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ABSTRACT 

 

Nootkatone (NK) is an oxygen-containing sesquiterpene with a significant grapefruit 

aroma and plays an important role in the flavour and fragrance industry. The natural 

production of NK through extraction produces trace amounts and is therefore not a 

viable option to meet industrial needs. The chemical synthesis often utilises reagents 

harmful to the environment. The purpose of this research was to explore the use of 

crude lipoxygenase (LOX) enzyme extracted from soya beans, commercial mutants 

of CYP450 as well as laccase enzymes for the conversion of valencene (VL), the 

aroma components of citrus fruits to NK. For the LOX reactions, a conversion of 28.79 

% (mol/mol) was obtained when the reactions were performed with LOX only. The best 

conversion of 74.46 % was realised when FeSO4.7H2O and MnSO4 were added to the 

reaction. In the temperature studies, 70  ̊C was shown to be the optimal temperature 

for the conversion. In addition, we observed that vegetable oils provided sufficient 

unsaturated fatty acids to facilitate the conversion of VL to NK with sunflower oil being 

the best. In exploring the potential of LOX to oxidise other organic molecules, 

caryophyllene was oxidised to novel caryophyllene oxide, and styrene was oxidised to 

benzoic acid, 1-phenylethane-1,2-diol, and 2-hydroxyl-2-phenylethyl benzoate. This is 

the first time that such oxidations are reported, and this underlines the potential of LOX 

in biotransformation and organic synthesis. For CYP450 reactions, the best 

conversion of 16.70 % was obtained using a variant sourced from Prozomix. 

Evaluation of parameters such as temperature, pH (7.0 to 7.5), using buffer solutions 

should be explored to optimise the activity of the enzyme. Laccase from Novoprime 

Base 268 showed no activity for the conversion of VL to NK despite making use of 

mediators. Therefore, we should explore changing the reaction conditions, varying the 

pH of the reaction, buffer strength or mediator and laccases from other sources such 

as Cerrena unicolor and Trametes versicolor, as well as a fresh batch of laccase from 

Trichoderma (Merck) should be assessed in the conversion of VL to NK. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Flavours and fragrances have been used for over 5,000 years, mainly for medical 

reasons or for pleasure (1–3). It is believed that the ancient Egyptians incorporated 

perfume into their culture by using perfume balms for their religious ceremonies and 

romantic liaisons. They also used myrrh, opopanax, and frankincense for fragrance, 

while in Mesopotamia they used cedar, cypress, frankincense, and myrrh. People 

became interested in essential oils because of their aroma. The scents which are 

found in essential oils are mainly extracted from various parts of a plant such as barks, 

flowers, buds, peels, seeds, and leaves. The flavour and fragrance world started to 

industrialise because of the increase in demand for these compounds which occurred 

around the year 1850 with the manufacture of cinnamic aldehyde, vanillin, 

benzaldehyde, and methyl salicylate through chemical synthesis (2). One such 

compound that has attracted a lot of interest because of its versatility in commercial 

products is nootkatone. 

 

In the 20th century, with increased demand outstripping availability and an expanding 

market for cheaper products, synthetic chemistry was applied to the production of 

artificial flavours and fragrances. In the 1980s, a shift of production of flavours and 

fragrances back towards natural products arose due to consumer preferences. 

However, a compound is only regarded as natural if it is extracted from 

microorganisms, animals, or plants, and/or results from the transformation of 

enzymatic processes or whole cells (2). The production of natural products requires 

green chemistry, to minimise the use of hazardous substances.   

 

1.2 Green Chemistry 

Green chemistry is an area of chemistry that aims to minimise waste production and 

improve the sustainability of chemical products and process, as well as decreasing the 

generation of hazardous substances (4). In the 1990s, green chemistry was 
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conceptualized by John Warmer and Paul Anastas to capture the growing awareness 

of environmental issues in chemistry (4,5). Green chemistry is now broadly applied in 

technological development, government policy, industrial management, and 

educational practice all over the world. The main aim of the green chemistry 

community is to develop greener and more sustainable technologies that are harmless 

to human wellbeing and the climate by basing their research on 12 principles (6–8).  

 The 12 principles of green chemistry are (9,10): 

1. Waste prevention 

2. Designing Safer Chemicals 

3. Atom Economy 

4. Design for Energy Efficiency 

5. Less Hazardous Chemical Syntheses 

6. Safer Solvents and Auxiliaries 

7. Reduce Derivatives 

8. Real-time Analysis for Pollution Prevention 

9. Use of Renewable Feedstocks 

10. Catalysis (including biocatalysis) 

11. Inherently Safer Chemistry for Accident Prevention 

12. Design for Degradation 

 

These principles aim to minimise the generation of dangerous substances, resource 

consumption, and risks  when manufacturing, applying, and designing chemical 

substances (11). The use of these principles has led to the development of guidelines 

for the pharmaceutical industries, starting from drug discovery to industrial production 

(12). Whenever scientific challenges arise from an increase in structural complexities 

and/or synthetic steps, they could be solved using modern chemically selective 

methods (10). One of the key principles of green chemistry is catalysis, including 

biocatalysis, the significance of which will be discussed in more detail below. 
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1.3 Biocatalysis 

Biocatalysis refers to the use of a biological catalyst such as enzymes that are used 

to catalyse chemical reactions. The process of biocatalysis starts with (i) identifying 

the target reaction, (ii) discovering the biocatalyst, (iii) characterisation, (iv) protein 

engineering, and (v) process modelling. Moreover, there are key drivers of 

biocatalysis, which are process specifications, market needs, safety, risk 

management, health, environment, robustness, biocompatibility, industrial process 

improvement, product quality, molecular economy and specificity (13). Recently, there 

have been advances which help to elaborate the functional activities and structure of 

enzymes and have led to an increase in the substrate specificity, activity, and stability 

of enzymes (14).  

 

Biocatalysis (enzyme facilitated catalysis) empowers all forms of life starting from the  

microorganism to humans (15). Which we are increasingly applying to industrial 

processes. In comparison, other kinds of catalysts are often used in industry such as 

heterogeneous catalysts whereby catalytically active centres bonds with solid carriers 

(metal oxides or zeolites) and homogeneous catalysts whereby ligands are 

responsible for reaction specificity. However, enzymes usually exhibit better selectivity 

as shown in Table 1 and this is not an exhaustive list of advantages and disadvantages 

since there are many more depending on how the enzyme is applied and the 

associated bioprocess being employed.  

 

Table 1: The application of enzymes in biocatalytic reactions (16). 

Advantages Disadvantages 

Very high enantioselectivity Long development times for new enzymes 

Very high regioselectivity Instability at extremes of pH and temperature 

Transformation under mild 

conditions 

Availability for selected reactions only 

Solvent often water However, in some cases, the substrates are only 

soluble in organic solvents, and not all enzymes 

can function in the presence of organic solvents 
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1.4 Enzymes 

Enzymes are biological catalysts that speed up a biochemical reaction without 

themselves being destroyed or absorbed in the reaction. The description of enzyme 

action involves catalysing the conversion of substrate molecules to the desired target 

products (17). Figure 1 shows the mechanism of enzymatic activity, the example being 

provided below is that of an enzyme involved in the synthesis of substrates to products 

revealing how enzyme structure and substrate binding play an important role in this 

kind of reaction whereby the charge properties and shape of the active site empower 

the binding of a single type of substrate molecule. Moreover, certain enzymes illustrate 

considerable specificity toward catalytic activities.  

 

 

 

 

 

 

 

 

 

Figure 1: The mechanism of enzymatic activity in the synthesis of substrate to 
product (17).   

 

Three enzymes that have been used in the biocatalytic conversion of valencene to 

nootkatone are lipoxygenases, cytochrome p450s and laccase 

1.4.1 Lipoxygenases (LOX) 

Lipoxygenases (LOX) are a group of non-haem, non-sulfur iron, or manganese 

containing dioxygenases that are broadly distributed in animals (usually found in more 

Enzyme-substrate 

complex Enzyme 

Product 

Enzyme 

Substrates 
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than 60 species) and plants where they perform physiological functions, including 

initiating inflammation and other stress responses. LOX is a type of oxidoreductase 

responsible for the catalytic oxygenation of polyunsaturated (PUFA) and 

monounsaturated fatty acids (MUFA) which result in the formation of hydroperoxides 

(HPODE). Moreover, the formation of hydroperoxide takes place on the 9 or 12 

position of the fatty acids through an insertion of oxygen to generate a 9 or 13-HPODE.  

Lipoxygenases are usually found in various biological tissues and organs, but mostly 

in potato tubers and grain legume (pulses) seeds (peas and beans) (18,19).  

 

The regio- and stereo-specificity of LOX results from the depth of the active site, 

oxygen channels, different head-to-tail orientations, and residue position of the 

hydrogen for abstraction (20). The HPODE can be involved in subsequent oxidative 

reactions. Lipoxygenase extracted from soya bean seed is regarded as the best 

characterised plant LOX, even though its physiological role is yet to be identified. Plant 

LOX enzymes are multifunctional enzymes that catalyse reactions by (i) the formation 

of epoxy leukotrienes, (ii) the deoxygenation of lipid substrates, and (iii) the secondary 

conversion of hydroperoxyl lipids (19,21).  

 

All lipoxygenases come from the same gene family, which is  characterised by 

sequence homology of their catalytic domains and conserved metal irons (22,23). 

Although most of LOX are Fe-based, some are Mn based. The Mn-LOX are only found 

in ascomycete fungi whereby they form their distinctive subfamily (20). Scheme 1 

illustrates a proposed mechanism for the oxygenation of linoleic acid as catalysed by 

LOX. This mechanism is initiated when the LOX abstracts hydrogen (pro-S) from C-

11 of the fatty acids resulting in a linoleoyl radical, which is reversibly oxygenated to 

produce (11S)-peroxy radical leading to (11S)-HPODE. The oxygen that is 

incorporated into the reaction attacks the linoleoyl radical at C-13 position to form 

(13R)-HPODE (24). However, (13R)-HPODE predominates in the Fe-LOX reactions 

as it is primarily produced from linoleic acid while Mn-LOX show variability in the 

formation of (11S)- and (13R)-HPODE products (24).   
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Scheme 1: The oxygenation mechanisms of unsaturated fatty acids (24). 

 

1.4.2 Cytochrome P450 (CYP450) 

Cytochrome P450 is a haem-thiolate protein where the haem’s prosthetic group is 

connected to apoprotein through an axial conserved cysteine (Figure 2). Hence, it 

belongs to the superfamily of cysteine thiolate-ligated haem-containing 

monooxygenase enzymes which are responsible for many of the physiological 

functions of different kinds of organisms (25–27). There are different types of CYP450 

varying in substrate selectivity (28,29). They are responsible for about 70% of 

therapeutic drug metabolism. In humans, they are normally found in the liver and play 

an important role in the catalysis of different types of regio- and stereo-selective mono-

oxygenation and detoxification processes. These enzymes range in molecular weight 

between 45 to 60 kDa and have a broad range of versatility in a diverse number of 

reactions that contribute effectively toward synthetic biology, biotechnological and 

pharmaceutical applications for investigations of newly synthesised drugs (25). 



7 
 
 

 

Figure 2:  A labelled structure of CYP102A1 (P450 BM3) from Bacillus megaterium 

(25). 

 

CYP450s are responsible for catalysing oxygen atom transfer from molecular oxygen 

into a broad range of biological substrates, where the second oxygen atom is reduced 

by two hydrogens to form a water molecule. The monooxygenase can engage in the 

biotransformation of products that occur naturally during the drug and oxidative 

metabolism of xenobiotics. Hydroxylation, heteroatom dealkylation, epoxidation, and 

heteroatom oxidation are reactions that are most often facilitated by the enzyme 

CYP450 (27,30).  

 

Monooxygenase requires redox cofactor such as NADPH and NADH. Scheme 2 

shows a summarised catalytic cycle where a generalised substrate RH is used (31). 

The first step is substrate-binding where hydrogen transfer has been favoured due to 

redox cofactor (NADPH or NADH). Afterward the spin state of the haem iron changes 

at the active site, and this process results in a conformational change of the enzyme 

which activates the interaction with the redox components. The second step is the first 

reduction reaction where the Fe3+ ion is reduced by transferring an electron from 

NADH or NADPH through an electron transfer chain (31,32). The third step is oxygen-

binding where the O2 molecule forms the Fe2+-O2 complex by binding quickly with Fe2+ 

haem 

prosthetic 

group 

channel N- terminus 

C- terminus 
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and it is proven that this complex then goes through a slow conversion resulting in a 

more stable complex (Fe3+ -O2). 

 

The fourth, rate determining, step is where the second reduction reaction occurs. Fifth 

step, O2 cleavage where the O-O bond from O2
2- breaks when reacting with two 

protons from the surrounding solvents to form water and leaves the (Fe-O)3+ complex. 

The sixth step is product formation where there is a transfer of Fe-ligated O atoms to 

the substrate to form a hydroxylated form of the substrate. The seventh and last step 

is where the active site of the enzyme releases the product, thereby returning to its 

initial state (25). 

 

 

Scheme 2: The catalytic cycle of the CYP450cam reaction mechanism (31). 
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In recent years, studies on protein engineering of CYP450 have been conducted to 

rationally help in redesigning the active site of the CYP450 enzyme, through directed 

evolution or random mutagenesis, or by a combination of these two approaches (31). 

For example, two new variants CYP450cam and CYP450BM-3 engineered and 

successfully used in biocatalytic oxidative reactions, while the wild-type CYP450 

enzymes evaluated showed no oxidation activity due to the enzyme active site being 

unable to accommodate larger and/or more hydrophobic molecules. However, the 

protein engineering challenges differ depending on each type of CYP450 enzyme (29). 

Figure 3 shows some applications and operational challenges of CYP450 

monooxygenases (29).   

 

 

Figure 3: Applications and some shortcomings of CYP450 monooxygenases. Areas 

that are already been used or have the potential to be applied are presented on a blue 

background and the properties of CYP450 that need improvements are displayed on 

an orange background (29).  
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1.4.3 Laccase 

Laccase is a versatile and monomeric or multimeric part of a larger copper-containing 

family of proteins referred to as multicopper oxidases that can catalyse a wide 

spectrum of substrates such as aromatic amines, phenol-like compounds (mono-, di-, 

and polyphenols, methoxy phenols, and amino phenols), and organic compounds 

which use molecular oxygen as an electron acceptor (33). It is a large blue, white or 

yellow copper protein and ligninolytic enzyme which is mainly found both in woody 

plants that are capable of synthesising lignin as well as organisms that degrade wood. 

Intensive studies of laccase explored its ability to reduce molecular oxygen resulting 

in water formation and oxidising the phenolic compounds (34,35).  

 

Laccases are extraordinarily non-specific in their products, partly due to various 

substrates having multiple oxidation pathways. The oxidation of the substrate results 

from the loss of a single electron and a free radical formation (33,36). Additionally, the 

radical is found to be unstable and may undergo a further catalysed laccase oxidation. 

Moreover, the inclusion of reaction mediator compounds such as salicylic acid, ferulic 

acid, benzoic acid, sodium benzoate in laccase reactions enhances the oxidation 

capability to a very broad range of substrates. Laccase can be extracted from either a 

microbial source such as Cerrena unicolor, Trametes versicolor or a host of 

recombinant DNA. Some laccases are purchased from commercial vendors (33). 

The three oxidative enzymes described above, lipoxygenase, CYP450, and laccase, 

can be utilised in the biocatalytic conversion of terpenes 

 

1.5 Terpenes and their Origin 

In nature, terpenes are the most diverse class of substances that are derived from 

isoprene units (from its carbon backbone) which is achieved through tail-to-tail and 

head-to-tail polymerisation of the activated building blocks (37). They are also 

secondary metabolites since their formation is caused by enzymatic reactions of 

primary metabolites (vitamins, amino acids, sugar, and others) and they have the 

ability to create fragrances and other compounds for plants to serve as a protection 

from infectious germs and animal predation. There are various different types of linear 
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terpenes, which are hemiterpenes, monoterpenes, sesquiterpenes, diterpenes, 

sesterpenes, triterpenes, sesquarterpene, and tetraterpene depending on their carbon 

units (38). Figure 4 shows the classification of linear terpenes whereby the bonds 

coloured in red indicate separate isoprene units which makes it easier to count the 

number of isoprene units per terpene. We focus on sesquiterpene as this is the 

precursor of valencene. 

 

 Figure 4: Classification of linear terpenes (38). 

 

 



12 
 
 

1.5.1 Sesquiterpenes 

Sesquiterpenes are a class of secondary metabolites that are made up of three 

isoprene units. They can be linear, branched, or cyclic (monocyclic, bicyclic, and 

tricyclic) (38). Scheme 3  shows the biosynthesis of geranyl (GPP) and farnesyl 

pyrophosphate (FPP) via the coupling of isoprene units (39). 

 

 

Scheme 3: The biosynthesis pathway of farnesyl pyrophosphate (FPP) and geranyl 
(GPP) via the coupling of isoprene units (40). 

 

Faraldos et al. reported the formation of aristolochene and valencene from FPP, which 

was mediated by aristolochene synthase from Penicillium roqueforti, which is a 

sesquiterpene cyclase that catalyses the Mg2+ dependant conversion of FPP via 

germacrene intermediate, as displayed in Scheme 4 (41).  
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Scheme 4: The formation of valencene and aristolochene from farnesyl 
pyrophosphate (41). 

 

1.5.1.1 Valencene (VL) 

Valencene is a member of the sesquiterpenes found in many citrus fruits such as 

Valencia oranges, tangerines, mangoes, grapefruit, and nectarines (37,42). It is known 

to be a potent insecticide and is mostly used as a cleaning product, a mosquito 

repellent, and other pest control products. It is also used in the manufacturing of beauty 

products and orange-scented personal care products (43). Sometimes, it can be 

infused with food ingredients and olive oils for an extra layer of flavour (44). 

Additionally, valencene has shown to be useful in treating and preventing different 

kinds of cancers and can also function as a skin protectant by reducing itching, 

increasing skin barrier protection, and soothing inflammatory responses (37).  Ambrož 

et al. reported that the efficacy of the anthracycline antibiotic Doxorubicin was 

increased by valencene: Doxorubicin is the drug that is used against cancer resistant 
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cells in chemotherapy (45). Literature has not shown any side effects nor potential 

risks to people whenever they are using or consuming valencene. However, it is toxic 

to insects, which makes it an effective bug-repellent. Figure 5 shows structures 

representing valencene and its isomer aristolochene. These two sesquiterpenes can 

be oxidised using enzymes to form nootkatone. Figure 5 shows structures of 

valencene, its isomer aristolochene and nootkatone. 

 

                     

Figure 5: Structures representing valencene, aristolochene and nootkatone. 

 

1.5.1.2 Nootkatone (NK) 

Nootkatone is a ketone derivative of a valencene that was originally found in Alaska 

Cedar (2,5). It has a distinctive grapefruit aroma with a very low threshold of 1 µg/L 

and its organoleptic properties makes it highly valuable in the flavour and fragrance 

industry (5). Moreover, its significant flavour component of grapefruit makes it a useful 

ingredient in soft drinks, perfumery, and other beverages leading to their distinctive 

flavour and fragrance. Nootkatone also serves as an insecticidal, anti-tumour, anti-

bacterial, anti-inflammatory and, anti-oxidative, as well as exhibiting other 

pharmacological properties (46). The FDA (Food and Drug Administration) considers 

nootkatone as a GRAS (Generally Recognised As Safe) substance which means that 

the product is safe for humans and other mammals (6). Hence, it is broadly used in 

cosmetics, agriculture, food, pharmaceutical, and other fields. Annually, 10 tonnes of 

valencene are produced and about half (5 tonnes) of the amount happens to be used 

in the production of nootkatone for flavour and fragrance. The formation of NK from 

the oxidation of VL, using chemical synthesis or enzymes, will be explained in more 

detail below. 
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1.6 Chemical conversion of VL to NK 

Naturally nootkatone, is present in citrus, grapefruit, and other peel oils in only small 

amounts (47). Due to limited quantities of NK derived from plant sources, chemical 

synthesis was considered because of its ability to meet industrial demands. However, 

the chemical synthetic route to produce nootkatone from valencene was undertaken 

using toxic reagents such as potassium dichromate, amphiphilic molybdenum 

catalysts, tert-butyl peracetate and tert-butyl hydroperoxide, which are harmful to the 

environment (48). Scheme 5 illustrates a three-step chemical synthesis process 

where VL (A) was oxidised using tert-butyl peracetate with cuprous bromide (CuBr) to 

obtain an ester (B), which was then reduced to nootkatol (C) utilising LiAlH4 in THF. 

The alcohol (C) was then oxidised with potassium dichromate (K2Cr2O7) in aqueous 

H2SO4 to produce the desired NK (D).  

 

 

Scheme 5: The chemical synthesis of nootkatone from valencene (49).  

 

Hong et al. also reported chemical synthesis of NK in Scheme 6, starting by 

photooxidation of VL (A) using light rose Bengal in methanol (MeOH) to obtain 

hydroperoxide (E) with 71% and (F) with 17% yield. Hydroperoxide (E) selectivity was 

accounted for by steric effect, as a result it was rearranged into (G) using toluene at 

40 ºC. Followed by the conversion of (G) into desired NK (D) using amphiphilic 

molybdate ions in the presence of toluene (50).  Although this was accomplished, the 

nootkatone produced from such processes might not be considered to be a natural 
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product and consequently, the product does not satisfy the high natural aromatic 

demands (2). 

 

 

Scheme 6: Chemical synthesis of nootkatone via hydroperoxide intermediate (50). 

 

To circumvent the drawback of chemical synthesis, attempts have been made through 

biotechnological processes using either plants, fungi, or bacteria involving enzymes 

such as lipoxygenases (dioxygenases), cytochrome p450 (monooxygenases), laccase 

(oxidoreductases) (51). This biosynthetic route was documented by regioselective 

allylic hydroxylation where the oxygen group is introduced into the allylic carbon group 

followed by the oxidation to nootkatone (2). 

 

1.7 Biocatalytic conversion of VL to NK 

The biological conversion of VL to NK was first achieved in the 1970s (46). This 

biotransformation is possible using various types of biological materials, such as plant 

cells, micro-organisms, related enzymes, edible mushrooms, microalgae, and others. 

The benefit of using enzymes is that the compounds produced will no longer depend 

on the quantity of the plant material (1) but are perceived as nature identical. However, 

at the same time there are shortcomings to surmount, such as: (i) the cost of  VL  is 
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comparatively high; (ii) the bioconversion process is not optimal due to substrate and 

product inhibition; (iii) interfacial mass transport limitations negatively affect the 

performance of the process for biomass based biotransformations, while the 

alternative of using purified enzymes is prohibitively expensive (52). 

 

LOX enzymes are incapable of direct oxidation of VL to NK, they therefore depend 

upon a fatty acid as a mediator. There are various kinds of unsaturated fatty acids that 

may be used and are shown in Figure 6 (53,54). 

 

 

Figure 6: Types of unsaturated fatty acids suitable as LOX oxidation mediators. 

 

Scheme 7 illustrates the proposed mechanism, where oleic acid is used as a mediator.   

Oleic acid is oxidised using a radical mechanism that involves the LOX enzyme 

reacting with oleic acid to form an unstable hydroperoxide intermediate which oxidises 

the valencene at allylic carbon (C2) position and route (a) nootkatone was formed 

directly while route (b) starts by forming nootkatol which is then converted to 

nootkatone. The conversion of NK from LOX was 77% GC peak area within 48 h and 

the optimum pH conditions were in the range of 3-6 when the LOX extraction in sodium 

borate buffer had a pH of 8.1 and 7.5 (55).  
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Scheme 7: Proposed mechanisms for the biocatalytic oxidative conversion of 

valencene to nootkatone by lipoxygenase from soya beans through an hydroperoxide 

intermediate formed from oleic acid (55). 
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Additionally, fatty acids from vegetable oils, for example, canola oil, olive oil and 

sunflower oil, can be used after hydrolysis from the glycerol of the triacylglyceride. This 

hydrolysis can be catalysed by lipase (56). Scheme 8 shows a reaction where 

sunflower oil was used, and a combination of lipase and LOX was applied to liberate 

the fatty acid and form the hydroperoxide (HPODE). Lipases from Candida rugosa and 

Pseudomonas fluorescens were able to hydrolyse sunflower oil to >75% within 5 h at 

a pH of 8.0 and HPODE was produced in a yield of 70 g/L within 7 h using LOX from 

soya bean extract (56,57).  

 

 

Scheme 8: A multi-step conversion of triglyceride fatty acid to fatty acid peroxide 
(56).  

 

An alternative oxidative biocatalytic reaction is the direct oxidation of VL to NK using 

wild-type and mutant of CYP450BM-3 sourced from Bacillus megaterium in a mixture 

with NADPH and sodium phosphate buffer (pH 7.4, 0.1 M) at 30 for 2 min, however, 

resulted in numerous side products, due to low regioselectivity as displayed in 

Scheme 9 and the yield for NK was 7.7% (58).  
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Scheme 9: The oxidation of valencene to nootkatone and other numerous products 
by mutant CYP450BM-3 (58). 

 

Biocatalytic oxidation can also be catalysed by laccases. Huang et al. reported that 

the oxidation of VL to NK using laccases from Botrytis cinerea and Trametes 

versicolor, mediator, emulsifier, and 0.1 M citrate buffer with pH ranging from 3 to 7 in 

the presence of an oxygen source usually forms valencene hydroperoxide, which is 

subsequently degraded to nootkatone (59). The degradation of the hydroperoxide 

required heating or the use of a catalyst. Scheme 10 below shows the oxidation of VL 

to NK mediated by route (a.) CYP450 via nootkatol intermediate and route (b.) laccase 

via valencene hydroperoxide intermediate which both were then further oxidised to NK 

and the conversion efficiency ranging from 14.43 to 58.28%. 
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Scheme 10: The biotechnological conversion of valencene to nootkatone via 
laccase with conversion efficiency ranging from 14.43 to 58.28%. or cytochrome 
P450 with 7.7% yield  (46). 

 

1.8 Previous Work performed 

Our group has successfully converted VL to NK using LOX isolated from soya beans. 

Although the conversion was high with a 77 % GC peak area, the isolated yield of NK 

was very low at 25 %. In addition, other factors that could impact this oxidation were 

not evaluated. In this research, we planned to modify the previously reported reaction 

conditions for LOX mediated oxidation of VL to NK. We also envisaged to expand this 

previous work by employing alternative enzymes for the conversion of VL to NK. 

 

1.9 Aim and Objectives 

1.9.1 Aims 

➢ This project aims to evaluate the use of LOX from soya beans, CYP450 from 

Codexis and Prozomix, and laccase from Novoprime Base 268 for the 

conversion of Valencene (VL) to Nootkatone (NK). 

 

 

 

1.9 .2 Objectives 

➢  Evaluate and compare LOX (extracted from Soya beans), commercial CYP450 

and laccase enzymes for the biocatalytic conversion of VL to NK. 

➢  Develop and optimise a method for the isolation of NK using column 

chromatography. 

➢  Identify high-performance mutants of CYP450 from Codexis and Prozomix. 

➢ Develop and optimise conditions for the conversion of VL to NK using the 

identified enzymes. 
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CHAPTER 2 

RESULTS AND DISCUSSION 

In this chapter, we address the biocatalytic conversion of valencene (VL) to nootkatone 

(NK) by evaluating the use of oxidative enzymes such as lipoxygenase, cytochrome 

P450 and laccase through exploration of factors affecting enzymes’ activities. This 

could assist in the development of optimum reaction conditions leading to high 

products yields. The progress towards achieving the conversion of VL to NK is 

comprehensively elucidated in distinct sections, offering a detailed exploration of this 

study. 

 

2.1 The Starting Material 

We began by characterising the quality of valencene (VL). This preliminary 

assessment was crucial, as the subsequent determination of % conversion relied on 

the concentration of VL. The sample was, therefore, run on GCMS to assess its purity. 

Consequently, we established that the GC purity for valencene was 54.04%, which 

was supported by the product specification provided by Evolva and Figure 7 shows 

the GC chromatogram with VL eluted at 03:49.0 (min: sec).  

 

 

 

 

 

 

 

 

Figure 7: A chromatogram obtained from the gas chromatography (GC) analysis of 

the commercial valencene 
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2.2 Extraction of Lipoxygenase (LOX) 

Lipoxygenase (LOX) 

To convert the valencene to nootkatone we required lipoxygenase as a catalyst. Soya 

beans, similar to all seeds, contain enzymes primarily intended for the germination 

process. Among these enzymes, Lipoxygenase (LOX) is the most prevalent in soya 

beans (60,61). Moreover, LOX plays an important role in catalysing the oxidation of 

unsaturated fatty acids through molecular oxygenation. Consequently, we opted for 

soya bean as the source of the crude LOX in the oxidation of VL to NK, leveraging 

their natural enzymatic content for our intended purposes. 

 

Soya beans are naturally hard, this serves as an advantage to the beans by delaying 

seed germination, providing resistance against seed coat pathogens, and protecting 

from spoilage (62). In previous work performed in our group, mortar and pestle were 

used to crush the ground soya beans into a coarse meal. However, this technique 

required intensive labour and it was time-consuming, leading to the introduction of a 

more efficient coffee grinder. The coffee grinder is efficient and grinds the soya beans 

with ease.  

 

In order to access the LOX enzyme, we used two preparations of soya beans, namely 

ground soya beans (GSB) and milled defatted soya beans (MDS). The GSB was 

ground into fine flour using a coffee grinder while the milled MDS was supplied by a 

commercial producer in a defatted coarse meal texture. 

 

The milling process disrupts the soya bean cell wall, improving enzyme extraction. In 

order to extract the enzyme, the ground flour (MDS and/or GSB) was then placed in a 

sodium borate buffer (pH 8.5, 100 mM) and left overnight in a refrigerator at 4  ̊C. 

Figure 8 shows MDS and GSB crude extracts. Previously, in our group, this extraction 

was performed using three different buffers which were sodium borate buffer, tris 

buffer, and potassium phosphate buffer (pH 7.4 and 8.5, 100 Mm) and it was 
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established that the borate buffer showed best activity amongst the three buffers 

hence we opted for borate buffer in this study (55). 

 

      

a. Milled defatted soya bean (MDS).            b. Ground soya bean (GSB). 

Figure 8: The crude MDS and GSB extracts of LOX.  

 

The extraction process from GSB yielded a more viscous and emulsified cream, 

posing a significant challenge in workup procedures as opposed to the MDS. Figure 

9A illustrate an emulsion from GSB reactions. Established methods to breakdown 

emulsions include letting the sample to stand for some time, acidifying the sample, 

adding table salt (NaCl) or, other more effective salts such as potassium 

pyrophosphate, filtering through sodium sulphate, centrifugation, and/or ultrasonic 

bath (63). However, the implementation of some of these techniques on a large-scale 

reaction poses a challenge. Therefore, we focused on extracting the LOX enzyme from 

MDS, where phase separation occurred without any effort. Figure 9B illustrates MDS 

extraction where the emulsion broke down naturally by letting the sample stand. The 

extraction of LOX crude enzyme was achieved through a filtration method using 

cheesecloth to trap the biomass from the soya bean allowing the enzyme to pass 

through the cloth to a suitable container. This proved to be easy and efficient method 
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by eliminating the need for a Buchner funnel. Additionally, there were no blockages or 

problems encountered using this method.                                                     

 

                 

 a. GSB                                                  b. MDS 

Figure 9: Phase separation. The emulsion was caused by a mixture of two or more 

immiscible liquids in the presence of natural emulsifiers from the biomass, with 

reduced emulsification occurring where the defatted biomass was added. The organic 

and aqueous phases separated using ethyl acetate through extraction. 

 

2.3 The crude LOX enzyme activity 

Satisfied that we extracted the enzyme, the next critical step was to evaluate the use 

of the crude enzyme in the oxidation of VL to NK. Muller et. al., performed this reaction 

using purified lipoxygenase. They reported its advantages, particularly in addressing 

issues related to viscosity. The mixture contained sodium phosphate buffer (pH 8.5, 

100 mM) to maintain pH, 10 % (w/v) aqueous NaOH solution for pH control, and 

linoleic acid (4 g, 14.263 mmol) as a mediator to facilitate the formation of 

hydroperoxide, and an oxygen inlet to create an oxygen-rich environment, which is a 

crucial aspect in oxidation reactions. The reaction proceeded for 2 days (48 hrs) at 60 

˚C, followed by extraction with ethyl acetate, washing with 10 % (w/v) of NaOH 
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solution, and neutralisation with brine, and concentration. They achieved 41.7 % 

conversion (mol/mol) of NK (64). 

Inspired by this approach, we adopted a similar procedure with a modification of using 

a sodium borate buffer (pH 8.5, 100mM), as reported by Makhubela to be more 

effective than phosphate and tris buffer (55). The same reaction conditions were 

applied in our conversion of VL to NK reaction using crude LOX rather than purified 

LOX.  

 

In our preliminary results, we observed a 2.63 % conversion (mol/mol) of VL to NK 

when oleic acid (1 g, 3.54 mmol) was used and a 6.29 % conversion (mol/mol) when 

linoleic acid (1 g, 3.57 mmol) was used, and both reactions were run for 2 days. 

However, we opted to use oleic acid (1 kg for $7.00) going forward rather than linoleic 

acid (1 kg for $25.00) due to its cost effectiveness. When we left the reaction to run 

for 5 days, 8.9 % conversion was obtained and when this was further extended to 7 

days the conversion rose to 29.87 %. Figure 10 shows GC chromatogram that 

displays the elution of VL and NK on a crude sample catalysed by LOX.  

 

 

Figure 10: GC chromatogram of the crude NK product obtained from the LOX 
reaction. 
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2.4 Isolation and Characterisation of NK 

With the conversion achieved in the biotransformation of valencene (VL) to nootkatone 

(NK), our focus shifted to the isolation and characterization of NK. The product 

isolation was accomplished through column chromatography, and subsequent 

characterization involved NMR, HPLC, and GC-MS analyses. The column 

chromatography contained silica gel as the stationary phase and a mobile phase 

composed of distilled ethyl acetate (20%) and hexane (80%). Fractions were 

systematically collected and monitored via silica thin layer chromatography (TLC), 

using the same mobile phase (20% ethyl acetate/80% hexane). The spots were 

visualised under a UV lamp, Figure 11 displays the fractions of the isolated product 

alongside standards for VL and NK which were co-spotted on the TLC plate. TLC 

confirmed the successful synthesis of NK, evident from identical Rf values (0.432 and 

0.459) for the synthesised and standard NK, while the Rf value for standard VL was 

0.757. The absence of a VL spot in the isolated product further affirmed its purity and 

supported the higher conversion we reported. Additionally, NK exhibited a lower Rf 

value than VL due to its comparatively higher polarity. Since a carbonyl functional 

group is introduced in NK, the oxygen of the carbonyl interacts via hydrogen bonding 

with the hydroxy group on the stationary phase silica gel. 

 

 

Figure 11: TLC plate showing spots of isolated product and standards for VL and NK 

run on mobile phase of 20% ethyl acetate/80% hexane viewed under UV at 254 nm. 
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Following the confirmation of purity through TLC analysis for selected fractions, the 

pure fractions were combined, dried, and concentrated under vacuum using a rotary 

evaporator. Analysis of the 1H NMR spectra revealed two distinct signals for NK in 

Figure 12. A singlet, appearing downfield at 5.77 ppm, integrating for one proton and 

was attributed to the cyclic vinyl proton, H1. This proton deshielded compared to the 

corresponding proton in VL as displayed in Figure 13, which was observed at 5.33 

ppm. Similarly, the doublet signal at 4.74 ppm in NK, integrating for two protons in 

Figure 12, was slightly downfield compared to the doublet at 4.70 ppm in VL as 

displayed in Figure 13. The downfield shifting of protons in NK, relative to VL, resulted 

from the influence of the introduced oxygen, leading to the deshielding of carbons and 

protons within its vicinity. 

 

 

Figure 12: 1H NMR spectrum of nootkatone. 
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Figure 13: 1H NMR spectrum of valencene. 

 

Table 2 presents the 1H NMR data, signals associated with two double bonds and 

three methyl groups. This data aligns well with findings by Xie et al. and Zhang et al. 

reinforcing the credibility of our 1H NMR spectrum results (65,66). The nomenclature 

of carbons from 1 to 15 in the NK structure followed the IUPAC name (4S,4aR,6S)-

4,4a-dimethyl-6-(prop-1-en-2-yl)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one, 

which was confirmed by Fan et al. (49). 
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Table 2: The key signals of 1H NMR accounting for NK structure. 

 

 

 

 

 

 

 

 

 

 

 

 

The confirmation of NK isolation was further substantiated through the utilisation of the 

13C NMR spectrum in Figure 14. The spectrum revealed distinctive carbon signals, 

including a carbonyl carbon signal (C2) at 199.66 ppm. The presence of five CH2 

(methylene) protons in the NK structure was confirmed through DEPT135 analysis in 

Figure 15. Notably, the olefinic group's carbon (C12) was observed at 109.26 ppm, 

while other CH2 carbons were identified at C6 (43.94 ppm), C3 (42.09 ppm), C9 (42.09 

ppm), and C8 (31.64 ppm).  

Protons 

Purified NK 

Signals (ppm) 

Xie et al.(65) 

Signals (ppm) 

Zhang et al.(66) 

Signals (ppm) 

1H, s, H-1 5.77 5.80 5.64 

2H, m, H-12 4.74 4.78 4.67 

3H, m, H-13 1.90 1.77 1.66 

3H, m, H-15 1.25 1.15 1.04 

3H, m, H-14 0.96 0.99 0.87 
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Figure 14: 13C NMR spectrum of nootkatone. 
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Figure 15 : DEPT135 NMR spectrum of nootkatone. 

 

Further details on additional carbon signals can be found in Table 3. The agreement 

of these carbon signals with those reported by Zhang et al. support the validity of our 

13C NMR spectrum analysis (66). 
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Table 3: The key signals of 13C NMR accounting for NK structure.   

Carbons 

Purified NK 

Signals (ppm) 

Zhang et al. (66) 

Signals (ppm) 

C2 199.66 198.6 

C10 170.51 170.1 

C11 149.11 149.5 

C1 124.71 124.5 

C12 109.26 109.7 

C6 43.94 43.8 

C3 42.09 42.1 

C7 40.48 40.5 

C5 40.34 40.4 

C4 39.34 39.9 

C9 33.04 32.6 

C8 31.64 31.7 

C13 20.82 21.2 

C15 16.86 17.0 

C14 14.42 15.2 
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The confirmation of NK isolation was further substantiated through GCMS and HPLC 

analyses. In Figure 16, the GC chromatogram displays the elution of NK at 5:50.00 

(min: sec) and the MS spectra using the isolated NK, this confirms its purity and also 

provides additional validation.  

 

Figure 16a: GC chromatogram for nootkatone. 

 

 

Figure 16b: MS spectra for nootkatone. 

 

Additionally, HPLC (Appendix, Figure 33) was employed, detecting the mass of NK 

at [M + H] = 219.1749, precisely matching the expected mass of NK (218.1749). 

Another detected mass at [2M + H] = 437.3409 indicates dimerisation, where the mass 

of NK was added twice, along with a proton. With this comprehensive information, the 

successful isolation of NK was confirmed as outlined above. 
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2.5 Factors affecting LOX activity. 

Given the low % conversion of our preliminary results, we recognised the need for 

modification to enhance the % conversion. Therefore, the evaluation of potential 

factors which could affect LOX activity was followed. The factors included metal ions, 

temperature, type of unsaturated fatty acid, type of enzyme source (MDS or GSB 

extraction), and enzyme soaking period. In the subsequent sections, we reported on 

the results of evaluating each of the factors. 

 

2.5.1 Influence of metal ions on nootkatone synthesis 

The activity of crude LOX enzyme can be influenced by metal ions, acting either as 

activators, enhancers, or inhibitors. Koch et el. reported that Ca2+ and Mn2+  acted as 

activators while Fe2+ and Cu2+ acted as competitive inhibitors for navy bean 

lipoxygenase (67). Additionally, the presence of Ca2+ is known to promote the 

interaction between the enzyme and the fatty acids, although the precise molecular 

mechanism of Ca2+ is not yet known (68). A wide spread of salts such as FeSO4.7H2O, 

FeSO4, MnSO4, MnCl2.4H2O, CuSO4.5H2O, CuCI2.2H2O, and CaCI2.2H2O were 

prepared as sources of Fe2+ and Cu2+, Ca2+, or Mn2+ each at a mass of 0.05 g. 

 

In our preliminary results, the 7-day reaction demonstrated a higher % conversion 

compared to the 2- and 5 -day reactions as mentioned above. As a result, all 

subsequent reactions were undertaken for 7 days, and the results are reported in 

Table 4. The results indicate both negative and positive impacts depending on a 

specific metal ion used in each reaction. Mohammed et al. reported data showing that 

some metal ions both enhanced and inhibited purified LOX activity, while some ions 

had no significant effect (69).  

 

From the data in Table 4, we could not identify a clear pattern regarding the effects of 

the metal salts on the crude LOX activity. The combination between FeSO4.7H2O and 

MnSO4 (entry 3) showed the best conversion of 59.60%, surpassing the control (entry 

1), which had a conversion of 29.87%. Conversely, FeSO4.7H2O alone (entry 2) and 
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combined with MnCl2.4H2O (entry 4) or CuSO4.5H2O (entry 6) or CuCI2.2H2O (entry 

5) or CaCI2. 2H2O (entry 8) and FeSO4 combined with MnSO4 (entry 7) all displayed 

conversions lower than the control, showing inhibitory effect on crude LOX enzyme 

activity. The inhibitory effect of metal ions is suspected to be through competitive 

reduction of ferric ions, crucial for LOX activity. Therefore, the reduction of ferric ions 

on crude LOX led to enzyme inactivation (70).  

 

Table 4: Effects of metal ions from different mole ratios and equal grams of different 

salts on MDS LOX after 7 days of reaction. 

Salts % Conversion 

1. Control                                                    29.87 

2. FeSO4.7H2O                                                         1.30 

3. FeSO4.7H2O and MnSO4                                                       59.60 

4. FeSO4 and MnSO4                                                         5.22 

5. FeSO4.7H2O and MnCI2.4H2O                                                         7.55 

6. FeSO4.7H2O and CuCl2.2H2O                                                         1.30 

7. FeSO4.7H2O and CuSO4.5H2O                                                         0.00 

8. FeSO4.H2O and CaCl2.2H2O                                                        4.85 

 

Based on the literature we had anticipated a clear impact of metal ion addition on 

conversion, but this was not so. An obvious complication of the experiment was that 

we had added salts by mass and not by mole, making it difficult to ascertain the precise 

impact of these metal salts. Additionally, the poor reproducibility of these reactions 

further complicated the interpretation of our results (Table 4). To address these 

shortcomings, the reactions were repeated in duplicates using identical mole ratios of 

the metal salts (Table 5). These reactions were monitored daily, however we focused 

on the 6th day, as it clearly emphasises the effect of metal ions.  The % conversion of 

VL to NK when MnSO4 (entry 2) was used was 11.50% and this was lower than the 

control (entry 1) with a conversion of 22.07%, whilst with FeSO4.7H2O (entry 3) a 

conversion of 26.26% was realised which was higher than the control. These results 

are consistent with findings by Marvian-Hosseini et al. who reported that FeCI2 had a 

more significant effect than MnCI2 on purified lipoxygenase from sesame seeds (70).  
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Table 5: Effects of different salts with each concentration of 2.64 mM*. 

*0.331 mmol in a 125 ml reaction volume 

Moreover, the combination of FeSO4.7H2O with MnSO4 (entry 4) or MnCl2.4H2O (entry 

6) or CaCI2.2H2O (entry 7) and FeSO4 with MnSO4 (entry 5) were assessed to enhance 

the % conversion of NK and all these combinations showed better conversions. In 

search of a clear pattern for effective combinations, Figure 17 was constructed to 

assess the effect of ion combinations. It is evident that within the first 2 days (Fe+ Mn+ 

Cl2) proved superior, while (Fe+ Ca+ CI2) surpassed from the 3rd to the 5th day. This 

aligns with findings by Marvian-Hosseini et al. who reported that CaCI2 had more 

significant effect than MnCI2 on purified lipoxygenase from sesame seeds (70). 

Ultimately, in the last 2 days (Fe+ Mn+ SO4) outperformed the two combinations. As a 

result, (Fe+ Mn+ SO4) combination emerged as an effective combination for crude 

LOX from MDS with high % conversion of NK. 
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0 0 0 0 0 0 0 0 

1 7.11 4.67 10.70 6.18 10.30 16.93 16.45 

2 8.43 6.22 16.14 11.09 20.39 22.06 21.02 

3 12.51 7.73 17.16 18.46 25.77 23.27 24.65 

4 15.60 9.92 18.65 21.60 30.26 23.86 32.42 

5 14.62 11.35 20.33 27.08 35.60 25.64 38.04 

6 22.07 11.50 26.26 34.40 40.03 26.19 39.02 

7 27.03 12.42 26.65 42.88 46.17 27.67 40.59 
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Figure 17: Assessing ion combinations showing a positive effect on MDS after 7 
days of reaction.  

 

Studying the impact of metal ions on crude LOX has revealed that metal ions have the 

capability to speed up the enzyme’s catalysis in the conversion of VL to NK. 

Additionally, another trend emerged, indicating that the % conversion rises with an 

increase in the number of days. Based on the replicated results, the combination of 

FeSO4.7H2O and MnSO4 emerged as the most effective addictive. Figure 18 

illustrates a linear trend, with the % conversion consistently increasing over an 

extended period. Moreover, the replicates demonstrate good accuracy of sampling 

and assay, while having a linear kinetics with a high R squared indicating that this 

model is a good fit by highlighting a strong correlation between duration and % 

conversion. This shows the importance of allowing the crude LOX to proceed for an 

extended duration, as it leads to a continuous enhancement in the % conversion of 

NK.  
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Figure 18: The average conversion per day using concentration of 2.64 mM of 
FeSO4.7H2O and MnSO4 on MDS LOX. 

 

Due to consistency of the results in Figure 18, we were eager to assess the mole 

balance of NK formed as the reaction proceeded for 9 days. Figure 19 displays a 

linearity between duration of the reaction and the amount of NK formed with a high 

value of R squared, which confirms the correlation between the two variables. This 

data was generated from Appendix, Table 16. 
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Figure 19: The mol % of NK formed with the addition of FeSO4.7H2O and MnSO4 

using a concentration of 2.64 mM respectively on MDS LOX. 

 

2.5.2 Temperature study 

The thermal stability of an enzyme is an important factor, as it determines whether the 

enzyme is active, inactive, or denatured. Enzymes typically differ in thermal stability 

properties when exposed to lower and higher temperatures. Muller et al. reported that 

LOX works effectively within a broad temperature range (20 to 80 ˚C), with 

temperatures above 50 ˚C demonstrating enhanced conversion of VL to NK in a  24 

hour and 48 hour reactions (64). Inspired by this finding, our study adopted a similar 

procedure and conducted reactions at varied temperatures (60, 70, 80, and 90 ˚C) 

over 2 days (48 hours). The MDS LOX crude enzyme exhibited maximum activity at 

70 ˚C with a 10.69% conversion, followed by reaction at 60 ˚C with a 2.63% 

conversion, showing a better enzyme activity compared to reactions undertaken at 80 

˚C and 90 ˚C, as depicted in Figure 20. The decline in enzyme activity at high 

temperatures (80 ˚C and 90 ˚C) could have been because of enzyme denaturation, 

where enzyme loses its structure. Some reports indicate that LOX extracted from 

various sources remained active within a temperature range of 30 ˚C to 50 ˚C (70).  

 

 

Figure 20: Effects of various temperatures on MDS LOX crude enzyme after a two-
day reaction. 
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Having established that 60 and 70 ˚C represented the optimal temperatures for the 

conversion of VL to NK, we then decided to carry out prolonged reactions at these 

temperatures. This involved the addition of FeSO4.7H2O and MnSO4 combination, with 

the results highlighted in Table 6. Notably, the reactions maintained at 70 ˚C showed 

enhanced kinetic activity compared to the ones maintained at 60 ˚C, as the conversion 

at 70 ˚C consistently surpassed the conversion at 60 ˚C from 1st day to the 8th day. 

However, on the 9th day the 60 ˚C reaction exceed that of 70 ˚C. The plot of the data 

shows that the reaction at 70 ˚C slows with time, possibly due to thermal denaturation 

of the LOX (Figure 21) and suggests that the optimal reaction temperature for 

maximum conversion may be 65 ˚C. This trend is also in agreement with findings 

reported by Muller et al. in studies involving purified LOX, where % conversion of VL 

to NK was 21,25% at 70 ˚C, surpassing the 18.75% at 60 ˚C after 24 hour reaction 

(64). Figure 21 clearly represents the consistency of our results concerning kinetic 

activity of MDS LOX crude enzyme, as the reaction was monitored daily. However, 

Table 6 shows variations between experiments, which might be due to variations in 

stirring between reactions or other technical errors.  
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Table 6: Reaction kinetics at temperatures 60 and 70 ˚C with the addition of 
FeSO4.7H2O and MnSO4 using a concentration of 2.64 mM respectively for 9 days on 
MDS LOX. 

Days 

% Conversion 

60 ˚C  

       FeSO4.7H2O and MnSO4  
 

 70 ˚ C 

      FeSO4.7H2O and MnSO4 

1st run  
 

2nd run  3rd run  Average 1st run  2nd run  3rd run  Average 
 

0 0 0 0 0 0 0 0 0 

1 1.91 6.30 10.33 6.18 5.22 9.45 18.52 11.06 

2 1.78 13.05 18.45 11.09 18.58 18.66 27.91 21.72 

3 16.28 14.06 25.04 18.46 35.70 23.52 31.02 30.08 

4 19.32 15.39 30.10 21.60 44.67 28.00 32.54 35.07 

5 29.09 19.57 32.59 27.08 49.29 32.95 34.09 38.78 

6 43.67 22.58 36.95 34.40 60.56 35.32 38.40 44.76 

7 59.60 22.88 46.16 42.88 65.56 38.21 39.84 47.87 

8 54.66 27.14 41.48 41.09 67.08 45.26 49.26 54.00 

9 75.46 30.29 59.25 55.00 ------ 40.17 49.17 44.67 

 

 

Figure 21: Kinetics of average conversion at 60 and 70 ˚C over 9 days. 
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Following the positive outcome in the study of temperature, we decided to evaluate 

the correlation of standard deviation and mean using our results. Andrade explored 

the relationship between standard deviation (Std dev) and mean, with mean 

representing the average value and Std dev indicating the spread of values around 

the sample mean (71). To evaluate the variation between Std dev and mean in our 

results, we calculated and plotted their graph using % conversion of the triplicates. 

Figure 22 exhibit a direct proportionality, revealing that as the mean increases, Std 

dev also tends to rise for most data points. This implies that Std dev values closely 

align with the mean across the three runs, resulting in less scattered values and also 

showing consistency in the % conversion of NK.  

 

Std dev = 
√∑(𝑋−µ)2

n−1
 

µ= sample average 

X= individual values in a sample 

n= the total number of individual values in a sample 

 

Figure 22: The standard deviation versus mean for the three runs (triplicates) at 60 
˚C and 70 ˚C. 
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2.5.3 Impact of fatty acid mediators 

All lipoxygenase enzymes require a fatty acid as a substrate for hydroperoxide 

(HPODE) formation, which acts as an intermediate in the conversion of VL to NK. Marti 

et al. observed the formation of hydroperoxides in the presence of LOX enzyme using 

sunflower oil (56). In this study, we conducted the oxidation reactions using 

unsaturated fatty acids such as sunflower oil, canola oil, olive oil, linoleic acid, and 

anarcadic acids. Figure 23 illustrates the structures of various unsaturated fatty acids 

which were assessed in this reaction.  

 

Figure 23: The structure of unsaturated fatty acids.  

 

 

Table 7 outlines the amounts of fatty acids bound to glycerol and the composition of 

fatty acids in each of the oils. We envisioned that for the oils to promote the formation 

of hydroperoxides, the fatty acids needed to be hydrolysed from the glycerol. The 

hydrolysis process is typically catalysed by the lipase enzyme (56). 

 

Table 7: Fatty acid composition of vegetable oils. 

Fatty acid Sunflower oil  (72) Canola oil (73) Olive oil (74) 

Oleic acid                   14-43%                   65.39%                   55-83% 

Linoleic acid                   44-75%                   16.32%                     3-21% 

Linolenic acid                     ------                     7.54%                        <1% 

 

Rigo et al. successfully produced lipases with high activity from soybeans (75). 

Therefore, the MDS crude enzyme extract contains enzymes, lipases and LOX. The 

combination of lipase and LOX contained in MDS could liberate the fatty acid and form 
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hydroperoxide (HPODE) for the conversion of VL to NK. Prabakaran et al. reported 

that soya beans contribute fatty acids such as oleic acid, linoleic acid, and linolenic 

acid which play an important role in the oxidation of VL to NK (76). 

 

Pignitter et al. reported that the oxidation of vegetable oils is more constrained 

compared to free fatty acids, attributing this limitation to the hydrolysis of triglycerides, 

which might slow down the hydroperoxide formation due to solubility (77). As a result, 

the data in Table 8 indicates that oleic acid exhibited a higher conversion of VL to NK 

when compared to vegetable oils, linoleic acid, and anacardic acid. The 7th day as 

highlighted in Table 8 demonstrated a remarkable 59.60% conversion using oleic acid, 

which is double the conversions observed for other fatty acids with addition of 

FeSO4.7H2O and MnSO4 at 60 ˚C. 

 

The reactions using linoleic acid (polyunsaturated fatty acid), characterized by higher 

degree of unsaturation compared to oleic acid (monounsaturated fatty acid), were 

anticipated to yield a greater formation of hydroperoxide (HPODE) and subsequently 

increase in the conversion of VL to NK (78). However, the reactions using linoleic acid 

exhibited lower conversion compared to oleic acid, as depicted in Table 8. This would 

contradict the understanding that monounsaturated fatty acids are less readily 

oxidized than polyunsaturated fatty acids (77,78). 

 

On the other hand, the comparison between the vegetable oils represented by data in 

Table 8, reveals that sunflower oil outperformed both canola and olive oil in the 

conversion of VL to NK from 1st day to the 7th day. This suggests that sunflower oil is 

the preferred vegetable oil for achieving a greater HPODE formation compared to the 

other two vegetable oils. Notably sunflower oil is comparatively rich in linoleic acid and 

deficient in oleic acid (Table 7). These findings aligns with the reports by Pignitter et 

al. who noted that sunflower oil exhibited a greater HPODE formation compared to 

canola oil after 7 days (77). Additionally, Halvorsen et al. reported that olive oil 

exhibited lower HPODE formation and secondary oxidation products (ketones and 

aldehydes) compared to sunflower oil (78). This implies that there is a complicating 

factor in these experiments, such as oxidation of the linoleic acid during storage.    
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Lastly, the reaction performed using anacardic acid (fatty acid), did not proceed (no 

GC peak detected for NK) as indicated in Table 8. Kubo et al. reported that anacardic 

acid acts as an inhibitor towards LOX enzyme by chelating the iron in the active site 

or by reducing the active ferric iron (Fe3+) form to the inactive ferrous iron (Fe2+) form 

of the enzyme (79). Moreover, the hydrophilic head portion of anacardic acid (a 

salicylic acid moiety), first binds to the active site of the enzyme, followed by the 

hydrophobic tail which interacts with the C-terminal domain where the iron is located 

(80). Anacardic acid normally acts as an antioxidant in numerous ways including 

inhibition of different pro-oxidant enzymes that are included in the production of the 

reactive oxygen species. Moreover, they can chelate transition metal ions, yet do not 

quench the reactive oxygen species. So, whenever the appropriate head portion is 

selected, scavenging activity could take place therefore the head portion appears to 

be the determining feature(79–81). As a result, the conversion of VL to NK did not 

occur. 

 

Table 8: Evaluation of fatty acids and vegetable oils on LOX crude enzyme in the 

conversion of VL to NK with the addition of FeSO4.7H2O and MnSO4 at 60 ˚C. 

Days 

% Conversion 

Oleic 
acid 

Sunflower 
oil 

Canola oil Olive oil Linoleic 
acid 

Anacardic 
acid 

0 0 0 0 0 0 0 

1 1.91 1.30 0.00 0.00 2.36 0.00 

2 1.78 6.97 3.33 4.57 3.44 0.00 

3 16.28 11.47 9.32 6.32 3.73 0.00 

4 19.32 15.75 9.23 9.17 ----- 0.00 

5 29.09 18.25 13.68 13.63 9.48 0.00 

6 43.67 22.15 15.85 18.53 10.36 0.00 

7 59.60 27.13 16.45 17.71 11.82 0.00 

 

2.5.4 Impact of enzyme source from ground or defatted soya beans (GSB or 

MDS) 

The LOX crude enzyme used in this study was sourced from soya beans and two 

types of distinct extracts were employed. The primary extract milled defatted soya 
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bean (MDS) which was crushed between two rollers was the predominant extract for 

assessing crude LOX activity throughout the study due to its advantages outlined in 

section 2.3. The secondary extract, ground soya bean (GSB) which was ground into 

flour by coffee grinder was only used for comparison with MDS due to its 

disadvantages outlined in section 2.3. The results presented in Table 9 indicated that 

the conversions obtained from MDS for 2 days and 7 days were higher than the ones 

from GSB. Surprisingly, for a 5-day reaction GSB had a higher conversion than MDS. 

This observation suggested that the optimal reaction period for GSB might be 5 days 

since beyond this timeframe led to a decrease in the conversion of NK. On the other 

hand, MDS required more days for the reaction to give a higher conversion. As a result, 

more reactions and their replicates were required to justify the assumption made. 

 

Table 9: The reactions using crude LOX enzyme extracted from MDS and GSB per 
number of days at 60 ˚C. 

 

Days 

%Conversion 

GSB MDS 

2  1.79 2.6 

5  14.06 8.90 

7  1.65 29.87 

 

Following the preliminary results shown in Table 9, we then conducted more 

comparative reactions for both GSB and MDS where both cases, FeSO4.7H2O and 

MnSO4 were added to enhance the enzyme activity. These results are displayed in 

Table 10 where the % conversion of both the individual runs as well as average runs 

are reported. GSB had a higher average % conversion than MDS from the 1st day to 

the 5th day. However, on the 6th and 7th day MDS displayed a higher conversion than 

GSB. This trend was consistent in both the 1st and 2nd run together with their average 

conversions, confirming that after 5 days in GSB reactions, produced NK underwent 

over-oxidation to form nootkatone-11,12 epoxide. This was confirmed by GCMS 

analysis where nootkatone-11,12 epoxide peak was observed, and corresponding 

mass was obtained. 
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Table 10 : The two different runs and their average per day as results of GSB and 
MDS at 60 ˚C with the addition of FeSO4.7H2O and MnSO4 using a concentration of 
2.64 mM respectively 

 

 

 Figure 24 displayed a direct linearity of the MDS reaction as percentage conversion 

increased with an increase in the number of days, while that using GSB halts after 5 

days. 

 

Days 

% Conversion  

in the presence of FeSO4.7H2O and MnSO4 

GSB 
 

MDS 
 

1st run 2nd run Average 1st run 2nd run Average 

0 0 0 0 0 0 0 

1 11.29 10.72 11.00 1.91 10.33 6.12 

2 20.33 22.24 21.29 1.78 18.45 10.12 

3 26.38 25.67 26.03 16.28 25.04 20.66 

4 30.77 27.42 29.10 19.32 30.10 24.71 

5 33.50 43.35 38.43 29.09 32.59 30.84 

6 32.35 44.96 38.66 43.67 36.95 40.31 

7 27.86 47.48 37.67 59.60 46.16 52.88 
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Figure 24: The VL conversion function of biocatalyst preparation (GSB and MDS) 
and time. 

  

Mazumder et al. reported that defatting soya beans reduces the fat content since soya 

beans contain high protein and fat content (82). This observation agrees with studies 

conducted by Khetarpaul et al. (83). As a result, we suspect that the overoxidation of 

NK in GSB might be attributed to the high protein and fat content, resulting in the % 

conversion of NK decreasing with an increase in the number of days compared to 

MDS.  

 

2.5.5 The influence of the enzyme extraction period.  

The ground flour as outlined in section 2.3 was typically left in a buffer for 18 hours 

(overnight) in a refrigerator at 4  ̊C. However, for comparison purposes, the flour was 

also soaked in a buffer for 60 hours (over the weekend). The main reason was to 

assess the effect of the duration of the flour soaking period on the activity of LOX crude 

enzyme. The data illustrated in Table 11 presents the results conducted for 5 days for 

both MDS and GSB and 7 days for MDS. The LOX crude enzyme soaked for 18 hours 

(overnight) had a higher conversion compared to the one soaked for 60 hours (over 

the weekend) for both MDS & GSB reactions.  
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These results were confirmed by Mazumder et al. who reported the effect of soaking 

on the LOX activity for soya beans over 120 minutes. The reactions were monitored 

for 30, 60, 90 and 120 minutes and the results revealed that LOX was inhibited more 

after 120 minutes of soaking (120 > 90 > 60 > 30) than other time intervals (82). 

Additionally, Makhubela  reported that buffers experience limitations such as a 

decrease in buffering capacity, formation of polyvalent cations, and/or the buffer acting 

as an inhibitor (55). As a result, the enzyme soaked for an extended period exhibited 

a lower conversion, which might be caused by the above-mentioned limitations. 

 

Table 11: Effects of enzyme soaking duration on conversion. 

Days 
%Conversion 

18 hours 60 hours 

5 days (GSB) 14.06 7.16 

5 days (MDS) 8.90 8.18 

7 days (MDS) 29.87 15.17 

 

2.6 Oxidation of other terpenes and related organic compounds. 

Following the conversion of VL to NK, it became evident that other classes of 

compounds could potentially be oxidised under the same conditions used throughout 

in this study. As a result, we opted to investigate the oxidation of various terpenes 

present in the starting material containing VL and styrene.  

 

2.6.1 Other terpenes 

The starting material contained VL and other terpenes, which could also be involved 

in oxidation reactions. Among the observed terpenes on the GCMS, caryophyllene 

caught our attention. As a result, we sought to determine whether caryophyllene (CP) 

could undergo oxidation to form caryophyllene oxide (CPO) (Figure 25) under the 

same conditions used in the conversion of VL to NK. To our delight, the oxidation 

occurred, and this aligns with the work of Fidyt et al. who reported that caryophyllene 

oxide is an oxidation derivative of caryophyllene, which occurs naturally in various 

plants (84). Moreover, caryophyllene oxide is a sesquiterpene similar to VL and it is 
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capable of altering numerous important pathways of cancer development (45,84). 

Additionally, it has pharmacological potentials such as anti-cholinesterase, 

analgesic, local anaesthetic, anti-inflammatory, anti-fungal activities and can be 

used as a natural insect repellent (85,86). Caryophyllene oxide is well-known as 

preservative in cosmetics, food, and drugs, which has been tested in vitro as an 

antifungal against dermatophytes (87). This oxygenated terpenoids can also be found 

in cloves, lemon balm, basil, hops, black pepper, oregano, and rosemary (86). The 

oxidation of caryophyllene-to-caryophyllene oxide had a remarkable 56.98% 

conversion at 60 ˚C with the addition of FeSO4.7H2O and MnSO4. This observation 

has not been previously reported in the literature, resulting in a novel reaction. 

 

 

Figure 25: The oxidation of caryophyllene. 

 

Figure 26 shows GC chromatogram which displays the elution of VL, CPO and NK on 

a crude sample mediated by LOX. 

 

Figure 26: GC chromatogram of caryophyllene oxide (CPO). 
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2.6.2 Styrene 

After being contented with the formation of caryophyllene oxide from the oxidation of 

caryophyllene as a consequence of using LOX in the NK reaction, we studied the 

potential conversion of styrene into its ketone, aldehyde, carboxylic acid, or ester 

products through an oxidation reaction, thereby evaluating the application of LOX in 

organic synthesis. Previous study by Nickerson et al. used CYP450cam mutant for 

styrene oxidation, resulting in benzaldehyde and styrene oxide, which serves as 

intermediates for several products (88). However, most of studies report the use of 

catalysts such as cobalt acetate, hydrogen peroxide, tery-butyl hydroperoxide and 

others (89,90).  

 

 The oxidation of styrene under the same conditions as VL in Section 2.4 was carried 

out, and we anticipated the formation of benzaldehyde and styrene oxide similar to the 

study of styrene reported. However, the reaction resulted in the formation of benzoic 

acid, 1-phenylethane-1,2-diol, and 2-hydroxy-2-phenylethyl benzoate rather than the 

desired benzaldehyde and styrene oxide, as shown in Table 12. Gazu et al. reported 

that over-oxidation of styrene oxide and benzaldehyde using metal catalysts such as 

nickel and copper resulted in compounds such as 1-phenylethane-1,2-diol, 

phenylacetaldehyde, benzoic acid, and acetophenone (91). As a result, we assume 

that in our reaction, the formation of styrene oxide resulted into 1-phenylethane-1,2-

diol via epoxide ring opening and that the benzaldehyde was readily converted to 

benzoic acid.  

Table 12: The intermediates resulting from the oxidation of styrene as determined by 

gas chromatography. 

  

                                                            % Conversion 

Compounds 2nd day 5th day 

Benzoic acid                                 6.38                                 12.34 

1-phenylethane-1,2-diol                                 2.40                                   ------ 

2-hydroxy-2-phenylethyl 

benzoate 

                                  -----                                  6.43 
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The proposed biosynthetic pathway is indicated in Scheme 11. Moreover, the 

combination of 1-phenylethane-1,2-diol and benzoic acid underwent esterification, 

resulting in the formation of 2-hydroxy-2-phenylethyl benzoate and water. This ester 

formation from styrene oxidation has not been previously reported, providing a novel 

enzymatic reaction. 

 

Scheme 11: Proposed biosynthetic pathway of the intermediates made from styrene 
with a-f representing different steps of the reaction. 

 

Figure 27 shows GC chromatogram which displays the elution of benzoic acid, 1-

phenylethane-1,2-diol, and 2-hydroxy-2-phenylethyl benzoate on a crude sample 

mediated by LOX. 

 

 

Figure 27: GC chromatogram for the styrene oxidation. 
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2.7 Cytochrome P450 (CYP450) 

Satisfied with our results on LOX mediated conversion of VL to NK, we now turned our 

attention to explore other oxidative enzymes that may perform the same conversion, 

in particular Cytochrome P450. The conversion of VL to NK using wild-type CYP450 

enzyme sourced from Pseudomonas putida, and Bacillus megaterium,  has previously 

been demonstrated but has shown some inhibitory effects, given that NK is known to 

inhibit CYP450 (92). As a result, CYP450 enzymes are normally subjected to 

engineering via site-directed mutagenesis to facilitate the oxidation of VL to NK. This 

approach was adopted because it is unlikely for NK to inhibit all engineered CYP450 

variants (92). In this study, we used two distinct 18-well plates containing unique 

enzymes, namely PRO-HT-P450-40x (Prozomix) and CoE-P450P (Codexis) to 

assess, develop, optimise, and identify the high-performance mutants for the efficient 

oxidation of VL to NK. Each well in these plates contained a unique type of mutant for 

the CYP450 enzyme. 

 

2.7.1 PRO-HT-P450-40x plate (Sourced from Prozomix) 

In literature, the oxidation of VL to NK using various CYP450 mutants has successfully 

been performed (40,93,94). In this study, we adopted the reaction conditions using 

CYP450 sourced from Prozomix. The reaction mixture contained NADPH (26 mg, 

0.0349 mmol) as a redox cofactor, initiating the reaction by facilitating the transfer of 

an electron to molecular oxygen. Potassium phosphate buffer (pH 7.2, 100 mM) was 

incorporated to establish an aqueous phase and maintain the pH for the reaction. The 

reaction was kept at 37 ˚C with an oxygen inlet to create an oxygen environment, as 

this plays an important role given the oxidation nature of the reaction. This reaction 

proceeded for 5 days, followed by extraction with ethyl acetate and the solvent was 

removed in vacuo. 

 

Subsequent reactions were performed using various mutants of the CYP450 enzyme 

from the above-mentioned plate. Each well contained a different mutant, generating 

data showing their effect on the conversion of VL to NK. Table 13 reveals that for all 

three mutants, the 2nd day exhibited higher conversion compared to the 1st and 5th day, 
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suggesting that the optimal period for CYP450 enzyme might be 2 days. Additionally, 

wells D1 and A2 had no activity on the 1st day and well D2 showed no activity on the 

5th day. These results showed how CYP450 fluctuated in a short period, influencing 

the reaction positively or negatively depending on how the progress of these reactions 

was monitored.  

Table 13: Evaluation of mutants of CYP450 from PRO-HT-P450-40x plate in the 
conversion of VL to NK.  

 

 

Figure 28 shows a GC chromatogram that displays the elution of VL and NK on a 

crude sample mediated by CYP450. 

 

Figure 28: GC chromatogram for crude product of NK using CYP450 as catalyst.  

 

Based on the observations made from Table 13, we decided to proceed with CYP450 

reactions for 2 days, aiming to identify the mutants with higher activity compared to 

others and optimise the CYP450 enzyme. The data presented in Table 14 outlines 

that mutants from wells D1 and D2 had the highest conversions of 16.70% and 16.33% 

respectively, surpassing other mutants in different wells. On the other hand, mutants 

from wells A1 and B2 showed no enzymatic activity. Some studies suggests that the 
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reason for the absence of VL oxidation activity might be due to the enzyme’s active 

site’s inability to accommodate the substrate, particularly larger or more hydrophobic 

molecules (92).  

 

Table 14: Various mutants of CYP450 from PRO-HT-P450-40x plate in the 
conversion of VL to NK from different wells ran for 2 days. 

 

 

 

 

 

 

 

 

2.7.2 CoE-P450P plate (Codexis) 

The successful conversion of VL to NK using CYP450 from Prozomix, as evident from 

the data in Table 14, prompted us to use CYP450 from Codexis with the same reaction 

conditions. The main reason was to assess the activity of various mutants from 

different CYP450 enzymes in attempt to enhance the conversion of VL to NK. The 

reactions were conducted for 2 days, however the wells contained 2 mg of CYP450 in 

each well. The data from Table 15 indicates that the mutants from well B3 had the 

highest conversion of 3.60%, outperforming mutants from other wells. On the other 

hand, the mutants that had the lowest conversion was from well C1 with 0.48%. The 

difference in the conversion which determines the enzyme’s activity of the mutants is 

within the same range in most enzyme variants depicted in Table 15, which is between 

0.78 -1.93 % and such results are expected as the mutants are from the same enzyme 

engineered differently. In this study, a notable limitation was that we could not identify 

the specific enzyme in each well, despite repetitively inquiring for clarification to 

suppliers. 

 

 

Enzyme 

variant 

%Conversion 

1 2 3 4 

A 0.0 1.87 0.81 0.72 

B 0.41 0.0 ---- 0.77 

C 0.34 3.78 1.02 0.81 

D 16.70 16.33 0.55 0.67 
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Sowden et al. reported the conversion of VL to NK mediated by engineered CYP450cam 

and CYP450BM-3, achieving the highest conversion of 47% and 7.7% for NK 

respectively, showing a significant difference in % conversion between the two 

mutants (40). These two CYP450 were from two different sources, namely 

Pseudomonas putida, and Bacillus megaterium, which resulted in different activities 

and regioselectivities hence their difference in % conversion. Similarly, the CYP450 

enzyme used in our study, sourced from Prozomix and Codexis achieved highest 

conversion of 16.70% and 3.60% respectively. This variance in CYP450 sources might 

explain the differences in their % conversion similar to CYP450cam and CYP450BM3. 

The low conversion of VL to NK has previously been reported with CYP450 from 

various sources, showing a high activity with low regioselectivity leading to multiple 

products, where nootkatol was dominant over nootkatone (51,93,95). Additionally, 

Wriessnegger et al. have identified and overexpressed endogenous alcohol 

dehydrogenase, which has the capacity to overcome this shortcoming by enhancing 

the formation of NK from nootkatol (96). However, the results in our study did not detect 

the GC peak for nootkatol. 

 

Table 15: Evaluation of different mutants of CYP450 from CoE-P450P plate in the 
conversion of VL to NK ran for 2 days. 

Enzyme 

variant 

%Conversion 

1 2 3 

A 0.78 1.35 1.21 

B 1.00 0.84 3.60 

C 0.48 1.14 ----- 

D ----- 1.23 1.93 

 

2.7.3 Fatty acid study (acts as a substrate) 

The CYP450 enzymes are known to be involved in the hydroxylation reaction of 

unsaturated fatty acids, exhibiting both α- and β-hydroxylation capabilities (97,98). 
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Additionally, these enzymes participates in the biosynthesis of secondary metabolites 

such as terpenoids through fatty acids (98). Therefore, we expected the fatty acids to 

be converted and participate in the oxidation of VL to NK. As a result, we conducted 

three reactions using CYP450 from Prozomix, similar to the ones displayed in Table 

14. These reactions involved three different mutants, to explore the impact of fatty 

acids on CYP450 enzyme activity hence unsaturated fatty acid (oleic acid) was added. 

Unfortunately, the conversion of VL to NK was unsuccessful, as NK was not detected 

by TLC, GCMS, and H1NMR. Figure 29 shows GC chromatogram which displays the 

elution of VL with the absence of NK elution from a crude sample using unsaturated 

fatty acid (oleic acid) and CYP450. Moreover, due to limited plates of CYP450 mutants, 

we could not proceed with CYP450 research. 

 

 

Figure 29: GC chromatogram of a reaction in the conversion of VL to NK using oleic 
acid on CYP450.  

 

2.8 Laccase Enzyme Activity 

We explored the use of Laccase enzyme for the biotransformation of VL. The method 

was extracted from a patent by Hueng et al. using laccase sourced from Botrytis 
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cinerea and Trametes versicolor, demonstrating successful production of NK with 

conversion of 59.13% with the use of ferulic acid as the mediator (59).  

Inspired by this approach, the oxidation of VL to NK was conducted using laccase 

obtained from Novoprime Base 268. The reaction was performed in a citrate buffer 

with a pH 3.5, 100 mM to maintain the pH of the reaction. Ferulic acid was used as a 

mediator to enhance enzyme activity with a concentration of 5 mM, while tween-80 

served as an emulsifier to prevent the separation of oil and water components. The 

reaction proceeded for 24 hours at room temperature (22 ± 3 °C) and in the presence 

of the oxygen source. This latter plays a vital role in oxidation reactions. To stop the 

reaction, the pH was increased to 9 using sodium carbonate (Na2CO3), followed by 

heating the mixture to 80 ˚C for 2 hours to attempt the degradation of valencene 

hydroperoxide to the desired product NK (59). The laccase enzyme’s activity was 

evaluated further through different parameters: 

 

2.8.1 Variation of mediators  

Different mediators were assessed, including ferulic acid and salicylic acid. However, 

none exhibited any impact or enhancement on the oxidation of VL to NK, rendering 

the reaction unsuccessful. 

 

2.8.2 Amounts of the buffer or enzyme 

The amounts of the buffer or an enzyme were either halved or doubled independently 

to assess their effects on the formation of NK from VL. 

 

 2.8.3 Variation of terminal temperature          

The post-reaction heating aimed to facilitate the degradation of valencene 

hydroperoxide into nootkatone. Temperatures of 80 ̊ C and 90 ̊ C were evaluated, both 

for 2 hours and, for comparison, 4 hours. 

 



60 
 
 

Despite exploring these parameters, the laccase-catalyzed oxidation of VL to NK was 

unsuccessful. Due to the absence of a GC peak in the GCMS results (Figure 30) and 

NK spot on the TLC plates indicated that the laccase enzyme could not oxidize VL to 

NK. However, we were able to break the emulsion by increasing the temperature of 

the reaction from 80 ˚C to 90 ˚C.  

 

Figure 30: GC chromatogram for a reaction in the conversion of VL to NK using 
laccase. 
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CHAPTER 3 

CONCLUSIONS AND RECOMMENDATIONS 

This study focused on the biocatalysis-mediated oxidative conversion of valencene 

(VL) to nootkatone (NK) and evaluating factors affecting the activity of enzymes used 

to mediate the conversion. 

 

Three catalytic options were explored for this conversion, each using an oxidative 

biocatalyst (lipoxygenase, cytochrome P450, and laccase) 

 

Lipoxygenase (LOX): 

The extraction method for LOX on both milled defatted soya beans (MDS) and ground 

soya beans (GSB) was successful and played an important role in the oxidation of VL 

to NK. This was because both extracts led to reasonable conversions ranging from 

6.12 - 52.88 % conversions (mol/mol) at 60 ˚C with the addition of FeSO4.7H2O and 

MnSO4. after 7 days. However, GSB had some drawbacks such as the reactions 

formed a heavy emulsion that proved difficult to break; whereas MDS reactions formed 

an emulsion that was easily broken. Moreover, although GSB showed a higher 

conversion up to the 5th day, it was then overtaken by the MDS reactions, probably 

due to the over-oxidation of NK in the GSB catalysed reactions to form nootkatone-

11,12-epoxide.  

 

Throughout our study, crude LOX was extracted by an overnight (18 hour) soak as the 

enzyme solution showed better results compared to when it was soaked over the 

weekend (60 hours) for both MDS and GSB. After the biocatalytic reaction, purification 

and characterisation of NK were performed and the structure of NK was 

unambiguously confirmed through techniques such as column chromatography, TLC, 

1H NMR, 13C NMR, DEPT13, GCMS, and HPLC.  
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The investigation of factors affecting the activity of the soya bean LOX was revealed 

valuable information. The effects of metal ions on the reaction were assessed. Metal 

ions Fe2+ and Mn2+ were evaluated independently, however, their effects did not 

materialise as expected. As a result, combinations of the two metal ions were 

evaluated, as it was believed that the two metal ions may play two different roles. Fe2+ 

forms part of the soya bean LOX active site, as it is an iron-centred enzyme while Mn2+ 

is not part of the soya bean LOX active site. The two metal ions at concentrations of 

2.64 mM enhanced the activity of the enzyme, but only in the presence of the sulphate 

counter ion.  

 

When the reaction temperature was evaluated, it was found that there were low % 

conversions of 0.9 at 80 and 90  ̊ C, probably due to enzyme thermal instability. 

Reactions performed at 70  ̊C exhibited slightly higher conversion rates than those at 

60  ̊C ranging from 6.18 – 55.00 % conversions (mol/mol). 

 

In assessing the effects of different fatty acids, oleic acid had the best results as 

compared to linoleic acid, vegetable oils (canola, olive, and sunflower oil), and 

anacardic acid. Even though polyunsaturated fatty acid (linoleic acid) was expected to 

have better results than monounsaturated fatty acid (oleic acid) due to a higher degree 

of unsaturation, our study indicated otherwise; however the linoleic rich sunflower oil 

outperformed both oleic acid rich canola and olive oil. On the other hand, anacardic 

acid did not mediate the reaction and may have inhibited MDS crude LOX. In 

conclusion, the soya bean crude LOX enzyme has successfully mediated the 

conversion of VL to NK which was one of the main aims of this study. 

 

In addition, the terpene caryophyllene present in the crude valencene extract was 

oxidized to caryophyllene oxide. Lastly, the crude LOX proved that it could mediate 

the oxidation of styrene, resulting in benzoic acid and 1-phenylethane-1,2-diol, which 

further reacted through esterification to form 2-hydroxy-2-phenylethyl benzoate. This 

is to the best of our knowledge the first time that such results have been reported, and 

this indicates the broader potential of LOX to undertake other biotransformations. 
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Other oxidative enzymes: 

In assessing whether CYP450 could facilitate the oxidation of VL to NK, mutants (D1 

and D2) from the PRO-HT-P450-40x plate (sourced from Prozomix) showed activity. 

Mutants from the CoE-P450P plate (sourced from Codexis) performed poorly as 

compared to the mutants from the PRO-HT-P450-40x plate in the conversion of VL to 

NK. Monounsaturated fatty acid (oleic acid) was also assessed with the aim to 

enhance the activity of the CYP450 enzyme. However, the oleic acid unexpectedly 

showed some inhibitory effects towards the enzyme. In conclusion, some of the 

CYP450 variants sourced from Prozomix successfully mediated the conversion of VL 

to NK. Prozomix CYP450 variants D1 and D2 exhibited the highest activity at >16% 

conversion. Further improvements may be possible through reaction optimisation. 

 

The laccase enzyme from Novoprime base 268 did not show any activity for the 

oxidation of VL to NK. 

 

In conclusion, the overall objectives of the research project were achieved, and new 

scientific information was generated that could lead to other applications of LOX-

mediated biocatalytic conversion of other terpenes. It is also evident from the oxidation 

of styrene we reported that LOX may have other applications in oxidative organic 

synthesis reactions.   

 

Recommendation 

In our study, sunflower oil served as a better mediator than other vegetable oils in 

combination with crude LOX. Therefore, more research should be undertaken to 

optimise this reaction due to its cost-effectiveness compared to oleic acid. Moreover, 

manganese-centred LOX should be assessed in the oxidation of VL to NK and 

compare its activity to the iron-centred LOX which was already assessed in this study.  
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The CYP450 variants from wells D1 and D2 in the PRO-HT-P450-40x plate sourced 

from Prozomix should be identified and the reactions optimised through evaluation of 

parameters such as temperature, pH (7.0 to 7.5), different buffer solutions, and others. 

The effects of metal ions such as Fe2+, Ca2+, and Mn2+ enhanced the activity of metal-

centred LOX. Therefore, the same metal ions should be used to assess their effects 

on the metal-centred CYP450 enzyme. Further optimisation of the enzyme itself would 

be possible through protein engineering. For laccase reactions, varying the the pH 

and/or mediator or their concentrations may have an effect. Laccase from Cerrena 

unicolor and Trametes versicolor should be assessed under the same conditions 

tested and be compared to laccase from Novoprime Base 268. 
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CHAPTER 4 

METHODS AND MATERIALS 

4.1 GENERAL PROCEDURES 

The chemicals used were purchased from Sigma-Aldrich, or Merck (South Africa) 

unless stated otherwise.  

 

4.2 CHEMICALS 

Solvents used were ethyl acetate (EtOAc), dichloromethane (DCM), HPLC grade 

methanol (for GC-MS analysis), hexane, and deuterated chloroform (for NMR 

analysis). Hexane, dichloromethane, and ethyl acetate were distilled before use to 

remove unwanted materials, and others were used without further purification. Oleic 

acid (98% purity), linoleic acid, nootkatone (>98% purity), valencene (54.04% GC 

purity) v/v from Evolva (USA), tween-80, laccase (>98% purity) from Novoprime base 

268, sunflower oil, canola oil, olive oil, styrene, and cytochrome p450 (PRO-HT-P450-

40x plate were obtained from Prozomix and CoE-P450P plate from Codexis). Salts 

used were NaCI, NaOH, K2CO3, Na2CO3, MgSO4, Na2SO4, KOH, calcium anarcaolate, 

citric acid monohydrate, trisodium citrate dihydrate, salicylic acid, ferulic acid, 

potassium dihydrogen phosphate, FeSO4.7H2O, FeSO4, MnSO4, MnCl2.4H2O, 

CuSO4.5H2O, CuCI2.2H2O, CaCI2. 2H2O and boric acid. The milled defatted soya 

beans and ground soya beans were obtained from Seeds for Africa (South Africa).  

 

4.3. SPECTROSCOPY AND PHYSICAL DATA 

4.3.1.  Nuclear Magnetic Resonance (NMR)  

Nuclear magnetic resonance (NMR) spectra were recorded on either a Bruker 

AVANCE 300 MHz or a Bruker lll 500 MHz spectrometer. All spectra were recorded in 

chloroform-d. All chemical shift values are reported in parts per million referenced 

against trimethylsilane which is given an assignment of zero parts per million. Coupling 

constants (J-values) are given in Hertz (Hz)  
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4.4 CHROMATOGRAPHY 

Normal chromatography was performed with silica gel 60 (Macherey-Nagel, particle 

size 0.063-0.200 mm) adsorbent, with both isocratic and gradient eluent systems 

being employed. Thin layer chromatography (TLC) of the compounds was executed 

on Macherey-Nagel Alugram Sil G/UV254 plates pre-coated with 0.25 mm silica gel 

60 with a solvent system of 20% ethyl acetate and 80% hexane. The TLC plates were 

viewed under UV light (254 nm and 366 nm). 

 

4.4.1 Gas chromatography (GC)  

Gas chromatography (Agilent 7890B) with a GERSTEL MPS-2 auto-sampler and 

coupled to a Leco® Pegasus 4D time-of-flight mass spectrometry (ToF/MS) system 

was used to perform GC analysis. The 29.687 m × 0.25 mm × 0.25 µm Rxi-5Sil 

(Restek) primary column and 1 m × 0.25 mm × 0.25 µm Rxi-17Sil (Restek) secondary 

column made of 5% diphenyl/dimethyl polysiloxane was used to separate the 

compounds in the queued sample. The spectra acquisition rate, flow rate, and 

temperature program were adjusted to help optimise the analyte separation and 

detection methods. Due to the modification made above, the method below was 

followed: 

 

A 1 µL splitless injection with carrier gas helium at 1.4 mL/min continuous flow rate 

whereby the GC primary oven was programmed at 50 ˚C (0.2 min), then 20 ˚C/min to 

280 ˚C (1 min) which was the target temperature, and the secondary oven program 

was +5 ˚C offset with respect to the primary oven. The transfer line and front inlet 

temperatures were 280 ˚C and 200 ˚C respectively. The described method took 9 

minutes and 29 seconds to complete the run. The temperature of the ion source was 

200 ˚C while the modulator was off. The mass spectrometer acquisition rate was 10 

spectra per second at a set mass range of 25-450 m/z. The Leco ChromaTOF software 

and NIST library were used for data processing and peak identification (55). 
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4.5 SAMPLE PREPARATION 

4.5.1 NMR 

For NMR analysis, each product isolated in the form of oil was dissolved in deuterated 

chloroform before analysis. 

4.5.2 GC-MS 

Every oil sample was dissolved in HPLC grade MeOH and the concentrations of 10-

200 ppm, then diluted as needed. The standard curve of NK was prepared in a range 

of 25-200 ppm as displayed in Appendix, Figure 34. 

 

4.6 Enzyme extraction method 

Lipoxygenase enzyme (LOX) Extraction: 

Ground soya bean (GSB) was prepared by being crushed into a coarse meal using a 

coffee grinder while milled defatted soya bean (MDS) was supplied in a defatted 

coarse meal texture by Seeds for Africa. Moreover, 20% (w/v) of the coarse meal or 

flour was then suspended in a sodium borate buffer (pH 8.5, 100 mM) and the soaked 

sample was placed on a magnetic stirrer at room temperature (22 ± 3 ˚C) for the 

sample to mix properly. The sample was left in a refrigerator (4 ˚C) with no form of 

agitation, overnight (18 hours) and some over the weekend (60 hours) depending on 

the type of study performed.  

 

4.7 Biocatalytic reaction procedures 

4.7.1 LOX enzyme activity 

4.7.1.1 The standard reaction (MDS)  

Method A 

The preparation of sodium borate buffer (pH 8.5, 1 M) was through the addition of boric 

acid (61.83 g) and NaOH (10 g) to 800 ml of distilled water in a 1 L beaker then 

continued adding distilled water until the volume was 1 L. However, the crude LOX 
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enzyme works best at 100 mM buffer therefore 1 M was diluted to 100 mM via 

C1V1=C2V2. 

A mixture containing (1.8 g, 45.003 mmol) of 10% (w/v) aqueous NaOH-solution, (5 g, 

24.47 mmol) of valencene, and (2 g, 7.08 mmol) of monounsaturated fatty acid (oleic 

acid) was gently stirred in a round bottom flask which was placed inside an oil bath on 

a magnetic stirrer and an oxygen inlet (used balloon filled with oxygen). A solution of 

100 ml crude LOX enzyme (MDS soaked in sodium borate buffer at pH 8.5, 100 mM 

overnight) was added, and the stirring was increased. The reaction temperature was 

maintained at 60 ˚C. The reaction took 7 days, and a small sample was taken every 

day to monitor the progression of the reaction which was worked up by extraction with 

ethyl acetate, then drying with dried with Na2SO4, and concentrated under a vacuum 

worked up using rotary evaporation at 60 ˚C (64). 

 

WORK UP PROCEDURE 

After 7 days, the reaction mixture was extracted using EtOAc (2 x 50 ml), then washed 

using 10% (w/v) aqueous NaOH-solution (2 x 50 ml) and neutralised with brine (2 x 50 

ml) in a separatory funnel. The anhydrous MgSO4 was used as a drying agent for the 

organic layer followed by concentration of the organic layer under a vacuum using 

rotary evaporation. 

 

4.7.1.2 The study of salts 

The same procedure as method A was adopted using a wide spread of salts such as 

FeSO4.7H2O, FeSO4, MnSO4, MnCl2.4H2O, CuSO4.5H2O, CuCI2.2H2O, and 

CaCI2.2H2O were prepared as sources of Fe2+ and Cu2+, Ca2+, or Mn2+ each at a mass 

of 0.05 g. As a result, we initially added FeSO4.7H2O (0.05 g, 0.1798 mmol) alone, 

followed by its combination with MnSO4 (0.05 g, 0.331 mmol) or MnCI2.4H2O (0.05 g, 

0.2605 mmol) or CuCI2.2H2O (0.05 g, 0.2933 mmol) or CuSO4. 5H2O (0.05 g, 0.2602 

mmol) or CaCl2.2H2O (0.05g, 0.3401 mmol) and FeSO4 (0.05 g, 0.3291 mmol) with 

MnSO4 (0.05 g, 0.331 mmol).  
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Method B 

A mixture containing (1.8 g, 45.003 mmol) of 10% (w/v)  aqueous NaOH-solution, (5 

g, 24.47 mmol) of valencene, (0.05 g, 0.1798 mmol) FeSO4.7H2O, (0.05 g, 0.331 

mmol) MnSO4, and (2 g, 7.08 mmol) of monounsaturated fatty acid were gently stirred 

in a round bottom flask which was placed inside an oil bath on a magnetic stirrer and 

an oxygen inlet (used balloon filled with oxygen). A solution of 100 ml crude LOX 

enzyme (MDS soaked in sodium borate buffer at pH 8.5, 100 mM overnight) was 

added, and the stirring was increased. The reaction temperature was maintained at 

60 ˚C. The reaction took 7 days, and a small sample was taken every day to monitor 

the progression of the reaction which was worked up by extraction with ethyl acetate, 

then drying with dried with Na2SO4, and concentrated under a vacuum worked up using 

rotary evaporation. 

 

WORK UP PROCEDURE 

After 7 days, the reaction mixture was extracted using EtOAc (2 x 50 ml), then washed 

using 10% (w/v) aqueous NaOH-solution (2 x 50 ml) and neutralised with brine (2 x 50 

ml) in a separatory funnel. The anhydrous MgSO4 was used as a drying agent for the 

organic layer followed by concentration of the organic layer under a vacuum using 

rotary evaporation. 

 

Reactions using Method B was adopted; however, FeSO4.7H2O (0.05 g, 0.1798 

mmol) and MnSO4 (0.05 g, 0.331 mmol) were assessed separately, followed by the 

combination of FeSO4.7H2O (0.05 g, 0.1798 mmol) with MnCI2.4H2O (0.0655 g, 0.331 

mmol), or CaCl2.2H2O (0.0606 g, 0.331 mmol) and FeSO4 (0.027 g, 0.1798 mmol) with 

MnSO4 (0.05 g, 0.331 mmol).   

  

4.7.1.3 Temperature study 

The same procedure as method A was adopted and the reaction took 2 days; 

however, the reaction temperature was either kept at 60, 70, 80, or 90 ˚C. Similarly, 
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method B was adopted, but the reaction temperature was kept at 60 and 70 ˚C, as 

we then decided to carry out prolonged reactions at these two optimal temperatures. 

4.7.1.4 Fatty acid study 

The same procedure as method B was adopted; however, the reaction used different 

fatty acids such as linoleic acid, anacardic acid, and vegetable oils (olive oil, canola 

oil, and sunflower oil). The anacardic acid was liberated through the digestion of 

calcium anarcaedate, where 6 g of calcium anarcaedate was dissolved in 150 ml of 

20% (v/v) aqueous HCL solution in a round bottom flask, which was placed inside an 

oil bath on a magnetic stirrer and 150 ml of ethyl acetate was introduced into the 

solution and left to stir overnight. In a separatory funnel, the solution was extracted 

using EtOAc (3 x 50 ml) and then washed using brine (3 x 50 ml). The MgSO4 was 

used as a drying agent for the organic layer followed by concentration of the organic 

layer under a vacuum using rotary evaporation.  

 

4.7.1.5 Different soya bean extractions  

The same procedure as methods A and B was adopted; however, the reaction used 

LOX crude enzyme extracted from ground soya bean (GSB).  

 

4.7.1.6 Enzyme soaking period 

The same procedure as method A was adopted; however, the MDS and GSB were 

soaked over the weekend (60 hours). 

 

4.7.1.7 Another related organic compound 

The same procedure as method B was adopted; however, the valencene was 

replaced by styrene. 
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4.7.2 Cytochrome P450 enzyme 

4.7.2.1 PRO-HT-P450-40x plate (Sourced from Prozomix) 

Method C 

A mixture containing (68 mg, 0.3327 mmol) of valencene, (26 mg, 0.0349 mmol) of 

NADPH, (5 mg) of CYP450, and 7 ml of potassium phosphate buffer at pH 7.2, 100 

mM was gently stirred in a round bottom flask which was placed inside an oil bath on 

a magnetic stirrer and an oxygen inlet (used balloon filled with oxygen). The reaction 

temperature was kept at 37  ̊C throughout. The reaction took 5 days, and a small 

sample was taken every day to monitor the progression of the reaction (40,93,94). 

 

WORK UP PROCEDURE 

After 5 days, the crude reaction mixture was extracted using (2 x 25 ml) of EtOAc in a 

separatory funnel. The anhydrous MgSO4 was used as a drying agent for the organic 

layer followed by concentration of the organic layer under a vacuum using rotary 

evaporation. 

 

METHOD D 

The progress of Method C proved that 2nd day exhibited higher conversion compared 

to the 5th day for several reactions, suggesting that the optimal period for CYP450 

enzyme might be 2 days. Hence, Method D was implemented, following Method C 

where CYP450 reactions were run for 2 days going forward. 

 

4.7.2.2 Fatty acid study (acts as a substrate).  

The same procedure as method D was adopted; however, (28 mg, 0.099 mmol) of 

oleic acid was added to the reaction.  
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4.7.2.3 CoE-P450P plate (Sourced from Codexis) 

The same procedure as method D was adopted; however, the reaction used 2 mg of 

CYP450 enzyme since each well of this plate contained 2 mg of the enzyme. 

 

4.7.3 Laccase  

Method E 

REACTION SETUP 

The preparation of citrate buffer (pH 3.5, 100 mM) was through the addition of citric 

acid monohydrate (12.61 g) and trisodium citrate dihydrate (14.70 g) to 600 ml of 

distilled water in 1 L beaker. 

 

The mediator used in this reaction was ferulic acid which was prepared at a 

concentration of 5 mM according to the patent by Huang and colleagues (2001, patent 

No. US 6,200,786 B1). In this experiment, a reaction containing 112.5 ml of citrate 

buffer (pH 3.5, 100 mM), 1.25 ml of ferulic acid, 1.25 ml of tween-80, 1.25 ml of 

valencene (5.872 mmol), and 25 ml from 20% (w/v) of  laccase was gently stirred in a 

round bottom flask which was placed inside an oil bath on a magnetic stirrer. This 

reaction proceeded at room temperature (22 ± 3  ̊C) for 2 days. There was a constant 

oxygen flow which was sparged into the reaction from the oxygen cylinder throughout. 

 

After 2 days, the reaction was stopped by adding Na2CO3 to increase the pH of the 

reaction to 9.0, followed by heating of the solution at 80 ˚C for about 2 hours to degrade 

valencene hydroperoxide to nootkatone. The solution was then left to cool before the 

extraction method (59). 

 

WORKUP PROCEDURE 

In a separatory funnel, the reaction suspension was extracted using (3 x 50 ml) of 

DCM. The extraction method was repeated 3 times, to wash the organic solvent of 
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unwanted products and reagents. The anhydrous MgSO4 was used as a drying agent 

for the organic layer followed by concentration of the organic layer under a vacuum 

using rotary evaporation. 

 

4.7.3.1 Variation of mediators 

The same procedure as Method E was adopted, however, using a different mediator, 

salicylic acid. 

 

4.7.3.2 Amounts of the buffer or enzyme 

The same procedure as Method E was adopted, however, the amount of citrate buffer 

and the amount of enzyme was first halved and then doubled. 

 

4.7.3.3 Terminal heating temperature 

The same procedure as Method E was adopted; however, the reaction was left at 

room temperature (22 ± 3 ̊ C) (no heating took place), and another one of the reactions 

was heated at 80 and 90 ˚C both for 2 hours and, for comparison, 4 hours. 
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Figure 31: 13C NMR spectrum of valencene. 
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 Figure 32: DEPT135 NMR spectrum of valencene. 
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Figure 33: HPLC spectra for NK isolated from a crude mixture resulted from the 
conversion of VL. The peak at 219.1749 represents NK while at 437.3409 represents 
its dimerisation. 
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Figure 34: Calibration curve of NK. 
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Table 16: The mol % of NK formed with the addition of FeSO4.7H2O and MnSO4 

using a concentration of 2.64 mM respectively on MDS LOX. 

 

 

ppm = mg/L 

Number of moles = 
𝑚𝑎𝑠𝑠

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 

Molecular weight for nootkatone is 218, 340 g/mol. 

Molecular weight for valencene is 204.35 g/mol. 

NK MoI % = 𝑚𝑜𝑙𝑒𝑠 𝑓𝑜𝑟 𝑁𝐾

moles for NK+moles for VL
 

 

 

 

                                                     

 

FeSO4.7H2O and MnSO4 

Days Nootkatone 
concentration 

(ppm) 

Mass of 
Nootkatone 

(mg) 

moles of 
Nootkatone 

(µmol) 

Valencene 
concentration 

(ppm) 
 

Mass of 
valencene 

(mg) 

moles of 
valencene 

(µmol) 

Nootkatone 
(Mol %) 

0 0 0 0 691.21 0.691 3.383 0 

1 27.28 0.0273 0.125 478.49 0.478 2.342 5.07 

2 25.43 0.0254 0.116 350.42 0.350 1.715 6.34 

3 54.59 0.0546 0.250 275.32 0.275 1.347 15.65 

4 70.32 0.0703 0.322 419.92 0.420 2.055 13.54 

5 86.20 
 

0.0862 0.395 242.21 
 

0.242 1.185 25.00 

6 86.01 0.0860 0.394 179.57 0.179 0.878 30.97 

7 107.31 0.1073 0.491 154.92 0.155 0.758 39.31 

8 74.91 0.0749 0.344 99.89 0.0998 0.488 41.34 

9 86.17 0.0862 0.395 99.43 0.0994 0.487 44.78 
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Table 17: All the runs and average conversions of salts in 1:1 mole ratio 

 

 

Conversion (%) 

DAYS 

Without Salts FeSO4.H2O and MnSO4 
FeSO4.H2O and 

MnCl2.4H2O 
FeSO4.H2O and 

CaCl2.2H2O 
FeSO4 and MnSO4 MnSO4 FeSO4.H2O 

1st    
Run 

2nd 
Run 

3rd 
Run 

Avg 
1st 

Run 
2nd 

Run 
3rd 

Run 
Avg 

1st 
Run 

2nd 
Run 

Avg 
1st 

Run 
2nd 

Run 
Avg 

1st 
Run 

2nd 
Run 

Avg 
1st 

Run 
2nd 

Run 
3rd 

Run 
Avg 

1st 
Run 

2nd 
Run 

Avg 

1 ---- 3.21 11.00 7.11 1.91 6.30 10.33 6.18 33.03 0.82 16.93 25.83 7.07 16.45 10.60 10.00 10.30 9.98 3.40 0.63 4.67 10.00 11.40 10.70 

2 2.63 6.09 16.56 8.43 1.78 13.05 18.45 11.09 40.58 3.55 22.06 30.83 11.21 21.02 19.59 21.18 20.39 12.40 4.27 2.00 6.22 14.52 17.76 16.14 

3 ---- 7.79 17.23 12.51 16.28 14.06 25.04 18.46 42.09 4.45 23.27 31.96 17.34 24.65 25.71 25.83 25.77 13.45 6.00 3.75 7.73 14.91 19.41 17.16 

4 ---- 10.26 20.94 15.60 19.32 15.39 30.10 21.60 43.00 4.72 23.86 42.52 22.32 32.42 33.07 27.45 30.26 18.04 8.37 3.34 9.92 17.66 19.64 18.65 

5 8.90 12.85 22.10 14.62 29.09 19.57 32.59 27.08 45.87 5.40 25.64 48.07 28.00 38.04 40.37 30.83 35.60 19.82 9.75 4.49 11.35 20.32 20.34 20.33 

6 ---- 16.69 27.44 22.07 43.67 22.58 36.95 34.40 46.35 6.02 26.19 59.01 19.02 39.02 43.96 36.10 40.03 18.12 10.24 6.15 11.50 23.98 28.54 26.26 

7 29.87 18.38 32.83 27.03 59.60 22.88 46.16 42.88 49.49 5.84 27.67 60.53 20.65 40.59 52.33 40.00 46.17 21.16 8.44 7.66 12.42 24.21 29.09 26.65 

8 ---- 24.33 36.90 30.62 54.66 27.14 41.48 41.09 48.93 ---- ---- ---- ---- ---- 56.51 ---- ---- ---- ---- ---- ----    

9 ---- 27.36 31.60 29.48 75.46 30.29 59.25 55.00 51.94 ---- ---- ---- ---- ---- 58.57 ---- ---- ---- ---- ---- ----    
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