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Abstract 

 
In recent years, there has been considerable research focus on natural plant phenolics. 

They are present as key contributors to the flavour of food and beverages and are also 

proven to function as antioxidants, providing a wide range of physiological properties 

including anti-cancer, anti-inflammatory and anti-microbial. Their investigation and 

detection in plants, food and beverages require the development of rapid, selective and 

sensitive analytical methods.  

In this thesis, an overview of plant secondary metabolites, their classification and 

physiological properties are given. The characteristics of the boron-doped diamond 

(BDD) electrode and the coupling of liquid chromatography (LC) with 

electrochemical detection (ECD) are also described. This work focuses on determining 

the phenolic analytes that are associated with the distinct flavour of whiskey. Initially, 

the whiskey is analysed using direct electroanalysis at a Nafion-modified BDD 

electrode. Inclusion complexation with cyclodextrins (CDs) and peak deconvolution 

reveals guaiacols, phenols and cresol isomers as the phenolic molecular fingerprint of 

whiskey. Pre-concentration with Nafion on the electrode surface results in a 5-fold 

decrease in the limit of detection (LOD) compared to the bare BDD electrode. The 

electro-oxidation mechanisms of the analytes are also investigated with cyclic 

voltammetry (CV).  

To specifically determine the flavour contributing analytes and to differentiate 

whiskey based on geographical origin, detection at the BDD electrode is preceded by 

chromatographic separation with a C18 core-shell column. Significantly higher 

concentrations of the phenolic compounds are determined in Islay whiskey, attributed 

to its unique production process. The detection limit (S/N = 3) of guaiacol with LC-

ECD is 5 nM, 80-fold lower than that obtained with LC-ultraviolet (UV) detection (2 

µM).  

Attention was then turned to the separation and detection of gallic acid (GA) and 

ellagic acid (EA) in whiskey. GA and EA are present in the oak casks used for 

maturation and so their presence can be used as markers of authentic whiskey. 

Chromatographic separation using a reversed-phase (RP) C18 column with gradient 

elution is followed by amperometric detection at a BDD electrode. LODs of 60 and 
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200 nM are obtained for GA and EA, respectively, with the highest concentrations of 

both acids found in a 14-year-old whiskey. 

Rapid and sensitive analytical methods are required for the detection of spoilage 

metabolites in the food and beverage manufacturing industries. In beverages, guaiacol 

may be present as a result of microbial metabolism, resulting in the formation of a 

medicinal off-odour with subsequent financial implications. LC-ECD at a BDD 

electrode provides LODs of 10-30 nM for guaiacol and its phenolic precursors. 

Notably, separation is achieved within 60 s, providing a rapid alternative to traditional 

microbiological culturing methods.  

The outcomes presented represent an advancement in the separation and selective 

sensing of phenolic analytes, and are of importance in the food and beverage sectors. 
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Figure 4.1 A representative 5 cycle CV of 100 µM GA at pH 2 on the BDD 
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1.1 Secondary metabolism of plants  

 
Plants contain a diverse array of both primary and secondary metabolites. Primary 

metabolites such as carbohydrates, proteins and lipids, are necessary for cell growth, 

development and reproduction1. Secondary metabolites are low-molecular-weight 

structures that are formed from biosynthetic pathways. They are non-essential to plant 

life, but play a key role in plants’ survival in the environment, by protecting against 

stresses, both biotic (fungi, nematodes, insects, bacteria, or grazing by animals) and 

abiotic (moisture, shading, injury, higher temperatures, or presence of heavy metals)2. 

Over 100,000 secondary metabolites have been elucidated and classified according to 

their chemical structure3. The main groups in this classification include alkaloids, 

amines, glucosinolates, cyanogenic glucosides, non-protein amino acids, phenolics, 

quinones, organic acids, terpenoids, polyacetylenes, and peptides, with phenolic 

compounds accounting for one of the largest groups of secondary metabolites in 

plants3.  

Biogenetically, secondary metabolites are primarily produced through the pentose 

phosphate/shikimate/phenylpropanoid metabolic pathways. The pentose phosphate 

pathway provides erythrose-4-phosphate as a precursor for the shikimate pathway. 

The shikimate pathway then converts these phosphates to aromatic amines, such as 

phenylalanine, which are used by the phenylpropanoid pathway to synthesise a wide 

variety of secondary metabolites4,5 (Scheme 1.1). Additionally, secondary metabolites 

may also arise from the acetate/malonate metabolic pathway providing simple 

phenols, or a combination of the phosphate/shikimate/phenylpropanoid and 

acetate/malonate pathways producing both monomeric and polymeric phenols6.  

There is growing research interest in natural plant phenolics as they are known to 

display a wide range of physiological properties including anti-allergenic7, anti-

atherogenic8, anti-inflammatory9 and anti-microbial10 activity.  Plant phenolics are 

best known for their natural antioxidant properties which are associated with a 

decreased risk of diseases related to oxidative stress, such as cancer and cardiovascular 

disease11–13. 
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Scheme 1.1. Biosynthesis of phenolic compounds in the pentose phosphate, shikimate and 

phenylpropanoid pathways in plants5. 

1.1.1 Phenol and polyphenols 
 

Phenol (carbolic acid) (Figure 1.1A) is a cyclic benzene compound that contains one 

or more hydroxyl groups attached to the ring. It is a weak acid with a pKa of ~10. It is 

slightly more acidic than the aliphatic alcohols and cyclohexanol, as it can lose a 

proton as the phenoxide ion is stabilised through delocalisation of the negative charge 

around the ring14 (Figure 1.1B-C). The acidity of substituted phenols is dependent on 

the class of substituent, with electron-withdrawing groups increasing its acidity and 

electron-donating groups making it less acidic. Polyphenols are compounds that 

contain greater than one phenolic hydroxyl group attached to one or more benzene 

rings (Figure 1.2).  
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Figure 1.1. Chemical structures of phenol (A), phenoxide ion (B) and resonance structures (C). 

 

Figure 1.2. Chemical structure of the polyphenol, ellagic acid. 

1.1.2 Antioxidant properties of plant phenolics 
 

Reactive oxygen species (ROS) are reactive molecules and free radicals present as 

natural by-products of our body’s metabolism, i.e., hydrogen peroxide, the superoxide 

anion and the hydroxyl radical15.  In excess, they can pose a health risk by attacking 

biological molecules such as deoxyribonucleic acid (DNA), ribonucleic acid (RNA), 

enzymes, proteins and lipids, resulting in cell or tissue injury associated with 

degenerative diseases15,16. An antioxidant is a substance that when present at 

concentrations lower than the oxidisable compounds to be protected, can significantly 

delay or inhibit its oxidation17. The antioxidant ability of phenolics is mainly due to 

their redox properties, allowing them to function as reducing agents or as hydrogen 

atom donors. They react with reactive oxygen and nitrogen species, breaking the cycle 

of the generation of new radicals18. They can also function as antioxidants by chelating 

with metals such as Fe and Zn19. By strongly interfering with proteins, they can inhibit 

enzymes involved in radical generation including cytochrome P450 isoforms, 

lipoxygenases, cyclooxygenase and xanthine oxidase18. The radical scavenging and 

metal chelating properties of phenolics are determined by their chemical structure, 
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known as the structure-activity relationship (SAR). The antioxidant activity of the 

compound increases with an increase in hydroxyl groups. The position of the hydroxyl 

group is also important with the ortho (o)-position most active due to intramolecular 

hydrogen bonding, followed by the para (p)-position, with the meta (m)-position of 

compounds having the lowest activity20.  

1.1.3 Structure and classification of plant phenolics 
 

Plant phenolics refer strictly to those polyphenols that are produced through 

biosynthetic pathways and which fulfil a wide range of physiological roles in plants6. 

To date, over 8000 plant phenolic compounds have been identified21. Low-molecular-

weight phenolics are found universally in higher plants, with others occurring in an 

array of plant species while some are species specific6. They are classified based on 

their number of phenol rings and the structural elements that bind these rings together22 

(Scheme 1.2).  

 

Scheme 1.2. Main classes of polyphenolic compounds. 
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Polyphenols are widely present in foods and beverages such as fruits, vegetables, 

whole grains, chocolate, tea, coffee and alcoholic beverages (Table 1.1). 

Table 1.1. The occurrence of phenolic compounds in predominantly edible plants and plant-derived 

products. Modified from Reference 23. 

Phenolic compounds Occurrence in plants References 

Phenolic 

acids 

Hydroxybenzoic acids grapes, black currant, blackberries, 

lignin berries, strawberries, raspberries, 

onion, tea 

24–26 

Hydroxycinnamic 

acids 

apples, pears, cherries, apricots, peaches, 

black currant, blueberries, Ginkgo biloba 

and Morus alba leaves, tobacco leaves, 

potatoes, spinach, lettuce, potatoes, 

broccoli, olive oil, wine, coffee, citrus 

juice, grains 

27–35 

Flavonoids Flavonols apples, oranges, grapefruits, black 

grapes, black elderberries, blueberries, 

cabbage, radish, onion paprika, chicory, 

green tea, red wine, Ginkgo biloba 

leaves, Morus alba leaves 

36–42 

Flavones celery, cayenne pepper, red paprika, 

parsley, thyme, lemon, rose hip, 

peppermint 

36,37,41–43 

Flavanones tomatoes, mint, nigella seeds, citrus 

fruits (mainly oranges and grapefruits) 

36,37,41–43 

Flavanols fruits (berries, apples, pears), cocoa 

beans, nuts, green tea, legumes 

44,45 

Anthocyanidins cherries, strawberries, grapes, red wine, 

black currant, black elderberries, 

chokeberries, blueberries, red cabbage, 

rhubarb, radish, red onion 

36,37,41,42,46 

Isoflavones soy, soy products, legume 36,37,41,42,47–50 

Tannins   green and black tea, red wine 38,51–54 

Stilbenes  grapes, mulberries, peanuts, berries 48,55–58 

Lignans  flaxseed, sunflower seeds, sesame seeds, 

grains, carrot, onion, chives, apples, 

cherries, blueberries, strawberries, nuts, 

tea, coffee 

56,59–62 

 



 

7 
 

1.1.3.1 Phenolic acids 
 

Phenolic acids refer to phenols that possess one carboxylic acid functionality. They 

serve as bioprecursors of polyphenols and are also metabolites of polyphenols63. 

Phenolic acids, or simple phenols, consist of two subgroups, i.e., the hydroxybenzoic 

and hydroxycinnamic acids (Figure 1.3).  

 

Figure 1.3. Examples of hydroxybenzoic (A) and hydroxycinnamic (B) acids. 

Hydroxybenzoic acids have the common C6-C1 structure and are the simplest phenolic 

compounds found in nature. Examples of hydroxybenzoic acids include gallic, 

protocatechuic, vanillic, p-hydroxybenzoic, and syringic acids64.  Gallic acid (GA) has 

many physiological properties including anti-cancer, anti-diabetic and cardiovascular 

activity. As an anti-cancer agent, it can exhibit both pro-oxidant and antioxidant 

properties65. It can autoxidate, producing significant levels of ROS which can kill 

cancer cells through apoptosis66. Several studies have recently been carried out on its 

ability to induce apoptosis67–69. In cardiovascular diseases, GA can inhibit the effects 

of free radicals by increasing the activity of antioxidant enzymes, and/or by increasing 

the activity of non-enzymatic antioxidant agents such as vitamin C and vitamin E70,71. 

GA can also protect the lining of the gastrointestinal tract from ulcer formation72 and 

can inhibit diet-induced hyperglycaemia and hypertriglyceridemia73. Vanillic acid 

(VA), an oxidised form of vanillin, is a flavouring agent found in plants and fruits. It 

is best known as a food and beverage flavouring but also possesses antioxidant74 and 

anti-hypertensive75 activity.  
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The hydroxycinnamic acids contain a three-carbon side chain (C6-C3) and are more 

common than hydroxybenzoic acids. They consist mainly of caffeic, ferulic, p-

coumaric and sinapic acids64,76. Ferulic acid (FA) is the main phenolic acid constituent 

of cereals, constituting up to 90 % of the total polyphenol content36. It stays in the 

blood longer than any other phenolic acid and possesses a number of physiological 

functions including anti-inflammatory, anti-microbial, and anti-thrombotic activity77, 

whilst also promoting angiogenesis78. It is widely used as an active ingredient in 

cosmetic products due to its photoprotective effect79. FA is also used as a sports 

supplement as it alleviates muscle fatigue and promotes muscle growth77,80. Caffeic 

acid (CA) is the most abundant phenolic acid in fruit, with a representation of 75-100 

% of the total hydroxycinnamic acid content36. Similar to other phenolic acids, it 

exhibits many physiological effects, including antioxidant, anti-diabetic and anti-

cancer activity81. CA is present in coffee, and in combination with caffeine may 

function as an antidepressent82. 

1.1.3.2 Flavonoids 
 

Flavonoids are the largest group of plant phenolics, accounting for over half of the 

8000 naturally occurring plant products identified64. They are characterised by a 

phenylbenzopyran chemical structure, consisting of a (C6-C3-C6) skeleton18. Their 

structure contains two aromatic rings, A and B, joined by a three carbon-bridge (C) 

(Figure 1.4). Ring A is derived from the acetate/malonate pathway, and ring B is 

derived from the shikimate pathway, via phenylalanine. The variation of the 

substituents of ring C leads to the formation of the different classes of the flavonoids64, 

whilst changes in substitutions of rings A and B differentiate the compounds within 

each class64 (Table 1.2). 

 

Figure 1.4. The basic structure of a flavonoid molecule. 
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Table 1.2. The chemical structures of the main classes of flavonoids. 

Flavonoid Basic structure     Example 

Flavonols 

 

 
 

Myricetin 

Flavones 

  

Luteolin 

Flavanones 

 
 

Hesperitin 

Flavanols 

 

 

Catechin 

Anthocyanidins 

 

 

Cyanidin 

Isoflavones 

  

Genisten 
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Flavonols are the most ubiquitous flavonoids and accumulate in the outer and aerial 

tissues (skin and leaves) of fruits as their synthesis is driven by sunlight36. They 

contain a hydroxyl group in position 3 of the C ring and may be present in their 

glycosylated form. They are found abundantly in blueberries, onions and leeks36. 

Quercetin is the most potent dietary flavonol. Its strong antioxidant ability is due to 

the presence of two pharmacophores within the molecule which have the optimum 

configuration for free radical scavenging83 (Figure 1.5A). A recent study determined 

that quercetin inhibits biofilm formation in Listeria monocytogenes84. Kaempferol 

(Figure 1.5B), another strong antioxidant, shares the same backbone as quercetin but 

has one fewer hydroxyl group. This causes it to be more chemically stable and less 

reactive than quercetin85. Kaempferol is known to exhibit anti-arthritis activity by 

regulating the intestinal flora and microbiotic metabolism86. It also has significant 

potential as an anti-cancer agent, as it is a strong promoter of apoptosis and can 

regulate various signalling pathways87. 

 

Figure 1.5. Chemical structure of quercetin (A) and kaempferol (B). 

Flavones differ to flavonols in that they lack oxygenation at the C3 position21. They 

are much less common than flavonols and are present as glucosides in leaves, flowers 

and fruits. Examples of flavones include luteolin and apigenin88. Recent research 

focuses on their anti-cancer activity89,90. Flavanones are only present in high 

concentrations in citrus fruit. The main flavanones are hesperetin, naringenin and 

eriodictyol, which are responsible for the bitter taste of citrus fruits36,88. Studies show 

that there is a direct link between citrus fruit intake and a significant reduction in 

cardiovascular risk factors91. 

Flavanols (or catechins) are the 3-hydroxy derivatives of flavanones (Figure 1.6). 

They are the most complex forms of flavonoids, ranging from monomeric to 
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oligomeric to polymeric forms. They occur abundantly in green tea in the form of (-)-

epicatechin-3-gallate (ECG), (-)-epigallocatechin (EGC), (-)-epicatechin (EC) and (-) 

-epigallocatechin-3-gallate (EGCG)92, and are primarily responsible for green tea’s 

anti-carcinogenic, anti-inflammatory, anti-microbial, and antioxidant properties92. 

 

Figure 1.6. Chemical structure of (-)-epicatechin.. 

Anthocyanidins are found in flowers and fruits where they impart red, blue and purple 

colours21. Cyanidin, delphinidin and malvidin are the most studied, and they occur in 

fruits such as grapes and berries88. They have found use in the prevention and 

treatment of cancer93, diabetes94 and obesity and inflammation95. Isoflavones are a 

unique class of flavonoids and their greatest dietary source are soybeans. They are 

classed as phytoestrogens and have the potential for treating a range of hormone-

dependent conditions96. Common isoflavones include genisten and daidzein88.  

1.1.3.3 Tannins 
 

Tannins are high-molecular-weight compounds (500-3000 Daltons) naturally present 

in cereals, and mostly in fruits and vegetables97. They are subdivided into condensed 

and hydrolysable tannins and can contain up to 20 hydroxyl groups. Condensed 

tannins (or oligomeric proanthocyanidins) are oligomers of flavanols and are the most 

abundant plant-derived polyphenols97. Hydrolysable tannins are subdivided into 

gallotannins and ellagitannins. Gallotannins and ellagitannins can readily hydrolyse 

with dilute acid to form GA and EA monomers21. Tannins possess antioxidant, anti-

inflammatory and anti-cancer activity98, whilst also promote blood clotting. However, 

certain tannins may inhibit iron bioavailability99.  
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1.1.3.4 Stilbenes 
 

Stilbenes contain two phenyl groups that are connected by a two-carbon methylene 

bridge (C6-C2-C6)
21. In plants, most stilbenes act as antifungal compounds which are 

synthesised in response to injury or infection76. Their intake in the human diet is 

relatively low. One of the most studied stilbenes is resveratrol, found in grapes, wine, 

soya and peanuts21. Resveratrol exists in both cis- and trans-forms (Figure 1.7), and 

its beneficial activities include antioxidant, antitumour, anti-inflammatory and anti-

ageing100. 

 

Figure 1.7. Chemical structure of (A) cis- and (B) trans-resveratrol. 

1.1.3.5 Lignans 
 

Lignans are dimeric compounds formed from dimerisation of two cinnamic acid 

residues76. They are commonly found in fibre rich foods including cereals, oilseed, 

nuts, vegetables and fruits. To date, more than 20 different lignans have been 

identified101. Secoisolariciresinol diglucoside (SDG) is found mainly in flaxseed and 

protects against cardiovascular diseases, cancer and diabetes102. 

1.1.4 Chromatographic analysis of secondary metabolites 
 

The analysis of phenolic compounds and flavonoids in foods and beverages is 

typically carried out using high-performance liquid chromatography (HPLC) with 

ultraviolet (UV) detection. Wang et al. optimised a reversed-phase (RP) HPLC-UV 

method for the analysis of phenolic compounds including GA, VA, FA, chlorogenic 

acid (CGA), and quercetin from 37 raspberry varieties. Studies of their antioxidant 

activities and intracellular ROS activity concluded that specific raspberry varieties 

possessed significantly higher antioxidant activities than others103. HPLC-UV was 

also applied to characterise the phenolic profile of wine104, cranberries105 and plant 
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leaves106. Additionally, the structural information provided by liquid chromatography-

mass spectrometry (LC-MS) is particularly attractive for the determination of the 

glycosidic derivatives and acylated conjugates of flavonoids107, and for the analysis of 

berry extracts108 and medicinal herbs109. 

It is also possible to apply gas chromatography-mass spectrometry (GC-MS) for the 

analysis of phenolic compounds, however, the analysis is limited to low-molecular-

weight analytes (below 600 Daltons) and the high temperatures required may lead to 

sample decomposition110. GC-MS has been applied for the analysis of phenolic acids 

and flavonoids in medicinal plants111 and plant leaves112. 

In recent years, capillary electrophoresis (CE) has received growing interest for the 

analysis of phenolic compounds. Its advantages include short analysis time, high 

resolution and efficiency, and minimal sample and solvent consumption. The 

drawback is that the sensitivity of CE-UV is much less than that of HPLC-UV. This 

technique has been applied for the analysis of phenolic acids and flavonoids in 

plants113, tomato114 and olive oil115.  

1.2 Carbon electrode materials 

 
Since the first application of graphite electrodes for the electrochemical production of 

alkali metals, carbon materials have been frequently studied in areas such as 

electroanalysis116,117, energy storage and conversion (supercapacitors118, fuel cells119, 

biofuel cells120, lithium batteries121), drinking water disinfecton122 and pollutant 

degradation123. Their advantages include low cost, high chemical stability, structural 

polymorphism, wide potential windows, and relatively inert electrochemistry124. 

Carbon electrode materials may be divided into three subgroups depending on their 

basic structures or hybridisation: sp2, sp3 or an sp2-sp3 combination. Carbon atoms with 

sp2 hybridisation consist of an intraplanar C-C bond length of 1.42 Å and interplanar 

spacing of 3.354 Å125. Examples of sp2 carbon electrodes include a pyrolytic graphite 

electrode, a glassy carbon electrode (GCE) and a carbon paste electrode (CPE)126. The 

disadvantage of sp2 bonded carbon electrode materials is their high susceptibility to 

electrode fouling, which significantly increases the background current and in turn 

reduces the signal-to-noise (S/N) ratio for detecting the analyte, and also the 

reproducibility of the analysis127. 
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1.2.1 Boron-doped diamond electrode 
 

The boron-doped diamond (BDD) electrode is an example of a carbon electrode that 

is completely sp3 hybridised and tetrahedral, with a C-C bond length of 1.54 Å125. 

They were first studied as potential electrode materials by Pleskov et al. in 1987128. 

Natural diamond is a very wide band gap semiconductor (a bandgap of 5.47 eV at T = 

300 K) and with an extremely high inherent electrical resistivity (1016 Ω cm), and so 

cannot be used as an electrode material127. It, therefore, requires the introduction of 

impurities which increases the conductivity of diamond to make electrodes with 

marked electrochemical properties125. Boron, which is one electron deficient relative 

to carbon, is the most widely used dopant, resulting in p-type semiconductors, or 

electrodes with semi-metallic electronic properties depending on the level of doping. 

BDD thin films are prepared by substituting some of the sp3 hybridised carbon atoms 

on the diamond surface with boron atoms. This is most commonly achieved using 

chemical vapour deposition (CVD) methods on conductive and self-passivating 

substrates, such as graphite, titanium, tantalum, tungsten, and molybdenum129. CVD 

diamond thin film synthesis involves gas mixture activation and gas-phase reactions, 

followed by the transfer of diamond forming gas species onto the substrate surface 

with subsequent surface reactions resulting in the formation of a diamond thin film 

with a small fraction of non-diamond carbon (sp2) impurity129. Hydrocarbon/hydrogen 

gas mixtures are typically employed for this process. The most popular methods are 

microwave plasma-assisted CVD, where activation is achieved via energy transfer 

from gas-phase collisions with excited free electrons, and via the surface-mediated 

thermal process (hot-filament CVD) under a hydrogen atmosphere, resulting in 

hydrogen (H)-terminated surfaces.  

Depending on the size of the crystal, BDD electrodes are divided into polycrystalline 

(grain size in µm) and nanocrystalline (grain size < 100 nm) films130. The scanning 

electron microscopy (SEM) images of the polycrystalline and nanocrystalline 

diamond are shown in Figure 1.8. Polycrystalline BDD is made by vapour deposition 

from an H2 plasma comprising of methane (CH4) and a source of boron, usually 

diborane (B2H6). It consists of randomly oriented crystallites with facets and grain 

boundaries. Nanocrystalline diamond is produced from a CH4/argon (Ar) plasma 
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resulting in randomly oriented crystallites. These crystallites have a much greater 

surface/volume ratio than microcrystalline diamond125.  

 

Figure 1.8. SEM images of different diamond films. Upper: nanocrystalline diamond – (i) grain 

structure and (ii) surface morphology where the typical roughness is in the range of 30-50 nm. Lower: 

polycrystalline diamond – (iii) grain structure and (iv) surface morphology with a surface roughness 

of several tens of microns131. 

 

BDD electrodes have many attractive features over other carbon electrodes. These 

include127,130:  

(i) the largest electrochemical potential window for aqueous (~ - 3 - + 3.5 V) and non-

aqueous (~ - 5 - + 7.5 V) electrolyte solutions. Oxygen and hydrogen decomposition 

reactions need catalytic sites on the electrode surface to undergo adsorption processes. 

BDD electrodes lack these sites and, therefore, electron transfer between the surface 

and a water molecule cannot take place. This allows the detection of molecules that 

oxidise or reduce at high potentials, which would otherwise be hidden by water 

decomposition reactions;  

(ii) low and stable capacitive background currents as a result of reduced background 

current stabilisation time. This is due to the low capacitance of the BDD electrode (10 

µF cm-2) in comparison to traditional electrode materials including platinum (Pt) and 

gold (Au) (~30 µF cm-2);  



 

16 
 

(iii) long-term response stability. The electrodes high resistance to fouling by 

adsorption of species, and its insensitivity to oxygen dissolved in aqueous solutions, 

result in its high response reproducibility and long-term response stability; 

(iv) low magnetic susceptibility in comparison to other electrode materials. This 

allows the hyphenation of electrochemistry with magnetic resonance imaging (MRI) 

without magnetic distortion for neurological studies; 

(v) the sp3-bonded carbon is resistant to fouling and biocompatible with organisms. 

This makes it possible for use in in vivo real-time detection.  

1.2.1.1 Effect of boron doping levels, non-diamond impurities and 

surface termination 
 

The electrochemical properties of BDD electrodes are dependent on boron doping 

levels, non-diamond impurities (sp2 carbon) and surface termination (hydrogen or 

oxygen). The boron content is given by the B/C ratio, where B and C indicate the 

boron and carbon contents in the gaseous phase for the CVD procedure, with values 

usually ranging from 100 to 15000 parts per million (ppm). The transition of the 

diamond from a semiconductor to metal occurs at the boron doping levels of 

approximately 1000-2000 ppm. In general, increasing the B/C ratio leads to an 

increase in sensitivity by increasing the conductivity of the electrode. However, as 

boron sites are directly involved in the adsorption steps required for gas evolution 

reactions, increasing the boron content causes a reduction in the width of the potential 

window127. Consequently, the oxidation potential of the analytes should be taken into 

consideration when choosing the specific type (B/C content) of BDD electrode for 

analysis. Yu et al. investigated the influence of the boron content (3500-7500 ppm) of 

BDD electrodes prepared by hot filament CVD for the detection of uric acid (UA). 

Differential pulse voltammetry (DPV) demonstrated that the BDD electrode 

containing the highest boron content exhibited greater sensitivity to UA, a lower limit 

of detection (LOD), a wider linear range and higher stablity132. Cyclic voltammograms 

(CVs) of [Fe(CN)6]
4- in 0.1 M KCl show increasing current densities with increasing 

boron-doped levels (Figure 1.9).  
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Figure 1.9. CVs of BDD electrodes with different boron-doping concentrations in an aqueous solution 

of 10 mM [Fe(CN)6]
4- and 0.1 M KCl. Scanning rate: 100 mV s-1 132. 

 

The ratio of sp3 (diamond)/sp2 (graphite) also plays a key role in the performance of 

BDD electrodes. Materials with sp2 hybridisation react with oxygen and water to form 

oxygen-containing functional groups such as phenols, lactones and carbonyls, which 

can result in a reduced potential window, increased background currents, and 

susceptibility to corrosion127. CVD conditions are selected to reduce the development 

of sp2-bonded non-diamond carbon impurities, however, they may be introduced by 

altering the gas mixture ratio used in the deposition. Bennett et al. determined that 

increasing the sp2 -bonded non-diamond carbon impurity had minimal effect on the 

CV peak separation and peak current for the [Fe(CN)6]
4- and Ru(NH3)6

3+/2+ redox 

systems, however, the peak separation decreased proportionally with increased sp2-

bonded carbon content for the Fe3+/2+ and 4-tert-butlycatechol systems133.  

 

BDD electrodes produced under H2 automatically result in an H–terminated surface. 

H-BDD electrodes have higher conductivity due to the extra surface conductivity. 

However, they are quickly changed to oxygen (O)-terminated surfaces during anodic 

oxidation in aqueous solutions, by oxygen plasma treatment, UV, boiling in strong 

acid and oxidation by a strong oxidant131,134. H-terminated surfaces exhibit 

hydrophobic character, whilst O-terminated surfaces display hydrophilic tendencies 

and can be changed back to H-terminated by a hydrogen flame or hydrogen plasma 

treatment. The surface termination of the BDD electrode can also be altered by the 
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type of pre-treatment applied; anodic (APT) or cathodic (CPT). APT results in the 

incorporation of oxygen atoms into the BDD surface. These oxygen atoms are a 

product of water decomposition through applied positive potentials (> + 2.0 V) or high 

anodic current densities for a few seconds to minutes. This process results in the 

formation of O-terminated BDD electrodes. CPT produces H-terminated BDD 

electrodes by applying high negative potentials (< - 2.0 V) or negative current 

densities126, with the transfer of several thousand electrons per second and per carbon 

atom resulting in the presence of H atoms on the surface. O-BDD electrodes are known 

to have a significantly wider working potential window than H-BDD electrodes134. 

They are also favourable for compounds that tend to foul the electrode surface, as the 

HO• formed during water decomposition reactivates the BDD surface through 

oxidation of the passivating film126. However, in recent years the application of H-

BDD electrodes have become more favourable. This is due to a reported increase in 

voltammetric peak currents and potential shifts to less positive/negative values on H-

BDD electrodes after cathodic conversion from O-terminated electrodes. This current 

increase is reflective of the faster charge transfer kinetics associated with the enhanced 

surface conductivity of H-BDD electrodes126.  

 

Alpar et al. demonstrated the effect of electrochemical pre-treatment on signal 

intensities during the simultaneous determination of 5-O-caffeoylquinic acid (5-

CQA), vanillin and caffeine. They found that the signal of 5-CQA was always lower 

on the APT electrode than on the CPT electrode. This was explained by its low pKa1 

value (3.51). At a pH > 3.5, 5-CQA is in its anionic form and, therefore, is 

electrostatically repulsed from the negatively charged electrode surface135.  

 

Contact angle measurements of H-terminated and O-terminated BDD surfaces are 

illustrated in Figure 1.10.  
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Figure 1.10. Contact angle measurements of (A) H-terminated and (B) O-terminated boron-doped 

diamond surfaces136. 

 

1.3 Electrochemical methods of analysis 

1.3.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is classified as a potential sweep technique and is the most 

widely used technique for studying electrochemical reactions. With this technique, the 

current generated from the oxidation or reduction of an analyte is measured as a 

function of the linear potential applied. The potential is swept from an initial potential, 

V1, at a fixed scan rate to V2, then the scan is reversed and swept back to V1. The 

current generated is a result of redox reactions in the solution (Faradic current) and the 

capacitive current. A typical voltammogram is illustrated in Figure 1.11. 

 

Figure 1.11. A schematic diagram of a CV highlighting the anodic peak potential (Epa), cathodic peak 

potential (Epc), anodic current (ipa) and cathodic current (ipc)
137. 

 

CV is most useful for determining whether an analyte undergoes a reversible or an 

irreversible reaction. With reversible reactions, the rate of electron transfer is greater 

than the rate of mass transport and the voltammogram is characterised by a peak to 
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peak separation of 59 mV. Additionally, the peak potentials are independent of the 

scan rate and the ratio of the oxidation and reduction peak areas equals one. In 

irreversible reactions, the rate of electron transfer is smaller than the rate of mass 

transport. These voltammograms are depicted by a reduction in the peak magnitude 

and an increase in peak to peak separation138. 

1.3.2 Square wave voltammetry 

Square wave voltammetry (SWV) has emerged as an advanced electroanalytical 

technique, combining the advantages of pulse techniques, CV and impedance 

techniques. In this technique, a potential waveform is applied to the working electrode. 

The current is measured in both a forward pulse and a reverse pulse. The resultant 

SWV is a graph of the difference between these two currents as a function of potential. 

The main advantage of SWV over CV is that the capacitive contributions to 

background current are reduced, therefore, it is more sensitive to analyte oxidation or 

reduction reactions. Other advantages include greater speed of analysis, lower 

consumption of the electroactive species and less problems with blocking of the 

electrode surface139.  

1.3.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique that has been widely 

used in areas such as biomedical devices, semiconductors, sensors, imaging and 

analytical chemistry. Impedance is described as the opposition force to current flow in 

a circuit. In EIS experiments, a fixed sinusoidal voltage is applied across a sample, 

and the time-dependent current is measured as a function of the frequency. EIS data 

can be represented as Nyquist or Bode plots, and is useful for determining the charge 

transfer resistance of electrode surfaces140. 

1.4 High-performance liquid chromatography  

 
Liquid chromatography (LC) was defined in 1903 by the Russian botanist, Mikhail S. 

Tswett. His ground-breaking studies centred on separating leaf pigments extracted 

from plants using a solvent, in a column packed with particles of calcium carbonate. 

Before this, it was believed that plants had only two pigments, chlorophyll and 
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xanthophyll. However, from this experiment, Tswett established that there were two 

forms of chlorophyll as well as eight additional pigments141,142. It the 1960s, Horváth 

transformed classical LC into a modern instrumental technique, coining the expression 

“High-Pressure Liquid Chromatography”. 

HPLC is an analytical technique used to separate, identify, and quantify individual 

components in a mixture, relying on a pump to pass a pressurised liquid solvent 

(mobile phase) containing the sample mixture through a column filled with a solid 

adsorbent material (stationary phase). Each sample component interacts differently 

with the stationary phase allowing the identification and quantification of individual 

sample components.  

The reversed-phase mode of chromatography (RPLC) accounts for greater than 90 % 

of separations in the pharmaceutical, food industry, medical, biomedical, 

environmental and life science fields143,144. In RPLC, a non-polar stationary phase and 

a hydro-organic mobile phase (often containing buffer salts) are employed for 

separation. The retention of analytes increases with an increase of the (a) 

hydrophobicity of the analytes, (b) hydrophobicity of the stationary phase surface, and 

(c) the polarity of the mobile phase. Separation is reached though two processes, i.e., 

the partitioning process (where molecules immerse themselves entirely into the 

bonded phase) and/or the adsorption process (which occurs at the bonded-

phase/solvent interface)143.  

The partition coefficient (K) is expressed as the ratio of the concentration of the analyte 

in the stationary and mobile phases:  

𝐾 =
𝐶𝑠

𝐶𝑚
    (1.1)  

where Cs and Cm are the concentrations of the analyte in the stationary and mobile 

phases, respectively. 

Horváth et al. postulated that in the partitioning process, the retention is governed by 

the hydrophobic interactions of the analytes with the hydro-organic mobile phase. In 

contrast, Carr et al. believed that retention was due to the lipophilic interactions 

between the hydrophobic analytes and the nonpolar stationary phase143,145. The 
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contribution of partition or adsorption retention mechanisms was studied using 

molecular simulations. These results showed that nonpolar analytes are primarily 

retained through the adsorption mechanism on stationary phases with shorter ligands 

(e.g., C8 phases), while with longer bonded phases (e.g., C18 phases), both partition 

and adsorption significantly contribute to their retention143,146–148. For analytes with 

polar functional groups, adsorption represents the retention mechanism on alkyl-

bonded phases, irrespective of the alkyl chain length146,149.  

1.4.1 Fundamental parameters of separation 
 

The four fundamental parameters of separation are: 

- Resolution (Rs) 

- Retention factor (k) 

- Selectivity factor (α) 

- Number of theoretical plates (N)  

The main goal of HPLC separation is to achieve the optimum Rs in the shortest time. 

The ideal Rs value between two peaks is 1.5 or more, as this ensures that the peaks are 

baseline separated. 

𝑅𝑠 =
2(𝑡𝑟2−𝑡𝑟1)

w1+𝑤2
    (1.2) 

where tr1 and tr2 are the retention times, and W1 and W2 are the baseline peak widths 

of peak 1 and peak 2, respectively. 

The Fundamental Resolution Equation states that resolution is a function of retention 

(k), number of theoretical plates (N), and selectivity (α) (Figure 1.12).  

𝑅𝑠 =
1

4
√𝑁  (

𝛼−1

𝛼
) (

𝑘

1+𝑘
)               (1.3) 
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Figure 1.12. The contributing parameters to the Fundamental Resolution Equation.  

The retention factor (k) is a measurement of the time an analyte spends on the column. 

It is a ratio of the retention of a retained analyte to that of an unretained analyte. 

Unretained analytes are those analytes that have no affinity for the stationary phase 

and elute with the solvent front at a time (t0). k values are independent of column 

diameter and mobile phase flow rate. When the k value is between 1 and 5, the greatest 

gains in resolution are obtained. 

𝑘 =
(𝑡𝑟−𝑡0)

𝑡0
         (1.4) 

where tr is the retention time of the retained analyte and t0 is the retention time of the 

unretained analyte.  

The selectivity factor (α) defines the ability of the chromatographic system to 

chemically distinguish between sample peaks. It is measured as a ratio of the k of two 

peaks and will have a value greater than 1 if peak separation has occurred.  

 𝛼 =
𝑘2

𝑘1
                              (1.5) 

where k2 and k1 are the retention factors of peak 2 and peak 1, respectively.  

Efficiency is a measure of the peak dispersion of an analyte as it travels through the 

chromatographic system. It is measured as the number of theoretical plates (N) and 

can be increased by increasing the column length, by decreasing the flow rate or by 

decreasing the particle size.  
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                                 𝑁 = 5.54 ( 
𝑡𝑟

𝑤1/2
 )2                         (1.6) 

where N is the number of theoretical plates, tr is the retention time of the analyte and 

W1/2 is the peak width at half the height.   

1.4.2 Stationary phases for RPLC 
 

The column is viewed as the core of the chromatographic system. Its performance is 

dependent on many factors including the chemistry of the stationary phase, the type 

of medium (fully porous, monolithic or core-shell) and the geometry (surface area, 

diameter, pore-volume, size and shape) of the particle143. Silica is the most commonly 

used material for the preparation of stationary phases. It is physically and mechanically 

stable, with a well-known and controllable pore structure and morphology. These 

characteristics ensure its rapid mass transfer, high reproducibility and good 

loadability150. Silica can be classified into type A, type B and type C groups depending 

on the synthesis pathway. Type B, prepared by the sol-gel process, is favoured for 

stationary phase development. This is due to its stability at high pH (up to pH 7), its 

greater surface area and its overall better separation ability. Additionally, the high 

metal content of type A can lead to chelation with analytes resulting in strong retention 

or poor peak shape143. Silica particles can be prepared as either spherical or irregular 

in shape (Figure 1.13). Irregular particles are less expensive but they give poorer 

efficiency in comparison to spherical particles. This is due to how the particles pack 

in the column, with irregular particles giving less homogeneity151. 

 

Figure 1.13. SEM images of (A) spherically shaped and (B) irregular shaped porous silica particles151. 

Particle size plays a key role in column performance. Columns containing 3.0 µm 

particles have now overtaken 5.0 µm particles as the most popular in routine analysis, 
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providing higher efficiency. Sub-2.0 µm particles provide even higher efficiency, 

however, their use requires specialised instrumentation that can tolerate pressures 

close to 15000 psi and a dead volume of fewer than 100 µL143. The particle size 

distribution refers to the distribution of the size of particles used to pack the column. 

Narrow particle size distributions are desirable as this leads to columns with more 

homogenous bed packing, with a consequent increase in efficiency152.  

To produce reversed-phase stationary phases, the desired ligand is covalently bonded 

to the silica material. These covalent bonds are formed by substitution reactions 

between organosilanes and the silanol moieties present on the silica surface143. The 

performance of the bonded phase is determined by the type and amount of stationary 

phase material. Hydrophobic alkyl-bonded phases ranging from C2 to C30 are 

available, with C18 and C8 the most widely used. Phenyl and aryl-bonded stationary 

phases are also important phases used in RPLC. These may be derivatised with 

fluorine to produce fluorinated stationary phases. The advantage of these is their 

ability to form π-π interactions with analytes, giving a different selectivity to long-

chain aliphatic columns.  

In the chromatographic separation of basic compounds, peak tailing, and poor column 

efficiency and reproducibility are often observed. These problems are due to the 

analytes interacting with the acidic residual silanols of the support material rather than 

with the bonded phase. To overcome this problem, the residual silanols are reacted 

with hydrophobic or hydrophilic small molecules such as trimethylchlorosilane or 

amino- or hydroxyl-terminated silanes, in a process known as end-capping. This 

process significantly blocks and reduces the amount of residual silanols present, 

eliminating the strong adsorption of basic compounds143.   

An alternative is the use of polar embedded stationary phases. These phases contain a 

polar constituent (e.g. urea, ether, amide, sulphonamide, or carbamate) between the 

silica material and the aliphatic chain. The advantages of these phases are that they 

produce more defined symmetrical peaks as a result of reduced silanol interactions, 

and they also provide a complementary selectivity pattern to regular alkyl phases. 

Additionally, they are more resistant to phase collapse in high or 100 % aqueous 
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mobile phases. This is due to hydrogen bonding between polar groups, leading to a 

more ordered alkyl chain structure153.  

1.4.2.1 Core-shell particles 
 

Efficiency and rapid separation are the two key parameters associated with HPLC. The 

idea of core-shell particles in LC was initially devised by Horváth in 1967, when he 

developed 50 µm particles covered by ion exchange resin, thereby creating the first 

superficially porous packing material154,155. This concept was later developed by 

Kirkland156 but it was not until 2006 that HALO began large-scale manufacturing and 

commercialisation of 2.7 µm core-shell particles157. Core-shell particles offer the 

benefits of highly efficient separations with fast flow rates and low back pressures, 

overcoming the problems associated with fully porous particles. Figure 1.14 

illustrates the increasing interest in core-shell particles over recent years158.  

 

Figure 1.14. Data from Scopus showing the increasing number of core-shell related studies from 2001-

2018158. 

Core-shell particles are composed of a solid core and a porous shell (Figure 1.15), 

which can be made from the same or different materials. The inner core has a diameter 

of 0.9-3.7 µm and can be a single structure, linkage of a group of spheres or a hollow 

shell filled in with small structures158. The outer shell can be an uninterrupted layer or 

can be formed by several layers of controlled porosity, chemically-modified silica157. 

Recent progress in core-shell particles include the development of Eiroshell159 and 

thin-shell160 particles.  
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Figure 1.15. A representation of a superficially porous particle with a diameter of 2.7 µm and a solid 

core of 1.7 µm161. 

The solid core together with the porous shell gives a larger particle size, and hence 

lower operating back pressures. Additionally, the solid core and porous shell offer a 

higher surface area for separation to occur. The size of the core particle, the shell 

thickness, and the porosity of the shell are influential to the chromatographic 

performance of core-shell particles158. As the thickness of the porous shell decreases, 

the faster mass transfer achieved can lead to greater column efficiency and faster 

analysis time162. 

The advantages of core-shell particles are illustrated by the van Deemter equation. 

This equation (Figure 1.16) describes the relationship between the height equivalent 

to a theoretical plate (HETP) and the linear velocity of the mobile phase (ν), stating 

that a maximum efficiency will be obtained at a particular linear mobile phase 

velocity. The key contributors to HETP are diffusion coefficients including the eddy 

diffusion term (A term), the longitudinal diffusion term (B term) and the mass transfer 

term (C term). 

 

Figure 1.16. The van Deemter plot. Where A, B and C represent the diffusion coefficients; ν is the linear 

velocity of the mobile phase and HETP is the height equivalent to a theoretical plate158.  
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The A-term relates to the differences in the paths of analytes as they move between 

the stationary phase particles. As the routes analytes take vary in distance, the analyte 

distribution in the mobile phase tends to broaden as it moves through the column. The 

magnitude of this broadening is highly dependent on both the particle size and the 

quality of the packing. The high efficiency of core-shell particles is attributed to their 

monodisperse particle size which increases the overall column-packing homogeneity 

(Figure 1.17). As a result of this, a 40 % reduction in the A-term of the van Deemter 

equation occurs with core-shell particles163. Additionally, fully porous particles have 

a smooth outer surface and are easier to pack than core-shell particles. However, this 

smoothness allows the particles to slide over each other creating bed heterogeneity. 

On the other hand, core-shell particles are known to have a rough outer surface and, 

therefore, greater shear stress is applied to the particles as they are packed. Once 

packed, the amount of shear stress required to overcome the frictional forces 

associated with the roughened surfaces is so great that the movement of the particles 

and bed expansion is eliminated162. A previous report states that high efficiency is also 

associated with the density of core-shell particles which are approximately 30-70 % 

higher than fully porous particles. Denser particles can be packed more efficiently164.  

 

Figure 1.17. The effect on peak performance by the means of the difference between wide particle 

distribution (conventional silica) and narrow particle distribution (core-shell silica)158. 

The B-term (longitudinal diffusion) relates to the axial diffusion of the analyte 

molecules as a band in the mobile phase, with molecules diffusing from areas of high 

concentration to areas of low concentration. This term is dependent on the mobile flow 

rate. With core-shell particles, the B-term is reduced by 25 % in comparison to fully 
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porous particles. This is because the higher permeability of core-shell columns allow 

faster flow rates, and also because 20 % of the column volume is occupied by non-

porous silica which analytes cannot axially diffuse through163. 

The C-term measures the mass-transfer resistances between the stationary and mobile 

phases. This term is divided into two separate mass transfer terms describing; (a) the 

contributions to peak broadening in the mobile phase and (b) the contributions to peak 

broadening in the stationary phase. As analyte molecules move through the column, 

they are continuously transferring from the mobile phase to the stationary phase, but 

they all do not transfer at the same rate. Molecules that are closest to the stationary 

phase enter it immediately, whilst those at a further distance enter it at a later stage. 

However, those molecules furthest away are carried along by the mobile phase and 

dispersed away from the molecules that were closest to the stationary phase. 

Concerning peak broadening attributed to the stationary phase, analyte molecules 

closest to the surface will enter the mobile phase faster than those that have diffused 

further into the stationary phase. Hence, those molecules that leave the stationary 

earlier are dispersed away from the molecules still diffusing from the stationary 

phase165. This resistance to mass-transfer is dependent on the flow rate of the mobile 

phase, with lower flow rates allowing greater equilibration of analyte molecules 

between the two phases. A reduction in the C-term with core-shell particles is only 

significant with high-molecular-weight compounds and fast flow rates166. 

Chromatograms comparing 5 µm fully porous particles and 5 µm core-shell particles 

for the separation of non-steroidal anti-inflammatory drugs are shown in Figure 1.18. 

The separation was approximately twice as fast using the core-shell column, with a 

column efficiency of 60 % greater than that obtained with the fully porous column167. 

Furthermore, the shorter run times achievable with core-shell columns allow greater 

sample throughput and lower consumption of organic solvents. 
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Figure 1.18. Comparative separations with 5 µm particles: core-shell vs. fully porous. Columns: 4.6 x 

150 mm. A noticeable reduction in retention time and an increase in column efficiency is evident with 

the core-shell particles167. 

Core-shell particles have been applied for the simultaneous separation of 16 phenolic 

compounds including GA and VA in wine, using gradient elution with diode array 

detection (DAD). The separation was achieved within 20 min with resolution values 

of 1.64-3.87 between critical pairs168. Ferro et al. compared a biphenyl core-shell 

column with two conventional C18 columns for the separation of phenolic compounds 

in olive oil. The biphenyl column exhibited a better performance in the fundamental 

concepts of chromatography (α, k, Rs and peak capacity). An overall reduction in the 

retention time of 22.1 % was achieved with the biphenyl column169. A fast RPLC 

method using a core-shell column was developed for the separation of flavonoids in 

food supplements. Initially, three types of core-shell columns were investigated; RP-

Amide, phenyl-hexyl and C18, all 100 x 3.0 mm and a particle size of 2.7 µm. The 

phenyl-hexyl and C18 columns were found not to be suitable for the flavonoid analysis 

as the resolution values were lower than 1.5 or the analysis time was longer than 5 

min. Additionally, the phenyl-hexyl column showed an increase in backpressure after 

long-term use. The RP-Amide column proved optimal for rapid separation due to the 

embedded polar amide groups in the reversed-phase chains170.  

1.5 HPLC – electrochemical detection  

 
HPLC – electrochemical detection (ECD) couples the separation power of HPLC, with 

the selectivity and sensitivity provided by ECD for analytes that undergo oxidation or 

reduction at an electrode surface. In basic terms, the analytes are chromatographically 
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separated through their interactions with the mobile phase and stationary phase. After 

separation, they pass the electrochemical detector via a flow of mobile phase where 

they are detected based on their ability to oxidise or reduce. For detection to occur, the 

HPLC mobile phase must be electrically conductive (contain buffer salts). 

Electrochemical detectors consist of three separate electrodes; a working, a counter 

and a reference electrode. A fixed potential difference is applied between the working 

electrode and the reference electrode to produce an electrochemical reaction at the 

surface of the working electrode. The current produced by the oxidation or reduction 

of analytes at the working electrode is balanced by a relative current flowing in the 

opposite direction at the counter electrode171. According to Faraday’s Law, when N 

moles of a substance reacts, a proportional electric charge Q passes across the 

electrode-electrolyte interface172:   

 Q = n F N  (1.7) 

   

where Q = charge transferred (coulombs) in converting N moles of material; n = 

number of electrons transferred (equivalents/mole); F = Faraday’s constant (96485 

Coulombs per mole); N = moles of reactant (mole). 

 

 

The derivative of equation 1.7 with respect to time leads to the following equation:  

 

𝐼𝑡 =
𝑑𝑄

𝑑𝑡
= 𝑛𝐹

𝑑𝑁

𝑑𝑡
               (1.8) 

 

where I is the current generated at the working electrode surface at time t. 

 

Hence, Faraday’s Law states that the rate of an electrode reaction is proportional to 

the size of the electrical current that crosses the electrode-electrolyte interface172. 

The working electrode must: be electrically conducting; inert to the mobile phase, 

impurities in the mobile phase, and any reactive species formed by electrolysis of the 

analytes; withstand a constant flow of mobile phase, and be mechanically strong. 

Common working electrode materials include carbon, Au, silver (Ag) and Pt. HPLC 
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coupled with ECD at a GCE was first applied in 1976, for the determination of 

biogenic aromatic acids173 and tricyclic psychotropic drugs174. 

If, or how electrochemically active an analyte is, is dependent on its chemical 

structure. Analytes can be divided into three groups: those that are readily 

electrochemically active, those that are harder to measure electrochemically, and those 

that are completely unreactive at the electrode surface. Analytes that are readily 

electrochemically active have a hydroxyl or primary amine group capable of 

delocalising charge through conjugation with the π electrons of an aromatic nucleus. 

These mesomeric effects make electrochemical reactions more feasible as the charge 

is redistributed over several resonance structures, thus favouring the free energy of the 

reaction. Members of this group include catechols, phenols and phenylamines. The 

inability of aliphatic compounds with hydroxyl, amine or thiol groups to delocalise 

charge makes them less able to undergo electrochemical reactions at the electrode 

surface, often requiring a higher potential for the reaction to occur. For example, the 

oxidation of the aromatic analyte phenylamine requires an applied potential of + 600 

mV (vs. Pd) on a flow-through graphite working electrode, while the oxidation of the 

aliphatic diethylamine requires an applied potential of > + 900 mV (vs. Pd). The group 

of analytes that are unreactive at the electrode surface include hydrocarbons, alcohols, 

aldehydes, ketones and primary aliphatic amines175. However, it is this selectivity that 

makes ECD extremely advantageous over other HPLC detection techniques. 

1.5.1 Flow-cell design 
 

The two different modes most often applied are amperometry and coulometry. These 

differ in the geometry of the working electrode and the quantity of the analyte that 

interacts with the electrode. With amperometric detection, the analytes flow over the 

surface of the working electrode, while in coulometric detection, the analytes flow 

between the surfaces of the working electrode leading to greater conversion 

energies176. 

1.5.1.1 Thin-layer amperometric detector 
 

The thin-layer cell amperometric detector designed by Kissinger et al. is the most 

common and commercially successful amperometric detector cell. The mobile phase 
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enters the cell through a micro-port and flows through a narrow channel over the 

working electrode, continuing past the reference and counter electrodes177 (Figure 

1.19). The working electrode is set at a potential higher than the potential needed for 

electron transfer to occur. This produces an amperometric current which is 

proportional to the concentration of the analyte. As the concentration of the analyte 

flowing over the electrode changes with time, the classical peak shaped chromatogram 

is produced. The cell is constructed from two solid blocks which are separated by a 

thin polytetrafluoroethylene (PTFE) gasket acting as a spacer around the working 

electrode and the inlet and outlet openings. The block containing the working electrode 

is constructed from an inert material such as PTFE, and the second block acting as the 

counter electrode is produced from stainless steel177. This design allows for a smooth 

flow of eluent over the electrode surface, resulting in a reduction in the baseline noise 

with enhanced senstivity176.  

 

Figure 1.19. Thin-layer cell amperometric detector: (A) inlet, (B) outlet, (C) working electrode and (D) 

spacer gasket176.  

1.5.1.2 Wall-jet amperometric detector 
 

With the wall-jet amperometric detector, the mobile phase is directed perpendicularly 

onto the working electrode (Figure 1.20). The theory behind this design is that less 

fouling of the electrode occurs due to the cleansing effect of the solution jet. Also, it 

is believed that mass transfer of the analytes is improved, producing greater current 

amplitudes. However, with flow rates limited to 0.5-2.0 mL/min, the real wall-jet 

effect cannot occur and only minor improvements in sensitivity are achieved178. One 

disadvantage is the possible increase in baseline noise attributed to turbulence 

produced by the flow of jet of the mobile phase176. The signal intensity from the wall-

jet amperometric detector depends on both the size of the electrode and the diameter 
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of the jet (the electrode diameter should be at least 10 times greater than the jet 

diameter).  

 

Figure 1.20. Wall-jet amperometric detector: (A) inlet, (B) outlet, (C) working electrode and (D) spacer 

gasket176.  

1.5.1.3 Dual-electrodes detection systems 
 

It is also common to use more than one working electrode to improve both the 

selectivity and sensitivity. These electrodes can be arranged in series, in parallel or 

parallel adjacent. In the parallel configuration, the mobile phase simultaneously 

contacts two identical working electrodes that are arranged side by side (Figure 

1.21A). The advantage of this mode is that the electrodes can be held at two different 

potentials. The ratio of these currents is then measured confirming the identity and the 

peak purity of the analyte. Additionally, the simultaneous detection of both oxidisable 

and reducible analytes is possible by setting the electrode potentials in different 

modes178. This method is also useful for the determination of co-eluting compounds 

with different redox potentials. The potential of one electrode is set so that only the 

more easily oxidised or reduced analyte is detected. At the other electrode, both 

analytes are detected. The concentration of the second analyte is thus calculated by 

difference.  

With the series configuration, the first working electrode is referred to as the generator 

and the second working electrode as a detector (Figure 1.21B). By either oxidation or 

reduction, the generator electrode creates an electrochemically active adduct which is 

then measured at the detector electrode. This electrochemical adduct has greater 

electrochemical properties, meaning it is more easily oxidised or reduced. 
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Furthermore, if possible interferents are present in the sample, they can be irreversibly 

oxidised or reduced at the generator electrode and, therefore, will not appear at the 

detector electrode. Both working electrodes can be independently potentiostatically 

controlled, and due to the low potentials applied, background currents are generally 

lower than those observed with direct electrochemical detection178. 

 

The parallel adjacent detector is illustrated in Figure 1.21C. Here, the working 

electrodes are placed on opposite sides of a very thin channel. One electrode is set in 

oxidative mode and the other in reductive mode. When a thick spacer is used, the two 

electrodes can function as independent parallel dual electrodes, but when a thin spacer 

is used the products of one electrode can diffuse to the other and vice versa. If the 

electrodes are suitably large, each analyte particle undergoes several oxidation-

reduction cycles, resulting in a significant amplification of the detector current176.  

 

Figure 1.21. Parallel and series configurations for dual electrode detection systems. W1 = working 

electrode 1; W2 = working electrode 2. (A) parallel; (B) series and (C) parallel adjacent. Arrow 

indicates direction of flow176. 

1.5.1.4 Pulsed amperometric detection  
 

A major disadvantage of amperometric detection is the adsorption or deposition of 

solution impurities or electrochemical reaction by-products leading to the deactivation 
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of the electrode surface. The rate at which this deactivation occurs depends on factors 

including the composition and pH of the mobile phase, the nature of the analyte, the 

type of electrode material, the mode of the electrode and the applied potential. At 

higher applied potentials, a higher quantity of the analytes will undergo 

electrochemical reactions. This leads to increased background currents which cause a 

reduction in sensitivity. A loss in selectivity is also possible due to a greater risk of 

interference.  To overcome this problem, a pulsed amperometric potential is applied 

during amperometric measurements. With pulsed amperometric detection (PAD), 

alternate anodic and cathodic potentials are applied to reactivate the electrode surface 

and to increase the sensitivity and reproducibility of detection (Figure 1.22)171. To 

achieve a clean and reactive electrode surface, PAD must have three principal steps: 

(a) application of a potential to electrocatalytically oxidise the analyte, (b) oxidation 

by a large positive anodic potential resulting in the formation of a surface oxide, and 

(c) reduction by applying a large negative potential resulting in the removal of the 

oxide surface and a reactivated electrode surface179. PAD provides increased 

sensitivity for analytes generally considered as non-electroactive for detection under 

constant applied potential, for example, carbohydrates, amines and thiols176. 

 

Figure 1.22. The simplest PAD waveform. The analyte is detected by the application of the detection 

potential (Edet) at the electrode surface for a period of time. Then the anodic oxidative potential (Eoxd) 

is applied for a time to produce a surface oxide on the electrode surface. Finally, a cathodic reductive 

potential (Ered) is applied to reactivate the electrode179. 
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1.5.1.5 Coulometric detectors 
 

A major disadvantage of amperometric detectors is that the efficiency for the 

conversion of the target analyte is only 1-10 %. This rate of efficiency is dependent 

on the electrode surface area, the channel thickness and the flow rate. As evident from 

Figure 1.23, the conversion efficiency of the thin-layer amperometric detector is 

highly dependent on the flow rate. At typical HPLC flow rates, the residence time of 

analytes over the electrode surface is only a couple of tens of milliseconds which is 

not enough time for analytes to diffuse laterally to the surface. Decreasing the flow 

rate results in higher conversion efficiencies, however, this is not always practical as 

slower flow rates result in prolonged retention times and poorer chromatographic 

efficiency. 

 

Figure 1.23. A comparison of electrode efficiency as a function of flow rate for coulometric and 

amperometric detection. Conversion efficiency decreases for the thin-layer amperometric electrode but 

remains at 100 % for the coulometric electrode175. 

To overcome this problem, coulometric detectors are utilised. These detectors contain 

flow-through porous carbon electrodes consisting of high surface areas and reduced 

diffusion distances. This leads to a conversion efficiency of close to 100 % with a 

resultant increase in sensitivity176. Also, the conversion energy is unaffected by an 

increase in flow rate, allowing faster analysis in comparison to amperometric 

detection. Another advantage of coulometric detection is that due to the 100 % 

conversion efficiency, Faraday’s Law can be used to predict the peak area if the 

amount of sample injected is known. Or if the peak area is known, the exact 
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concentration of the analyte can be determined. This is not possible with amperometric 

detection as the exact efficiency of the conversion is unknown and is continuously 

decreasing175. Additionally, due to the larger surface area, there is less electrode 

deactivation and fouling associated with coulometric electrodes than amperometric 

electrodes. A cross-section of a coulometric cell is illustrated in Figure 1.24. 

 

Figure 1.24. A cross-section through a dual coulometric electrode showing the placement of working, 

counter and reference electrodes176. 

Two or more electrodes configured in series is known as the screening mode. When 

analytes elute from the HPLC column, they enter the first upstream electrode. This 

electrode is set to a potential high enough to oxidise or reduce possible interfering 

analytes. By correctly choosing this potential, the analytes of interest pass through 

unaffected and are then measured at the downstream detector in the absence of 

interferences. Another variation is the generator/detector mode. This is similar to that 

used with dual-electrode amperometric detection, however, the current response is 

much greater due to higher conversion energies176. A further advancement was the 

development of the coulometric array (CoulArray) detector, first applied to improve 

the selectivity and resolution of tissue neurotransmitters following chromatographic 

separation180. This model allows for the simultaneous evaluation of up to 16 different 

potentials, promoting the identification and quantitation of analytes with enhanced 

efficiency. Detection of analytes takes place in a four by four cell series configuration. 

This design allows the measurement of the number of electrons required to achieve 

complete oxidation from the analyte starting material to product, thus, providing a 

pathway to complete quantitation181.  
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1.5.2 HPLC-ECD of secondary metabolites in foods, beverages and 

plants 
 

Freitas et al. developed an RPLC separation with PAD for the analysis of phenolic 

acids in sugarcane vinasse182. The detection of GA, VA, FA, CA and p-coumaric acid 

was conducted with a GCE following separation with a C8 column. The use of PAD 

prevented adsorption of the analytes on the electrode surface. PAD was also applied 

for the determination of 12 phenolic acids and flavonoids in medicinal plants using an 

Au electrode following RPLC separation183. The addition of β-cyclodextrin (β-CD) to 

the mobile phase reduced the total analysis time, whilst also increasing detection 

sensitivity. Furthermore, Natale et al. utilised PAD at a GCE electrode for the 

determination of polyphenolic compounds in artichoke bract extracts and olive mill 

wastewaters, following chromatographic separation using a core-shell C18 column184. 

Lamarca et al. designed a homemade electrochemical flow cell for the simultaneous 

UV and amperometric detection of phenolic acids in palm oil samples (Figure 

1.25)185. The separation was achieved on a reversed-phase C18 column and a GCE was 

used as the working electrode for end-column detection.  

 

Figure 1.25. A homemade electrochemical flow cell. The working electrode (A), the counter electrode 

(B) and the reference electrode (C)185. 

The detection of protocatechuic acid (PCA), CGA and CA in honey samples was also 

carried out by RPLC with simultaneous UV and ECD detection. ECD was achieved 

with a GCE and LODs were 123-200 fold times lower for ECD than UV detection186. 

In addition, Liang et al. optimised a sensitive method for the simultaneous separation 
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and detection of CA, FA, p-coumaric acid and hesperetin in Chinese citrus honey187. 

The separation was achieved with a core-shell C18 column followed by detection at a 

GCE. The detection and quantification limits of the four analytes were 6-14 times 

greater with ECD than DAD detection. Novak et al. developed a RPLC-ECD method 

for the identification and quantification of flavonoids in red grape skin extracts using 

amperometric detection at a GCE188. The LODs achieved with ECD were 1000 times 

lower than those obtained with PDA detection. The RPLC-ECD of phenolic 

compounds in fruit extracts was determined using two detectors in series: a wall-jet 

flow cell detector with a GCE, followed by a thin-layer flow cell with a BDD 

electrode189. The BDD was set at a higher potential (+ 0.9 V) than the GCE (~ + 0.7 

V), allowing the detection of phenolic compounds that were oxidised at higher 

potentials. This group also used the same system for the sensitive detection of 

flavonoids in the medicinal plant, Calligonum polygonides190. ECD enabled the 

identification of the analytes at lower concentrations than PDA detection and also 

eliminated interferences. Zhang et al. developed a sensitive method for the 

determination of CGA, rutin, hyperoside, quercitrin and quercetin in a Chinese 

medicinal herb191. The separation was obtained on a C18 column followed by detection 

using a thin-layer cell and a GCE. LODs were 2.8-3.6 fold lower for ECD than UV 

detection at 360 nm. 

The phenolic composition of 17 wines was determined using RPLC coupled in series 

to a PDA detector and an electrochemical wall-jet flow cell with a GCE192. The results 

showed that the total antioxidant capacity of red wine is much higher than that of white 

wine. A simple isocratic RPLC separation with amperometric detection was developed 

for the analysis and quantification of hydroxycinnamic acids and their corresponding 

aroma-active volatile in wort and beer193. The addition of o-phosphoric acid to the 

mobile phase improved the resolution by suppressing the dissociation of the weakly 

acidic phenolic compounds. 

Gazdik et al. focused on the determination of neuroprotective phenolic acids and 

flavonoids in fruits. Separation of the analytes was carried out on a C18 column 

followed by detection at a GCE194. The quantitative determination of phenolic acids 

in red wine, beer, and brandy, was achieved with RPLC separation followed by 

electrochemical detection at an Au polycrystalline electrode195. LODs of the analytes 
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ranged from 2-19 nM. Zheng et al. developed a sensitive method for the simultaneous 

separation and detection of phenolic acids in Chinese herbal medicine196. The 

separation was achieved on an RP C18 column using combined PDA detection and 

ECD at a GCE. Detection and quantification limits achieved with ECD were 7-28 fold 

greater than those obtained with the PDA detector.  

Bayram et al. analysed olive oil for phenolic compounds, including CA, FA, VA, and 

p-coumaric acid using HPLC coupled with coulometric ECD197. Detection was carried 

out on a 4-channell CoulArray detector with increasing applied potentials of + 250, + 

400, + 500 and + 750 mV, following chromatographic separation using a core-shell 

C18 column.  

Table 1.3. HPLC-ECD (amperometric) methods for the determination of plant phenolics in foods, 

beverages and plants. 

Technique Electrode Assayed analyte Type of 

sample 

Ref. 

RPLC-PAD GCE GA, VA, FA, CA, p-

coumaric acid 

sugarcane vinasse 182 

RPLC-PAD Au phenolic acids and 

flavonoids 

medicinal plants 183 

RPLC-PAD GCE vegetable origin 

samples 

polyphenolic 

compounds 

184 

RPLC-UV-ECD GCE phenolic acids palm oil 185 

RPLC-UV-ECD GCE PCA, CGA, CA honey 186 

RPLC-ECD GCE CA, FA, p-coumaric 

acid and hesperetin 

Chinese honey 187 

RPLC-ECD GCE flavonoids red grape skin 

extracts 

188 

RPLC-ECD GCE/BDD 

electrode 

flavonoids fruit extracts 189 

RPLC-ECD GCE/BDD 

electrode 

flavonoids medicinal plant 190 

RPLC-ECD GCE CGA, rutin, hyperoside, 

quercitrin and quercetin 

Chinese medicinal 

herb 

191 

RPLC-UV-ECD GCE flavonoids wine 192 

RPLC-ECD GCE hydroxycinnamic acids wort and beer 193 

RPLC-ECD GCE phenolic acids and 

flavonoids 

fruits 194 

RPLC-ECD Au phenolic acids beer, red wine, 

brandy 

195 

RPLC-UV-ECD GCE phenolic acids Chinese herbal 

medicine 

196 
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1.6 Whiskey – an overview 

 
In the past, distilled alcoholic beverages, known in Latin as aqua vitae (water of life), 

were regarded as having great medicinal (almost spiritual) properties, and the tradition 

was to entrust their recipes to the religious clerics of that time. Whiskey, or in Gaelic, 

uisge beatha (also, water of life), is the generic name for a distilled product made from 

saccharified and fermented cereal extracts. The first recorded mention of whiskey in 

the world came from the Irish Annals of Clonmacnoise in 1405, referring to the death 

of a local chieftain after taking a “surfeit of aqua vitae”198. The first recorded 

commercial transaction involving the supply of whisky (Scottish spelling) took place 

between the Benedictine monastery at Lindores Abbey in Fife and the Court of King 

James IV at Holyrood, Edinburgh in 1494199. The monasteries retained exclusive 

whiskey production until the mid-1500s, when the English and Scottish monasteries 

were dissolved, allowing the widespread knowledge of whiskey production200.  

Ireland, Scotland, the USA, Canada and Japan are the chief exporters of whiskey201. 

Scotch whiskey is divided into five categories; single malt, blended malt, single grain, 

blended grain and blended whiskey. Single malt whiskey is produced from single 

malted barley in a single distillery, whereas blended malt whiskey is a mixture of 

single malts produced from various distilleries. Single grain whiskey is not produced 

from barley, but from other cereal such as corn or wheat, with a small percentage of 

malted barley added as a catalyst. Blended grain whiskey is made from a blend of two 

or more single grain whiskeys from different distilleries, and is less common than 

blended malt whiskey. Blended whiskey is a mixture of malt and grain whiskeys. The 

ratio of malt to grain varies depending on the commercial brand201. Single pot still 

whiskey, a whiskey native and unique to Ireland, is made from a mixture of malted 

and unmalted barley and distilled in a pot still. Its spicier taste and thicker texture are 

attributed to the unmalted barley. For it to be classified as single pot whiskey, it must 

be distilled in one single distillery202. 

1.6.1 Malt whiskey production 
 

There are five stages to malt whiskey production: malting, mashing, fermentation, 

distillation and maturation. 
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Step 1 – Malting 

The malting step involves soaking the barley for 2-3 days in tanks of water known as 

steeps. Following this, the barley is spread out over a concrete floor and allowed to 

germinate. The time over which germination takes place can vary from 8-12 days, 

depending on factors such as the quality of the barley and the season of the year. 

During this process, the barley secretes diastase, an enzyme which converts the starch 

into soluble sugars to make the alcohol. The rate of germination and temperature is 

controlled by turning the barley at regular intervals. Once green shoots start to appear, 

the germination is stopped and the barley is dried in a malt kiln. Today, it is more 

common for malting to take place in Saladin boxes or in drum maltings, where the 

temperature and turning of the barley are controlled mechanically203. 

Step 2 – Mashing 

After drying, the malt is ground down to a fine powder known as grist. This is then 

mixed with hot water in a large circular vessel called a mash tun, where the dissolved 

sugars are drawn to the bottom of the mash and extracted. The ensuing liquid is called 

wort204. This process is usually carried out three times, with an increase in temperature 

each time to extract as much sugar as possible. Only wort from the first two extractions 

is used with the third put back into the next batch of new grist205.  

Step 3 – Fermentation 

After cooling, the wort is placed in large vessels called washbacks, where it is 

fermented by the addition of yeast (from the Saccharomyces cerevisiae species). 

Fermentation takes 48-96 hours and produces a liquid known as wash. This wash 

contains the alcohol (6-10 % in strength), some unfermentable matter and by-products 

of fermentation203,206. 

Step 4 – Distillation 

Distillation takes place in copper stills which consist of a bowl shape at the bottom 

that raises to the neck at the top. Taller stills with longer necks give finer, lighter 

spirits, whereas shorter, fatter stills produce a fuller, richer spirit. The wash enters the 

first still where it is heated to the point where it starts to vaporise. The vapour rises 

through the still until it reaches the neck where it condenses. This distillate, known as 
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low wines, is then passed to another still where it is distilled for a second time. 

Alcohols produced at the beginning of the distillation (called foreshots) are very high 

in strength and very pungent, while the alcohol (called feints) produced at the end of 

the distillation is very low in strength and also pungent. Only the alcohol produced 

from the middle (or heart) is used for maturation. This alcohol has a strength of 65-70 

% and determines the character of the spirit in terms of taste, smoothness and 

flavour207. In Scotland, whiskey is traditionally doubly distilled, whilst in Ireland, it is 

triply distilled, however, there are exceptions in both countries205. 

Step 5 – Maturation 

After distillation, the spirit is stored in wooden oak casks. In Scotland, it is a legal 

requirement that the spirit is matured for at least three years before it is allowed to be 

called whiskey. The most common oak casks are those that have been previously used 

in the American bourbon and Spanish sherry industries. Throughout the maturation 

process, natural flavourings from the casks are released, imparting flavour to the 

whiskey. Additionally, the surrounding environment also affects the characteristics of 

the whiskey205.  

1.6.2 Chemical composition of whiskey 
 

Whiskey comprises of a multitude of chemical compounds. These compounds 

originate in the raw materials but are further modified by the methods used in 

production. In the malting, mashing and fermentation processes, the sensory character 

is influenced by the type of cereal used, the constituents of the water used for the 

malting and mashing, and the type of heat used for the kilning. During the distillation 

process, some flavour compounds are eliminated while others are formed. The flavour 

formation is a result of Maillard reactions which occur between amino acids and 

sugars. The flavour of the final spirit also depends on the type of still used (batch or 

continuous). Batch distilled whiskeys have greater variation of flavour, ranging from 

light and floral to heavier, complex spirits208.   

Maturation is one of the key factors affecting the quality of the whiskey. It is 

characterised by changes in the flavour and a reduction in both volume and alcoholic 

content. The colour also changes, with the whiskey developing a golden, amber colour 
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over time, attributed to the formation of melanoidins from the breakdown of 

cellulose209. The time required for acceptable maturation is dependent on the attributes 

of the distillate; the size, origin and treatment of the wood cask; and the environment 

where the maturation takes place210. In Scotland, whiskey is matured for 12-16 years 

in casks that must be less than 700-litre capacity. Changes in flavour during maturation 

are due to changes in the composition and concentration of the aroma producing 

chemical compounds through subtractive, additive and interactive reactions. These 

changes may be influenced by the direct extraction of wood compounds; the 

decomposition of wood macromolecules and extraction of their products into the 

distillate; possible reactions between constituents of the wood and the raw distillate; 

reactions involving only the wood components; reactions involving only the distillate 

components; and evaporation of volatile components210. Traditionally, whiskey is 

aged in white oak casks of various species. In the USA, wood oak is usually Quercus 

alba, and in Europe, it is typically Quercus petraea and Quercus robur, with most of 

the wood originating from France210. Each wood species has different characteristics 

and, therefore, contributes a specific aroma to the final whiskey. It is tradition to use 

casks that have previously been used to make bourbon. This serves as a pre-treatment 

for the casks as it removes most of the vanillin associated with white oak, eliminating 

a potential strong sweet vanilla flavour to the whiskey. Whiskey flavour wheels are 

often used to identify specific attributes and characteristics or identify common 

flavours between whiskeys (Figure 1.26). 
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Figure 1.26. An example of a whiskey flavour wheel211. 

The smoky flavour of whiskey is attributed to the degradation of the wood 

carbohydrates of peat – cellulose, hemicelluloses, and in particular, lignins212. Initial 

degradation of lignin by fission occurs with the heterocyclic furan, pyran rings and 

followed by the ether linkages. This results in the formation of guaiacol which in turn 

degrades to form cresols and phenols213. FA is also formed during lignin degradation 

and can undergo further decarboxylation to form 4-vinylguaiacol (4-VG), 4-

ethylguaiacol (4-EG) and vanillin213. Once the barley has converted the starch to sugar, 

its germination is stopped by heating in a malt kiln. Distillers in the Scottish Isles 

continue to dry the barley over peat fuelled fires. During this process, the phenolic 

flavourings from the peat are transferred to the malt. The longer the malt is exposed 

to the peat, the smokier the resultant whiskey. Harrison et al. studied the influence of 

peats of different geographical origins and their extraction depths on the final chemical 

composition of whiskey214,215. The results concluded that peats from different 

locations of Scotland are chemically distinct and that the chemical fingerprint of a bog 

was still distinguishable in the final spirit. The most notable flavour contributing 

compounds of whiskey are the phenols, cresols and guaiacols. As previously 

mentioned, the whiskey is stored in used American oak casks, which contain a large 
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amount of an oak wood polyphenol called ellagitannin. During construction of the oak 

casks in which the wood is charred or toasted, ellagitannin is hydrolysed to form GA 

and EA. Additionally, EA also finds its way into whiskey during the germination of 

barley. 

Adding a few drops of water to whiskey before drinking is believed to further enhance 

the taste. Karlsson and Friedman carried out computer simulations of water-ethanol 

(EtOH) mixtures in the presence of guaiacol to study this theory216. They found that 

at concentrations greater than 59 % EtOH, guaiacol was driven away from the surface 

of the whiskey and into the bulk solution. However, at 45 % EtOH, guaiacol was more 

likely to stay present at the surface of the whiskey, enhancing both its odour and taste. 

The whiskey lactones (cis- and trans-3-methyl-4-octanolide) originate from the oak 

casks in which the whiskey is stored (Figure 1.27). The trans-isomer contributes a 

woody, coconut flavour, whilst the cis-isomer gives a strong, spicy coconut flavor217. 

 

Figure 1.27. The whiskey lactones. (A) cis-3-methyl-4-octanolide and (B) trans-3-methyl-4-octanolide. 

The largest group of flavour compounds in whiskey are the esters, with the majority 

consisting of ethyl esters of monocarboxylic acids218. They are produced during the 

fermentation process from the combination of alcohols and either fatty acids or the 

acetates produced during fermentation217. Ethyl hexanoate is the major ester present 

in the final spirit212. Other esters include ethyl lactate, ethyl octanoate, ethyl butyrate, 

ethyl decanoate, ethyl laurate, isoamyl acetate and ethyl acetate219. Isoamyl acetate is 

responsible for the banana-like aroma of whiskey, while ethyl hexanoate gives an 

apple-like aroma217. 

Acetaldehyde represents more than 90 % of the total aldehyde content of whiskey218. 

Although some of it is lost in the distillation process, it contributes a pungent, sharp 

flavour to the whiskey. Other aldehydes present are attributed to the oak casks in which 

the whiskey is stored. Syringaldehyde contributes a spicy, smoky flavour, while 
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furfural provides an almond-like grainy flavour (Figure 1.28). Whiskey can also 

contain vanillin, coniferaldehyde, sinapaldehyde and hexanal217. Hexanal contributes 

a grassy, fruity flavour to the whiskey212. 

 

Figure 1.28. Chemical structures of (A) syringaldehyde and (B) furfural. 

Sulphur containing compounds, in particular dimethyl trisulfide (DMTS), contribute 

unpleasant, gassy aromas to whiskey at high concentrations, but at lower levels make 

a positive contribution to whiskey aroma. DMTS is formed from methanethiol and 

hydrogen sulphide which are derived from the amino acids methionine and cysteine, 

respectively. Copper stills can both reduce and increase the levels of sulphur 

depending on the location of the still. Harrison et al. showed that copper is more 

effective at reducing sulphur levels in specific parts of the pot stills220. 

1.6.3 Analytical methods for whiskey flavour analysis 
 

Analytical methods employed for whiskey flavour analysis include HPLC, GC-MS 

and CE. Ng and Reuter applied HPLC with fluorescence (FL) detection for the 

analysis of 10 phenolic compounds in three Scotch whiskeys (Figure 1.29). The 

separation was achieved in just over nine minutes, with the co-elution of m- and p-

cresol, and poor resolution between phenol and guaiacol observed221.  
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Figure 1.29. HPLC-FL detection of a 100 ppb phenolic standard mixture221.  

Lehtonen analysed 12 whiskeys for the presence of volatile phenols using GC-MS. 

The results indicated that Scotch whiskeys have the highest concentrations of 

phenolics and that it is the presence of o-, m- and p-cresol that distinguishes between 

whiskeys produced from peated malt and those that are not222. White et al. used CE 

with field-amplified sample stacking (FASS) to establish the phenolic acid profile of 

three types of Irish whiskeys. This work evaluated the impact of the ageing process, 

ageing length, and whiskey mashbill on the phenolic acid profile. As expected, the 

length of ageing was shown to have a positive impact on the concentration of the 

phenolic acids present. Also, it was found that ageing in sherry casks produces a wider 

range of phenolic acids223. 

Gas chromatography-olfactometry (GC-O) was used to identify key odourants of 

peated single malt whiskey224. The compounds found to have the highest flavour 

dilution values were guaiacol, 4-EG, 4-methylphenol, 4-VG and 4-ethyl-2-

methylphenol. These key odourants were then used to successfully discriminate peated 

single malts from other whiskey types using principal component analysis (PCA) and 

linear discriminant analysis (LDA). Sample preparation techniques, including stir-bar 

sorbent extraction (SBSE) are commonly used before GC analysis for whiskey 

flavouring225–227.   

1.7 Objectives of the thesis 
 

This research aims to develop rapid and sensitive methods for the simultaneous 

detection of the key phenolic compounds that are the primary contributors to the aroma 
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and flavour of whiskey, and that in some circumstances may be present in beverages 

as an undesirable medicinal off odour due to microbial contamination.  

Chapter 2 - The attractive features of the BDD electrode including a wide potential 

window, low background currents and limited adsorption of analytes on the electrode 

surface, will be utilised for the direct electrochemical sensing of phenols, guaiacols 

and cresols as a molecular fingerprint for whiskey analysis. Modification of the bare 

electrode with Nafion is examined to enhance adsorption of the analytes on the 

electrode surface and, therefore, improve the sensitivity. CV and electrochemical 

impedance spectroscopy (EIS) will be used to characterise the bare and Nafion 

modified electrodes, and chronocoulometry will be applied to examine the kinetics 

and mechanism of electrode reactions for both electrodes. Addition of cyclodextrins 

(CDs) to the electrolyte will also be investigated. CDs can alter and improve the 

separation by forming inclusion complexes with analytes. Peak deconvolution will be 

applied to distinguish the guaiacols, phenols and cresols in the whiskey sample.  

Chapter 3 - This chapter will advance the work carried out in chapter 2 by 

chromatographically separating the analytes with a C18 core-shell column before their 

detection with the BDD electrode using a thin-layer flow-through cell. The 

optimisation of HPLC separation conditions and ECD oxidation potentials will be 

carried out before applying the method to the identification and quantitation of the 

phenolic compounds in Islay, Irish, Highland and Scotch whiskeys, to identify the 

specific phenolic compounds attributed to smoky whiskey.  

Chapter 4 - This chapter will focus on the electrochemical behaviour and detection 

of EA and GA. Due to differing polarities, gradient elution will be applied for their 

chromatographic separation followed by detection at the BDD electrode. The 

optimised method will then be applied for their detection in Islay, Highland and Scotch 

whiskeys. Since EA and GA enter the whiskey from the oak casks during maturation, 

their analysis may be used as markers for the identification of authentic whiskey. 

Additionally, it is expected that higher concentrations of both acids will be present in 

whiskeys that undergo longer periods of maturation. 

Chapter 5 - This chapter will focus on the detection of guaiacol as an undesirable and 

taint producing metabolite associated with spoilage in beverages. Guaiacol is 
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metabolised by Alicyclobacillus spp. from its precursors VA, FA and vanillin, and its 

presence can have serious financial implications for manufacturers. Following 

optimisation, this work aims to provide a sensitive HPLC-BDD method that will 

provide manufacturers with a rapid alternative method to traditional microbiological 

methods. 

Chapter 6 - This chapter contains the overall conclusions of the thesis and also 

presents the proposed future work.  
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2.1 Introduction 

 
Several volatile phenols are identified in whiskeys including phenol, cresol isomers, 

guaiacol (2-methoxyphenol), and p-ethylguaiacol or 4-ethylguaiacol (4-EG). Their 

concentrations vary from one commercial brand to another and are highly dependent 

on the country of origin1. Whiskey distilleries do not provide any information relating 

to the composition and levels of the total phenols in the final product, thus, it is very 

difficult to know the exact level of such phenols, especially as the whiskey ages. 

During the process of drying the malted barley over a peat-fuelled fire, guaiacol is 

released from the lignin, thus, imparting a distinct smoky flavour to the whiskey. This 

practice is common in many Scottish distilleries, particularly the Isle of Islay, where 

peat is available as a cheap source of energy. Guaiacol and other phenols have been 

identified from various whiskey brands2,3 together with guaiacol derivatives, phenol 

derivatives and cresols2,4,5. 

Guaiacol, and its glycoconjugate, are also identified in smoke-affected grapes and 

wine prepared from such grapes yielding unpalatable smoky wine6. In the food and 

beverage manufacturing industries, guaiacol is also recognised as the principal 

spoilage metabolite responsible for an undesirable medicinal or antiseptic-like off-

odour. It is produced from the microbial metabolism of Alicyclobacillus species (spp.) 

a thermoacidophilic spore-forming bacterium, with its odour becoming offensive 

when its concentration exceeds a sensorial threshold7. Alicyclobacillus spp. 

contamination is also damaging for manufacturers as it often results in the withdrawal 

of product batches from the market. Small amounts of guaiacol and its analogues can 

contribute to aromatic flavours in beers, wines and other beverages8. The presence of 

4-EG in strawberries serves a useful indicator for the confirmation of leather or crown 

rot disease by a pathogenic fungus Phytophthora cactorum. About 50 % of the 1.3 

million tons of strawberries produced in the USA are affected by this fungus9. 

This study focuses on the electrochemical sensing of phenols, cresols, and guaiacols, 

as the fingerprint molecules in whiskey. The concept of detection is centered on the 

modification of the active surface of a boron-doped diamond (BDD) electrode with 

Nafion to impart different hydrophobic interactions with guaiacol and its analogues10. 

The inclusion complex of the guaiacols with -cyclodextrin (α-CD) is also explored 
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considering the binding abilities of -CD for hydrophobic compounds are often 

different11. The BDD is well-known for its antifouling properties and a wide potential 

window, two key features required to circumvent the adsorption of phenol oxidation 

products. This simple electrochemical sensing technique is particularly appealing for 

spot analysis compared to lab-based instruments, which are costly, time-consuming 

and require a pre-sample treatment step. 

 

2.2 Experimental 

 

2.2.1 Reagents, standard solutions and samples 
 

Sodium phosphate monobasic, sodium phosphate dibasic, phosphoric acid, ethanol 

(EtOH), potassium chloride (KCl), potassium hexacyanoferrate (III) [Fe(CN)6]
3-, 

potassium hexacyanoferrate (II) trihydrate [Fe(CN)6]
4-, acetonitrile (ACN), guaiacol, 

4-EG, eugenol, phenol, 4-ethylphenol (4-EP), 4-vinylguaiacol (4-VG), p-cresol, o-

cresol, m-cresol, α-cyclodextrin (-CD), β-cyclodextrin (-CD), methyl (M--CD), 

sulphated (S--CD), and Nafion perfluorinated resin (5 % in a mixture of lower 

aliphatic alcohols) were purchased from Sigma-Aldrich (Dublin, Ireland). Different 

buffer pHs were prepared; phosphate buffer at pH 2, acetate buffer at pH 5, phosphate 

buffer at pH 7, all at 100 mM with 5 % EtOH. 5 % EtOH was added to eliminate the 

effect of EtOH for the analysis of the phenols in whiskey samples. A stock solution of 

1 mM of phenols, guaiacols, and cresol isomers was prepared in 100 mM phosphate 

buffer, pH 7 daily before use. All reagents used were of the analytical grade of the 

highest purity, and aqueous solutions were prepared in deionised water (Millipore, 

Ireland). Aqueous solutions were prepared in deionised water (Millipore, Ireland). 

Whiskey samples were obtained from a local store in Cork, Ireland. 

2.2.2 Apparatus 
 

Electrochemical impedance spectroscopy (EIS) measurement was performed at room 

temperature using a CHI660E electrochemical workstation (CH Instrument, Austin, 

TX). Differential pulse voltammetry (DPV), square wave voltammetry (SWV), cyclic 

voltammetry (CV) and chronocoulometry were used during electrochemical 

measurements using a CHI1040A electrochemical workstation (CH Instrument, 
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Austin, TX). The electrochemical cell consists of the three electrodes; a BDD 

electrode (B/C ratio in the gaseous phase of 1000 ppm, 3 mm diameter, Windsor 

Scientific, Slough Berkshire, UK), a silver/silver chloride (Ag/AgCl /3 M KCl) 

reference electrode (BASi Analytical Instruments, West Layette, IN), and a Pt wire 

counter electrode (Sigma-Aldrich, Dublin, Ireland). Peak deconvolution was carried 

out using the Peak Analyser function in Origin Pro 8.5.1 software. Gaussian peaks 

were fitted based on the oxidation potential of the analytes. 

2.2.3 Preparation of the modified electrodes 
 

The Nafion-modified BDD electrode was obtained by drop-casting 5 µL of the Nafion 

solution (2 %, prepared in EtOH) on a polished BDD electrode followed by vacuum 

drying.   

2.2.4 Electrochemical characterisation of the bare and modified 

BDD electrodes 
 

The bare and modified electrodes were characterised by CV and EIS. The CV and EIS 

measurements were performed in 5 mM K3Fe (CN)6 
4-/3- prepared in 1 M KCl and 10 

mM K3Fe(CN)6 
4-/3- supported by 0.1 M KCl, respectively. EIS was achieved with an 

AC frequency ranged between 1 Hz and 100 kHz.  

2.2.5 High-performance liquid chromatography (HPLC) 
 

Chromatographic analysis was achieved on an Agilent 1200 HPLC system consisting 

of a binary pump (model G1312B), degasser (model G1379B), autosampler (model 

G1367D) and a UV diode array detector (model G1315C) system, employing an 

Agilent ChemStation software. The separation was performed on an Agilent Eclipse 

XDB C18 (4.6 x 150 mm, 5 µm) column using an isocratic mobile phase of 30: 70 

ACN: H2O (v/v, %) and a flow rate of 1 mL/min. The injection volume was 5 µL with 

a column temperature of 25 °C. The separation was monitored at 210 nm. The mobile 

phase was filtered through a 0.45 µm Nylon Whatman filter (Sigma-Aldrich, Dublin, 

Ireland) and sonicated before use. The column was equilibrated with mobile phase for 

20 min before injection. 1 mM stock solutions of guaiacol, 4-EG, 4-EP, 4-VG, 

eugenol, phenol, o-cresol, m-cresol, and p-cresol were prepared daily in ACN. 
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Standard solutions were prepared by diluting the stock solutions with the mobile 

phase. 

2.3 Results and discussion 

 

2.3.1 Electrochemical oxidation of the guaiacol analogues by the 

bare BDD electrode 
 

It is widely known that the electrochemical oxidation of a phenol ring (pKa =10.00) 

begins with an unstable phenoxy radical in a one-electron and one-proton step. This 

unstable radical exists in three isomeric forms, however, its highest spin is in the o- 

and p-positions. In the presence of water, o-quinone and p-quinone are the two major 

products. These quinones are reversibly reduced to catechol and hydroquinone in a 

two-electron and two-proton mechanism, respectively12. Similarly, guaiacol (pKa = 

9.83) initially undergoes a first electron transfer to produce three plausible phenoxy 

radicals (R1, R2, and R3) (Scheme 2.1A), which rapidly undergo a second electron 

transfer to form their corresponding carbocations13 (Scheme 2.1B). The methoxy 

group of guaiacol with the electron-donating effect stabilises the cation C1, the 

predominant form, which is subject to hydrolysis to form o-benzoquinone and 

methanol (Scheme 2.1B).  

 

Scheme 2.1. The electrochemical oxidation pathway and the main oxidation product of guaiacol. The 

formation of three possible radicals with R1 as the predominant radical. C1 is then subject to further 

oxidation to form o-quinone together with the release of methanol, which is also electroactive on the 

BDD electrode. 
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The CV of guaiacol obtained by the bare BDD electrode displayed a broad and 

irreversible oxidation peak (Ia) in the first scan (Figure 2.1A). The reverse scan 

exhibited one broad reduction peak (Ic) and two well-defined reduction peaks, 

designated as IIc and IIIc. The release of methanol was evinced by a small oxidation 

peak at + 1.4 V, whereas the Ic peak could be assigned as the formation of catechol in 

the reverse scan from o-benzoquinone. In the second cycle, two peaks at IIa and IIIa 

emerged while the current of the Ia peak decreased due to the adsorption of guaiacol 

oxidation products13. Two minor products, 3-methoxy hydroquinone, and 3-methoxy 

catechol stem from the cation C2 and C3, respectively (Scheme 2.2). The IIa-IIIc pair 

could be attributed to the reversible oxidation/reduction of methoxy hydroquinone and 

methoxy benzoquinone. The IIIa-IIc pair corresponds to the cyclic behaviour of 

methoxy catechol-methoxy quinone, in agreement with the literature13. The BDD 

electrode surface displays hydrophobicity, thus the carbocations only adhere slightly 

on this surface and easily diffuse into the reaction layer to react with nucleophilic 

species including water, catechol, and guaiacol in the bulk electrolyte.  

 

The CV of 4-EG exhibited one irreversible oxidation peak (Ia) and two reduction peaks 

(Ic, IIc). In the second scan, a new anodic peak (IIa) emerged at + 0.35 V, whereas the 

main anodic peak decreased (Figure 2.1B). The reduction peak (IIc) could be 

attributed to the formation of 4-ethyl-3-methoxy-phenol while the very small Ic peak 

is from the reduction of the 4-EG products to catechol. The IIa peak continued to 

increase with repeated scans, corresponding to the decrease of the Ia peak. This peak 

was assigned as the oxidation of 4-ethyl-3-methoxy-phenol to form a corresponding 

quinone. This mechanism is somewhat similar to the oxidation of eugenol to yield 4-

allyl-3-methoxybenzoquinone and 4-allyl-o-quinone14. The CVs of phenol, 4-EP, o-

cresol, p-cresol, and m-cresol on the bare BDD electrode are shown in Figure 2.2.  
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Figure 2.1. CVs of the bare BDD electrode for (A) guaiacol and (B) 4-EG. The concentration of each 

analyte is 100 µM in 100 mM phosphate buffer, pH 2 with 5 % EtOH at the scan rate of 100 mV s-1.   

 

  

Scheme 2.2. Two plausible minor oxidation products of guaiacol as postulated in the literature13. 
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Figure 2.2. CVs of the bare BDD electrode for (A) phenol, (B) 4-EP, (C) o-cresol, (D) m-cresol and 

(E) p-cresol. The concentration of each analyte is 100 µM in 100 mM phosphate buffer, pH 2 with 5 % 

EtOH at the scan rate of 100 mV s-1.   

 

2.3.2 Electrochemical oxidation of the guaiacol analogues by Nafion 

modified BDD electrode 
 

The BDD electrode was then modified by Nafion, a sulfonated tetrafluoroethylene-

based fluoropolymer-copolymer. Nafion is negatively charged and its incorporation 

into the electrode has been widely used in several electrosensing platforms to 

circumvent the interference of endogenous electroactive species in food and biological 

samples15. Nafion with superior conductive properties also plays an important role as 

a supercatalyst in diversified reactions. The CVs obtained for the Nafion modified 

electrode for the three guaiacols were very similar to those of the bare BDD electrode 

(Figure 2.3). However, the response signal was noticeably higher, illustrating the 
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interaction/adsorption of the guaiacols with Nafion on the electrode surface. The 

anodic peak (IIa) was also shifted to a higher value on the Nafion modified BDD 

electrode compared to the bare electrode. Considering the high pKa values for the 

guaiacols (~10), they are less deprotonated and display hydrophobic interactions with 

the tetrafluoroethylene moiety of Nafion. Consequently, they are concentrated on the 

electrode surface to impart high signal responses. At alkaline pH, the guaiacols are 

more deprotonated and thus, repulsed by the Nafion film. The modifier Nafion film 

also has other distinct features encompassing permselective, ion-exchange and 

antifouling properties. The ionic selectivity for hydrophobic organic compounds is 

achieved through hydrophobic interactions with the hydrophobic fluorocarbons of 

Nafion16. The CVs of phenol, 4-EP, o-cresol, p-cresol, and m-cresol on the Nafion 

modified BDD electrode are shown in Figure 2.4.  
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Figure 2.3. CVs of the Nafion modified BDD electrode for (A) guaiacol and (B) 4-EG. The 

concentration of each analyte is 100 µM in 100 mM phosphate buffer, pH 2 with 5 % EtOH at the scan 

rate of 100 mV s-1.  
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Figure 2.4. CVs of the Nafion modified BDD electrode for (A) phenol, (B) 4-EP, (C) o-cresol, (D) m-

cresol and (E) p-cresol. The concentration of each analyte is 100 µM in 100 mM phosphate buffer, pH 

2 with 5 % EtOH at the scan rate of 100 mV s-1.   

 

2.3.3 Voltammetry, impedance spectroscopy, and chronocoulometry 

characterisation 
 

The bare and Nafion modified electrodes were also characterised by CV and EIS using 

K3Fe(CN)6 
4-/3- as the redox couple. In the CV mode (Figure 2.5), the peak current (Ip) 

of the redox probe (K3Fe(CN)6 
4-/3-) on the Nafion modified BDD electrode decreased 

~ 70-fold in comparison to the value obtained by the bare electrode.  
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Figure 2.5. CVs of the (A) bare and (B) Nafion modified BDD electrodes in 5 mM Fe(CN)6 
4-/3- prepared 

in 1 M KCl, at the scan rate of 50 mV s-1. 

 

The peak current is related to the electroactive surface area for the electroactive 

species. Randles-Sevcik equation17 is used to calculate the electroactive area: 

 

Ipa = 2.69 x 105 n3/2 ACDR
1/2v1/2  (2.1) 

 

where Ipa refers to the anodic peak current, n is the number of electron transfer (n =1), 

A is the electrode surface area (cm2), DR is the diffusion coefficient (7.6 x 10-6 cm2 s-

1), C is the concentration of K3Fe(CN)6 
4-/3- (5 mM in 1 M KCl), and v is the scan rate 

(mV s-1). The surface areas of the bare and Nafion modified BDD electrodes are 5.5 x 

10-12 and 1.06 x 10-13 cm2, respectively. 

 

The bare and Nafion modified BDD electrodes were then characterised by EIS and 

modelled using the ZnSimWin software (Figure 2.6). The parameters obtained for the 

bare and Nafion modified BDD electrodes using an equivalent circuit Rs(Q(RctW)) are 

shown in Table 2.1. The Rct (charged transfer resistance) value of the Nafion modified 

BDD electrode was ~ 27 times higher than the bare BDD electrode, an indication of 

the blocking of the active surface of the electrode in corroboration with CV results. 
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Figure 2.6. (A) EIS of the bare (red dotted line) and Nafion (black dotted line) modified BDD electrodes 

in 10 mM Fe(CN)6
4-/3- prepared in 0.1 M KCl. Insert: (B) the modified Randles circuit. 

Table 2.1. Parameters obtained for the bare and Nafion modified BDD electrodes using an equivalent 

circuit Rs (Q (RctW)). The parameters were obtained by the ZnSimWin software. 

 Bare BDD Nafion BDD 

Rs (Ω)-solution 60.31 63.3 

Q (Ω-1 sn) 1.28 x 10-6 2.34 x 10-6 

n 0.86 0.80 

Rct (Ω)- charge transfer 23.55 637.4 

Zw (Ω s-1/2)-Warburg model 0.0027 3.86 x 10-20 

Chi Square 0.0003 0.003 

 

Chronocoulometry was then conducted to examine the kinetics and mechanism of 

electrode reactions for the bare and Nafion modified BDD electrode. This technique 

provides two important parameters: the diffusion coefficient D and the adsorption 

charge Qads, which are estimated by Anson’s equation18. 

 

Q = 2nFAC √𝐷𝑇/𝜋 + Qads + QdI  (2.2) 
 

where A is the surface area of the working electrode (5.5 x 10-12 and 1.06 x 10-13 cm2 

for the bare and modified electrodes, respectively), C (10 µM or 10-8 mol/cm3) is the 

concentration of guaiacol, D is the diffusion coefficient of guaiacol, t is time, Qdl is 
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the double–layer charge and Qads is the faradic charge due to the oxidation of adsorbed 

guaiacol. The number of electrons transferred, n, is taken as 2 for guaiacol13, and F is 

the Faraday constant. The double-layer charge Qdl can be estimated from the 

experiment in the absence of guaiacol. A simple Q vs. t1/2 plot provides a slope and an 

intercept for the determination of D and Qads (Figure 2.7). The Qads value is then used 

to estimate the surface concentration () corresponding to a monolayer as follows:  

 

𝑄𝑎𝑑𝑠 = 𝑛𝐹𝐴    (2.3) 

 

From the experimental data, D = 7.8 × 1016 and 7.7 × 1020 cm2 s–1 are estimated for 

bare BDD and Nafion modified BDD electrodes, respectively, corresponding to a 

surface concentration of (Γ) of 0.42 and 45 mol cm-2. Such results clearly illustrated a 

faster diffusion rate and a stronger accumulation capacity of the Nafion film compared 

to bare BDD for the adsorption of guaiacol. 
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Figure 2.7. Chronocoulometry curves of 10 µM guaiacol on (A) bare and (B) Nafion modified BDD 

electrodes, using 100 mM phosphate buffer, pH 7. 

 

2.3.4 SWV of the guaiacols 
 

Considering the overlapping oxidation peaks of the guaiacols, a simple amperometric 

detection (i-t curve) cannot be used to distinguish such guaiacols. At best, it provides 
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an approximation of the total phenolic levels. Thus, SWV was conducted to obtain the 

lowest detection limit for the guaiacols and provide the plausible peak separation of 

the phenols. The detection limit is achieved by optimising the SWV amplitude, the 

potential increment, and the frequency, however, such parameters also cause peak 

merging and must be optimised accordingly. As a compromise between the detection 

sensitivity and the peak separation, the following parameters were considered optimal 

for SWV: amplitude (Esw) of 25 mV, a potential increment (ΔE) of 4 mV and a 

frequency (f) of 5 Hz (t = 1/f, s). The effect of pH on the detection of the analytes was 

investigated (Figure 2.8). Upon increasing the pH, the peak currents substantially 

decrease, with only slight oxidation peaks visible at pH 7. Therefore, pH 2 was 

selected as the optimum pH for the separation. 
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Figure 2.8. SWV of a standard mixture of 4-EG and p-cresol (4 µM each) at different pH values (2, 5, 

and 7), with 5 % EtOH and 10 mM α-CD. Detection was achieved on the Nafion modified BDD 

electrode vs. Ag/AgCl. 

Our attention was then turned to the inclusion complexation between CDs and their 

“guest’ hydrophobic compounds. Hydrophobic compounds including electroactive 

species form different inclusion complexes with the CD19. Initially, individual (Figure 

2.9) and a standard mixture (Figure 2.10) of the analytes were investigated on the bare 

BDD electrode in the absence and presence of α-CD. As evident from the graphs, the 

peak currents decrease in the presence of α-CD. Also noticeable was a shift in 

oxidation potential of the analytes in the presence of α-CD. Phenol, m-cresol and 4-
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EG were shifted to a higher potential (~60 mV), the oxidation of guaiacol was shifted 

to a less positive potential (~50 mV), whereas the oxidation potential of 4-EP remained 

constant.  
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Figure 2.9. SWV of 4 µM (A) phenol, (B) guaiacol, (C) m-cresol, (D) 4-EP and (E) 4-EG, using 100 

mM phosphate buffer, pH 2 with 5 % EtOH in the absence (black lines) and presence (red lines) of 10 

mM α-CD. Detection was achieved on the bare BDD electrode vs. Ag/AgCl. 
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Figure 2.10. SWV of a standard mixture of phenol, guaiacol, o-cresol, m-cresol, p-cresol, 4-EP and 4-

EG at 4 µM each, using 100 mM phosphate buffer, pH 2 with 5 % EtOH in the (A) absence and (B) 

presence of 10 mM α-CD. Detection was achieved on the bare BDD electrode vs. Ag/AgCl. 
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A representative SWV of phenol, guaiacol, m-cresol, 4-EP and 4-EG on the Nafion 

modified BDD electrode is shown in Figure 2.11. The oxidation of 4-EG occurred at 

a slightly lower potential (+ 0.65 V) than guaiacol (+ 0.76 V) with m-cresol oxidising 

at + 0.95 V. Such results were not unexpected due to the similar structures and pKa 

values of guaiacols. The comparison of the standard mixture in the absence and 

presence of α-CD on the Nafion modified BDD electrode is presented in Figure 2.12. 
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Figure 2.11. SWV of 4 µM each (A) phenol, (B) guaiacol, (C) m-cresol, (D) 4-EP and (E) 4-EG, using 

100 mM phosphate buffer, pH 2 with 5 % EtOH in the absence (black lines) and presence (red lines) of 

10 mM α-CD. Detection was achieved on the Nafion modified BDD electrode vs. Ag/AgCl. 
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Figure 2.12. SWV of a standard mixture of phenol, guaiacol, m-cresol, 4-EP and 4-EG at 4 µM each 

using 100 mM phosphate buffer, pH 2 with 5 % EtOH in the absence (black line) and presence (red 

line) of 10 mM α-CD. Detection was achieved on the Nafion modified BDD electrode vs. Ag/AgCl. 

The voltammogram of a mixture of m-cresol, p-cresol, o-cresol, guaiacol, 4-EG, 

phenol and 4-EP, following peak deconvolution, confirmed that 4-EG and guaiacol 

oxidised as two separate peaks. 4-EP, p-cresol, and o-cresol emerged as one single 

peak and m-cresol appeared as a right shoulder of this peak. The oxidation of phenol 

occurred at the highest potential (Figure 2.13).  
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Figure 2.13. Resolved SWV of standard mixtures at 4 µM each of 4-EG, guaiacol, 4-EP, o-cresol, p-

cresol, m-cresol, and phenol after the application of peak deconvolution using Origin Pro 8.5.1. The 

electrolyte was 100 mM phosphate buffer, pH 2 with 5 % EtOH containing 10 mM α-CD. Detection 

was achieved on the Nafion modified BDD electrode vs. Ag/AgCl. 
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A comparison of limits of detection (LODs) between the bare and Nafion modified 

BDD electrodes is illustrated in Table 2.2. Lower LODs were achieved for all analytes 

using the Nafion modified BDD electrode, highlighting its role in enhancing the signal 

response. The preferential concentration by Nafion was observed for m-cresol (12-

fold), o-cresol (5-fold), guaiacol (5-fold), phenol (3-fold), and 4-EG (2-fold) but p-

cresol and 4-EP were insignificantly affected.  

Table 2.2. A comparison of LODs obtained using SWV at the bare and modified BDD electrodes using 

100 mM phosphate buffer, pH 2 with 5 % EtOH containing 10 mM α-CD. 

Analyte LOD 

Bare BDD 

LOD 

Nafion BDD 

phenol 1.5 µM 0.5 µM 

guaiacol 1.0 µM 0.2 µM 

o-cresol 2.0 µM 0.4 µM 

m-cresol 1.2 µM 0.1 µM 

p-cresol 0.4 µM 0.3 µM 

4-EP 1.0 µM 0.8 µM 

4-EG 0.2 µM 0.1 µM 
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The LODs obtained by alternative detection schemes is illustrated in Table 2.3. 

Table 2.3. A comparison of determined LODs with literature values. 

Analyte Electrode material LOD (µM) 

phenol Nafion modified BDD electrode 0.5* 

 Bare glassy carbon electrode (GCE) 11.2520 

 Multi-walled carbon nanotubes (MWCNT)-

Nafion-tyrosinase 

0.1321 

 BDD film electrode 1.8222 

guaiacol Nafion modified BDD electrode 0.2* 

 Pt- γ -Al2O3 hollow spheres modified GCE 0.01823 

 Laccase/screen-printed carbon electrode 0.0524 

 Horseradish peroxidase–carbon nanotube–

polypyrrole/Au electrode 

0.325 

 Reduced graphene oxide (RGO)/GCE 0.226 

o-cresol Nafion modified BDD electrode 0.4* 

 Bare GCE 42.0120 

m-cresol Nafion modified BDD electrode 0.1* 

 MWCNT-Nafion-tyrosinase 0.2821 

 Enzyme tyrosinase/GCE 0.0227 

p-cresol Nafion modified BDD electrode 0.3* 

 MWCNT-Nafion-tyrosinase 0.3421 

 Enzyme tyrosinase/GCE 0.0227 

4-EP Nafion modified BDD electrode 0.8* 

 Tyrosinase-modified carbon nanotube 

(CNT)/GCE 

0.128 

4-EG Nafion modified BDD electrode 0.1* 

 SnO2/ SPE 0.0629 

 TiO2/ SPE 0.0429 

* LODs determined in this work 
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Analytical parameters, including linear regression equations, correlation coefficients 

(> 0.975) are shown in Table 2.4. 

Table 2.4. Linear regression parameters for the analytes using SWV on the Nafion modified BDD 

electrode.  

Analyte Linear range 

(µM) 

Linear regression equation Correlation 

coefficient (R2) 

phenol 2-10 
I = 1.40 x 10-8 C 

- 6.86 x 10-9 

0.998 

guaiacol 2-10 
I = 1.53 x 10-8 C 

- 5.23 x 10-9 

0.995 

o-cresol 2-10 
I = 1.35 x 10-8 C 

- 2.04 x 10-8 

0.996 

m-cresol 2-10 
I = 7.23 x 10-8 C 

- 5.64 x 10-8 

0.985 

p-cresol 2-10 
I = 1.65 x 10-8 C 

- 7.18 x 10-10 

0.976 

4-EP 2-10 
I = 1.78 x 10-8 C 

- 2.80 x 10-9 

0.984 

4-EG 2-10 
I = 2.70 x 10-8 C 

- 1.41 x 10-8 

0.991 
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Calibration curves and plots of the analytes are shown in Figures 2.14 and 2.15.  
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Figure 2.14. (A) Calibration curve and (B) plot of phenol; (C) calibration curve and (D) plot of 

guaiacol; (E) calibration curve and (F) plot of o-cresol and (G) calibration curve and (H) plot of m-

cresol. The electrolyte was 100 mM phosphate, pH 2 with 5 % EtOH containing 10 mM α-CD. Detection 

was achieved on the Nafion modified BDD electrode vs. Ag/AgCl. Error bars represent the standard 

deviation.  
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Figure 2.15. (A) Calibration curve and (B) plot of p-cresol; (C) calibration curve and (D) plot of 4-

EP; and (E) calibration curve and (F) plot of 4-EG. The electrolyte was 100 mM phosphate, pH 2 with 

5 % EtOH containing 10 mM α-CD. Detection was achieved on the Nafion modified BDD electrode vs. 

Ag/AgCl. Error bars represent the standard deviation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

96 
 

The stability of the Nafion modified BDD electrode toward 4-EG and p-cresol was 

investigated. Figure 2.16 indicated that the oxidation potential was shifted to a higher 

value (5.3 and 2.7 %, respectively) after 30 runs. 
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Figure 2.16. The stability of the Nafion modified BDD electrode towards 4 µM each of 4-EG and p-

cresol using SWV. The electrolyte was 100 mM phosphate buffer, pH 2 with 5 % EtOH containing 10 

mM α-CD. 

2.3.5 Profiling the guaiacols in whiskey samples 
 

Of importance is the use of -CD in the electrolyte to effectuate the peak separation 

of guaiacol from other analogues in the premium smoky whiskey (Figure 2.17). The 

SWV of the whiskey sample in the absence and presence of α-CD is shown in Figure 

2.18. The peak current of guaiacol and the other phenolics also became lower since 

the effective diffusion coefficient of such phenols decreased due to the formation of 

inclusion complexes with the large -CD molecule (Mw ~ 973)19,30.  
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Figure 2.17. Resolved SWV of Islay whiskey after application of peak deconvolution using Origin Pro 

8.5.1 on the Nafion modified BDD electrode vs. Ag/AgCl. The electrolyte was 100 mM phosphate buffer, 

pH 2 with 5 % EtOH containing 10 mM α-CD. 
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Figure 2.18. SWV of Islay whiskey in the (A) absence and the (B) presence of α-CD using 100 mM 

phosphate buffer, pH 2 with 5 % EtOH on the Nafion modified BDD electrode vs. Ag/AgCl. 
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The peaks were identified by spiking the whiskey sample with individual standards 

(Figure 2.19). 
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Figure 2.19. SWV of blank Islay whiskey (black lines) and spiked (red lines) with 5 µM each of (A) 

phenol, (B) guaiacol, (C) o-cresol, (D) m-cresol, (E) p-cresol, (F) 4-EP and (G) 4-EG, using 100 mM 

phosphate buffer, pH 2 with 5 % EtOH containing 10 mM α-CD. Detection was achieved on the Nafion 

modified BDD electrode vs. Ag/AgCl. 
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No improvement occurred when 10 mM of -CD was replaced by S--CD, -CD, or 

M-β-CD at the same concentration. A mixture of -CD and M-β-CD (10 mM each) 

or -CD and -CD offered no improvement in peak separation (Figure 2.20). The 

same result was noted for doubling the amount of -CD in the electrolyte buffer 

(Figure 2.21). 
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Figure 2.20. SWV of Islay whiskey using 100 mM phosphate buffer, pH 2, with 5 % EtOH containing 

(A) S-β-CD, (B) β-CD, (C) M-β-CD, (D) a mixture of α-CD and M-β-CD, and (E) a mixture of α-CD 

and β-CD. Detection was achieved on the Nafion modified BDD electrode vs. Ag/AgCl. 
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Figure 2.21. SWV of a standard mixture 4-VG, 4-EG, eugenol, and guaiacol (1 µM each) using 100 

mM phosphate buffer, pH 2 with 5 % EtOH containing (A) 10 mM α-CD and (B) 20 mM α-CD. 

Detection was achieved on the Nafion modified BDD electrode vs. Ag/AgCl. 

Of relevance is the CV performance of o-nitrophenol and p-nitrophenol in the presence 

of -CD19. The p-nitrophenol reduction peak is significantly higher and overlaps with 

that of the o-isomer, thus, it is difficult to distinguish this pair by CV. The p-isomer 

forms an inclusion complex with -CD, enabling the peak shift towards a more 

negative potential (40 mV), whereas -CD exhibits no interaction with the o-isomer.  

The hydrophobic cavity of -CD has an internal diameter of 0.57 nm and a 

corresponding height of 0.78 nm31. The phenol dimensions are 0.43 and 0.57 nm32, 

thus, this compound is completely enclosed in the hydrophobic cavity of α-CD. 4-EG 

is most bulky and lengthy considering the bond lengths of C-C (0.154 nm) and C-O 

(0.143 nm)33. The dimensions of 4-EG and its analogues are estimated by Chem3D 

(Perkin Elmer) and shown in Figure 2.22. One dimension of 4-EG is ~ 0.83 nm (the 

length of -CH2-CH3 is about 0.26 nm) and the second one is 0.68 nm (with the -O-CH3 

group). Accordingly, 4-EG cannot compete with other smaller counterparts to form an 

inclusion complex with -CD.   
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Figure 2.22. Key dimensions of -CD and 4-EG. 

 

Similar arguments are applied to guaiacol and 4-EP for the likelihood to form inclusion 

complexes with -CD in the presence of the cresols and phenol. The cresols, with a 

methyl group, render them bigger (o- or m- position) or longer (p- position) than 

phenol.  Considering the C-C bond length as mentioned earlier, both p- and o-cresol 

are still enclosed in the cavity of -CD, whereas partial inclusion complexation is 

expected for m-cresol.  Phenol, p-cresol and m-cresol should be able to reside in the 

hydrophobic cavity of -CD, whereas partial complexation is anticipated for 4-EP and 

m-cresol, followed by guaiacol and 4-EG. Besides inclusion complexation, different 

hydrophobic interactions of the guaiacols with the hydrophobic regions of -CD  are 

also anticipated and this behaviour could be exploited to profile guaiacol in the 

presence of other similar compounds.  

 

Various strategies were attempted to renew the Nafion modified electrode after its 

subjection of repeated analysis of guaiacol since mechanical cleaning was no longer 

an option. CV cleaning in 100 mM phosphate buffer, pH 7 or 0.5 M H2SO4 was less 

effective compared to the anodic treatment at + 2 V in the phosphate buffer for 1 min. 

The electrochemical reconditioning step was expected to produce a more hydrophilic 

surface, which promoted organic layer displacement by water34. After the anodic 

treatment, DPV confirmed that no peak was observed with the blanks (Figure 2.23).  
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Figure 2.23. DPV before and after the anodic treatment at + 2 V for 1 min on (A) bare and (B) Nafion 

modified BDD electrodes after they were exposed to 1 mM guaiacol in 100 mM phosphate buffer, pH 

7. 

It is worth noting that slightly more resolved peaks were obtained with SWV over 

DPV (Figure 2.24). 
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Figure 2.24. DPV and SWV of Islay whiskey on the bare BDD electrode vs. Ag/AgCl, using 100 mM 

phosphate buffer, pH 2 with 5 % EtOH containing 10 mM α-CD. 

HPLC was applied to confirm the presence of phenolic compounds in the Islay 

whiskey sample. Figure 2.25 illustrates a blank whiskey sample and whiskey spiked 

with known concentrations of the phenols, guaiacols, and cresols. The chromatogram 

indicates the presence of phenol, guaiacol, o-cresol, m-cresol, p-cresol, 4-EP, and 4-

EG, with m-cresol and p-cresol co-eluting. In agreement with Ng and Reuter2, 4-EP 

could not be quantitated as it appeared as part of a doublet.  
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Figure 2.25. HPLC chromatograms of the 10-year-old blank Islay whiskey (black line) and spiked 

whiskey (red line) with 20 µM of each standard. Column: Agilent Eclipse XDB C18 (4.6 x 150 mm, 5 

µm), mobile phase: 30: 70 ACN: H2O (v/v, %) flow rate: 1 mL/min, injection volume: 5 µL, column 

temperature: 25 °C, UV detection: 210 nm. 

Detection at 210 nm produced much greater signal responses than higher wavelengths 

(Figure 2.26).   
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Figure 2.26. HPLC chromatograms of 40 µM of each standard at different wavelengths (210, 254, and 

280 nm). Column: Agilent Eclipse XDB C18 (4.6 x 150 mm, 5 µm), mobile phase: 30: 70 ACN: H2O 

(v/v, %), flow rate: 1 mL/min, injection volume: 5 µL, column temperature: 25 °C. 
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Biosensors have been reported for the detection of guaiacol in foods and beverages. 

They are based on the catalytic activity of redox enzymes, mainly tyrosinase27, 

peroxidase35, or laccase24. In general, the enzyme-based biosensors are not stable due 

to the leakage and stability of the immobilised enzymes during operation or storage. 

Other biosensors advocate the use of carbon nanotubes25, reduced graphene oxide26, 

and Pt–γ–Al2O3/GCE23. Such sensors were only tested for various food samples, and 

in most cases, endogenous guaiacol was not found in these samples.  The use of a 

complex system consisting of nanobiocomposites always raises a question about the 

reproducibility of fabrication, particularly for large-scale production.  

2.4 Conclusions 

 
Among a myriad of phenolics, guaiacol and its analogues are often present in smoky 

whiskey. The Nafion modified BDD electrode offers the profiling of guaiacol, 4-EG, 

and other phenols. This enzymeless approach circumvents several drawbacks 

associated with the use of enzymes and nanomaterials to fabricate biosensors. The 

inclusion complexes between α-CD and the phenolics also play an important role to 

separate guaiacol from cresol isomers and other analogues. In particular, the simple 

electrochemical sensing together with peak deconvolution is appealing for spot 

analysis compared to lab-based gas chromatography-mass spectrometry (GC-MS), gas 

chromatography-flame ionisation detector (GC-FID), HPLC, and thin-layer 

chromatographic (TLC)-densitometric method. Besides their presence in beverages 

and foods, guaiacol, and its derivatives are abundant in nature as exemplified by their 

presence in the guaiac tree in significant amounts. The lignin from the tree is the 

largest renewable source for such aromatic compounds after oxidation. Consequently, 

the identification of such phenols and their oxidation products will be of importance 

for future applications. 
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Chapter 3 

Profiling of phenolic flavourings using core-shell reversed-

phase liquid chromatography with electrochemical 

detection at a boron-doped diamond electrode 
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3.1 Introduction 

 
In the European Union, approximately 10000 tons of liquid smoke flavourings (mainly 

comprising of phenolic and carbonyl compounds) are consumed annually1. 

Differences in the chemical composition attained through the manufacturing process, 

are the result of variations in the process conditions including the wood type, wood 

moisture content, oxygen concentration, and temperature during the generation of 

smoke1–3. Several phenolic compounds, in particular guaiacol, are major contributors 

to the smoky flavour. Phenol and its derivatives are mostly related to lignin 

degradation. Initial degradation occurs by fission of heterocyclic pyran, furan ring and 

ether linkage of lignin, resulting in guaiacol production, which in turn degrades further 

to form cresols and phenol4. The essential flavouring phenolic compounds in whiskey 

are cresols, phenols, guaiacols, and xylenol5. The analysis of phenolic compounds is 

accomplished using gas chromatography (GC) and high-performance liquid 

chromatography (HPLC). Sample preparation techniques such as solid-phase 

microextraction (SPME)6 and stir-bar sorbent extraction (SBSE)7–9 are carried out for 

flavour profiling in whiskey. It is well known that Scottish distillers use peat fires to 

dry the barley during the malting process. Here, the barley adsorbs the phenolic 

compounds from the peat smoke contributing to the distinct phenolic flavour of 

whiskey10,11. Ten phenolics in three Scottish whiskeys were observed using HPLC 

coupled to a fluorescence detector (FL), and their level in the whiskey ranged from 

0.17 µM (phenol) to 1.97 µM (eugenol)12.  

HPLC coupled to electrochemical detection (ECD) offers superior selectivity and 

sensitivity over ultraviolet (UV) detection for phenolic compounds, with the additional 

advantages of reduced cost and portability compared to mass spectrometry (MS) 

detection. Of interest is the use of HPLC-ECD based on a glassy carbon electrode 

(GCE) for the separation/detection of phenolic compounds in honey samples13–15, 

refinery effluents16, sugarcane vinasse17, waste and river water18, beverages19, 

microbial metabolites20, wastewaters and effluent from pesticide-plant21, and sea-

water and marine sediments22. HPLC-ECD for phenolic compounds has also been 

reported using a boron-doped diamond (BDD) electrode23 and a carbon-

black/polyethylene tubular anode24.  
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A BDD electrode exhibits many advantages including a wide potential window, low 

background current over a wide potential range, and high resistance to fouling25,26. 

The initial application of a BDD electrode together with HPLC was introduced for the 

analysis of sulfa drugs27. The BDD electrode offered similar detection levels compared 

to a GCE; however, stable background currents were achieved faster with enhanced 

electrode stability. HPLC-BDD has been extended for the analysis of a wide range of 

analytes including bioamines, amino acids and their metabolites in rat plasma, cortex 

and hippocampus28,29, parabens in shampoo30, benzodiazepines in pharmaceutical 

preparations31 and α-lipoic acid in dietary supplements32. Muna et al. applied HPLC 

coupled to boron-doped microcrystalline and nanocrystalline diamond electrodes for 

the detection of phenol and chlorinated phenols in soil samples33. The determination 

of chlorophenols in water samples was investigated using HPLC combined with 

anodically pre-treated BDD thin-film electrodes with LODs of 0.18-1.8 nM23. 

This study extended our previous work on the direct electrochemical sensing of 

flavourings in whiskey using a BDD electrode34. To our knowledge, this is the first 

reported method for the analysis of important phenolic compounds in whiskey samples 

that combines the superior separation power of core-shell particles coupled with the 

sensitivity of the ECD at the BDD electrode. The optimisation of HPLC separation 

conditions and ECD oxidation potentials was conducted before the quantitation of the 

nine phenolic compounds in whiskey samples of different geographical origins. 
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3.2 Experimental 

 

3.2.1 Reagents, standard solutions and samples 
 

Ammonium formate, ammonium acetate, formic acid, acetic acid, ethanol (EtOH), 

acetonitrile (ACN), guaiacol, 4-ethylguaiacol (4-EG), eugenol, phenol, 4-ethylphenol 

(4-EP), 4-vinylguaiacol (4-VG), p-cresol, o-cresol and m-cresol were purchased from 

Sigma-Aldrich (Dublin, Ireland). Chemical structures are available in Table 3.1. Stock 

solutions (1 mM) of phenols, guaiacols and cresol isomers were prepared in EtOH 

daily before use. Working solutions were prepared by dilution of stock solutions with 

the mobile phase. All reagents used were of the analytical grade of the highest purity. 

Aqueous solutions were prepared in deionised water (Millipore, Ireland). Islay, Irish, 

Scotch and Highland whiskeys were obtained from a local store in Co. Cork, Ireland. 

Whiskey samples were prepared by adding 500 µL of whiskey to 1000 µL of the 

mobile phase and were filtered through an Econofltr Nylon membrane (13 mm, 0.2 

µm) before analysis. 

3.2.2 Cyclic voltammetry 
 

Cyclic voltammetry (CV) was used to evaluate the electrochemical behaviour of 

guaiacol, 4-EG, phenol and o-cresol using a CHI1040A electrochemical workstation 

(CH Instrument, Austin, TX). The electrochemical cell consists of the BDD electrode 

(B/C ratio in the gaseous phase of 1000 ppm, 3 mm diameter, Windsor Scientific, 

Slough Berkshire, UK), a silver/silver chloride (Ag/AgCl /3 M KCl) reference 

electrode (BASi Analytical Instruments, West Layette, IN) and a Pt wire counter 

electrode (Sigma-Aldrich, Dublin, Ireland). The supporting electrolyte was phosphate 

buffer (100 mM, pH 2) containing 5 % of EtOH. Stock solution (1 mM) of guaiacol, 

4-EG, phenol, and o-cresol were prepared in 100 mM phosphate buffer, pH 7. 

3.2.3 Apparatus 
 

The HPLC-UV and HPLC-ECD analyses were performed on an Agilent HPLC system 

(Agilent 1200 LC series) equipped with a binary pump (model G1312B), degasser 

(model G1379B), autosampler (model G1367D) and a UV diode array detector (model 

G1315C). Agilent Chemstation was used for instrument control and UV data analysis. 
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Chromatographic separation was performed using a HALO C18 core-shell column (3.0 

x 50 mm, 2.7 µm particle size, Apex Scientific, Co. Kildare, Ireland). ECD was carried 

out using an Antec Flexcell thin layer flow cell with a cell volume of 0.7 µL (Apex 

Scientific, Co. Kildare, Ireland). The flow cell consists of a three-electrode 

configuration with a boron-doped diamond (BDD) working electrode (8 mm 

diameter), a HyREF (Pd/H2) reference electrode and carbon loaded 

polytetrafluoroethylene (PTFE) counter electrode. CHI660E electrochemical 

workstation was used for data analysis (CH Instrument, Austin, Texas). 

3.2.4 Chromatographic conditions 
 

The compounds were separated in isocratic mode with a mobile phase consisting of 

10 mM formate, pH 3, and 15 % ACN (v/v). The mobile phase was filtered through a 

0.45 µm Nylon Whatman filter (Sigma-Aldrich, Dublin, Ireland) and sonicated before 

use. The column was equilibrated with mobile phase for 20 min before injection. Total 

run time was 9 min. The flow rate was 1.5 mL/min with an injection volume of 5 µL. 

The column temperature was set at 25 °C. HPLC-UV detection was determined at 210 

nm. HPLC-ECD was carried out independently at 1.5 V in oxidative mode.  

3.2.5 Method validation 
 

The limits of detection (LODs) were determined based on a signal-to-noise ratio of 3 

(S/N=3). Linearity was evaluated by linear regression with respect to the 

concentrations and chromatographic peak areas of each standard. The repeatability of 

the method was assessed by three repetitive measurements of a mixed standard 

solution (20 µM of each standard) within one day (intra-day) and over three days 

(inter-day). Precision was expressed as the relative standard deviation (RSD %). 
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Table 3.1. Chemical structures of the phenols, guaiacols and cresol isomers. 

 

Analyte R1 R2 R3 R4 R5 

phenol H H H H H 

4-EP H H CH2CH3 H H 

o-cresol H H H H CH3 

m-cresol H H H CH3 H 

p-cresol H H CH3 H H 

guaiacol OCH3 H H H H 

4-EG OCH3 H CH2CH3 H H 

4-VG OCH3 H CH=CH2 H H 

eugenol OCH3 H CH2CH=CH2 H H 

 

3.3 Results and discussion 

 

3.3.1 Electrochemical behaviour of guaiacol, 4-EG, phenol and o-

cresol 
 

The electrochemical behaviour of guaiacol, 4-EG, phenol and o-cresol on a bare BDD 

electrode were investigated using CV (Figure 3.1). As previously discussed, guaiacol 

initially undergoes a one-electron transfer producing three phenoxy radicals which 

then undergo a second electron transfer to produce their corresponding carbocations. 

The electron-donating effect of the methoxy group stabilises carbocation C1 making it 

the predominant form, which is then hydrolysed to form methanol and o-benzoquinone 

(Scheme 3.1A). The CV of guaiacol illustrates one broad irreversible oxidation peak 

at + 0.9 V (o-benzoquinone), with the formation of methanol indicated by a small 

oxidation peak at + 1.4 V. In the reverse scan, three reduction peaks are observed; 

catechol at + 0.7 V, methoxyquinone at + 0.5 V and methoxy benzoquinone at + 0.15 
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V34,35 (Figure 3.1A). The CV of 4-EG displayed one broad irreversible oxidation peak 

(+ 0.8 V) and two reduction peaks (+ 0.6 V, - 0.1 V) which may be due to the formation 

of catechol and 4-ethyl-3-methoxy-phenol, respectively34 (Figure 3.1B). Phenol 

undergoes a one electron and one proton oxidation step to produce three unstable 

phenoxy radicals. The major products are o-quinone and p-quinone (+ 1.2 V) which 

are reversibly reduced to catechol and hydroquinone (- 0.1 V), respectively in a two-

electron and two proton mechanism36,37 (Figure 3.1C). The CV of o-cresol (Figure 

3.1D) indicates a sharp irreversible oxidation peak at + 1.1 V with three small 

reduction peaks evident at + 0.8 V, + 0.5 V and – 0.15 V (Scheme 3.1B). 

 

Figure 3.1. CV response in the absence (dashed lines) and presence (solid lines) of 100 µM each for 

(A) guaiacol; (B) 4-EG; (C) phenol; and (D) o-cresol on the bare BDD electrode vs. Ag/AgCl in 100 

mM phosphate buffer, 5 % EtOH, pH 2, with a scan rate of 50 mV s-1. 
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Scheme 3.1. Electrochemical oxidation of (A) guaiacol and its derivatives and (B) phenols and cresol 

isomers. 
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3.3.2 Optimisation of HPLC separation conditions 
 

The phenols, guaiacols, and cresols were separated using a HALO C18 core-shell 

column and initially optimised with UV detection at 210 nm under isocratic 

conditions. The mobile phase composition was investigated using different volumes 

of ACN: 10 mM formate (pH 3) at a flow rate of 1 mL/min (Figure 3.2). As the 

percentage of ACN in the mobile phase increased, shorter elution times (Figure 3.3) 

and sharper peaks were observed. However, with this increase, the resolution between 

the peaks reduced, and this was particularly evident when analysing the whiskey 

sample at 20: 80, ACN: 10 mM formate when guaiacol partially co-eluted with a 

constituent of the whiskey sample. To overcome this problem, 15: 85, ACN: 10 mM 

formate was selected as the optimum mobile phase composition. Of notice is the co-

elution of p- and m-cresol.  
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Figure 3.2. The effect of mobile phase % ACN on the retention time of 20 µM each of phenol, guaiacol, 

m-cresol, p-cresol, o-cresol, 4-VG, 4-EP, 4-EG, and eugenol. Mobile phase: ACN:10 mM formate pH 

3 (A) 15:85, (B) 20:80 and (C) 25:75. Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1 

mL/min, injection volume: 5 µL, column temperature: 25 °C, UV detection: 210 nm. 
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Figure 3.3. Plot of k versus % ACN. Mobile phase: ACN:10 mM formate pH 3 (15:85), (20:80) and 

(25:75). Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1 mL/min, injection volume: 5 

µL, column temperature: 25 °C, UV detection: 210 nm. 

All of the phenolic flavourings have a high pKa value (~10) and their retention times 

were similar at pH 3 or pH 5. However, the peak intensities at pH 5 were reduced in 

comparison to pH 3 due to higher UV interference. Therefore, pH 3 was applied for 

subsequent experiments (Figure 3.4). The flow rate of the mobile phase was varied 

from 1.0 mL/min to 1.5 mL/min to enable the separation in under 9 min at a 

backpressure of 390 bar (Figure 3.5). 
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Figure 3.4. The effect of the mobile phase pH on the retention time of 20 µM each of phenol, guaiacol, 

m-cresol, p-cresol, o-cresol, 4-VG, 4-EP, 4-EG and eugenol. Mobile phase: 15:85, (A) ACN:10 mM 

formate pH 3 and (B) ACN: 10 mM acetate pH 5. Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), 

flow rate: 1 mL/min, injection volume: 5 µL, column temperature: 25 °C, UV detection: 210 nm. 
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Figure 3.5. The effect of the mobile phase flow rate on the retention time of 20 µM each of phenol, 

guaiacol, m-cresol, p-cresol, o-cresol, 4-VG, 4-EP, 4-EG and eugenol. Mobile phase: 15:85, ACN:10 

mM formate pH 3. Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: (A) 1 mL/min, (B) 1.2 

mL/min and (C) 1.5 mL/min, injection volume: 5 µL, column temperature: 25 °C, UV detection: 210 

nm.  

3.3.3 Selection of detection potential 

The oxidation potential was investigated in the range of + 1.2 to + 1.8 V to provide 

the highest detection sensitivity of the analytes. The hydrodynamic voltammograms 

of analytes under the above separation conditions are shown in Figure 3.6. Guaiacols 

were slightly more oxidised at + 1.2 V, whereas 4-EP and the cresol isomers produced 

maximum currents at potentials of + 1.5 V. At + 1.8 V, phenol became slightly more 

oxidised, (Figure 3.7). However, due to the significant increase in background current 

at this potential, an oxidation potential of + 1.5 V was chosen for subsequent 

experiments.  
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Figure 3.6. The effect of oxidation potential on the detection of 20 µM each of phenol, guaiacol, m-

cresol, p-cresol, o-cresol, 4-VG, 4-EP, 4-EG and eugenol. Oxidation potential: (A) + 1.2 V, (B) + 1.5 

V, and (C) + 1.8 V on the BDD electrode vs. Pd/H2. Mobile phase: 15:85, ACN:10 mM formate pH 3. 

Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1.5 mL/min, injection volume: 5 µL. 
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Figure 3.7. The effect of oxidation potential on the detection of 20 µM each of phenol, guaiacol, m-

cresol, p-cresol, o-cresol, 4-VG, 4-EP, 4-EG and eugenol at the BDD electrode vs. Pd/H2. Mobile 

phase: 15:85, ACN:10 mM formate pH 3. Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow 

rate: 1.5 mL/min, injection volume: 5 µL. 
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Typical chromatograms of a mixed standard solution containing the nine analytes 

analysed by both HPLC-ECD and HPLC-UV under optimum conditions are shown in 

Figure 3.8. 
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Figure 3.8. Representative chromatograms of a mixed standard solution containing the nine 

compounds (20 µM each) analysed by (A) HPLC-UV at 210 nm and (B) HPLC-ECD at + 1.5 V. Mobile 

phase: 15:85, ACN:10 mM formate pH 3. Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow 

rate: 1.5 mL/min, injection volume: 5 µL.  

3.3.4 Analytical performance 
 

The detection methods were validated for guaiacols, cresol isomers, and phenolics in 

terms of linearity of the calibration curves, LODs and precision. The LODs for the 

nine analytes were in the range of 10 nM - 1 µM for ECD. The LODs of analytes 

detected by ECD were significantly lower than those obtained by UV, indicating the 

high electrochemical and low UV response of the analytes (Table 3.2). The LODs for 

all analytes were considerably lower than those obtained with large volume injection  

(LVI)-GC-MS, whilst the LODs of phenol and m-cresol were lower than those 

achieved with SBSE-thermal desorption (TD)-GC-MS7. The response linearity of the 

nine analytes was evaluated by triplicated injection of the standard solution 

corresponding to each concentration. The calibration curves were established based 

on the corresponding relationship between the concentration and peak areas of the 
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analytes. The concentration range selected was based on the anticipated concentrations 

of the analytes in samples. The linearity of calibration curves correlation coefficient 

and precision data for ECD and UV detection are presented in Table 3.3 and Table 

3.4, respectively.  The regression coefficient (R2) for all analytes was higher than 0.998 

for ECD and 0.993 for UV detection. Intra-day and inter-day precision were in the 

range of 0.11-1.16 % and 1.53 - 2.89 %, respectively, for ECD. Intra-day precision in 

the range of 0.05-0.11 % and inter-day precision in the range of 0.54 - 1.09 % was 

obtained for UV detection, confirming the applicability of these methods for the 

analysis of phenols, cresol isomers, and guaiacols.  

Table 3.2. A comparison of LODs obtained with ECD and UV detection. 

Analyte LODa 

HPLC-ECD 

LODb 

HPLC-UV 

phenol 25 nM 0.5 µM 

guaiacol 25 nM 2 µM 

o-cresol 100 nM 5 µM 

m-cresol 10 nM 2 µM 

p-cresol 50 nM 5 µM 

4-VG 250 nM 1.5 µM 

4-EP 250 nM 10 µM 

4-EG 500 nM 5 µM 

eugenol 1 µM 5 µM 

a LOD (S/N = 3) at + 1.5 V. 

b LOD (S/N = 3) at 210 nm. 
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Table 3.3. Linear regression parameters of calibration curves and precision data for the phenolic 

compounds detected with HPLC-ECD at + 1.5 V. 

Analyte Linear 

range 

(µM) 

Linear regression 

equation 

Correlation 

coefficient 

(R2) 

Intra-day 

(%)a 

Inter-day 

(%)b 

phenol 1-20 
I = 1.09 x 10-7 C  

     - 8.33 x 10-9 

0.998 1.16 1.86 

guaiacol 1-20 
I = 7.17 x 10-8 C 

     - 6.90 x 10 -9 

0.999 1.06 1.53 

o-cresol 5-25 
I = 5.53 x 10-8 C  

    + 1.30 x 10-8 

0.998 0.56 1.78 

m-cresol 5-25 
I = 1.24 x 10-7 C  

    + 3.15 x 10-8 

0.999 0.61 1.87 

p-cresol 5-25 
I = 6.35 x 10-8 C 

     - 1.53 x 10-8 

0.999 0.61 1.87 

4-VG 1-20 
I = 1.38 x 10-7 C  

     - 7.04 x 10-8 

0.999 0.23 1.64 

4-EP 10-30 
I = 6.43 x 10-8 C  

     - 1.31 x 10-8 

0.998 0.21 2.89 

4-EG 10-30 
I = 7.02 x 10-8 C  

     - 4.72 x 10-8 

0.999 0.17 2.82 

eugenol 10-30 
I = 5.50 x 10-8 C 

     - 4.42 x 10-8 

0.998 0.11 2.30 

a Intra-day (%) calculated from three measurements within one experiment for the retention time at 20 

µM of each standard. 

b Inter-day (%) calculated from three measurements within three different experiments for the retention 

time at 20 µM of each standard. 
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Table 3.4. Linear regression parameters of calibration curves and precision data for the phenolic 

compounds detected with HPLC-UV at 210 nm. 

a Intra-day (%) calculated from three measurements within one experiment for the retention time at 20 

µM of each standard. 

b Inter-day (%) calculated from three measurements within three different experiments for the retention 

time at 20 µM of each standard. 

  

Analyte Linear 

range 

(µM) 

Linear 

regression 

equation 

Correlation 

coefficient 

(R2) 

Intra-day 

(%)a 

Inter-day 

(%)b 

phenol 5-25 
y = 0.823 C 

     + 0.076 

0.999 0.08 0.71 

guaiacol 5-25 
y = 1.008 C 

     - 0.001 

0.997 0.11 0.54 

o-cresol 20-100 
y = 0.813 C 

     - 2.321 

0.999 0.05 0.72 

m-cresol 20-100 
y = 2.068 C 

     - 2.712 

0.999 0.07 0.80 

p-cresol 5-25 
y = 2.391 C 

      - 1.960 

0.999 0.07 0.80 

4-VG 10-50 
y = 2.219 C 

     + 0.426 

0.993 0.12 1.09 

4-EP 20-100 
y = 0.547 C 

     - 0.608 

0.999 0.06 1.01 

4-EG 10-30 
y = 1.868 C 

     - 1.862 

0.996 0.07 1.09 

eugenol 20-100 
y = 4.021 C 

     - 8.484 

0.999 0.09 0.87 
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Calibration curves and plots for HPLC-ECD are illustrated in Figure 3.9, Figure 

3.10 and Figure 3.11.
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Figure 3.9. (A) Calibration curve and (B) plot of phenol; (C) calibration curve and (D) plot of guaiacol; 

(E) calibration curve and (F) plot of p-cresol. Mobile phase: 15:85, ACN:10 mM formate pH 3. 

Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1.5 mL/min, injection volume: 5 µL, 

oxidation potential: + 1.5 V on the BDD electrode vs. Pd/H2. 
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Figure 3.10. (A) Calibration curve and (B) plot of m-cresol; (C) calibration curve and (D) plot of o-

cresol; (E) calibration curve and (F) plot of 4-VG. Mobile phase: 15:85, ACN:10 mM formate pH 3. 

Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1.5 mL/min, injection volume: 5 µL, 

oxidation potential: + 1.5 V on the BDD electrode vs. Pd/H2. 
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Figure 3.11. (A) Calibration curve and (B) plot of 4-EP; (C) calibration curve and (D) plot of 4-EG; 

(E) calibration curve and (F) plot of eugenol. Mobile phase: 15:85, ACN:10 mM formate pH 3. Column: 

HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1.5 mL/min, injection volume: 5 µL, oxidation 

potential: + 1.5 V on the BDD electrode vs. Pd/H2. 
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3.3.5 Whiskey sample analysis   

  
The optimised HPLC-ECD method was applied to the determination of the nine 

compounds in four whiskey samples of different geographical origin. The quantitative 

results for the flavourings in the four whiskey samples are shown in Table 3.5. Figure 

3.12 shows a chromatogram of the Islay whiskey sample. Chromatograms of 

Highland, Scotch, and Irish whiskeys are shown in Figure 3.13. Quantitation of m- 

and p-cresol was not possible due to coelution, whilst phenol could not be quantitated 

in Highland, Scotch, and Irish whiskeys due to coelution with another whiskey 

constituent. The concentrations of the phenolics determined by both ECD and UV 

detection were compared using the student’s t-test, indicating no significant 

differences between the two methods for the quantitation of the analytes in whiskey 

samples. Of the four whiskeys analysed, Islay whiskey had significantly greater levels 

of guaiacols, phenols and cresols, with only trace levels determined in the other 

whiskeys. Islay whiskey is well known for its high level of smokiness attributed to the 

drying of the malted barley over a peat-fuelled fire (now largely confined to distilleries 

in the Scottish islands), releasing the phenolics to impart flavour to the whiskey. The 

parts per million (ppm) values stated by whiskey distilleries refer to the concentrations 

of the phenols after drying of the malted barley and not the concentrations of phenols 

in the final spirit. Phenols in the final whiskey are expected to be between 30-50 % of 

the original ppm concentration of the barley. This particular 10-year-old Islay whiskey 

is known to contain approximately 50 ppm of phenols before distillation and 

maturation, with a final concentration of between 17-24 ppm depending on the milling 

and mashing process38. Our results indicate a total concentration of approximately 20 

ppm total phenolics in Islay whiskey, in agreement with a previous report38. The 

whiskey is bottled after the requisite ageing of several years. Although the glass is 

unreactive, the liquid inside is still volatile and may be subject to oxidation, reduction, 

and redox reactions if it is exposed to elevated temperature and/or sunlight.  
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Table 3.5. The concentrations of the phenolic compounds in four whiskey samples (n=2). 

Analyte µMa 

Islay Highland Irish Scotch 

phenol 44.20 ± 0.7 N/A* N/A* N/A* 

guaiacol 19.35 ± 0.4 0.93 ± 0.3 0.79 ± 0.1 0.94 ± 0.1  

m-cresol N/A** N/A** N/A** N/A** 

p-cresol N/A** N/A** N/A** N/A** 

o-cresol 47.86 ± 0.4 0.87 ± 0.1 ND*** ND*** 

4-VG 5.11 ± 0.8 2.6 ± 0.1 1.78 ± 0.1 1.75 ± 0.1 

4-EP 48.76 ± 0.1 1.53 ± 0.1 0.83 ± 0.1 1.13 ± 0.1 

4-EG 10.97 ± 0.2 5.48 ± 0.1 3.26 ± 0.1 2.81 ± 0.1 

eugenol ND*** ND*** ND*** ND*** 

a Represented as mean ± SD (n = 2)  

* Not available: overlapping peak 

** Not available: m-cresol and p-cresol coeluted 

*** Not detected 
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Figure 3.12. A representative HPLC-ECD chromatogram of Islay whiskey. Whiskey (black line) and 

spiked with 20 µM each of phenol, guaiacol, m-cresol, p-cresol, o-cresol, 4-VG, 4-EP, 4-EG and 

eugenol (red line). Mobile phase: 15:85, ACN:10 mM formate pH 3. Column: HALO C18 core-shell (3 

x 50 mm, 2.7 µm), flow rate: 1.5 mL/min, injection volume: 5 µL, oxidation potential: + 1.5 V on the 

BDD electrode vs. Pd/H2. 
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Figure 3.13. A representative HPLC-ECD chromatogram of Highland (A), Scotch (B) and Irish (C) 

whiskey. Whiskey (black line) and spiked with 20 µM each of phenol, guaiacol, m-cresol, p-cresol, o-

cresol, 4-VG, 4-EP, 4-EG and eugenol (red line). Mobile phase: 15:85, ACN:10 mM formate pH 3. 

Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1.5 mL/min, injection volume: 5 µL, 

oxidation potential: + 1.5 V on the BDD electrode vs. Pd/H2. 
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3.4 Conclusions 

 
ECD at the BDD electrode coupled to chromatographic separation using a C18 HALO 

core-shell column, was successfully applied for the profiling of phenols, guaiacols and 

cresol isomers associated with the smoky flavour of whiskey. As expected, 

significantly higher levels of the flavourings were determined in Islay whiskey, 

attributed to drying of the barley over peat fuelled fires. The developed method 

presents adequate linearity and precision for the efficient separation of phenolics, 

which are detected by a downstream BDD electrode with remarkable detection 

sensitivity and selectivity. The entire system can be miniaturised and applied for 

routine assessments of smoky compounds in whiskey samples, originating from 

different countries and production processes.  

These phenolic compounds can be easily added in counterfeit whiskeys and this 

practice is not new. Adulteration of spirit brands is a major concern and the regulatory 

has always looked for reliable markers to certify the authenticity of high-value 

products. During the germination of barley, its tannins are hydrolysed to form ellagic 

acid (EA), which is always present in authentic whiskey39. This electroactive 

polyphenol is the predominant phenolic constituent in distilled spirits, armagnac, 

cognac, bourbon, and single-malt Scotch, whereas its concentration is minimal in rum 

and brandy39. Another polyphenol is an isoprenoid derivate, which has been proven as 

a reliable indicator to differentiate authentic whiskeys from their counterfeit40. 

Furthermore, this method is also applicable to the analysis of phenols as 

pollutants/contaminants, guaiacols as flavourings or as a food and beverage spoilage 

metabolite, eugenol for its antimicrobial/antioxidant properties, and cresols which are 

known to cause severe toxic effects. 
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Chapter 4  

Electroanalysis of gallic and ellagic acids at a boron-doped 

diamond electrode and their determination by high-

performance liquid chromatography with amperometric 

detection 
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4.1 Introduction 

Gallic acid (GA) and particularly its dimer, ellagic acid (EA), are a group of naturally 

occurring polyphenol antioxidants1 which have a wide range of biological activities 

and applications. GA (3,4,5-trihydroxybenzoic acid) is found in most plants as both 

free and as part of hydrolysable tannins2. It is particularly abundant in red wine, green 

tea and other processed beverages3. GA is synthesised from 3-dehydroshikimate by 

shikimate dehydrogenase to form 3,5-didehydroshikimate, which undergoes 

tautomerisation to form gallate4. EA is a dimer of GA, which is also abundant in fruits 

and vegetables (Scheme 4.1). Ellagitannin is a more complex version of EA in some 

fruits but it is converted into EA in the body5. This acid, with antioxidative and 

antiviral properties, has been used in food preservation, herbal medicine, and dietary 

supplements prepared from fruit extracts.  

 

Scheme 4.1. Chemical structures of (A) GA and (B) EA. 

EA finds its way into whiskey during the germination of barley, one of the important 

stages of whiskey production in which ellagitannin is hydrolysed to form EA6. Also 

worth noting is the use of oak wood casks for the storage of whiskey, brandies, and 

other alcoholic beverages. During storage, a series of reactions and transfers occur 

between the wood and the beverage, resulting in GA levels ranging from 0-17.43 mg/L 

in brandies7. The difference in the GA concentrations is due to many factors such as 

the length of storage, wood type (French oak versus American oak), and the age and 

life of the cask (overused and exhausted).   

Electroanalysis of GA in food matrices by different electrode materials has been 

attempted. A graphite electrode modified with thionine and nickel hexacyanoferrate 
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exhibits a limit of detection (LOD) for 1.66 M for GA8. A glassy carbon electrode 

(GCE) modified by polyepinephrine has a LOD of 0.66 M for GA, compared to 0.28 

M for a GCE modified with silver nanoparticles and delphinidin, a plant pigment9. 

Delphinidin was selected in order to enhance the selective oxidation of GA. TiO2 

nanoparticles have been used to modify a carbon paste electrode with a comparable 

LOD of 0.94 M for this acid10.  

Pertaining to EA, bare platinum (Pt), gold (Au), and a GCE has been attempted for 

electroanalysis, and the best response signal is obtained by the GCE11.  The GCE 

modified by a cobalt (II) ethylenediamine complex exhibits linearity of 0.1-929 M 

for this acid12. The application of this approach focuses on the determination of spiked 

EA (10-20 µM) in raspberry and strawberry12. The electroanalytical behaviours of  GA 

and EA were studied using a screen-printed electrode (SPE) modified with graphene13. 

Both GA and EA are determined together with other phenols as a single peak to 

represent the total content of phenolic compounds in cork boiling water. 

Electroanalysis is a surface dependent method, thus, reproducibility of the active area 

of modified electrodes is still problematic. 

Analysis of GA and EA is of importance for diversified fields, e.g., medical, 

biomedical, and pharmaceutical applications. Electrochemical sensors have offered 

several appealing features including enhanced detection sensitivity, cost-effectiveness 

and ease of fabrication. This study aims to develop a high-performance liquid 

chromatography (HPLC) technique coupled with a boron-doped diamond (BDD) 

electrode for the rapid co-analysis of GA and EA in whiskeys as a model. HPLC 

coupled to a BDD electrode provides enhanced selectivity and specificity for phenolic 

compounds over direct electrochemical detection and HPLC-ultraviolet (UV) 

detection. Electrochemistry of GA and EA on the BDD electrode is also investigated 

in-depth considering this topic has not been attempted. EA is the end product of the 

degradation of barley tannins and also present in oak wood. Thus, its analysis is useful 

for the identification of whiskey counterfeits by several analytical methods including 

gas chromatography equipped with mass spectroscopy (GC-MS)14.  
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4.2 Experimental 

 

4.2.1 Reagents, standard solutions and samples 
 

Phosphoric acid, acetic acid, formic acid, ammonium formate, sodium phosphate 

monobasic, sodium phosphate dibasic, sodium acetate, acetone, ethanol (EtOH), 

acetonitrile (ACN), dimethylformamide (DMF), α-cyclodextrin (α-CD), 2-

hydroxylpropyl -cyclodextrin (HP--CD), sulphated -cyclodextrin (S--CD), GA 

and EA were purchased from Sigma-Aldrich (Dublin, Ireland). All reagents used were 

of the analytical grade of the highest purity, and aqueous solutions were prepared in 

deionised water (Millipore, Ireland). Stock solutions (1 mM) of GA and EA were 

prepared in ACN and DMF, respectively. Highland, Scotch and Islay whiskeys were 

purchased from a local supermarket in Co. Cork, Ireland. Whiskey samples 

comprising of 500 µL of whiskey and 1000 µL of the mobile phase were filtered 

through an Econofltr Nylon membrane (13 mm, 0.2 µm) before analysis.  

4.2.2 Voltammetric analysis 
 

Cyclic voltammetry (CV) and square wave voltammetry (SWV) were applied to 

investigate the electrochemical behaviour of GA and EA using a CHI1040A 

electrochemical workstation (CH Instrument, Austin, TX). The electrochemical cell 

consists of the BDD electrode (B/C ratio in the gaseous phase of 1000 ppm, 3 mm 

diameter, Windsor Scientific, Slough Berkshire, UK) and a GCE (BASi Analytical 

Instruments, West Lafayette, IN), a silver/silver chloride (Ag/AgCl /3 M KCl) 

reference electrode (BASi Analytical Instruments, West Layette, IN), and a Pt wire 

counter electrode (Sigma-Aldrich, Dublin, Ireland). Phosphate buffers at pH 2 and pH 

7, and acetate buffer at pH 5, at a concentration of 100 mM and containing 5 % EtOH 

were used as supporting electrolytes. 5 % EtOH was used to eliminate the effect of 

EtOH in whiskey. Before analysis, the BDD electrode was polished with polishing 

papers (Buehler, UK) and subsequently with alumina (Buehler, UK) until a mirror 

finish was obtained. The electrode was then sonicated in ACN and deionised water for 

5 min and 10 min, respectively. After sonication, the electrode was cleaned by CV 

between − 1.0 V and + 1.5 V versus Ag/AgCl (3 M KCl) at 100 mV s−1 in 0.5 M H2SO4 

and then in the respective buffers applied for analysis. Between measurements, the 
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electrode was also cleaned with 0.5 M H2SO4 for 10 cycles at a scan rate of 100 mV 

s-1 to remove adsorbed species from its surface.  

4.2.3 Apparatus 
 

HPLC-ECD analyses were performed using an Agilent HPLC system (Agilent 1200 

LC series) equipped with a binary pump (model G1312B), degasser (model G1379B), 

autosampler (model G1367D) and a UV diode array detector (model G1315C). 

Agilent Chemstation was used for instrument control and UV data analysis. ECD was 

carried out using an Antec Flexcell thin layer flow cell with a cell volume of 0.7 µL 

(Apex Scientific, Co. Kildare, Ireland). The flow cell consists of a three-electrode 

configuration with a working BDD electrode (8 mm diameter), a HyREF (Pd/H2) 

reference electrode and a carbon loaded polytetrafluoroethylene (PTFE) counter 

electrode. CHI660E electrochemical workstation was used for data analysis (CH 

Instrument, Austin, Texas). Between measurements, the BDD electrode was cleaned 

by wiping its surface firstly with H2O then with acetone using MasterTex paper.  

4.2.4 Chromatographic conditions 
 

Gradient chromatographic separation was performed using an Agilent XDB C18 

column (4.6 x 150 mm, 5 µm particle size, Apex Scientific, Kildare, Ireland). Mobile 

phase A was 10 mM formate, pH 3 and mobile phase B was ACN. Gradient elution 

was performed starting with 2 % B followed by a linear increase to 30 % B until 3 

min. The next linear increase was until 40 % B to 5 min followed by re-equilibration 

from 5 to 8 min with 2 % B. The injection volume was 5 µL and the flow rate was set 

at 1.5 mL/min. The column temperature was set at 25 °C. HPLC-ECD was determined 

at + 1.4 V.  

4.2.5 Method validation 
 

The method was validated for linearity, limits of detection (LODs) and precision 

(intra-day and inter-day). The linearity of the method was evaluated by linear 

regression analysis of six standard working solutions. All standards were run in 

triplicate. LODs were determined by the lowest concentration with a signal-to-noise 

ratio of 3 (S/N=3). Intra-day precision was carried out by five repetitive measurements 
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of a mixed standard solution (100 µM) within one day, and inter-day by five repetitive 

measurements of a mixed standard solution (100 µM) over four days. Precision was 

expressed as the relative standard deviation (RSD %). 

4.3 Results and discussion 
 

4.3.1 CVs of GA on the BDD electrode 
 

CVs of GA on the BDD electrode at pH 2 exhibited two irreversible anodic CV waves 

whereas the reverse scan only had three significantly smaller cathodic peaks (Figure 

4.1). The significant difference in peak current areas and the large separation in peak 

potentials indicate that the electro-oxidation of GA is a quasi-reversible process 

followed by a chemical reaction. The first wave represents the irreversible oxidation 

of GA to the semiquinone radical cation (GA+) (b) by a single electron transfer 

process. This unstable radical cation then loses a proton to form four different 

semiquinone radicals (GA) (c, d1-d3). Further oxidation leads to the formation of the 

quinone cation (GA+) (e), followed by the deprotonation of the quinone cation (GA+) 

to complete the overall two-electron process and the final product is an o-quinone form 

(f) as shown in Scheme 4.215. The two oxidation peaks diminished noticeably when 

the electrode was subject to repeated scanning, indicating the formation of electro 

inactive species on the electrode surface. In addition, the irreversible behaviour of GA 

on the BDD electrode implied the formation of inactive GA species on the electrode 

surface. The semiquinone radical cation (GA•+) also reacted with free GA adsorbed on 

the electrode with the participation of the COOH or the -OH group. Indeed, the 

formation of ester and ether linkages between gallate monomers both in solution and 

in the adsorbed state has been reported16.  

There was a decrease of the peak current and a shift of the peak potential towards more 

positive potentials for the five repeated CV waves (Figure 4.1). This behaviour could 

be attributed to the formation of electro inactive species to block the electrode surface 

including the possible formation of polygallic acid17.  
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Figure 4.1. A representative 5 cycle CV of 100 µM GA at pH 2 on the BDD electrode vs. Ag/AgCl. 

Supporting electrolyte: 100 mM phosphate buffer with 5 % EtOH at the scan rate of 100 mV s-1. 

 

Scheme 4.2. Electro-oxidation of GA. The process involves the release of two electrons and two 

protons, i.e., electrochemistry of GA is pH-dependent. The first step represents irreversible oxidation 

of GA (a) to the semiquinone radical cation (b). The radical cation (b) then loses a proton to form the 

semiquinone radical (c, d1-d3). The one-electron oxidation product (d1-d3) is followed by a second 

irreversible electron transfer to the quinone cation (e). This quinone cation (e) is deprotonated to give 

the quinone (f) as the final product. Modified from Ref. 15. 
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The anodic current corresponding to GA oxidation increased linearly with the square 

root of the scan rate indicating that the oxidation is a diffusion-controlled process at 

the electrode surface (Figure 4.2).  
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Figure 4.2. A plot of peak current versus square root of the scan rate (ν1/2(mV s-1)) for 100 µM GA at 

pH 2 on the BDD electrode vs. Ag/AgCl. The supporting electrolyte was 100 mM phosphate buffer with 

5 % EtOH. 

As expected from the participation of a proton (H+) in the redox step, the two peak 

potentials were shifted toward less positive values with increasing electrolyte pH 

(Figure 4.3). The two peak intensities at pH 5 and pH 7 became less pronounced than 

those obtained at pH 2 because GA was chemically deprotonated at high pH media. 

Such a result was similar to the electrochemical behaviour of GA in aqueous solutions 

at a GCE15. Free radicals produced by the oxidation of GA have been described from 

an electron paramagnetic resonance study18. However, GA produces two different 

radicals as a function of pH and the spectrum of the gallate free radical is a doublet of 

triplets in the pH range between 7-1018. Thus, this evidence supported the 

electrochemical oxidation pathway for GA as reported in the literature15. 
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Figure 4.3. CV response in the absence (dashed lines) and presence (solid lines) of 100 µM GA at (A) 

pH 5 and (B) pH 7 on the BDD electrode vs. Ag/AgCl. The supporting electrolyte was 100 mM 

phosphate buffer with 5 % EtOH at the scan rate of 100 mV s-1.  

4.3.2 CVs of EA on the BDD electrode 
 

At pH 2, the CV of EA exhibited two anodic peaks with the first oxidation peak 

positioned as a shoulder of the second one (Figure 4.4). In the reverse scan, two 

significantly smaller peaks appear, indicating the electro-oxidation of EA was a quasi-

reversible process. Peak 1 was attributed to the formation of the EA phenoxyl radical 

by the release of one-electron and one-proton (Scheme 4.3)19. At below pH 4.8, the 

phenoxyl radical formed in the first oxidation step was stable and underwent a further 

one-electron, one-proton charge-transfer reaction leading to peak 2 (Scheme 4.4)19.  



 

146 
 

-0.5 0.0 0.5 1.0 1.5

-1

0

1

2

3

C
u

rr
e
n

t 
(

A
)

E/V vs. Ag/AgCl

1

2
+ 0.66 V

+ 0.77 V

 

Figure 4.4. A representative 5 cycle CV of 100 µM EA at pH 2 on the BDD electrode vs. Ag/AgCl. The 

supporting electrolyte was 100 mM phosphate buffer with 5 % EtOH at the scan rate of 100 mV s-1. 

 

 

Scheme 4.3. Two possible electrochemical oxidation pathways of EA to form its corresponding 

radicals. This first step involves the release of one electron and one H+. Modified from Ref.19. 
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Scheme 4.4. The formation of different quinones from three different radicals resulted from the 

electrochemical oxidation of EA. Modified from Ref.19. 

A plot of peak current versus square root of the scan rate was linear, indicating that 

EA undergoes a diffusion-controlled process on the electrode surface (Figure 4.5). 

EA has four hydroxyl groups; thus, its electrochemical behaviour was significantly 

affected by pH. At neutral pH, the shoulder developed into a separate peak (Figure 

4.6).  In the reverse scan, two small peaks appeared, indicating the electro-oxidation 

of EA was similar to that of GA, i.e., a quasi-reversible process. It is also worth noting 

that EA with two carbonyl groups in the molecule can be reduced at the electrode 

surface, involving two electrons each20. However, the reduction potentials for both 

waves/peaks are close and co-emerged as one single peak. 
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Figure 4.5. A plot of peak current versus square root of the scan rate (ν1/2(mV s-1)) for 100 µM EA at 

pH 2 on the BDD electrode vs. Ag/AgCl. The supporting electrolyte was 100 mM phosphate buffer with 

5 % EtOH. 
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Figure 4.6.  CV response in the absence (dashed line) and presence (solid line) of 100 µM EA at pH 7 

on the BDD electrode vs. Ag/AgCl. The supporting electrolyte was 100 mM phosphate buffer with 5 % 

EtOH at the scan rate of 100 mV s-1.  

4.3.3 CVs of EA and GA on the GCE 
 

For comparison, CVs of EA and GA were also studied using the GCE. As shown in 

Figure 4.7, both acids exhibited broader and poorly defined oxidation peaks, as well 

as lower peak currents at all three pHs in comparison to the responses generated at the 

BDD electrode. Furthermore, significantly higher background currents were generated 

with the GCE due to its sp2 hybridisation. 
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Figure 4.7. CV responses in the absence (dashed line) and presence (solid line) of EA and GA on the 

GCE vs. Ag/AgCl. (A) EA and (B) GA at pH 2; (C) EA and (D) GA at pH 5; (E) EA and (F) GA at pH 

7. The supporting electrolyte was 100 mM phosphate buffer with 5 % EtOH at pH 2 and 7, and 100 mM 

acetate buffer with 5 % EtOH at pH 5, at the scan rate of 100 mV s-1. 
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4.3.4 SWV of gallic and ellagic acids 
 

Due to their similar oxidation potentials, the GA-EA pair was not separated by SWV 

even at three different pH values: 2, 5, and 7 (Figure 4.8).  
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Figure 4.8. SWV in the absence (dashed lines) and presence (solid lines) of a standard mixture of EA 

(10µM) and GA (2 µM) at (A) pH 2, (B) pH 5, (C) and pH 7 using 100 mM phosphate buffer, pH 2 with 

5 % EtOH. Detection was achieved on the bare BDD electrode vs. Ag/AgCl. 

A series of experiments were then conducted to investigate the presence of α-CD, H-

-CD and S--CD in the electrolyte (Figure 4.9). Such cyclodextrins might form 

different inclusion complexes with GA and EA and this strategy has been used with 

some success for the analysis of guaiacol and its derivatives in whiskey21. In particular, 

GA forms an inclusion complex with 2-hydroxylpropyl -CD to improve the solubility 

of this acid for the treatment of Candida albicans films22. In general, a broad peak 

with a noticeable shoulder was observed with all tested CDs. Peak deconvolution was 

performed to assign the presence of GA and EA (Figure 4.9). Evidently, an upstream 

separation scheme is required to quantify the unknown levels of these two acids. 
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Figure 4.9. Resolved SWV of a standard mixture (10 µM GA and 3 µM EA) upon application of peak 

deconvolution using Origin Pro 8.5.1. The supporting electrolyte was 100 mM phosphate buffer, pH 2 

with 5 % EtOH containing (a) 1 % α-CD, (b) 1 % S--CD and (c) 1 %  HP-CD. Detection was 

achieved on the BDD electrode vs. Ag/AgCl.  

4.3.5 HPLC coupled with the BDD electrode for separation and 

analysis of GA and EA 
 

Isocratic elution was first investigated for the separation of GA and EA. However, due 

to the large difference in polarity between the analytes, it proved difficult to 

sufficiently retain GA without high retention and significant peak broadening of EA 

occurring. Therefore, gradient elution was applied to shorten the run time and provide 

sufficient retention of the analytes. The separation was achieved in a linear gradient 

elution profile with a binary mobile phase mixture of 10 mM formate buffer, pH 3 (A) 

and ACN (B). The gradient profile involved an initial 2 % B which was followed by 

a linear increase to 30 % B until 3 min. The next linear increase was until 40 % B to 5 

min followed by re-equilibration from 5 to 8 min with 2 % B. A buffer of pH 3 was 

chosen as it ensures GA (lowest pKa ~ 4.4) is in its unionised form, enabling its 

increased retention. The flow rate was set at 1.5 mL/min, the maximum allowed flow 

rate compatible with the ECD system (Figure 4.10). 
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Figure 4.10. A 50 µM standard mixture of GA and EA. Column: Agilent XDB C18 (4.6 x 150 mm, 5 

µm), mobile phase flow rate: 1.5 mL/min, injection volume: 5 µL, oxidation potential: + 1.4 V on the 

BDD electrode vs. Pd/H2. 

Experiments were then conducted to determine the optimum detection potential by 

establishing the relationship between the applied working electrode potential and the 

detector response for the analytes. At + 1.6 V and + 1.8 V, a noticeable increase in 

background current and baseline drift occurred. The baseline noise also increased due 

to the electro-oxidation of possible impurities present in the mobile phase. The 

oxidation potential of + 1.4 V provided sufficient sensitivity with low background 

noise, therefore, it was chosen as the optimum detection potential (Figures 4.11 and 

4.12). 
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Figure 4.11. The effect of oxidation potential on the detection of 100 µM each of GA and EA. Oxidation 

potential: (A) + 1.2 V, (B) + 1.4 V, (C) + 1.6 V and (D) + 1.8 V on the BDD electrode vs. Pd/H2. 

Column: Agilent XDB C18 (4.6 x 150 mm, 5 µm), mobile phase flow rate: 1.5 mL/min, injection volume: 

5 µL. 
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Figure 4.12. The plot of detection potential (V) versus current (µA) on the BDD electrode vs. Pd/H2. 

Column: Agilent XDB C18 (4.6 x 150 mm, 5 µm), mobile phase flow rate: 1.5 mL/min, injection volume: 

5 µL.  
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4.3.6 Analytical performance for the analysis of GA and EA in 

whiskey 
 

Analytical parameters such as linearity of calibration curves, LODs and precision data 

were determined for ellagic and gallic acids (Table 4.1). The LODs of GA and EA 

were 60 and 200 nM, respectively, considerably lower than the LODs determined with 

UV detection under the same separation conditions (Table 4.2), and also lower than 

previously reported LC-UV methods23–25. Calibration curves were evaluated based on 

the relationship between the concentrations and the corresponding peak areas of the 

acids. All measurements were performed in triplicate with linearity from 1-30 µM. 

Calibration curves and plots are presented in Figure 4.13. Intra-day and inter-day 

precision were in the range of 0.23-0.47 % and 0.64-1.02 % RSD, respectively. 

Table 4.1. Linear regression parameters of calibration curves and precision data for EA and GA 

detected with HPLC-ECD at + 1.4 V. 

Analyte Linear 

range 

(µM) 

Linear regression 

equation 

Correlation 

coefficient 

(R2) 

Intra-day 

(%)a 

Inter-day 

(%)b 

GA 1-30 
I  = 6.32 x 10-8 C 

     + 2.89 x 10 -10 

0.999   0.47   1.02 

EA 1-30 
I  = 4.25 x 10-8 C  

     – 6.77 x 10-9 

0.995 0.23 0.64 

a Intra-day (%) calculated from five measurements within one experiment for the retention time at 100 

µM of each standard. 

b Inter-day (%) calculated from five measurements within four different experiments for the retention 

time at 100 µM of each standard. 

 

Table 4.2. LODs obtained with ECD and UV detection. 

Analyte LODa 

HPLC-ECD 

LODb 

HPLC-UV 

GA 60 nM 1 µM 

EA 200 nM 1.5 µM 

a LOD (S/N=3) at + 1.4 V. 

b LOD (S/N=3) at 272 nm. 
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Figure 4.13. (A) Calibration curve and (B) plot of GA and (C) calibration curve and (D) plot of EA. 

Column: Agilent XDB C18 column (4.6 x 150 mm, 5 µm), mobile phase flow rate: 1.5 mL/min, injection 

volume: 5 µL, oxidation potential: + 1.4 V on the BDD electrode vs. Pd/H2.  

4.3.7 Detection of gallic and ellagic acids in whiskey samples 
 

The optimal HPLC-ECD method was then applied to determine the concentrations of 

GA and its derivative, EA in three whiskey samples (Figure 4.14). Highland (14-year-

old) whiskey was found to contain higher concentrations than both Islay (10-year-old) 

and Scotch (exact age unknown) whiskeys (Table 4.3). This is expected, as the 

concentrations of gallic and ellagic acids in whiskey are proven to increase with an 

increase in maturation age26. RSD % values of 1.4-3.19 % and 1.31-2.85 % for the 

peak areas of GA and EA, respectively, in the whiskeys (n=3), indicate high reliability 

in the concentrations of the acids determined.  Concentrations of 1-35 µM and 8-99 

µM of GA and EA, respectively, are reported in unidentified Scotch whiskeys27. EA 

was also identified as the predominant phenolic constituent in both single-malt Scotch 

(~33 µM) and blended Scotch (~17 µM) whiskey28. The presence of other peaks in the 

whiskey samples, encompassing several phenolic compounds, have previously been 

identified and reported by HPLC coupled with a BDD electrode29. 
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Figure 4.14. Representative HPLC-ECD chromatograms of (A) Islay whiskey, (B) Highland whiskey 

and (C) Scotch whiskey. Whiskey (black line) and spiked with 10 µM each of GA and EA (red line). 

Column: Agilent XDB C18 (4.6 x 150 mm, 5 µm), mobile phase flow rate: 1.5 mL/min, injection volume: 

5 µL, oxidation potential: + 1.4 V on the BDD electrode vs. Pd/H2. 

Table 4.3. The concentrations of gallic and ellagic acids in three whiskey samples (n = 3). 

Analyte µM 

Islay Highland Scotch 

GA 7.98 ± 0.17 33.77 ± 1.6 5.86 ± 0.41 

EA 25.10 ± 1.15 55.41 ± 0.7 15.85 ± 1.24 

 

4.4 Conclusions 

Electro-oxidation of EA and GA at low pH produces two anodic peaks, with two 

smaller cathodic peaks for EA and three smaller cathodic peaks for GA, indicating 

quasi-reversible processes at the electrode surface. At high pH, there was a noticeable 

reduction in peak intensities as a result of chemical deprotonation of these two acids. 

HPLC-ECD was successfully applied for the detection of GA and EA in Islay, 
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Highland and Scotch whiskeys. GA and EA are identified as possible discriminants 

for single malt whiskey14. Higher concentrations of both acids were found in Highland 

whiskey due to a longer period of maturation of this whiskey compared to its 

counterparts. As GA and EA are naturally occurring polyphenols, the nanomolar 

detection achieved with HPLC-ECD at a BDD electrode may prove attractive towards 

their detection in the food and medical fields. GA has also been used extensively in 

the manufacturing of paper, ink dye and tanning30, whereas its dimer is used in food 

preservation31.  
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Chapter 5 

Rapid nanomolar detection of guaiacol from its precursors 

using a core-shell reversed-phase column coupled with a 

boron-doped diamond electrode 
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5.1 Introduction 

 
Pasteurisation followed by storage of fruit juice and beverages at low pHs was 

considered effective to prevent bacterial spoilage until an incident occurred in 

Germany that involved pasteurised apple juice1. Alicyclobacillus acidoterrestris (A. 

acidoterrestris), a species from the genus Alicyclobacillus, was identified as the 

microorganism that was responsible for the spoilage while some later incidents were 

caused by other Alicyclobacillus species (spp.)2. Alicyclobacillus spp. are Gram-

positive, non-pathogenic, thermophilic and acidophilic spore-forming bacteria. The 

major lipid components of the bacterial membrane are ꙍ-alicyclic fatty acids, which 

might forbear heat and acid tolerance. Thus, these bacteria can survive during the 

pasteurisation process and subsequently can germinate in fruit juices and beverages. 

Alicyclobacillus spp. are capable of growing in a wide temperature range of 20-70 °C 

and in pHs from 2.5 to 63. It is difficult to detect spoilage by Alicyclobacillus spp.  as 

there are no obvious indications of contamination. No gas is released and there are no 

significant changes in the fruit juice pH or turbidity. However, the contaminated juice 

exhibits a medicinal or antiseptic-like off-flavour, and guaiacol (2-methoxyphenol) 

has been identified as the metabolite responsible. Sensory recognition thresholds for 

guaiacol in apple juice are reported to be between 4 nM and 16 nM4–6. It is known 

from the metabolic pathway of Alicyclobacillus spp., that guaiacol is metabolised from 

ferulic acid (FA) through two intermediates: vanillin and vanillic acid (VA)3 (Scheme 

5.1). The two precursors of guaiacol are VA and vanillin7,8. However, the conversion 

of VA to guaiacol is faster than that of vanillin to guaiacol7. Guaiacol cannot be 

produced in the absence of Alicyclobacillus spp., nor can Alicyclobacillus spp. produce 

guaiacol in the absence of its precursors7. Guaiacol production is affected by storage 

temperature, heat shock, incubation temperature3, and Alicyclobacillus spp. cell 

density. A strong odour is detectable after four days when the bacterial population 

reaches 105 colony-forming units (CFU)/mL9.  
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Scheme 5.1. Guaiacol formation scheme from lignin as the starting product3. 

Considering the serious economic implications of spoilage for manufacturers, rapid 

and sensitive methods are required for its detection. Traditional microbiological 

culturing methods, although sensitive, are prolonged (they can require 2-10 days to 

produce a result) and, therefore, not practical for the routine monitoring of 

contamination. Cells/spores detection is carried out through use of enzyme-linked 

immunosorbent assays (ELISA)10, magnetic fluorescent nanocomposites11, and 

Fourier-transform-infrared spectroscopy (FTIR)12, with an analysis time ranging from 

1.5 h to 3 days, Nucleic acid-based methods are carried out using polymerase chain 

reaction (PCR)13,14. The detection of A. acidoterrestris in apple juice by measuring the 

impedance change through the formation of CO2 is reported15. An artificial sensing 

system, i.e., electronic nose16, has been reported to offer limits of detection (LODs) 

that range from 2 µM to 4 µM for guaiacol in apple juice. 

Gas chromatography (GC) and high-performance liquid chromatography (HPLC) are 

the most frequently applied analytical techniques for guaiacol detection in fruit juices. 

A LOD of 4 nM was obtained using solid-phase microextraction (SPME) and GC-

mass spectrometry (GC-MS) with selective ion monitoring17. Bianchi et al. 

determined the volatile profile of orange juice that was contaminated with A. 

acidoterrestris, whilst they also confirming that guaiacol was not produced when the 

cell density was below 105 CFU/mL18. HPLC with ultra-violet (UV) detection can be 



 

165 
 

applied to investigate the formation of guaiacol from its precursors7,8,19. HPLC-UV 

offers similar detection sensitivity to that offered by spectrophotometric methods20. 

The determination of levels of phenolic acids, such as vanillin and VA, through use of 

capillary electrophoresis (CE) with field-amplified sample stacking (FASS), has 

recently been reported21. 

A boron-doped diamond (BDD) electrode offers several appealing features that 

include anti-fouling properties together with low and stable background currents22,23. 

Direct electrochemical sensing of guaiacol through the use of a BDD electrode that 

has been modified with Nafion is reported to achieve a LOD of 200 nM24. A LOD of 

160 nM for vanillin is achieved using a BDD electrode without surface modification25. 

HPLC together with electrochemical detection (ECD) provides enhanced selectivity 

and sensitivity in comparison with UV detection, hence it suitable for the 

determination of extremely low levels of electrochemically active compounds. HPLC-

ECD that is based on a diamond electrode offers an LOD of 3.9 and 5.7 nM for 

guaiacol and vanillin, respectively, in vanilla extract with a total analysis duration of 

~ 19 min26. VA, FA, and vanillin have also been detected in wort and beer27, and in 

honey28, through the application of HPLC coupled to a glassy carbon electrode (GCE). 

HPLC-ECD with a BDD electrode also offers sensitive detection of antioxidants29, 

benzodiazepines30, parabens31, and beverage flavourings32. 

This study reports the optimisation and validation of an HPLC-ECD method that 

employs a BDD electrode for the simultaneous nanomolar detection of guaiacol and 

its three precursors in fruit juices and beverages. Of importance is the system’s 

capability to separate and detect guaiacol and its precursors within 60 s with LODs 

ranging from 10-30 nM.  

5.2 Experimental 

 

5.2.1 Reagents, standard solutions, and samples 
 

Ammonium formate, ammonium acetate, formic acid, acetic acid, phosphoric acid, 

sodium phosphate monobasic, acetonitrile (ACN), VA, vanillin, FA, and guaiacol of 

the highest analytical grade were purchased from Sigma-Aldrich (Dublin, Ireland). 

Stock solutions (5 mM) of the four standards were prepared in ACN daily before use. 
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Working solutions were prepared by addition of the stock solutions to the mobile 

phase. Aqueous solutions were prepared in deionised water (Millipore, Ireland). A 

beverage sample was purchased from a local supermarket in Co. Cork, Ireland. Before 

injection, 500 µL of the beverage sample was filtered through an Econofltr Nylon 

membrane (13 mm, 0.2 µm) and diluted with 1000 µL of the mobile phase. 

5.2.2 Cyclic voltammetry  
 

Cyclic voltammetry (CV) was applied to investigate the electrochemical behaviour of 

VA, vanillin, FA, and guaiacol. The electrochemical cell consists of three electrodes; 

a BDD working electrode (B/C ratio in the gaseous phase of 1000 ppm, 3 mm 

diameter, Windsor Scientific, Slough Berkshire, UK), an Ag/AgCl/3 M KCl reference 

electrode (BASi Analytical Instruments, West Layette, IN), and a Pt wire counter 

electrode (Sigma-Aldrich, Dublin, Ireland). A supporting electrolyte consisting of 100 

mM phosphate buffer, pH 2 was used in all measurements. Electroanalysis was 

performed by a CHI1040A electrochemical workstation (CH Instrument, Austin, TX). 

5.2.3 Apparatus  
 

The chromatographic analyses were carried out using an Agilent HPLC system 

(Agilent 1200 LC series) containing a binary pump (model G1312B), degasser (model 

G1379B), autosampler (model G1367D), and a UV diode array detector (model 

G1315C). The Agilent Chemstation software was utilised for instrument control and 

UV data analysis. HPLC separation was based on a HALO C18 core-shell column (3.0 

x 50 mm) consisting of 2.7 µm particles, (Apex Scientific, Co. Kildare, Ireland). The 

thin layer flow cell (volume = 0.7 µL, Apex Scientific, Kildare, Ireland) encompassed 

a working BDD electrode (8 mm diameter), a HyREF (Pd/H2) reference electrode, and 

a carbon loaded polytetrafluoroethylene (PTFE) counter electrode. CHI660E 

electrochemical workstation was applied for data analysis (CH Instrument, Austin, 

Texas). Prior to analysis, the electrode was wiped with acetone followed by H2O. 

When not in use, the electrode was stored in the flow cell. 
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5.2.4 Chromatographic conditions 
 

The four analytes were separated isocratically using a mobile phase of 10 mM formate, 

pH 3: ACN (83:17, v/v, %). A mobile phase of pH 4.5 and 6 was prepared using acetate 

buffer at a concentration 10 mM. The mobile phase was filtered daily through a 0.45 

µm Nylon Whatman filter (Sigma-Aldrich) and then sonicated. The column was 

equilibrated for 20 min before analysis. The total analysis time was below 60 s with a 

corresponding flow rate of 1.3 mL/min. The analyses were conducted at a column 

temperature of 25 °C with an injection volume of 5 µL.  HPLC-ECD was set at + 1.6 

V and HPLC-UV detection was performed at 210 nm. 

5.2.5 Method validation 
 

The proposed method was validated in terms of linearity and linear range, LODs, and 

intra-day and inter-day precision. The linearity and linear range were established 

through the analytical curve determined at six concentration levels. All analyses were 

performed in triplicate and the data presented as mean ± standard deviation (SD). A 

signal-to-noise (S/N) ratio of 3 and 10 were used for LODs and LOQs, respectively. 

The method precision, i.e., the relative standard deviation (RSD) was determined by 

five repetitive measurements of a mixture (50 µM of each standard) within one day 

(intra-day) and five measurements of the same concentrations over five days (inter-

day). 

5.3 Results and discussion 

 

5.3.1 Electrochemical behaviour of VA, vanillin, FA, and guaiacol 
 

Representative CVs of the four analytes in a potential range of - 0.5 to + 1.5 V are 

shown in Figure 5.1. VA exhibits a sharp oxidation peak at + 1.04 V with two 

reduction peaks at + 0.31 V and + 0.87 V in the reverse scan (Figure 5.1A). VA 

molecules undergo a first oxidation step involving the liberation of one proton (H+) 

and two electrons (e-), leading to the formation of three phenoxonium carbocations in 

mesomeric forms (A), (B) and (C). Based on the electronic effects of methoxy and 

carboxy groups, the carbocation (A) was the most stable and rapidly subject to 

hydrolysis to form 3,4-dioxobenzoic acid (A′) and methanol (Scheme 5.2). This 
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reaction pathway of VA oxidation by the electro-Fenton process has also been 

suggested by Rekik et al.33 and only one pronounced oxidation step was observed in 

the CV.  In the reverse scan, the reduction of (A′) led to the formation of protocatechuic 

acid (PCA) as represented by a noticeable reduction peak (Figure 5.1A).     
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Figure 5.1. CV response in the absence (dashed lines) and presence (solid lines) of 100 µM each for 

(A) VA, (B) vanillin, (C) FA and (D) guaiacol on the bare BDD electrode vs. Ag/AgCl in 100 mM 

phosphate buffer, pH 2, with a scan rate of 100 mV s-1. 

 

Scheme 5.2. Electrochemical oxidation pathway of VA.  

The CV of vanillin shows an oxidation peak at + 0.97 V with a slight shoulder peak 

evident at + 1.2 V, while in the reverse scan three small reduction peaks are visible at 

+ 0.21, + 0.48 and + 0.86 V (Figure 5.1B). A similar oxidation pathway should be 
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expected from the oxidation of vanillin considering the presence of -CHO in this 

compound versus the -COOH group in VA. Vanillin first undergoes a -2e-/-H+ 

oxidation followed a hydrolysis reaction to form 1,2-benzoquinone (or ortho-

benzoquinone) with the loss of its methoxy substituent (Scheme 5.3). Thus, one 

oxidation peak was expected from the oxidation of vanillin to form 1,2-benzoquinone 

that was subsequently reduced by the BDD electrode via +2e-/+2H+. This pathway of 

vanillin oxidation has also been suggested in the electrochemical study of vanillin by 

a platinum (Pt) electrode in ACN with tetrabutylammonium hexafluorophosphate 

(TBAHFP) as the supporting electrolyte34. 

 

Scheme 5.3. The electrochemical oxidation of vanillin to form a 1,2-benzoquinone derivative.  

FA displays a broad oxidation peak at + 0.91 V with shoulder peaks evident at + 0.79 

V and + 1.14 V. One small reduction peak occurs + 0.70 V with a larger reduction 

peak at + 0.32 V (Figure 5.1C). The oxidation pathway of FA deserves a brief 

discussion because it involves several products. FA molecules undergo a first electron 

transfer (loss of one proton and one electron) leading to the formation of phenoxy 

radicals as represented by four mesomeric forms A, B, C, and D (Scheme 5.4). 

Considering the electronic effects of methoxy, carboxyvinyl, and oxo groups, radical 

B is the most stable. It then undergoes a second electron transfer to form the 

carbocation B1. Finally, B1 is subject to hydrolysis to yield 3,4-dioxocinnamic acid 

(B2) and methanol. Therefore, only one large broad peak was observed from the 

oxidation wave.  C and D are insignificant and subject to a second electron transfer to 

form the carbocation C1 and D1, respectively. The oxidation of radical C1 leads to the 

formation of methoxyparabenzoquinone (C2). The carbocation D1 is hydroxylated to 

3,4-dihydroxy-5-methoxycinnamic acid (D2), followed by oxidation to yield 3,4-
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dioxo-5-methoxycinnamic acid (D3). A detailed discussion of the oxidation of FA can 

be found elsewhere35. 

 

Scheme 5.4. The electrochemical oxidation pathway of FA.  

The reverse scan of FA exhibited one pronounced peak and a very small second peak, 

which implied the formation of 3,4-dioxocinnamic acid. During the reverse scan, this 

acid was reduced to caffeic acid (CA) (Scheme 5.5). 

 

Scheme 5.5. The reduction of 3,4-dioxocinnamic acid to CA. 

It should be noted that the second and smaller reduction peak in the reverse scan could 

be attributed to the reduction of C2 and D3 to their corresponding reduced forms.  
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The CV of guaiacol (Figure 5.1D) exhibits a broad oxidation peak at + 0.97 V and a 

small shoulder peak at + 1.35 V. Three reduction peaks are visible at + 0.16, + 0.46 

and + 0.75 V. The electrochemical oxidation of guaiacol has previously been 

discussed.  

5.3.2 Optimisation of HPLC separation conditions 
 

Guaiacol and its precursors were separated isocratically using a HALO C18 core-shell 

column. Initially, the mobile phase was investigated using different ratios of 10 mM 

formate (pH 3): ACN (v/v) at a flow rate of 1 mL/min, with optimisation based on 

achieving the fastest analysis time with a satisfactory resolution. With 20 % ACN, 

vanillin, and FA co-eluted while broader peaks were observed with 15 % ACN. A 

mobile phase containing 17 % ACN provided a desirable resolution with a rapid 

analysis time, therefore, it was chosen as the optimum ACN content of the mobile 

phase (Figure 5.2).  
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Figure 5.2. The effect of mobile phase % ACN on the retention time of 50 µM each of VA, vanillin, FA 

and guaiacol. Mobile phase: ACN:10 mM formate pH 3 (v/v), (A) 15:85, (B) 17:83, (C) 20:80. Column: 

HALO C18 core-shell (3.0 x 50 mm, 2.7 µm), flow rate: 1 mL/min, injection volume: 5 µL, UV detection: 

210 nm. 

The effect of % ACN on the capacity factor (k) of the analytes is shown in Figure 5.3. 
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Figure 5.3. A plot of % ACN versus k. Mobile phase: ACN:10 mM formate pH 3 (v/v), at 15, 17 and 20 

% ACN. Column: HALO C18 core-shell (3.0 x 50 mm, 2.7 µm), flow rate: 1 mL/min, injection volume: 

5 µL, UV detection: 210 nm. 

The effect of mobile phase pH on the selectivity of the analytes was investigated in 

the range of pH 3-6. The retention of VA and FA decreased as the pH increased, while 

vanillin and guaiacol remained constant. At pH 4.5, VA (pKa ~ 4.1) and FA (pKa ~ 

4.4) are in their ionised state, resulting in their reduced hydrophobicity and eluting as 

unretained compounds at pH 6. Vanillin (pKa ~ 7.4) and guaiacol (pKa ~ 9.9) were 

unaffected by this change in pH (Figure 5.4). The influence of pH on the k of the 

analytes is illustrated in Figure 5.5. 
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Figure 5.4. The effect of the mobile phase pH on the retention time of 50 µM each of VA, vanillin, FA 

and guaiacol. Mobile phase: 17:83, (A) ACN:10 mM formate pH 3, (B) ACN:10 mM acetate pH 4.5, 

and (C) ACN:10 mM acetate pH 6. Column: HALO C18 core-shell (3 x 50 mm, 2.7 µm), flow rate: 1 

mL/min, injection volume: 5 µL, UV detection: 210 nm. 
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Figure 5.5. The plot of pH versus k. Mobile phase: ACN:10 mM formate pH 3, 17:83 (v/v) at pH 3, 4.5, 

and 6. Column: HALO C18 core-shell (3.0 x 50 mm, 2.7 µm), flow rate: (A) 0.7 mL/min, (B) 1 mL/min, 

(C) 1.3 mL/min, injection volume: 5 µL, UV detection: 210 nm. 
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The mobile phase flow rate was evaluated in the range of 0.7-1.3 mL/min. with a flow 

rate of 1.3 mL/min giving better peak shape and an analysis time of less than 60 s 

(Figure 5.6). Slower flow rates gave longer run times with broader peaks, while flow 

rates over 1.3 mL/min were not possible due to higher back pressures generated. 
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Figure 5.6. The effect of the mobile phase flow rate on the retention time of 50 µM each of VA, vanillin, 

FA and guaiacol. Mobile phase: ACN:10 mM formate pH 3, 17:83 (v/v). Column: HALO C18 core-shell 

(3.0 x 50 mm, 2.7 µm), flow rate: (A) 0.7 mL/min, (B) 1 mL/min, (C) 1.3 mL/min, injection volume: 5 

µL, UV detection: 210 nm. 

5.3.3 Selection of detection potential 
 

The required oxidation potential of the four analytes was determined using 

hydrodynamic voltammetry. The hydrodynamic voltammograms of the analytes 

investigated in the range of + 1.4 to + 2.0 V under the optimum separation conditions 

are shown in Figure 5.7. Vanillin and VA had a greater oxidation at + 1.8 V, while 

guaiacols maximum oxidation occurred at + 1.6 V and FA at + 1.4 V. Electro-

oxidation of possible impurities present in the mobile phase produces a higher 

background current and baseline drift at + 1.8 V, therefore, + 1.6 V was chosen as the 
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optimum oxidation potential for detection. The effect of detection potential (V) on the 

peak areas of the analytes is shown in Figure 5.8. 
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Figure 5.7. The effect of oxidation potential on the detection of 50 µM each of VA, vanillin, FA and 

guaiacol. Oxidation potential: (A) + 1.4 V, (B) + 1.6 V, (C) + 1.8 V and (D) + 2.0 V on the BDD 

electrode vs. Pd/H2. Mobile phase: ACN:10 mM formate pH 3, 17:83 (v/v). Column: HALO C18 core-

shell (3.0 x 50 mm, 2.7 µm), flow rate: 1.3 mL/min, injection volume: 5 µL.  
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Figure 5.8. The plot of detection potential (V) versus current (µA) on the BDD electrode vs. Pd/H2. 

Mobile phase: ACN:10 mM formate pH 3 17:83, (v/v). Column: HALO C18 core-shell (3 x 50 mm, 2.7 

µm), flow rate: 1.3 mL/min, injection volume: 5 µL. 
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A representative chromatogram of a mixed standard solution containing the four 

analytes determined under optimum conditions is shown in Figure 5.9. Retention 

factors (k) of 2.3, 4.6, 5.9 and 8.3, for VA, vanillin, FA and guaiacol, respectively, 

indicate satisfactory retention of the analytes under the optimised separation 

conditions. 
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Figure 5.9. A representative HPLC-ECD chromatogram of a mixed standard solution (50 µM each of 

VA, vanillin, FA, and guaiacol). Mobile phase: ACN:10 mM formate pH 3, 17:83 (v/v). Column: HALO 

C18 core-shell (3.0 x 50 mm, 2.7 µm), flow rate: 1.3 mL/min, injection volume: 5 µL, oxidation potential: 

+ 1.6 V on the BDD electrode vs. Pd/H2. 

5.3.4 Analytical performance 
 

Under the optimum experimental conditions, the LODs for ECD were determined as 

10-30 nM, significantly lower than those achieved with UV detection (Table 5.1). The 

LODs obtained with ECD compare favourably with those determined for guaiacol and 

vanillin using HPLC-BDD in a previous report26, and are also lower than the LODs 

determined for guaiacol24 and vanillin25 using direct electrochemical sensing with a 

BDD electrode (Table 5.2). LOQs were estimated as 50 nM for guaiacol and FA, 70 

nM for vanillin, and 90 nM for VA. 
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Table 5.1. The LODs obtained with ECD and UV detection. 

Analyte HPLC-ECDa HPLC-UVb 

VA 30 nM     0.1 µM 

vanillin 20 nM     0.5 µM 

FA 10 nM     1 µM 

guaiacol 10 nM     0.3 µM 

a LOD (S/N = 3) at + 1.6 V. 

b LOD (S/N = 3) at 210 nm. 

 

Table 5.2. A comparison of literature LODs. 

Analyte Electrode material LOD  (nM) 

VA Capillary electrophoresis (CE) – carbon 

disk electrode 

150036 

 HPLC – pulse amperometry 2537 

vanillin HPLC diamond working electrode 5.726 

 BDD electrode 16025 

 Carbon nanotube screen-printed electrode 

(CNT-SPE) 

103038 

FA Graphene modified GCE 20039 

 Carbon nanotubes (CNTs) modified GCE 10040 

 HPLC-pulse amperometry 5037 

guaiacol HPLC diamond working electrode 3.926 

 Nafion modified BDD electrode 20024 

 HPLC-ECD at a BDD electrode 2032 

 Laccase SPE 5041 

 

The calibration curves of the four analytes were constructed by plotting the peak areas 

against the corresponding concentrations of the standard solutions. Six concentration 

levels (ranging from 1-40 µM) were determined and each sample analysed in 

triplicate. The regression coefficient (R2) for all analytes was greater than 0.999. Intra-

day precision was in the range of 1.85 - 3.23 % and inter-day precision in the range of 
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1.91 - 2.75 % (Table 5.3), demonstrating the suitability of this method for the analysis 

of guaiacol and its precursors. The calibration curves and plots are shown in Figures 

5.10 and 5.11. 

Table 5.3. Linear regression parameters of calibration curves and precision data for the phenolic 

compounds detected with HPLC-ECD at + 1.6 V. 

Analyte Linear 

range 

(µM) 

Linear 

regression 

equation 

Correlation 

coefficient 

(R2) 

Intra-day 

(%)a 

Inter-day 

(%)b 

VA 1-40 
I  = 3.86 x 10-8 C  

     - 4.27 x 10-9 

     0.999      2.62      2.42 

vanillin 1-40 
I  = 5.79 x 10-8 C  

     - 1.12 x 10-8 

     0.999      2.28      2.11 

FA 1-40 
I  = 5.34 x 10-8 C  

     - 9.96 x 10-8 

     0.999      3.23      2.75 

guaiacol 1-40 
I  = 8.43 x 10-8 C  

     - 2.28 x 10-8 

     0.999      1.85      1.91 

a Intra-day (%) calculated from five measurements within one experiment for the retention time at 50 

µM of each standard. 

b Inter-day (%) calculated from five measurements within five different experiments for the retention 

time at 50 µM of each standard. 
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Figure 5.10. (A) The calibration curve and (B) plot of VA; (C) calibration curve and (D) plot of vanillin. 

Mobile phase: ACN:10 mM formate pH 3, 17:83 (v/v). Column: HALO C18 core-shell (3 x 50 mm, 2.7 

µm), flow rate: 1.3 mL/min, injection volume: 5 µL, oxidation potential: + 1.6 V on the BDD electrode 

vs. Pd/H2. 
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Figure 5.11. (A) Calibration curve and (B) plot of FA; (C) calibration curve and (D) plot of guaiacol. 

Mobile phase: ACN:10 mM formate pH 3, 17:83 (v/v). Column: HALO C18 core-shell (3 x 50 mm, 2.7 

µm), flow rate: 1.3 mL/min, injection volume: 5 µL, oxidation potential: + 1.6 V on the BDD electrode 

vs. Pd/H2. 

5.3.5 Beverage sample analysis 
 

The applicability of the proposed HPLC-ECD method was evaluated by analysing an 

energy drink purchased from a local supermarket (n=3). This is a well-known energy 

drink widely used by athletes. It consists of preservatives, flavourings, emulsifiers, 

sweeteners, glucose syrup, maltodextrin, citric acid, ascorbic acid, vitamins, and 

colouring. Before injection, the samples were filtered through an Econofltr Nylon 

membrane, removing any particles which may cause column degradation. Spiking 

experiments, with known concentrations of the four standards, were applied to identify 

the precursors present (Figure 5.12). Based on the calibration curves, concentrations 

of 2.39 ± 0.25 µM and 7.24 ± 0.08 µM of VA and vanillin, respectively, were 

determined. The absence of guaiacol indicates that Alicyclobacillus spp. were not 

present in this particular beverage sample. This method applies to all beverage 
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samples, however, depending on the composition of the sample, more detailed sample 

preparation may be required. 
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Figure 5.12. A representative HPLC-ECD chromatogram of an energy drink (black line) and spiked 

energy drink (red line) with 10 µM of each standard.  Mobile phase: ACN:10 mM formate pH 3, 17:83 

(v/v). Column: HALO C18 core-shell (3.0 x 50 mm, 2.7 µm), flow rate: 1.3 mL/min, injection volume: 5 

µL, oxidation potential: + 1.6 V on the BDD electrode vs. Pd/H2. 

5.4 Conclusions 

 
A rapid and sensitive HPLC-ECD method was optimised for the simultaneous 

determination of the taint producing metabolite, guaiacol, together with its phenolic 

precursors; VA, vanillin, and FA. As spoilage may occur at any point during the 

production process, the rapid nanomolar detection achieved with this method provides 

manufacturers with early confirmation of beverage spoilage, thereby avoiding 

considerable financial losses associated with production. HPLC-ECD provides an 

alternative to the classical microbiological methods, significantly reducing both the 

preparation and analysis times. This system may also be miniaturised and applied for 

on-line quality control analysis. Future work will include the application of this 

method to beverage samples suspected of Alicyclobacillus spp. contamination. 
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6.1 Summary 

 
Chapter 1 provided a background to plant secondary metabolites; their production, 

classification and physiological properties. The main focus of the introduction was the 

description of the boron-doped diamond (BDD) electrode, and amperometric and 

coulometric detectors used in high-performance liquid chromatography (HPLC) – 

electrochemical detection (ECD). Specific examples of HPLC coupled to ECD for the 

detection of phenolic compounds in foods, beverages and plants, were also presented. 

In Chapter 2, the detection of guaiacol and its analogues, distinct flavours in whiskey, 

foods, and beverages was reported. These analytes display different inclusion 

complexes with α-cyclodextrin (α-CD) and can be separated on a Nafion modified 

BDD electrode. The stable Nafion layer preconcentrates the analyte-α-CD complexes 

prior to electroanalysis by square wave voltammetry (SWV) to enhance detection 

sensitivities. This sensing mode together with peak deconvolution successfully 

identified guaiacol, 4-ethylguaiacol (4-EG), three cresol isomers, and phenols in a 

popular whiskey brand. The results obtained were corroborated by HPLC. Anodic 

oxidation at + 2 V in phosphate, pH 7 proved an effective method to renew the 

electrode surface after its exposure to the guaiacols. This robust approach circumvents 

several drawbacks associated with the use of enzymes and nanomaterials for the 

analysis of such analytes as reported in the literature. 

Chapter 3 reports the application of a HPLC method coupled with a BDD electrode 

for the simultaneous determination of phenol, 4-ethylphenol (4-EP), guaiacol, 4-EG, 

4-vinylguaiacol (4-VG), eugenol, and o, m- and p-cresol. The separation was 

performed on a reversed-phase HALO C18 core-shell column (3.0 x 50 mm, 2.7 µm) 

with a mobile phase comprising 10 mM formate, pH 3, and 15 % acetonitrile (v/v), at 

a flow rate of 1.5 mL/min, corresponding to a total run time of 9 min. The ECD was 

set at + 1.5 V vs. Pd/H2 in oxidative mode. Under optimised operating conditions, 

good linearity was obtained for the nine phenolics with corresponding coefficients of 

determination (R2) above 0.998. The limits of detection (LODs, S/N = 3) were in the 

range of 10 nM - 1 µM, with an 80-fold increase in sensitivity for guaiacol achieved 

with ECD over ultraviolet (UV) detection. This sensitive and selective HPLC-ECD 

method was successfully applied for the identification and quantification of the nine 
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phenolics in Islay, Irish, Scotch, and Highland whiskey samples, with significantly 

higher concentrations of the flavourings determined in Islay whiskey. 

In Chapter 4, the electrochemistry of gallic acid (GA) and ellagic acid (EA), two 

markers of authentic whiskey, were investigated by cyclic voltammetry (CV) and 

SWV using a bare BDD electrode. CVs indicated that the electro-oxidation of both 

GA and EA were quasi-reversible processes, with their electro-oxidation significantly 

affected by pH. SWV, together with CDs in the electrolyte proved unsuccessful in 

separating the GA and EA oxidation peaks. HPLC coupled with a BDD electrode was 

applied for the sensitive detection of both acids. The separation was achieved with a 

reversed phase C18 column (4.6 x 150 mm, 5 µm) using a gradient elution of 10 mM 

formate, pH 3 (A) and acetonitrile (ACN) (B), with a flow rate of 1.5 mL/min. The 

BDD electrode poised at + 1.4 V offered the LOD (S/N = 3) of 60 and 200 nM for GA 

and EA, respectively, considerably lower than those achieved with UV detection. The 

optimised method was then applied to the detection of GA and EA in Islay, Highland 

and Scotch whiskeys, with the highest concentrations of both acids found in a 14-year-

old Highland whiskey. 

Chapter 5 described a rapid reversed-phase chromatographic separation coupled with 

a BDD electrode for the analysis of guaiacol (2-methoxyphenol), a food and beverage 

spoilage metabolite, and its precursors; vanillic acid (VA), vanillin, and ferulic acid 

(FA). The electro-oxidation mechanisms of such electroactive analytes were 

investigated by CV to form the basis for their baseline separation and detection. The 

optimal separation was based on a HALO C18 core-shell column (3.0 x 50 mm, 2.7 

µm) with a mobile phase of 10 mM formate, pH 3: acetonitrile (ACN) (83:17 v/v), at 

a flow rate of 1.3 mL/min.  Guaiacol was separated from its three precursors in 60 s 

with the BDD electrode set at + 1.6 V vs. Pd/H2. The detection limits of these analytes 

ranged from 10 – 30 nM; about 30-fold more sensitive for guaiacol than the results 

obtained by UV detection. The method was applicable for the analysis of guaiacol and 

its precursors from a popular commercial drink.  
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6.2 Future work 

 
Future work involves the application of computer-based modelling for HPLC method 

development and optimisation. Varying individual parameters one-at-a-time while the 

other parameters are fixed, may not lead to the optimum separation conditions1. 

Computer-based modelling such as the DryLab software package can efficiently 

predict chromatograms as multiple method parameters are varied once a small number 

of experiments have been carried out2,3. This has the benefit of enabling shorter 

method development time and minimising analysis costs, while it is particularly useful 

for complex samples such as whiskey.  

Counterfeits of single malt whiskey are a growing problem for the industry. Recently 

40 % of 55 single malt Scotch and Japanese whiskeys were found to be either 

counterfeits or whiskeys not distilled in the year stated, while 100 % of malt whiskeys 

claiming to be from 1900 or earlier were fake4. It is estimated that £41 million worth 

of rare whiskey currently circulating and present in collections is adulterated5. GA and 

EA have been identified as possible discriminants for single malt whiskey, indicative 

of the longer periods of malt whiskey maturation. Future work will involve the 

application of the developed methods to identify counterfeit whiskeys. 

Food fraud (FF), a practice whereby sellers try to increase revenues through 

counterfeiting and adulteration processes, is estimated to affect 10 % of all foods sold, 

with a continuous increase expected6. Foods that are most often targeted for FF include 

edible oils, dairy products, beverages and meat products. HPLC coupled with mass 

spectrometric (MS) detection is widely used in food adulteration analysis. However, 

as phenolic compounds are the most common biomarkers used to identify food 

adulteration, chromatographic separation followed by electrochemical detection offers 

the advantage of high sensitivity at less cost. In particular, it provides high selectivity 

for phenolic compounds which may be useful for complex food samples. 

These methods are also applicable for the discovery and detection of antioxidants in 

food and beverages. Intake of antioxidants from the diet is associated with improved 

health and less incidence of oxidative damage diseases such as heart disease and 

cancer.  
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This research has relied on the use of commercial silica which is the most widely used 

stationary phase material in liquid chromatography (LC). Its properties, including high 

mechanical stability, large surface area, high porosity, ease of functionality and 

resistance to swelling in organic solvents, make it favourable over other 

chromatographic supports such as alumina and titania. The bare silica surface consists 

of hydroxyl groups and can itself be used as a stationary phase for hydrophilic 

interaction liquid chromatography (HILIC). Bare silica is most often functionalised 

with long chain hydrocarbons to form stationary phases that are widely used in 

reversed-phase liquid chromatography (RPLC).  

The use of natural fibres over silica as stationary phase material has a number of 

advantages. Natural fibres are cheap and easily accessible. Their natural characteristics 

mean they can be used without modification, thereby eliminating the time required for 

synthesis, and the use of environmentally harmful organic solvents. One key 

advantage as a chromatographic phase is their ability to operate at relatively low back 

pressures, favouring rapid separations. Additionally, they have good analyte mass 

transfer characteristics7. The disadvantage of natural fibres as stationary phases is their 

poorer column packing homogeneity.  

Cellulose (cotton) and wool are the most widely studied natural fibres. They are known 

to contain a higher specific surface area than synthetic polymers. The degree of 

functionality of cellulose and wool will vary depending on the origin of the natural 

material. It is this natural variability, that to date, prevents their use in commercial 

columns for routine analysis. Cellulose consists of a surface that can function as either 

a hydrophilic or hydrophobic phase, and through deprotonation of the hydroxyl groups 

can function as a weak cation-exchanger. Wool is a proteinaceous fibre primarily 

harvested from sheep. It contains up to 20 amino acids and has the ability to function 

as a weak anion and cation exchanger, and as HILIC and RPLC phases8. Their 

investigation as cheap, accessible and alternative stationary phases is of future 

endeavours. 
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