. The reason for conducting
this experiment was to test the quinones’ stability under oxidizing conditions present

in a flow battery and are discussed in more detail in Section 4.4.4

Interestingly, it was discovered that the chemical reversibility of the quinone redox
processes were enhanced under electrolysis conditions when the experiments were
conducted entirely under a CO, atmosphere compared to when an Ar atmosphere
was used for recording the CVs. Fig. 4.9 shows experiments where the whole redox
process (two-electron CPE reduction, followed by two-electron CPE reoxidation)

appeared almost completely reversible (less the shift in reduction potential previously
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FIGURE 4.7: Cyclic voltammograms of duroquinone in acetonitrile under an
argon atmosphere before (solid black line) the compound had been exhaustively
reduced in an electrolysis cell under a CO9 atmosphere and after (dashed blue
line) the reduced solution had been exhaustively reoxidised (also under a COq
atmosphere).

stated due to the ingress of trace water). It is proposed that this improved
reversibility can be attributed to the positive shift in the second reduction potential
observed under CO,. In the presence of CO,, the reduction of quinone to its dianion
form occurs at a less negative potential compared to the potential required for the
two-electron reduction under Ar. This positive shift in potential likely minimizes
the occurrence of side reactions and decomposition pathways, thereby contributing

to the enhanced reversibility of the system under COs.

When the reduction of the naphthoquinone was carried out under CO5 and the fully
reduced solution was subsequently purged with Ar, it was found that this process
led to the regeneration of the starting material. Fig. 4.10 shows the result when
naphthoquinone was reduced under CO, (dashed blue line) and then purged with
argon (dashed red line). The CV after the reduced quinone was purged under Ar
is shown in the dashed red line, whose features resemble those of the starting CV
shown in the solid black line. This observation suggests that purging the reduced
solution with argon results in the COy (two molecules) being released from the
quinone as COy* (the carboxylate radical anion) and the quinone converting back

to its neutral form.
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FIGURE 4.8: Cyclic voltammograms of duroquinone in acetonitrile under an
argon atmosphere before (solid black line) the compound had been exhaustively
reduced in an electrolysis cell under an argon atmosphere and after (dashed blue
line) the reduced solution had been exhaustively reoxidised (also under an argon
atmosphere).
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FIGURE 4.9: Cyclic voltammogram of naphthoquinone prior to electrolysis (solid
black line), after CPE reduction (dashed blue line), and after CPE reoxidation
(dashed red line).

4.4.3 Impact of proton/hydrogen sources on cyclic voltam-

mograms of quinones

Due to the chemical instability of many reduced quinones under electrolysis condi-

tions, attempts were made to improve their lifetimes by lowering their reduction
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FIGURE 4.10: Cyclic voltammogram of naphthoquinone prior to electrolysis
(solid black line), after CPE reduction under COg atmosphere(dashed blue line),
and after purging the solution under argon atmosphere (dashed red line).

potentials with the use of hydrogen-bonding additives, similar to the procedure
proposed by Barlow and Yang on oxygen-stable quinone redox systems.!® The
motivation was to circumvent the potential for oxygen reduction, which can hinder

the efficiency of CO5 reduction catalysts.

The intermolecular hydrogen-bonding interactions mediated by alcohols have been
shown to significantly influence the redox behavior of these compounds.'*'® Specif-
ically, hydrogen-bond donors can induce a positive shift in the second reduction
potential of quinones while leaving the first reduction potential unaffected, as
observed in tetrachlorobenzoquinone.!® This phenomenon is particularly relevant
when considering the chemical reactivity of quinone dianions with CO,, which
results in the irreversible formation of aryl carbonate species, rather than the weak
CO4 bound species that is preferred for CO5 removal processes from solution. The
presence of hydrogen-bond donors can stabilize the negatively charged oxygen
atoms in both the quinone dianion and the quinone-CO, adduct through reversible
interactions, leading to a more positive shift in the second reduction potential.
Importantly, these hydrogen-bonding interactions can be fine-tuned by selecting
alcohol additives with appropriate pKa values, offering a versatile approach to

modulating the electrochemical properties of quinones.

In this section, our attention was focused on tetrachlorobenzoquinone as it was

previously demonstrated the capability of tolerating oxygen in the presence of
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alcohol as additives.'® It was observed that the addition of 2,2,2-trifluoroethanol,
a strong hydrogen bond donor, caused the most significant shift in the second

reduction potential of tetrachlorobenzoquinone (Fig. 4.11 (b)), while not having a

pronounced effect in hydrogen-bond acceptor such as urea (Fig. 4.11 (d)).
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FIGURE 4.11: Cyclic voltammogram of naphthoquinone before (Solid red line)

and after (Colored lines) adding additives to the solution.

Shi et al. investigated the impact of hydrogen bonding, protonation, and proton-

coupled electron transfer (PCET) on the reduction potential of naphthoquinone.!
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They found that hydrogen bonding with TFE and protonation with TFA could shift
the reduction potential of naphthoquinone to more positive values, but the resulting
reduced species had different stabilities. The hydrogen-bonded naphthoquinone
dianion was less stable than the protonated dihydroquinone. DEM, a weak acid,
exhibited a combination of hydrogen bonding and protonation effects, leading to a
larger cell potential and excellent stability of the reduced quinone. Our finding in

Section 4.4.3 corresponds are well supported by this work.

Building upon these findings, we attempted to modify the reduction potential
of naphthoquinone and tetrachlorobenzoquinone using additives that function as
hydrogen-bond donors, such as trifluoroethanol or diethylmalonate. The efforts
were successful in shifting the reduction potential to more positive values, thereby
increasing the stability of the reduced quinones-COs adduct. This positive shift
in reduction potential is crucial for enhancing the efficiency and selectivity of the
COs reduction process, as it helps to prevent the undesired reduction of oxygen

and promotes the formation of the desired CO, reduction products.

In addition to exploring hydrogen-bond donors, we also investigated the acidification
of reduced quinone species in a CO, environment using various proton sources.
Our objective was to determine whether the acidification process could lead to the
formation of valuable products such as formate or methanol, which are derived from
the reduction of CO,. However, our experiments, confirmed by *C-NMR analysis,
revealed that the acidification of reduced quinone species did not yield the desired
acidified COy products. This finding suggests that the reduction of CO, using
quinone-based catalysts may proceed through alternative mechanisms or require

different reaction conditions to achieve the formation of formate or methanol.

4.4.4 Possibility of using reduced quinones in the presence

of dissolved gases as redox flow batteries

The insights gained from our investigations into quinone electrochemistry led us to
attempt the construction of a prototype battery system. Our primary goal was to
demonstrate the feasibility of utilizing quinones as active materials in an energy

storage device, specifically a redox flow battery (RFB).



Chapter 4. Towards organic CO, batteries 113

The underlying hypothesis for this prototype was based on the observation that
solutions of reduced quinones can exist at different potentials depending on whether
they are under a CO, or an argon atmosphere. This suggested the possibility of
modulating the cell potential, and hence the energy state of the reduced quinones,
by simply purging the solution with CO, or argon gas. We hypothesized that this
property could be exploited to create a rechargeable battery system where the
charging and discharging processes are driven by the interconversion between the

reduced quinone species under CO5 and argon atmospheres.

To illustrate this concept, Scheme 4.2 and Scheme 4.3 show the different charging
states of quinone reduction under argon and CO, atmospheres, respectively. For
reduction under argon, the quinone undergoes two distinct one-electron reduction
steps at different potentials. In contrast, strongly coordinating quinones under a
CO, atmosphere exhibit a merging of the two one-electron reduction processes,
occurring at a more positive potential close to -1 V vs. the Ag/AgCl reference

electrode, as illustrated in Scheme 4.4.
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SCHEME 4.2: Summary of the different charging state with associated electron
counts and voltages (with respect to Ag/AgCl reference electrode, value from
naphthoquinone) for quinone reduction under an argon atmosphere.
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SCHEME 4.3: Summary of the different charging state with associated electron
counts and voltages (with respect to Ag/AgCl reference electrode, value from
naphthoquinone) for quinone reduction under a COy atmosphere.
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SCHEME 4.4: Overall charging and discharging interaction of quinone with voltage
(with respect to Ag/AgCl reference electrode, value from naphthoquinone), in
the left-hand side (LHS, charging) and the right-hand side (RHS, discharging).

The shorthand notation of Scheme 4.4 can be written out as follows.

FElectrode|Q*™ (solv,c = 0.001M), Q(solv, C = 0.000M)||
Q(solv, C' = 0.001M), Q(CO3)3* (solv, C = 0.000M), CO4(satd.), |Electroai§1 %)

Thus, the resulting expected cell potential is:
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Ecen = Erus — Erus (4.3)

Eep = —1V — (=1.6V) = 0.6V (4.4)

The proposed battery scheme, depicted in Scheme 4.5, involves a three-stage
process to investigate the electrochemical behavior of quinones under these varying
atmospheric conditions. Initially, the quinone in the working chamber was reduced
under an argon atmosphere, with the counter chamber containing a sacrificial
electron donor to facilitate the reduction. In the second stage, the sacrificial donor
was replaced with uncharged quinone, which was then purged with CO,. Finally,
the potential difference between the two chambers was measured, allowing for the

observation of a spontaneous charge-discharge process.

1) Charge with electricity 2) Replace counterchamber with quinone
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SCHEME 4.5: Proposed redox flow battery system controlled by switching the
CO4 and Ar gas flow between compartments for charging and discharging cycles.

Central to the development of this quinone-based battery system was the selection
of appropriate compounds for the counter electrode compartment. Drawing from

previous findings on the susceptibility of quinones to decomposition under oxidative
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conditions (Section 4.4.2), we chose to employ organic compounds that can undergo
chemically reversible oxidation and remain stable in their oxidized state. This
approach aimed to mitigate the detrimental effects of oxidative decomposition on
the quinone species, thereby enhancing the overall stability and performance of the

battery system.

The prototype quinone-based battery demonstrated the capability to store and
release electrical energy, albeit with limited charge release efficiency. Under argon
purging of the counter chamber, the efficiency averaged 35 £6%, while CO, purging
resulted in a slightly improved efficiency of 40 +£4%. This enhanced performance
under CO, was anticipated due to the positive shift in the reduction potential of
the quinone, which theoretically leads to a better potential gradient between the
working and counter chambers. Fig. 4.12 compares the CVs in the initial, charged,
and discharged states, along with the chronoamperometry of the charge release

state indicating the discharge efficiency.

The modest efficiency observed can be attributed to various factors, including the
intrinsic redox properties of the quinone species, spontaneous comproportionation
(Scheme 4.6), and overall cell design. Despite these limitations, the successful
operation of the prototype battery serves as a proof-of-concept, highlighting the
potential of quinones as active materials in energy storage applications. Further
optimization of battery components, such as the quinone species, electrode materials,
electrolyte composition, and cell configuration, may lead to improved charge release
efficiency and overall performance. The insights gained from this prototype study
provide valuable direction for future research efforts aimed at developing high-
performance quinone-based redox flow battery systems, particularly in the context
of CO4 utilization.

© o
o)
R1 Rs R1 Rs Ri Rs
+ — 2
Ry R4 Rz R4 Ry R4
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2 o)

SCHEME 4.6: Mechanism for possible comproportionation of present quinone
dianion and neutral quinone to quinone radical anion.
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FIGURE 4.12: (Top) cyclic voltammogram and (Bottom) charge discharge
chronoamperometry of battery process, based on an experiment with 2 mM
menadione in 0.1 M n-BuyNPFg/MeCN.

4.4.5 Limitations and Challenges

Throughout the investigation into the electrochemistry of quinones for CO4 reduc-
tion and energy storage applications, we encountered several key limitations and
challenges that warrant further discussion. One of the primary challenges was the
susceptibility of quinones to decomposition under oxidative conditions. This issue
hindered the reversibility and long-term stability of the redox processes, as the
quinone species were prone to irreversible reactions and degradation when subjected
to positive potentials. Although attempts were made to mitigate this by employing
organic oxidants in the counter electrode, the inherent instability of the oxidized

quinone forms remains a significant concern that requires further attention.
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In addition to the problems with oxidative stability, the sensitivity of quinone-based
systems to molecular oxygen and trace water content in the reaction media also
posed substantial limitations. Previous studies have highlighted that the presence
of oxygen can lead to parasitic reactions between the reduced quinone species
and Oy, resulting in the formation of superoxide radicals and reduced efficiency
of the targeted CO, reduction processes.'® Furthermore, the hydrogen-bonding
interactions between water molecules and the quinone redox states were found to
modulate their reduction potentials and overall stability, potentially impacting the

reversibility and performance of the system.!®'6

Strategies to address the oxygen and water sensitivity, such as molecular engineering
of more stable quinone derivatives and the use of concentrated salt solutions, have
been explored in recent work.?%?! However, in the present study, the primary focus
was on demonstrating the feasibility of using quinones as active materials in a
rechargeable air-battery system, rather than optimizing the long-term stability and
reversibility for CO, capture and release applications. As such, the decision was
made to not delve deeply into the mitigation of oxygen and water effects, as these
factors were deemed to have a relatively smaller impact on the proposed battery

concept.

Nevertheless, future studies building upon this work should carefully address the
limitations posed by oxygen and water, as these parameters can significantly
influence the practical deployment and scalability of quinone-based technologies
for energy storage and CO, utilization. By developing more oxygen-stable quinone
derivatives and employing robust electrolyte formulations, researchers can provide
a more comprehensive understanding of the challenges and tradeoffs involved in

harnessing the potential of these redox-active organic molecules.

Another limitation encountered in this study was the modest charge release effi-
ciency of the prototype quinone-based battery. While the battery demonstrated
proof-of-concept operation, the efficiency was limited to 40%, which is not yet
competitive with existing energy storage technologies. Improving the efficiency will
require a comprehensive optimization of the battery components, including the
quinone species, electrode materials, electrolyte composition, and cell design. These
aspects have been highlighted in recent work on aqueous quinone flow chemistry

for electrochemical CO capture.??
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It is important to note that the primary focus of the present work was on demon-
strating the feasibility of using quinones in a rechargeable battery system, rather
than optimizing the system for CO, capture and concentration applications. As
such, we did not conduct a comprehensive benchmarking of the prototype against
existing CO capture technologies. Future studies building upon this work should
carefully evaluate the performance and energy efficiency of the quinone-based system
in comparison to other COy capture methods, in order to assess its potential for

real-world applications in carbon management.

Overall, the limitations identified in this work align with the challenges reported
in the literature, particularly regarding the oxidative and oxygen sensitivity of
quinone-based systems, as well as the need for further optimization to enhance their
performance and practical applicability. Addressing these limitations will be crucial
for realizing the full potential of quinone-based energy storage and CO2 utilization

systems.

4.5 Conclusion

In this chapter, we have explored the unique electrochemical properties of quinones
and their potential applications in COy reduction and energy storage. Our in-
vestigations have provided valuable insights into the behavior of quinones under
different atmospheric conditions, the impact of proton/hydrogen sources on their

redox properties, and their reactivity towards COs.

We have demonstrated that the reversibility of quinone redox processes is enhanced
under a CO5 atmosphere compared to an Ar atmosphere, which can be attributed
to the positive shift in the second reduction potential observed under COs. This
finding highlights the potential of quinones as COs-binding redox molecules for
carbon capture and utilization. However, we also discovered that the application of
a positive potential to quinones can lead to their decomposition, emphasizing the

need for careful consideration of the oxidative stability of these species.

Our efforts to modify the reduction potential of quinones using hydrogen-bond
donors and to acidify the reduced quinone species have shown promise in increasing
the stability of the reduced quinones-CO;y adduct and preventing undesired side

reactions. However, further research is necessary to optimize these strategies and
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to elucidate the mechanisms governing the formation of desired CO, reduction

products.

The successful construction and operation of a prototype quinone-based battery
serves as a proof-of-concept for the utilization of quinones as active materials in
energy storage devices. While the charge release efficiency was modest, this study
provides a foundation for future research aimed at optimizing quinone-based energy

storage systems.

Overall, our findings contribute to the growing body of knowledge on quinone
electrochemistry and its potential applications in CO, reduction and energy storage.
The insights gained from this study pave the way for the development of innovative
and sustainable solutions to address the pressing challenges of carbon capture,
utilization, and renewable energy storage. However, further research is necessary to
overcome the limitations and challenges identified in this work and to fully realize

the potential of quinone-based technologies in these critical areas.
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126 5.1. Abstract

5.1 Abstract

The electrochemical reduction of riboflavin (vitamin Bs) in a dimethyl sulfoxide
solvent was examined under a CO5 atmosphere and compared with results under an
argon atmosphere. Variable-scan-rate cyclic voltammetry combined with controlled
potential electrolysis (CPE) and analysis by UV—-vis and EPR spectroscopies pro-
vided insights into the nature of interactions of reduced flavins with dissolved COs.
Reductive exhaustive CPE experiments under CO, indicated an overall two-electron
stoichiometry, compared to one-electron reduction under an argon atmosphere, due
to the lowering of the formal one-electron reduction potential of the flavin radical
anion to form the dianion, which can be rationalized by riboflavin—CO, molecular
interactions. UV—vis spectroscopic measurements confirmed complete chemical
reversibility of the redox transformations over extended time scales. Digital simula-
tion modeling of the voltammetric data enabled extraction of thermodynamic and
kinetic parameters for the proposed mechanism, comprising multiple proton-coupled
electron transfer steps, diamagnetic anions, radical anions, and neutral radical
intermediates enroute to the fully reduced state, as well as evidence of a long-lived

solution phase complex of the reduced riboflavin with COs.

5.2 Introduction

Riboflavin is the crucial component responsible for redox activity in the cofactors
flavin adenine dinucleotide and flavin mononucleotide. These cofactors power nu-
merous biological redox reactions by facilitating electron movement across diverse
chemical groups.!? Examples of these reactions include the dehydrogenation of
NADPH and d-amino acids. Within membranes, flavoenzymes exhibit greater
electron-transfer adaptability than nicotinamide coenzymes (NAD/NADP), han-
dling both single-electron and two-electron transfers.®>® This flexibility lets flavins
bridge the gap between two-electron donors (like NADH) and single-electron accep-
tors (such as heme Fe). Importantly, flavins engage in key aerobic processes due to

their distinct oxygen interactions.*

Similar to quinones, flavins can exist in three oxidation states: flavoquinone (Flox),
flavosemiquinone radical (Fl,.q® ), and flavohydroquinone dianion (Fl,eq® ). The

electrochemical reduction mechanism for vitamin B, in an aprotic solution is an ECE
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(where E represents an electron transfer and C represents a chemical step) process
for cyclic voltammograms recorded between -0.5 and -1.6 V vs Fc¢/Fct (where Fe =
ferrocene).® For larger potential windows, additional electron transfer and chemical
steps are observed. In buffered aqueous solutions, a chemically reversible electron

transfer involving the transfer of two electrons and two protons occurs.”

Literature reports have shown that quinones in their reduced forms can undergo
molecular bonding with carbon dioxide (COs), leading to substantial changes in
their formal reduction potentials (EJOC) compared to those observed under inert
Ar or Ny atmospheres.® This binding relationship between quinone and CO, has
been proposed for utilization for CO, capture and concentration.? '® Therefore,
considering the similar electrochemical behavior of quinones and flavins, experiments
were performed in this study to test whether reduced flavins were also able to
undergo molecular interactions with dissolved COs and to determine how the

overall reduction mechanism changed in a COs-rich environment.

Investigations by Tatwawadi et al.'® and Sawyer and McCreery!” in inert atmo-
spheres partially characterized the electrochemical reduction of riboflavin (Fly)
in dimethyl sulfoxide (DMSQO) using voltammetry. They observed two reduction
processes on the forward scan and several oxidation processes when the scan di-
rection was reversed after first reducing the compound. They concluded that the
first reduction wave was a one-electron transfer process to form a radical anion
(Fliaq® ) while the second electron transfer step also occurred by one electron to
form the dianion (Fl.q® ), analogous to quinone reductions in aprotic media.'® 2!
Complementary electrolysis-EPR experiments by Male et al.?? corroborated for-
mation of Fl,.,q*  upon controlled potential electrolysis (CPE) with the potential
held just past the first reduction peak. Comproportionation between fully reduced

Fleq®> and Fl species also appeared to be responsible for Fl,4®  generation in

both aqueous and nonaqueous solvents.

Additional cyclic voltammetry (CV) studies by Niemz et al.® and Tan and Webster?
verified that the electrochemical reduction initially follows a one-electron pathway,
generating Fl.q* . However, detailed EPR spectroscopic studies and modeling of
voltammetric data with digital simulations indicated that the mechanism was much
more complicated than simple electron transfer and involved multiple proton-transfer
reactions (Scheme 5.1).9% Specifically, a homogeneous reaction of the intermediate
Fl..qH™ with residual Fl,,~ drives the formation of additional Fl,.q* beyond that
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produced via heterogeneous electron transfer at the electrode surface (Scheme 5.1).
Spectral monitoring verified the presence of both radical and fully reduced species

as reduction products.?® Definitive voltammetric signatures of starting Fl,, and end

Fleq® facilitated thermodynamic assignments for the multistep mechanism.??
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SCHEME 5.1: Mechanism for the Electrochemical Reduction of Riboflavin in
DMSO under Ar (Black) or CO2 (Black and Red). Conditions Determined by
Variable Scan-Rate CV Studies.!

In this study, CV with varying scan rates and spectroscopic analysis (UV-vis
and EPR) were used to identify the species and pathways behind the observed
voltammetric processes of riboflavin under a CO, atmosphere. Digital simulation
procedures were used to model the complex mechanism, characterized by proton-
coupled electron transfer (PCET), yielding detailed kinetic and thermodynamic

parameters.

"Values for equilibrium and kinetic reactions related to the homogeneous chemical processes,
as well as electrochemical data linked to the heterogeneous electron transfer steps (E?(l) - E?(5)),
can be found in Table 1 and [23]. The counterions for the ionized species are either the cation
(n-BuyN™) or the anion (PFs ) from the supporting electrolyte.
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5.3 Materials and methods

5.3.1 Chemicals

Riboflavin sourced from FEremothecium ashbyii and having a purity of at least >
98% was procured from Sigma-Aldrich. The supporting electrolyte, n-BuyNPFg,
was produced by combining equal molar quantities of a 40% n-BuyOH aqueous
solution and a 65% HPFg aqueous solution. The resulting precipitate was rinsed
with water, recrystallized thrice using hot ethanol, and then dried in vacuum for 24
h at 140°C.

For the preparation of electrochemical solutions, DMSO (from Merck) and the
appropriate quantity of n-BuyNPFg were added to 3 A molecular sieves (from Fluka)
that were dried under vacuum at 250 °C for 6 h in a Buchi Glass Oven B-585. The
DMSO /electrolyte mixture was then left in a glass vacuum syringe under a argon

atmosphere for a minimum of 36 h.

5.3.2 Electrochemical procedures

CV experiments were conducted with a computer-controlled Eco Chemie Autolab
PGSTAT302N with an ADC10M ultrafast sampling module and SCAN250 true
linear scan generator module. The working electrode was a 1 mm diameter pla-
nar Pt disk, used in conjunction with a Pt wire auxiliary electrode and a silver
wire miniature reference electrode (purchased from eDAQ) separated from the
test solution through a porous glass frit containing an internal solution of 0.5 M
n-BuyyNPFg in MeCN. Accurate potentials were obtained using ferrocene as an
internal standard. The electrochemical cells were dried at 110°C for at least 1
h prior to use. Solutions of riboflavin (1 mM, 0.5 M n-BuyNPFg in DMSO) for
voltammetric analysis were deoxygenated by purging them with high-purity Ar
or CO; gas, and all voltammetric experiments were conducted at 22(2)°C in a
Faraday cage. Potentials were first recorded at an Ag/AgCl reference electrode and
then coverted to versus ferrocene/ferrocenium redox couple (Fc/Fe™) by comparing
the voltammetric peak potentials of riboflavin to the Fc added at the end of the

experiment.
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Digital simulations of the CV data were performed by using the DigiElch 6 software
package (Gamry Instruments). The simulation procedure involves matching the
experimentally obtained CV curves with CV curves that are theoretically gen-
erated based on electrochemical, kinetic, and thermodynamic parameters. The
electrochemical input values include the formal potentials, uncompensated solution
resistance, capacitance, electrode area, diffusion coefficients, and experimental con-
ditions, including the voltammetric scan rates and scan range. Some information is
set based on the experimental conditions, while other parameters are estimated by
matching the simulated CV curves with the experimental data. The electrochemical
and homogeneous reactions are entered into the software, with each species given a
unique identifier, usually based on an alphabet character. The kinetic values for
the homogeneous reactions (the forward (ks) and backward (k;,) rate constants)
are estimated from how the voltammetric peaks vary in relative intensity as the
voltammetric scan rates are varied, which then allow a calculation of the equilibrium
constants (Keq = ky/kp). The simulations are repeatedly refined until the calcu-
lated voltammograms best fit the experimental voltammograms by using identical

parameters over a range of voltammetric scan rates.

CPE was performed in a two-compartment electrolysis cell using cylindrical glassy
carbon electrodes as the working and auxiliary electrodes and a silver wire as the
reference electrode contained in a solution of 0.5 M n-BuyNPFg in MeCN and

separated from the working electrode compartment with a glass membrane.

5.3.3 Spectroscopic experiments

UV-vis spectra were obtained ex situ by electrolyzing solutions of riboflavin in
DMSO at 22(2) °C, transferring under Ar or CO, atmospheres to a UV flat cell, and
recording on a PerkinElmer Model Lambda 750 UV-vis-NIR spectrophotometer.
1H and 13 C NMR spectra were obtained of electrolyzed solutions of riboflavin in
DMSO at 22(2)°C, which were transferred into NMR tubes and recorded using
Bruker AVANCE 400 and AVANCE III 400 spectrometers. EPR spectra were
obtained from electrolyzed solutions of riboflavin in DMSO at 22(2) celsius, which
were transferred to a quartz flat cell and recorded using a continuous-wave X-band
Bruker ELEXSYS E500 EPR spectrometer.
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5.3.4 Computational methods

The molecular structures were illustrated using Chemcraft and fine-tuned with
the BP86 density functional,® utilizing def2-SVP (split valence polarization)?®
and def2-TZVP (valence triple-¢ polarization)* Ahlrichs basis sets.?” The effects
of solvation were considered within the ORCA suite of programs.?®3! The final
structures of the compounds were confirmed to remain at true energy minima by
conducting frequency calculations at the BP86/def2-TZVP level, which resulted in
no imaginary frequencies. Atomic charges calculated using Mulliken and the natural
bond orbital (NBO) were derived from DFT calculations at the BP86/def2-TZVP

level of theory.

5.4 Results and discussion

5.4.1 Cyclic voltammetry

CV of riboflavin (Fl,y) in DMSO under an Ar atmosphere at a scan rate of 100 mV
s led to a reduction wave observed at approximately -1.25 V vs Fc/Fc' as shown
as wave 1 in Fig. 5.1 (a) (dashed red trace), due to two overlapping one-electron
reduction steps. The initial reduction occurred by one electron to form the radical
anion (Fl..q* ), which abstracted a proton from another flavin to form Fl,,~ and
Fl..qH®. Because Fl,,qH® is easier to reduce than Fl,,, it immediately underwent
a second electron transfer to form FlgH ™ as previously reported.®?* When the
scan direction was reversed at -1.6 V vs Fc/Fc* after first reducing riboflavin, two
oxidation waves were observed labeled as wave 2 and wave 3 in Fig. 5.1 (dashed red
trace). Wave 2 is associated with the one-electron oxidation of Fl..4° , and wave 3
is due to the one-electron oxidation of Fl,.qH , with the relative size of the waves
varying depending on the voltammetric scan rates.®?® When the scan was extended
to more negative potentials, two additional waves were detected which have been
assigned to the reduction of Fl,,~ (wave 4) and reduction of Fl,,¢H®* (wave 5),%* as
shown in Fig. 5.1 (b).
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FIGURE 5.1: Cyclic voltammograms obtained for the reduction processes of 1
mM riboflavin in DMSO with 0.5 M n-BuyNPF¢ using a 1 mm diameter planar
Pt electrode at a scan rate of 0.1 V s!. (Dashed red line) Ar atmosphere.
(Solid black line) CO2 atmosphere. (a) The scan direction was reversed at -1.5
V vs Fc/Fc+. (b) The scan direction was reversed at -2.1 V vs Fc¢/Fc+. (c)
Trifluoroacetic acid was added in quantities ranging from 1 (pale blue) to 5 (dark
blue) equiv under an Ar atmosphere compared to the voltammogram prior to
the acid addition (dashed red line).

CV of Fl,, in DMSO under a CO, environment at a scan rate of 100 mV s led to
only one forward reduction peak at -1.3 V (Fig. 5.1 (a) black trace) (wave 6) and one
reverse oxidation peak at -1.1 to -0.9 V (Fig. 5.1 (a) and (b), black trace) (wave 7)
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when the scan was reversed. The large increase in negative current that is observed
in the black trace in Fig. 5.1 (b) at -1.8 V vs Fc/Fc™ is due to the direct reduction
of dissolved CO4(g). However, when the scan rate was progressively increased above
approximately 2 V s, the voltammograms began to match what was observed

under an argon atmosphere, where waves 1, 2, and 3 were the dominant processes

(Fig. 5.2).
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FIGURE 5.2: (Black lines) Cyclic voltammograms with varying scan rates of 1
mM riboflavin in DMSO with 0.5 M n-BuyNPFg¢ recorded at a temperature of
22(2) °C using a 1 mm Pt electrode. (Red dashed lines) Digital simulations of
the CV data based on the mechanism in Scheme 5.1 and parameters given in
Table 1 and [23]. (Left) CV curves recorded under an Ar atmosphere. (Right)
CV curves recorded under a CO9 atmosphere. The current data were scaled by
multiplying by v

Therefore, the results were interpreted based on an initial slow reaction of COq
with reduced Fl,, at lower scan rates (<2 V s!), which was outrun as the scan
rate was progressively increased. It is important to note that the change in the
appearance of the CV curves under a COy atmosphere is not due to a change in
the pH of the solutions due to any conversion of dissolved CO, to carbonic acid.

Voltammograms recorded in the presence of small amounts of deliberately added
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acid do appear as chemically reversible two-electron, two-proton processes as shown
in Fig. 5.1 (c) (as expected for flavins in aqueous buffered solution, red dashed line
indicated the original voltammogram of Fl,, prior to the acid addition)32 but are

shifted substantially in potential compared to what is observed in Fig. 5.1 (b).

5.4.2 Controlled potential electrolysis

Experiments involving CPE and coulometry were carried out to ascertain the number
of electrons involved in the reduction of riboflavin and to estimate the duration
of the existence of the reduced entities. Experiments on Fl,, in previous studies
in DMSO under argon indicated an overall one-electron-per-molecule reduction
stoichiometry for exhaustive electrolysis.'%23 This aligns with a mechanism whereby
approximately half of the starting Fl,, undergoes two-electron reduction, balanced
by the remaining half acting as proton donors to form Fl,,~ (Scheme 5.1). Thus,
despite the two-electron reduction associated with the first voltammetric wave
under CV conditions, CPE and coulometry measurements indicate that the reaction
proceeds through the transfer of just one electron per riboflavin molecule during

exhaustive electrolysis.

CPE experiments on Fl,, were performed under a CO5 atmosphere with an applied
potential of approximately -1.1 V versus an Ag wire (separated via a salt bridge),
which is 0.3 V more negative than the reduction peak potential (E,"*). Over the
course of electrolysis, the solution changed from yellow to reddish-brown. Fig. 5.3
(a) shows cyclic voltammograms obtained before (black solid line) and after (red
dotted line) exhaustive electrolysis. The shift in the potentials of zero current flow
seen in the cyclic voltammograms between the start and end of the electrolysis is

because the reduced species exists in a charged state.



Chapter 5. Molecular interactions between reduced Vitamin By and CO, 135

1 —
<
s 0 -
1 -
2 -
| | | | |
12 -10 -08 -06 -04 -02 0.0
E /V vs. Ag wire (0.5 M n-BuysNPFg in CH;CN)
0.0
(2}
c
-05 2
ot 3
‘o ©
g -1.0 =
= €
~
4 L 15 S
- 5 ,4
e 2.0 L
-6 —
I I I I

0 1000 2000 3000 4000 5000

Time /s

FIGURE 5.3: Voltammetric and coulometric data collected during the CPE of
1 mM riboflavin in DMSO with 0.5 M n-BuyNPFg, conducted under a COq
atmosphere at 22(2) °C. (a) CV curves were recorded using a 1 mm diameter
planar Pt electrode at a scan rate of 0.1 V s'. The black line represents the state
before reduction of riboflavin. The red dotted line shows the state after riboflavin
had been fully reduced. The blue dashed line indicates the state after reduced
riboflavin has been fully reoxidized. (b) Graph of the current (left axis) and
coulometry (right axis) versus time data collected during the exhaustive reduction

of riboflavin -1.1 V versus a silver wire (in the presence of 0.5 M n-BuyNPF¢ in
MeCN).

The integrated current over time from the electrolysis (Fig. 5.3 (b) molecule (red
dotted line) confirming the two electrons stoichiometry of the electrochemical
reduction step over extended electrolysis time scales. Applying an oxidizing potential
of -0.1 V vs Ag at the completion of the reductive electrolysis led to the regeneration
of the starting material, as shown by the blue dotted trace cyclic voltammogram
in Fig. 5.3 (a), which closely matched the black trace cyclic voltammogram that
was obtained for Fl,, prior to electrolysis. Together with the color change of the
electrolysis solution back to yellow, this suggested recovery of riboflavin upon

oxidation of the reduced flavin under electrolysis time scales of hours.



136 5.4. Results and discussion

5.4.3 FEx situ UV-Vis, NMR, and EPR experiments

Electrochemical UV-vis spectroscopic experiments were performed to determine
whether the reduced compound(s) under a CO5 atmosphere could be cleanly oxidized

back to the starting material (Floc) without reacting to form other products.

In Fig. 5.4, the black line represents the UV-vis spectrum that was captured prior
to the start of the electrolysis. The red line depicts the spectrum of the compound
that was fully reduced (via 2 7). The dotted blue line shows the spectrum that was
recorded after the reduced compound had been oxidized back to the initial material.
The spectra in Fig. 5.4 corroborate the high-yield regeneration of the starting
material following reverse electrolysis. The entire experiment was conducted over

an approximate duration of 4 h at a temperature of 22(2) °C.
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FIGURE 5.4: Ezx situ electrochemical UV-vis spectra of 1 mM riboflavin in DMSO
with 0.5 M n-BuyNPFg, conducted under a COo atmosphere at a temperature of
22(2) °C. The black line represents the state prior to the comprehensive reduction
of riboflavin. The red dotted line shows the state riboflavin has undergone, an
exhaustive two-electron reduction. The blue dashed line indicates the state after
the reduced riboflavin solution had been fully reoxidized through a two-electron
reoxidation process.

The reduction mechanism of riboflavin and its interactions with COy were further
elucidated through 'H and C NMR spectroscopy and EPR experiments. Solutions
of riboflavin that were exhaustively electrolyzed under an Ar atmosphere led to
the loss of all of the *H or '*C features in the NMR spectra. The disappearance of
riboflavin features in the NMR spectra supports the formation of long-lived radical

species, which is consistent with the paramagnetic nature of Fl.,4° .
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In contrast, when a solution containing riboflavin was exhaustively electrolyzed
under a CO, atmosphere, the reappearance of 'H and C NMR features were
observed (Figures Fig. A.2 and Fig. 1.3 in Chapter A). This finding indicates that
the two-electron reduced state exists as a nonradical dianion, likely due to the
formation of a molecular complex with COy (Fleq(COs),* ). This observation
supports the hypothesis of CO5 binding and provides insight into the nature of the

reduced flavin—CQO; interaction.

Complementary EPR experiments provided further evidence of the proposed re-
duction mechanism. Under an argon atmosphere, the one-electron reduced state
exhibited a characteristic radical signal, confirming the formation of Fl,,4* . How-
ever, the integration of this EPR signal revealed that Fl,,4*  was present at only
30-40% of the expected concentration (Fig. A.4 in Chapter A). This finding corrob-
orates the complex reduction state of riboflavin previously described by Tan and

Webster, suggesting a dynamic equilibrium between various reduced species.?

Furthermore, EPR experiments on the two-electron reduced state under a CO,
atmosphere led to the disappearance of the radical signal. This observation supports
the conclusion that reduction under a CO5 atmosphere generates a fully reduced
dianion species. It is proposed that the presence of CO, plays a dual role: it
stabilizes the reduced flavins and simultaneously lowers the reduction potential
of the Flq* / Flea? couple. This effect is likely mediated by the formation of a

molecular complex, Fl,oq(CO3),*, as illustrated in Scheme 5.1.

5.4.4 Digital Simulation of CV Data

Scheme 5.1 contains the proposed reduction mechanism of riboflavin in DMSO that
was derived from the variable scan rate CV experiments and ex situ spectroscopic
data. The mechanism involves multiple PCET steps where the flavin molecules
and their reduced forms also react homogeneously in comproportionation and
disproportionation processes. The simulations were performed using the parameters
previously described for riboflavin in DMSO under an argon atmosphere (reaction
sequence in black in Scheme 5.1)?* and with the new steps involving interactions
with CO5 shown in red in Scheme 5.1. The kinetic and thermodynamic parameters
used in the simulations for the reactions involving CO, are given in Table 5.1. In

summary, the simulation method involves iteratively refining the fitting between the
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experimental voltammetric curves with the simulated curves over a range of scan
rates through continually varying the proposed equilibrium and rate constants and
electrochemical parameters. The equilibrium constants and formal potentials are
interrelated thermodynamically for the square-scheme components of the mechanism,
which aids in the refining of the parameters. For example, if two formal potentials
and one equilibrium constant are known, then the second equilibrium constant
in the square scheme is automatically calculated.?® Similarly, in situations where
the equilibrium constants are predetermined based on the measured (or estimated)
formal potentials of the reactions, then only one rate constant (k; or k;) needs to
be known as the second can be immediately calculated (from K., = ks/k;). This is
beneficial in situations where the homogeneous reactions are very fast or relatively
slow because the kinetic information that can be extracted from the CV curves is

limited by how fast or slow the experimental voltammetric scan can be conducted.

TABLE 5.1: Equilibrium, Rate Constants, and Electrochemical Parameters for
the Red Reaction Mechanism Given in Scheme 5.1 That Were Obtained by Digital
Simulation of CV Data? from Voltammograms Obtained in DMSO Containing
0.5 M n-BugyNPFg under a COy Atmosphere at 22(2) °C3

Dpy/em?s™  Dgo,/cm?s™1 R/Q FlaqCOs®™ 4+ e = FloqCOy2%"

E?gl)/v ky(s)/cms™!
1.6 x 1076 1.6 x 107° 200 —1.13 0.0004
Flrad.7 + COQ S FlradCOQ.7
Keg(s) kpe)/ems™ Ky /ems™

4.62 x 10* 6.36 x 102 1.38 x 10!

A major mechanistic observation from the cyclic voltammograms is that the rate
of reaction between the reduced flavins and COs is slower than the other proton-
transfer homogeneous reactions in Scheme 5.1, as evidenced by how at faster scan
rates the voltammograms appear similar to that obtained under an argon atmosphere
Fig. 5.2. For example, the reaction between Fl,.4* and CO, was estimated at
6 x 102 Lmol s~ (Table 5.1), while the reaction between Fl..q* and Fl,, to form
Flox  and Fl.,qH® has been estimated to occur approximately 1500 times faster

(1x10° Lmol *s™1).2% Nevertheless, the electrolysis and spectroscopic measurements

2CV data were recorded with a 1 mm diameter planar Pt working electrode and at scan rates
between 0.1 and 20 vs~!.

3Formal potentials vs Fc/Fc™ (add 0.43 V to convert to vs SCE).

4Additional values for reactions in Scheme 5.1 are given in [23].
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indicate that over longer time scales, the COy adduct is the major stable species
produced and it can be oxidized back to the starting material. Therefore, this
critically indicates that the interactions of CO, with reduced riboflavin must occur
after the proton-coupled interactions have occurred (black reactions in Scheme 5.1)
and instead must occur with the secondary reduced flavin according to the red
reactions in Scheme 5.1 Furthermore, even though PCET reactions occur more
quickly than the COy supramolecular binding reactions, the kinetic and equilibrium
conditions favor the formation of the [Fl,eq(COs),]?" complex as the major long-lived
solution phase species. Whether the final electron transfer step occurs concertedly
or consecutively (stepwise) remains uncertain, although the reduction of the anion
radical to the dianion in the presence of CO5 (-1 V) occurs at a significantly lower

potential than that in an argon atmosphere (-2 V) (Scheme 5.1).

5.4.5 Computational study of interaction between Riboflavin
and CO,

To elucidate the potential molecular interactions between riboflavin and CO,, a
computational study was conducted. In the absence of a stable synthesized product,
the investigation was aimed at identifying the most probable binding sites and the

stability of the resulting complexes.

Mulliken and NBO calculations were performed to determine the atomic charges of
neutral riboflavin (Fl,y) and its reduced forms, Fl.q* and Flieq® . Fig. 5.5 presents
the natural charge for the riboflavin dianion (Flred%). The results indicated
the presence of three localized negative charge regions, namely, O2, O4, and N5
(numbering from Scheme 5.1), which could potentially serve as binding sites for
CO,. These findings suggest that the electron-rich regions of the reduced riboflavin

molecules are more likely to interact with the electron-deficient carbon atom of
COs.
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F1GURE 5.5: DFT-optimized structure and associated natural charge for the
riboflavin dianion (Fleq?).

To further investigate the binding capability of reduced riboflavin with CO,, a
HOMO-LUMO analysis was carried out. The analysis revealed that only the
reduced forms of riboflavin: Fl..q4* and Flredzf, possess the necessary electronic
configuration to facilitate binding with CO,. This observation can be attributed
to the increased electron density in the HOMO of the reduced riboflavin species,
which allows for a more favorable orbital overlap with that of the LUMO of COs.

To gain insights into the stability of the potential riboflavin-CO4y complexes, struc-
ture optimization calculations were performed on [Fl,eq(COs),]* . The results
showed that while CO5 binding through O2, O4, and N5 could reach a ground state
(N1 and N3 were occupied due to hydrogen bonding with the side chain hydroxyl
and hydrogen present, respectively), the complex formed via N5 exhibited the most
stable optimized structure. Structures and associated energy levels are presented in
the Chapter A (Fig. A.5-Fig. A.12 and Table A.1). This finding aligns with the
observations made by Ranjan et al. in their study of the 4,4’-bipyridine system,
where they also proposed CO, binding at a nitrogen site.?® The similarity in binding
locations between these two systems suggests a common mechanism for the capture

of COy by reduced nitrogen-containing heterocycles.

However, a key distinction between the riboflavin system and the 4,4’-bipyridine
system lies in the reduction potentials. The riboflavin system exhibits a more posi-

tive reduction potential compared to 4,4’-bipyridine. This difference in reduction
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potentials has significant implications for CO, binding kinetics. The riboflavin sys-
tem demonstrates a lower CO, binding kinetic constant based on digital simulation
studies (Table 5.1), which can be attributed to its more positive reduction potential.
This slower binding kinetics might initially seem disadvantageous; however, it may
offer a benefit in practical applications. The more positive reduction potential of
the riboflavin system confers the possible advantage that it may be less susceptible
to unwanted side reactions. Nevertheless, a significant issue with riboflavin is its

low solubility of a few millimoles in aprotic solvents.

5.4.6 Mechanistic analysis of riboflavin-CQO; interactions

and their impact on redox behavior

The interaction between reduced riboflavin species and CO, significantly influences
both the electrochemical reversibility and stability of the system. Here we present
an integrated analysis of these effects based on our electrochemical, spectroscopic,

and computational findings.

Electrochemical evidence for enhanced reversibility

Under a CO, atmosphere, cyclic voltammetry reveals the merging of the two one-
electron transfer steps into what appears as a single two-electron process at slow
scan rates. This behavior contrasts sharply with measurements under an argon
atmosphere, where two distinct one-electron transfers are observed. The positive
shift of the second reduction wave under COy (from -2.0 V to -1.0 V vs Fc/Fc™)
indicates thermodynamic stabilization of the reduced species through CO, binding.
Digital simulation of cyclic voltammograms indicates additional processes whereby
Fliaa® and Flq? were stabilized by interaction with CO,. Controlled potential
electrolysis experiments confirm complete chemical reversibility over extended
timescales, as evidenced by the clean regeneration of the starting material after

oxidation.
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Spectroscopic validation of species stability

UV-vis spectroscopy provides direct evidence for the formation and stability of the
COs-bound reduced species. The characteristic absorption bands observed after
reduction (as shown in Fig. 5.4) remain stable over hours, indicating formation of
a long-lived complex. Notably, EPR measurements show no radical signal in the
reduced solution under CO,, contrasting with the clear radical signals observed
under argon. This absence of EPR signal supports our conclusion that CO, binding

promotes formation of the diamagnetic dianion species over the radical anion (as
shown in Fig. A.4).

Computational insights into binding mechanisms

Density functional theory calculations reveal three potential CO5 binding sites (02,
O4, and N5), with N5 providing the most stable interaction (-37.136 kcal/mol
vs -26.620 and -28.433 kcal/mol for O2 and O4 respectively, as described in the
Table A.1). The calculated HOMO-LUMO analysis demonstrates favorable orbital
overlap between reduced riboflavin and COs, providing a theoretical basis for the

experimental observation of enhanced stability.

Comparison with quinone systems

The behavior of riboflavin-CO4 complexes parallels that observed in quinone systems,
where COs binding also stabilizes reduced species. However, riboflavin exhibits
unique features, particularly the additional proton transfer interactions that oc-
cur prior to COy binding. Despite these mechanistic differences, both systems
ultimately form stable COs-bound two-electron reduced products, suggesting a
common underlying principle in the stabilization of reduced organic species through

CO, coordination.

This mechanistic understanding - supported by multiple analytical techniques -
explains both the enhanced reversibility and stability observed under CO5 conditions,
while providing insights relevant to potential applications in carbon capture and

energy storage systems.
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5.4.7 Limitation and future directions

While riboflavin shows promise as a redox-active molecule for COy capture, sev-
eral limitations need to be addressed before practical implementation. Like the
quinone systems discussed in Chapter 4, reduced riboflavin species exhibit significant
oxygen sensitivity. The presence of Oy can lead to undesired side reactions and
decomposition of the reduced forms, necessitating strict anaerobic conditions for
operation. This sensitivity presents a major challenge for real-world carbon capture

applications where complete exclusion of oxygen may be impractical.

Another significant limitation is riboflavin’s poor solubility in most organic solvents.
While DMSO provides a suitable medium for fundamental studies, its high boiling
point and hygroscopic nature make it less ideal for practical applications. The
development of more soluble riboflavin derivatives or alternative solvent systems
would be necessary for achieving the high concentrations needed in practical carbon

capture systems.

Additionally, the complex proton-coupled electron transfer mechanisms observed
in riboflavin reduction, while interesting from a fundamental perspective, could
complicate process control in scaled-up systems. The multiple chemical steps
involved may affect the overall kinetics and efficiency of CO, capture and release

cycles.

Future research should focus on:

Developing oxygen-stable derivatives of riboflavin

Improving solubility through structural modifications

Exploring alternative solvent systems

Optimizing conditions for reversible CO2 binding and release

Investigating the long-term stability under repeated capture-release cycles

Despite these limitations, this work provides valuable initial perspectives on lever-
aging bio-inspired organic molecules for carbon capture applications. The insights
gained from studying riboflavin’s interactions with CO2 contribute to our under-

standing of molecular design principles for next-generation carbon capture materials.
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5.5 Conclusion

This study elucidated the complex mechanism of riboflavin reduction in DMSO
solvent under a CO, atmosphere by using a combination of CV, spectroscopy,
electrolysis, molecular orbital calculations, and digital simulations. Multiple one-
electron transfers coupled to proton transfers occur, forming numerous anionic and
neutrally charged intermediates prior to the fully reduced state. CPE combined with
coulometry confirmed an overall two-electron stoichiometry, validating the proposed
inner-sphere COs interactions. Spectroscopic monitoring verified the reversibility of
the redox process after bulk electrolysis. Kinetic modeling enables full extraction of

thermodynamic and rate parameters governing this PCET network.

Riboflavin possesses structural commonality with quinones, enabling a similar redox
mediation chemistry. Under CO, conditions, the second electron transfer step of the
anion radical converting to the dianion occurs at a potential lower than that of the
first electron transfer process because of complexation interactions of the reduced
flavins with COs. However, unlike quinones, additional proton-transfer interactions
between the reduced flavin molecules occur, but ultimately, all the reduced forms
are converted to the COy-bound two-electron reduced product, [Fl.eq(COg),]* .
Therefore, the voltammograms recorded at slow scan rates show the appearance of

a concerted two-electron chemically reversible process.
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This thesis has explored diverse applications of analytical electrochemistry in
addressing critical environmental and pharmaceutical challenges. Through a series
of interconnected studies, we have demonstrated the versatility and power of
electrochemical techniques in water disinfection, pharmaceutical analysis, and
carbon dioxide capture and utilization. The research presented here not only
advances our understanding of fundamental electrochemical processes but also

paves the way for practical applications in these vital areas.
Electrochemical Water Disinfection

Our investigation into the use of platinized titanium electrodes for the electrochemi-
cal inactivation of Fscherichia coli in water has yielded significant insights into the
mechanisms of disinfection and the key factors influencing inactivation efficiency.
The study revealed that the inactivation of E. coli follows a logarithmic decay
pattern, independent of the specific electrolyte used, except for sodium chloride,
where the oxidation of chloride to chlorine greatly aids the disinfection process. This
finding suggests that in the absence of Cl™, the primary mechanism of bacterial
deactivation is mediated by reactive oxygen species (ROS) rather than specific

anions present in the electrolyte.

A crucial discovery was the superiority of the three-electrode configuration over the
two-electrode system in achieving higher current throughput, a critical factor for
effective water purification. This enhanced performance was attributed to the lower
internal resistance of the three-electrode system, facilitated by the inclusion of a
reference electrode with a stable potential. The study also successfully identified
and quantified hydroxyl radicals generated during water electrolysis using NMR
spectroscopy, underscoring their crucial role in the electrochemical inactivation of
E. colu.

These findings have significant implications for the development of efficient, sustain-
able, and environmentally friendly water disinfection methods. The demonstrated
feasibility of rapid disinfection even at low electrolyte concentrations suggests that
electrochemical disinfection could be applied to natural waters without the need
for added electrolytes. This opens possibilities for decentralized water treatment

solutions, particularly in remote or resource-limited areas.

Electrochemical Detection of Pharmaceutical Compounds
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The development and optimization of methods for the detection and quantification of
praziquantel in water samples represents a significant contribution to pharmaceutical
analysis. By comparing gas chromatography-mass spectrometry (GC-MS) and
voltammetric techniques, both utilizing solid phase extraction for sample preparation,
we have provided a comprehensive evaluation of their respective strengths and

limitations.

While GC-MS demonstrated lower detection limits, the voltammetric method
showed comparable accuracy and precision, offering a potentially more cost-effective
and portable alternative for on-site testing. This is particularly relevant for moni-
toring pharmaceutical compounds in aquatic environments, where rapid and field-
deployable analytical methods are often required. The successful application of
these techniques to praziquantel analysis also provides a framework that can be
adapted for the detection of other pharmaceutical compounds in environmental

samples.

The study highlights the potential of electrochemical methods as complementary or
alternative techniques to traditional chromatographic methods in pharmaceutical
analysis. The portability and relatively low cost of electrochemical instrumenta-
tion make these methods particularly attractive for field applications and routine

monitoring in resource-limited settings.
Carbon Dioxide Capture and Utilization

The exploration of the electrochemistry of organic molecules, specifically quinones
and riboflavin (vitamin By), for potential applications in carbon dioxide capture
and energy storage has yielded valuable insights into the behavior of these systems.
The investigation of molecular interactions between reduced organic species and
COa, as well as their electrochemical behavior under various conditions, contributes
to our understanding of potential carbon capture technologies and organic-based

energy storage systems.

The study revealed complex mechanisms involving multiple electron transfers
coupled with proton transfers, forming various intermediates before reaching the
fully reduced state. The observation of enhanced chemical reversibility of quinone
redox processes under COy atmosphere compared to inert conditions provides
new perspectives on leveraging organic molecule-based electrochemistry for carbon

capture technologies.
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The prototype quinone-based battery demonstrated in this research, while showing
modest efficiency, serves as a proof-of-concept for utilizing quinones as active
materials in energy storage applications. The insights gained from this study pave
the way for future research aimed at optimizing quinone-based energy storage

systems, particularly in the context of CO, utilization.
Implications and future directions

In conclusion, this thesis demonstrates significant potentials for electrochemistry in
addressing critical environmental challenges. Although research contributes valuable
methodologies and insights, several important directions for future research and

collaboration emerge.

For water treatment technology, future work should focus on real-world validation
through collaboration with treatment facilities to assess long-term stability and
cost-effectiveness. Studies examining multi-species bacterial populations and sys-
tem optimization for portable and remote deployment would enhance practical

applicability.

In pharmaceutical analysis, partnerships with environmental monitoring agencies
and related industries could validate voltammetric methods across diverse water
matrices, while development of multiplexed sensors and integrated systems could

expand detection capabilities.

The carbon capture and energy storage research would benefit from synthetic
chemistry and material science collaborations to develop more stable quinone
derivatives and address oxidative stability challenges. Engineering studies focusing
on scaling issues and system integration with renewable energy sources could
accelerate practical implementation. Economic feasibility studies comparing these

approaches with existing technologies would help guide development priorities.

The diverse applications explored here highlight both the versatility of electro-
chemical methods and the need for continued innovation. Future work should
emphasize interdisciplinary collaboration among electrochemists, environmental
scientists, chemical engineers, and industry partners to transition laboratory findings
to commercial applications. Particular attention should be paid to standardization,

regulatory compliance, and economic viability.
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Through such collaborative efforts and focused research directions, electrochemical
technologies can play an increasingly important role in environmental protection
and sustainable development. The path forward requires balancing fundamental
research with practical implementation considerations to develop solutions that
are not only technically sound, but also economically viable and environmentally

sustainable.






Appendix A

Supporting information for

chapter 5

Figures

Al

A2

Electrochemical characterization of riboflavin reduction under differ-
ent atmospheres. (Top) Cyclic voltammograms of 1 mM riboflavin
in DMSO with 0.5 M n-BuyNPFg at 22(2) °C, recorded using a 1
mm diameter planar Pt electrode at a scan rate of 0.1 Vs™!. Red
trace: initial CV before reduction; Green trace: after one-electron
reduction under argon atmosphere; Blue trace: after subsequent
one-electron reduction under CO5 atmosphere. (Bottom) Controlled
potential electrolysis data showing current (left axis) and charge
passed (right axis) vs. time. Left panel: first reduction step under
argon atmosphere; Right panel: second reduction step under CO2
atmosphere at —1.1 V vs. Ag wire (0.5 M n-BuyNPFg in CH3CN).
All experiments were conducted at 22(2) °C in DMSO with 0.5 M
n-BuyyNPFg as supporting electrolyte. . . . . . . .. ... ... ...
'"H NMR spectra of 1 mM riboflavin solution in DMSO under electrol-
ysis condition (with 0.5 M n-BuyNPF4 in DMSO, 400 MHz). (Red)
Before electrolysis. (Green) After one-electron reduction under argon
atmosphere. The absence of NMR peaks suggests that riboflavin
stays in radical anion form. (Blue) After two-electrons reduction
under CO, atmosphere. The reappearance of riboflavin features
suggests that the reduced riboflavin-CO4 adducts are in non-radical
dianion form. The disappearance of an amine peak at 11.3 ppm
is indicative of an interaction from neutral Fl,, to reduced form
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FIGURE A.1: Electrochemical characterization of riboflavin reduction under
different atmospheres. (Top) Cyclic voltammograms of 1 mM riboflavin in DMSO
with 0.5 M n-BuyNPFg at 22(2) °C, recorded using a 1 mm diameter planar Pt
electrode at a scan rate of 0.1 Vs~!. Red trace: initial CV before reduction; Green
trace: after one-electron reduction under argon atmosphere; Blue trace: after
subsequent one-electron reduction under CO2 atmosphere. (Bottom) Controlled
potential electrolysis data showing current (left axis) and charge passed (right
axis) vs. time. Left panel: first reduction step under argon atmosphere; Right
panel: second reduction step under CO2 atmosphere at —1.1 V vs. Ag wire (0.5 M
n-BuyNPFg in CH3CN). All experiments were conducted at 22(2) °C in DMSO
with 0.5 M n-BuyNPFg as supporting electrolyte.
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FIGURE A.2: 'H NMR spectra of 1 mM riboflavin solution in DMSO under
electrolysis condition (with 0.5 M n-BuyNPFg in DMSO, 400 MHz). (Red)
Before electrolysis. (Green) After one-electron reduction under argon atmosphere.
The absence of NMR, peaks suggests that riboflavin stays in radical anion form.
(Blue) After two-electrons reduction under COgy atmosphere. The reappearance
of riboflavin features suggests that the reduced riboflavin-COy adducts are in
non-radical dianion form. The disappearance of an amine peak at 11.3 ppm is
indicative of an interaction from neutral Fl,, to reduced form Flred(COg)n%.
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FIGURE A.3: !13C NMR spectra of 1 mM riboflavin solution in DMSO under
electrolysis condition (with 0.5 M n-BuyNPFg in DMSO, 400 MHz). (Red) Before
electrolysis. (Green) After one-electron reduction under argon atmosphere. The
absence of NMR, peaks of riboflavin origin suggests that riboflavin stays in radical
anion form. (Blue) After two-electrons reduction under CO2 atmosphere. The
reappearance of riboflavin features suggests that the reduced riboflavin-COs
adducts are in non-radical dianion form. The peak at 124 ppm (blue line) is from
the dissolution of COs in DMSO.!
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FicURE A.4: EPR spectra of 1 mM riboflavin solution in DMSO under electrolysis
condition (with 0.5 M n-BusNPFg in DMSO) (Red) Before electrolysis. (Green)
After one-electron reduction under argon atmosphere. (Blue) After two-electrons
reduction under COy atmosphere. (Purple) 0.1 mM DPPH in DMSO for scale.
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FIGURE A.5: Optimized geometry of riboflavin (Fly).
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FIGURE A.6: Optimized geometry of riboflavin radical anion (Flaq® ).
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F1cURE A.7: Optimized geometry of riboflavin radical dianion (Flred%).
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FicURE A.8: Optimized geometry and the lowest unoccupied molecular orbital
(LUMO) of COsa.
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FI1GURE A.9: Optimized geometry and the single occupied molecular orbital
(SOMO) of riboflavin radical anion (Flaq® ).
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FicURE A.10: Optimized geometry and the highest occupied molecular orbital
(HOMO) of riboflavin radical dianion (Flieq?").
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TABLE A.1: Relative energies of riboflavin-CO2 adduct (Fleq(CO2)? ") at differ-
ent binding positions

Name E(SCF) (Hartree) ZPE (Hartree) H (Hartree)
COq -188.45 0.01136 -188.447
Fleea®” -1329.40 0.35566 -1329.053
Fliea(CO5)?~ binds at 02 -1517.89 0.37008 -1517.525
Flred(C02)27 binds at O4 -1517.89 0.37031 -1517.527
Fl,oa(CO2)?" binds at N5 -1517.91 0.37197 -1517.540
Name TS (Hartree) G(gas) (Hartree) AG(gas) (kcal/mol)
COq 0.02434 -188.423
Fleea® 0.07797 -1328.975
Flieq(CO2)*" binds at 02 0.08474 -1517.440 -26.620
Flred(C02)27 binds at 04 0.08405 -1517.443 -28.433

Fl.ea(CO2)?  binds at N5 0.08316 -1517.457 -37.136
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FIGURE A.11: Optimized geometry of Fl,eq?~ binding with COg (Flyeq(CO2)%~
through O2 position.
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FIGURE A.12: Optimized geometry of Fleq?~ binding with COg (Flieq(CO2)?~
through O4 position.
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FIGURE A.13: Optimized geometry of Fleq?  binding with COs (Flred(002)27
through N5 position.
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Cartesian coordinates of riboflavins and its reduced forms with different binding

positions to CO,

CO,

C -1.194086 -0.871868 -3.007518
0 -0.639595 -0.999309 -1.979692
O -1.748577 -0.744426 -4.035343

Flox

0O -2.441141 -1.468435 -0.167865
0O -2.541074 2.081128 -0.759486
0O -5.190614 1.630475 -0.610693
O -5.558454 0.897322 2.011635
O 4.004887 -3.466355 0.616273
0O -0.194981 -4.822612 -0.423781
N 0.610279 -0.312359 -0.586572
N 3.206415 -0.783619 0.315647
N 0.157633 -2.571550 -0.488489
N 1.896500 -4.107714 0.058033
C -1.912374 -0.166645 -0.289765
C -0.698592 -0.108677 -1.236961
C -3.021768 0.740898 -0.823749
C -4.349144 0.608067 -0.069065
C 1.433236 0.763607 -0.280656
C 1.016966 -1.596697 -0.329186
C 2.750827 0.489536 0.159963
C 1.021094 2.099101 -0.377402
C 2.394496 -1.766688 0.095798
C -4.248343 0.778189 1.443876
C 1.888679 3.139597 -0.080421
C 3.619294 1.558299 0.445291
C 3.223493 2.871469 0.327417
C 2.879572 -3.169536 0.290074
C 1.398359 4.556693 -0.186857

C 4.180597 3.991597 0.633098
C 0.555566 -3.880200 -0.299164
H -1.598309 0.226427 0.688127
H -0.808810 -0.887216 -1.991436
H -0.663182 0.853019 -1.736240
H -3.224190 0.468996 -1.869223
H -4.769086 -0.378857 -0.291739
H 0.004186 2.340773 -0.651031
H -3.702716 -0.058608 1.885731
H -3.734672 1.708334 1.688440
H 4.620304 1.299537 0.766732
H -1.700675 -2.103094 -0.248480
H -3.315202 2.644748 -0.902489
H -5.893811 1.779169 0.037346
H 0.349258 4.591195 -0.475992
H 1.508091 5.086173 0.763246
H 1.974362 5.119166 -0.927018
H 5.157817 3.600746 0.913608
H 4.316199 4.649102 -0.229691
H 3.820643 4.617344 1.454292
H 2.155842 -5.077780 0.180795
H -5.952552 0.019154 2.067338

Flrad. -

0O 2.958644 -0.655612 -1.779883
0O 0.835132 2.204460 -2.412331
0O 2.172328 3.172286 -0.331430
O 4.683772 3.355136 -1.231341
0O 2.432429 -5.700739 -6.097594
0O 3.595642 -4.520588 -1.819006
N 1.077804 -1.463445 -4.232786
N 1.169227 -3.135742 -6.518633
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N 2.365635 -2.964858 -3.003982
N 2.934764 -5.053180 -3.951575
C 2.030685 0.109114 -2.507492
C 0.831779 -0.724031 -3.498000
C 1.545249 1.260855 -1.617881
C 2.709678 1.974701 -0.912173
C 0.638106 -0.966587 -5.470685
C 1.758399 -2.683650 -4.170041
C 0.673131 -1.873046 -6.593772
C 0.171160 0.348491 -5.636027
C 1.730864 -3.507529 -5.336514
C 3.844611 2.368933 -1.862883
C -0.320664 0.807504 -6.879907
C 0.158755 -1.383065 -7.829986
C -0.335095 -0.082013 -7.990325
C 2.368214 -4.830521 -5.224279
C -0.814096 2.227263 -7.016602
C -0.863155 0.377306 -9.329759
C 2.997207 -4.181741 -2.846077
H 2.487078 0.580423 -3.419239
H 0.579307 -1.454037 -2.203515
H -0.039905 -0.064766 -3.169268
H 0.882627 0.836990 -0.819711
H 3.111786 1.294129 -0.125634
H 0.207893 1.055551 -4.793888
H 4.409955 1.465816 -2.175118
H 3.417243 2.861250 -2.759547
H 0.175172 -2.090860 -8.673632
H 2.848342 -1.616082 -2.114801
H 0.864821 3.019455 -1.861837
H 2.944878 3.783945 -0.341909
H -0.720186 2.776681 -6.059030
H -0.247493 2.797418 -7.787254
H -1.882913 2.273818 -7.326311

H -0.808988 -0.434838 -10.081365

H -1.922976 0.710470 -9.267692
H -0.289971 1.244090 -9.727706
H 3.402505 -5.955524 -3.831930
H 5.199151 2.882460 -0.549410

Flredz_

O 3.078286 -0.498608 -1.984456
O 0.931528 2.398395 -2.252565
0 2.147192 2.940791 0.074266
0O 4.725058 3.173513 -0.636248
O 2.311633 -5.787581 -5.912805
O 3.840512 -4.264807 -1.856459
N 1.233659 -1.324563 -4.375038
N 0.988407 -3.222774 -6.489164
N 2.565082 -2.777228 -3.105988
N 2.996569 -4.932976 -3.893486
C 2.095190 0.281062 -2.612517
C 0.934937 -0.568644 -3.179087
C 1.559186 1.302272 -1.589680
C 2.684564 1.845052 -0.696169
C 0.728237 -0.910901 -5.642316
C 1.860216 -2.586894 -4.261176
C 0.566965 -1.959722 -6.645515
C 0.358733 0.409659 -5.901937
C 1.693536 -3.503392 -5.318714
C 3.881485 2.364340 -1.493105
C -0.273972 0.805163 -7.125932
C -0.105578 -1.530832 -7.847232
C -0.512004 -0.205426 -8.089236
C 2.321187 -4.805894 -5.141367
C -0.683388 2.237228 -7.351276
C -1.209133 0.141727 -9.388523
C 3.170537 -3.984130 -2.875018
H 2.507066 0.882627 -3.469027
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H 0.634962 -1.269359 -2.363191
H 0.076044 0.098634 -3.404430
H 0.828482 0.778866 -0.917199
H 3.024121 1.017300 -0.031921
H 0.539655 1.182210 -5.135013
H 4.422927 1.503485 -1.937455
H 3.524198 3.039690 -2.296114
H -0.293275 -2.316638 -8.599791
H 2.952720 -1.489706 -2.356271
H 0.924355 3.092147 -1.556814
H 2.941293 3.508789 0.203951
H -0.423000 2.863101 -6.471663
H -0.194836 2.715384 -8.240173
H -1.784140 2.374848 -7.520623
H -1.333795 -0.757153 -10.028166
H -2.222371 0.580538 -9.224477
H -0.647770 0.900701 -9.984040
H 3.450248 -5.837471 -3.746615
H 5.150028 2.543265 -0.022479

Fl,.a(CO2)?", binds at 02

0O 3.192199 -0.291605 -2.078489
0O 1.012553 2.566508 -2.443047
0O 2.215308 3.214299 -0.145607
O 4.787766 3.474376 -0.855381
0O 2.435720 -5.613657 -6.034033
O 3.938782 -4.048473 -1.925465
N 1.369516 -1.155025 -4.486494
N 1.184010 -3.041570 -6.617585
N 2.702151 -2.628291 -3.221620
N 3.128975 -4.787221 -4.003590
C 2.206697 0.468420 -2.737192
C 1.058630 -0.401657 -3.293554
C 1.661368 1.508356 -1.743093

C 2.777888 2.102701 -0.870195
C 0.899217 -0.732021 -5.761907
C 1.996863 -2.416259 -4.378961
C 0.770087 -1.764537 -6.777881
C 0.530779 0.590532 -6.018765
C 1.849765 -3.326028 -5.442527
C 3.967067 2.617323 -1.683331
C -0.061527 0.990475 -7.258466
C 0.153528 -1.331615 -7.997788
C -0.255320 -0.004604 -8.242869
C 2.463481 -4.645915 -5.257530
C -0.473222 2.423680 -7.482147
C -0.900987 0.352437 -9.565007
C 3.257914 -3.827793 -3.047067
H 2.628652 1.045803 -3.602891
H 0.769195 -1.105038 -2.477012
H 0.188999 0.251771 -3.518895
H 0.942400 0.994117 -1.051956
H 3.130936 1.308847 -0.172345
H 0.680469 1.356566 -5.239820
H 4.532187 1.756825 -2.097654
H 3.597151 3.254327 -2.511640
H 0.004750 -2.110885 -8.764615
H 3.099602 -1.261048 -2.423582
H 0.996469 3.287027 -1.774810
H 2.996821 3.802285 -0.028736
H -0.242058 3.043904 -6.590479
H 0.041735 2.904190 -8.351688
H -1.567396 2.548161 -7.685101
H -0.990742 -0.539001 -10.219824
H -1.923775 0.779202 -9.437050
H -0.321596 1.122772 -10.126390
H 3.597420 -5.685047 -3.765927
H 5.233309 2.878346 -0.222485
C 4.669580 -5.430581 -1.544829
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O 5.199872 -5.293474 -0.455429
O 4.552931 -6.323648 -2.396365

Fl,.q(CO2)?", binds at O4

O 2.876388 -0.590780 -1.917067
O 0.873814 2.382524 -2.386139

O 2.055584 3.006012 -0.071551

O 4.655042 3.113752 -0.718524

O 2.230635 -5.656231 -6.165846
O 3.477675 -4.389141 -1.872425
N 1.098380 -1.321333 -4.427477
N 1.040223 -3.100618 -6.655281
N 2.324815 -2.836716 -3.149700
N 2.815064 -4.968788 -3.998946
C 1.972779 0.224252 -2.620259

C 0.798031 -0.575748 -3.220014
C 1.450635 1.303727 -1.656154

C 2.574320 1.853104 -0.762746

C 0.672717 -0.844080 -5.704542
C 1.720390 -2.567668 -4.324271
C 0.617363 -1.829995 -6.772807
C 0.302595 0.485665 -5.916675

C 1.640518 -3.442294 -5.454222
C 3.810837 2.285937 -1.552562

C -0.219568 0.940934 -7.164402
C 0.058546 -1.341791 -8.004457
C -0.348060 -0.011873 -8.206381
C 2.240574 -4.709857 -5.227756
C -0.623540 2.381942 -7.346442
C -0.919502 0.405665 -9.544941
C 2.905428 -4.074193 -2.930922
H 2.461301 0.770387 -3.472317

H 0.460731 -1.286933 -2.431357
H -0.036020 0.116528 -3.451738

H 0.689822 0.834813 -0.977830
H 2.865522 1.053207 -0.043464
H 0.408503 1.218594 -5.099781
H 4.337406 1.386696 -1.934291
H 3.499782 2.925564 -2.402683
H -0.034015 -2.082992 -8.816200
H 2.740872 -1.556759 -2.295121
H 0.881907 3.114803 -1.730697
H 2.864166 3.554712 0.052500

H -0.454293 2.958615 -6.412506
H -0.055657 2.906603 -8.155814
H -1.702754 2.514196 -7.614152
H -0.962614 -0.452530 -10.246863
H -1.951689 0.818610 -9.454796
H -0.315563 1.207011 -10.031610
H 3.223106 -5.931148 -3.946145
H 5.051357 2.507966 -0.062688
C 2.837601 -7.098495 -6.010366
O 3.382082 -7.331062 -4.911857
O 2.649618 -7.728400 -7.039776

Fl,eq(CO2)?", binds at N5

O 3.095300 -0.421888 -2.025986
O 0.812771 2.343702 -2.493300
0O 2.075650 3.185299 -0.295476
0 4.607945 3.491742 -1.120329
O 3.366234 -5.102152 -6.566359
0O 4.391924 -4.003280 -2.234085
N 1.247605 -1.355147 -4.451858
N 1.196954 -3.054933 -6.640407
N 2.819272 -2.671232 -3.295623
N 3.700690 -4.569752 -4.354644
C 2.099084 0.288238 -2.711453
C 0.964219 -0.626994 -3.232752



Appendix A. Supporting information for chapter 5 175

C 1.534498 1.356173 -1.760595
C 2.654033 2.048997 -0.967883
C 0.900295 -0.819727 -5.713284
C 2.052577 -2.517406 -4.413144
C 0.864851 -1.717792 -6.832243
C 0.542460 0.530329 -5.883704
C 2.038613 -3.344050 -5.534104
C 3.794116 2.548388 -1.856842
C 0.092176 1.030678 -7.129550
C 0.425995 -1.198730 -8.073823
C 0.027293 0.144355 -8.230634
C 3.043850 -4.389328 -5.605842
C -0.310591 2.480581 -7.261696
C -0.458861 0.631269 -9.578134
C 3.665034 -3.750119 -3.214455
H 2.499959 0.842470 -3.604119
H 0.748900 -1.359772 -2.423905
H 0.053223 -0.017154 -3.405458
H 0.864066 0.850914 -1.016363
H 3.061898 1.316165 -0.233813

H 0.589924 1.219208 -5.026417
H 4.376120 1.679589 -2.228672
H 3.374022 3.110585 -2.714557
H 0.340186 -1.929078 -8.890358
H 3.081553 -1.394306 -2.445403
H 0.798692 3.105590 -1.872553
H 2.836671 3.809235 -0.252557
H -0.200499 3.013276 -6.294521
H 0.302816 3.031058 -8.014350
H -1.370422 2.605411 -7.589668
H -0.440469 -0.189365 -10.323137
H -1.502504 1.022470 -9.536625
H 0.162917 1.465984 -9.979039
H 4.399235 -5.316193 -4.343666
H 5.100531 2.958567 -0.466763
C 0.310075 -4.198730 -7.207159
0O 0.283216 -5.196428 -6.469213
0 -0.247270 -3.930698 -8.294833
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