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1 Introduction 

1.1 State of the art 

As fossil resources are steadily depleting and their excessive consumption is becoming increasingly 

unacceptable, the critical pressure towards ‘greener’ alternatives has become a key aspect of 

modern society. Furthermore, sustainability and an ecological viewpoint have developed into 

indispensable terms on the political agenda since the Brundtland report of 1987. Therefore, the 

chemical industry is continuously striving towards a more sustainable future by the progressive 

application of renewable resources. Currently, there is a universal ongoing search for new raw 

materials of natural origin for this purpose. 

Coriandrum sativum L. (Figure 1) may present such a new and interesting renewable resource. It is an 

annual herb that belongs to the family of Umbelliferae (Apiaceae) and constitutes one of the oldest 

spice crops, as it has even been applied during Egyptian times. It originates from the Near East and 

southern Europe, although it has been spread and is currently most extensively produced in India. 

Coriander is mainly applied as a spice, utilizing both its leaves, known as cilantro, and its dried seeds. 

It is frequently used in perfumery and cosmetics, owing to its spicy citrus flavor. Furthermore, 

coriander is well known as a medicinal herb. 

   
Figure 1: Coriandrum sativum L.  

The coriander seeds are particularly interesting, as they contain a vegetable oil and an essential oil 

fraction. Both fractions exhibit the presence of a key compound. The vegetable oil is primarily 

composed of petroselinic acid 1. This constitutes a rather uncommon fatty acid mainly found in the 

seeds from Umbelliferae. It represents a positional isomer of oleic acid, as it incorporates its double 

bond at the 6,7-position, rather than the 9,10-position. The essential oil contains linalool 2, which has 

many commercial applications due to its pleasant, floral scent. These compounds both represent 

about 70 % of the respective oil fractions. 

O

HO

OH

1 2  

Figure 2: Petroselinic acid 1 and linalool 2 

http://www.google.be/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=nrS0LRBMVzps7M&tbnid=YpkhH79exYs4UM:&ved=0CAUQjRw&url=http://www.seedguides.info/coriander/&ei=lbd8U56LGKPf4QTl3IG4DA&bvm=bv.67229260,d.bGE&psig=AFQjCNGs7moE7rYF_fbHSxJmRRjdlGL_Ow&ust=1400768770366768
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Vegetable oils are a valuable class of renewable resources. These natural substances exhibit an 

interesting range of properties due to their highly variable composition. Vegetable oils may originate 

from numerous sources such as plants and their seeds, animals and marine sources such as algae, 

which have recently become of interest. The use of vegetable oils dates back to antiquity but has 

recently encountered a revival due to their multitude of advantages. These comprise their superior 

biodegradability, general non-toxicity and renewable nature. This way, industries are increasingly 

undertaking a ‘return to nature’ as a response to the current emphasis on environmental concerns. 

The market for vegetable oils is divided into two major fractions. This comprises the food industry, 

representing over 80 %, and non-food industrial uses such as detergents, biolubricants and the 

globally growing biodiesel industry. Vegetable oils may further render interesting platform 

compounds and may thus bridge the field of renewable resources to that of sustainable organic 

chemistry. Fatty acids or their methyl esters, for instance, embody interesting building blocks that 

show great potential as at least a partly substitution for petrochemical starting products. 

The presence of petroselinic acid gives rise to a broad range of opportunities with high potential for 

coriander vegetable oil. This fatty acid has shown a series of attractive properties such as skin care 

benefits, including anti-aging and anti-inflammatory activity.1 Next to this, it also displays a significant 

value for the chemical industry. As this position of the double bond is a rather rare feature amongst 

octadecenoic acids, it creates some interesting opportunities to synthesize unique derivatives.  

Industrially interesting compounds are obtained when oxidative cleavage of petroselinic acid is 

executed. This comprises both lauric acid, a commercial surfactant, and adipic acid, a precursor for 

Nylon 66.2 Other chemical derivatives originating from petroselinic acid include dihydroxy and alkyl 

sulfates 3, which were produced in order to enhance specific properties making them more valuable 

for use as surfactants.3 Further, estolide esters 4 have been produced from petroselinic acid which 

may find applications as sustainable biolubricants.4 

 

MeO

O

OH

OSO3Na

3

10
O

O

O

O4

10

10

 

Figure 3: Alkyl sulfate 3 and ethylhexyl estolide ester 4 of petroselinic acid  
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1.2 Goal 

The goal of this master’s dissertation is threefold. Firstly, it comprises a complete characterization of 

the vegetable oil, determining the oil composition, fatty acid profile, free fatty acids as a quality 

standard, elements content, phospholipids, sterols, tocols and pigments. This will elucidate the oil 

quality and its potential value for various industries, such as food, cosmetics or chemistry.  

Secondly, an extraction procedure will be set up, thereby isolating both distinct oil fractions and 

exploring further valorization of the obtained by-products, as shown in Figure 4. This way, oil yields 

and quality will be optimized through the application of different extraction methods such as solvent 

extraction and extrusion. 

Figure 4: Extraction process of coriander seeds 

 

Finally, the industrial value of coriander vegetable oil in oleochemistry will be examined. Petroselinic 

acid will be isolated with the aim of reaching a high purity fatty acid. Subsequently, chemical 

derivatization of the obtained petroselinic acid will be executed, resulting in the synthesis of some 

potentially interesting oleochemicals. In conclusion, the oil fractions obtained from the seeds of 

Coriandrum sativum L. will be fully scrutinized in order to examine their commercial and industrial 

potential. Furthermore, the obtained by-products will not be neglected and will be analyzed with a 

view to the determination of their most valuable applications. 

Figure 5: Petroselinic acid isolation and derivatization 

 

 

Vegetable oil 

Essential oil 

By-products 

Coriander vegetable 
oil 

Petroselinic acid 

Oleochemicals 
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2 Literature review 

2.1 Vegetable oils 

2.1.1 Introduction 

Vegetable oils are obtained primarily from oil seeds of various crops or herbs through extraction. 

Since ancient times, they have been used for dietary purposes but recently, vegetable oils are 

increasingly applied in non-food industry. They can be used in soap and cosmetics, paint, lubricants 

and other products or they can be further processed to render biodiesel. Also, they can be a source 

of valuable minor compounds while the extraction by-product, the meal, can be applied in feed. 

In 2012/13, the total world production of major vegetable oils added up to 160 million metric tons, 

which is comparable to the world sugar production of 174 million tons.5 The most important 

vegetable oils in terms of world production are palm oil at 55 million ton/year, soybean oil at 

43 million ton/year, rapeseed oil at 25 million ton/year and sunflower oil at 14 million ton/year.6 The 

oil content in seeds varies over a wide range from about 15 to 60 % and is highly dependent on the 

plant species, with sesame seeds displaying a high oil content at 50 %.7 

2.1.2 Major compounds 

Vegetable oils contain 92 to 98 % of triglycerides or triacylglycerols (TAG), which are composed of 

glycerol and a mixture of fatty acids. 

2.1.2.1 Fatty acids 

There exists a wide variety of fatty acids, but most common are palmitic 5, oleic 6 and linoleic acid, 

the first two being presented in Figure 6. The carboxylic acids are made up of aliphatic chains with a 

chain length mostly ranging from C4 to C22, with C16 and C18 being most common. When including one 

or more double bonds in the chain, the fatty acids are unsaturated. These factors have an important 

impact on the melting point of the acids and therefore, on the physical state of the oil at room 

temperature. The melting point increases with increasing chain length and increasing saturation.  

OH

O

5 6

OH

O

 
Figure 6: Structure of palmitic 5 and oleic 6 acid 

2.1.2.2 Triacylglycerols 

Triacylglycerols 7 consist of a glycerol backbone with three esterified fatty acids, as shown in 

Figure 7. In plant oils, the fatty acid at sn-2 position is usually unsaturated, while the composition at 

sn-1 and sn-3 is mostly saturated.8 Mono- or diacylglycerols may be present due to partial hydrolysis 

of the triacylglycerols by lipolytic enzymes, which also generates free fatty acids. These compounds 

can be used as a measure of oil freshness. 
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R1 O O R3

O O

O

O

R2

7  
Figure 7: Structure of triacylglycerols 7 

2.1.3 Minor compounds 

Besides triglycerides, vegetable oils contain some minor, but very important compounds, which are 

usually regarded as impurities in the oil and removed during refining. 

2.1.3.1 Free fatty acids 

Free fatty acids (FFA) can be formed through partial or complete hydrolysis of triacylglycerols, a 

process which is especially significant in the presence of water and high temperatures. It represents 

the quality of storage conditions between harvesting and processing. The free fatty acid content is 

usually expressed as % oleic acid and is determined by acid-base titration. The formula to calculate 

the free fatty acid content according to the AOCS Official Method is as follows:9 

                    
              (  )                       

              ( )
 

The standard for soybean oil is about 2 % free fatty acids, while it usually contains about 0.05 % of 

free fatty acids after refining.10 

2.1.3.2 Phospholipids 

Phospholipids are the principal cause of cloudiness in oils due to their high emulsifying activity.11 

They are divided into glycerol phosphatides and sphingomyelin 9. The most common phospholipids 

are phosphatidylcholine (PC) 8, phosphatidylethanolamine (PE) and phosphatidylinositol (PI). In 

soybean oil, the amount of phospholipids is very high at 3.2 %, while in palm oil almost no 

phospholipids are present.12 

OH

6

NHR

O

O

8 9

P

O

O

O
N

O P

O

O

O
N

O

OR'

O

R

O

 
Figure 8: Structure of phosphatidylcholine 8 and sphingomyelin 9 

2.1.3.3 Oxidation products 

Oxidation of vegetable oils causes rancidity and is dependent on the saturation and the level of 

antioxidants in the oil. Unsaturated fatty acids, especially polyunsaturated fatty acids, are the ones 

that are most susceptible to oxidation through their double bonds. Autoxidation proceeds by means 

of free radicals, which can be formed through photo-oxidation in the presence of light and O2 or 
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decomposition of hydroperoxides. The resulting products of this oxidation will be short-chain 

aldehydes such as n-hexanal, which can be used as a parameter to follow up on oil oxidation.13 

2.1.3.4 Trace metals 

Trace metals, mostly iron and copper, can be present in vegetable oils due to migration from the soil, 

by the use of fertilizers or through oil processing. They can exert an important effect on the stability 

of the oil as they are capable of acting as catalysts for oxidation. Levels of iron and copper in refined 

vegetable oils should not be higher than 0.1 and 0.01 ppm, respectively.14 

2.1.3.5 Pigments 

The main pigments present in vegetable oils are carotenes, mostly α- and β-carotene 10, and 

chlorophylls, mostly chlorophyll a. Carotenes are present in relatively high amounts in palm oil, 

constituting 500-700 ppm and rendering the oil reddish.12 When chlorophyll is present in relatively 

high amounts of about 10-30 ppm, such as in canola oil, it provides the oil with a green color. 

However, it is easily thermally degraded to pheophytin, resulting in a more dark-colored oil with an 

off-flavor and reduced storage stability.15 

10  
Figure 9: Structure of β-carotene 10 

2.1.3.6 Phytosterols 

Phytosterols are tetracyclic compounds that are partly free and partly esterified and exhibit 

important beneficial health effects such as lowering cholesterol levels. The most important sterol is 

β-sitosterol 11, accompanied by campesterol, stigmasterol and Δ5-avenasterol. Average contents in 

vegetable oils are 1-5 g/kg, while corn oil displays a very high sterol content of 14 g/kg.12 

HO

H

H

H

11  
Figure 10: Structure of β-sitosterol 11 

2.1.3.7 Tocols 

Tocols are present in most vegetable oils in small amounts of about 200-800 ppm and constitute 

tocopherols and tocotrienols. These are very important compounds as they display both vitamin E 

and antioxidant activity, which is especially the case for tocotrienols. Sunflower oil contains a 

relatively high amount of α-tocopherol 12 at 610 ppm before stripping, resulting in an increased 

oxidative stability.16 
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Figure 11: Structure of α-tocopherol 12 

2.1.3.8 Squalene 

Squalene (C30H50) 13 is a highly unsaturated, open-chain triterpene hydrocarbon which is especially 

present in olive oil (about 0.7 %) and amaranthus.12 It is an important intermediate in cholesterol 

biosynthesis, shows antioxidant activity and serves as a dietary cancer chemopreventive agent.17 

13  
Figure 12: Structure of squalene 13 

2.1.4 Extraction 

Extraction is an essential and critical process of vegetable oil production as it will have a strong 

impact on the resulting oil characteristics and quality. Therefore, optimization of the extraction 

procedure is key to the production of vegetable oils. Extraction of oils and fats from oil seeds such as 

soybean and corn or from fruit pulp such as palm and olives can be executed through different 

procedures such as mechanical extraction, solvent extraction or the combination of both processes.  

 
Figure 13: Twin-screw extrusion scheme

18
 

In the mechanical extraction process the material is submitted to high temperatures and pressure, 

expelling the oil from the cells. The extraction yield is lower when compared to the solvent 

extraction, but the obtained oil exhibits higher quality due the low level of compounds such as 

phospholipids and residual traces of solvent.19 Mechanical extraction or extrusion is commonly 

executed by means of a screw press, which can either be a single-screw or a twin-screw type. The 

latter is schematically represented in Figure 13 and utilizes two conveying or counter-screws which 

ensures more thorough processing of the material.18 Although displaying higher initial capital costs, 
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twin-screw extrusion can lead to higher extraction yields and is far more energy efficient than 

single-screw types.20 

Solvent extraction is most frequently applied due to several advantages. Higher yields can be 

obtained compared to mechanical extraction, with a goal of 0.5 % residual oil in the meal, and the 

operating costs are lower, although solvent extraction brings about a high initial capital cost. During 

solvent extraction, the vegetable oil is extracted from the plant material by means of a heated 

solvent, usually hexane. After several washes, industrially executed in countercurrent multistage 

extractors, the resulting mixture of oil and solvent, called the miscella, is subject to distillation to 

remove and recover the solvent, which can be used for the next extraction process. A scheme of this 

solvent extraction process is presented in Figure 14. 

 
Figure 14: Solvent extraction process scheme

21
 

Supercritical fluid extraction (SFE) is similar to solvent extraction as it proceeds through a 

countercurrent extractor. However, instead of a solvent, a gas, usually carbon dioxide, is utilized 

above its critical point and is called a supercritical fluid. This unique process using supercritical fluids 

displays some advantages. Supercritical fluids can dissolve hydrophobic and relatively nonvolatile 

components, such as oils. Also, their properties can be varied over a wide range using different 

temperatures and pressures. Furthermore, this can be applied to execute an easy separation of the 

oil and the supercritical fluid.22 As opposed to hexane in solvent extraction, supercritical carbon 

dioxide is non-toxic, non-explosive and non-flammable. It also displays a low cost and easy 

availability. 

2.1.5 Refining 

After mechanical or solvent extraction, a crude vegetable oil is obtained which is further sent to 

refining. This can comprise either physical or chemical refining and is represented in Figure 15. The 

first two steps of both processes are degumming and bleaching. During the process of degumming, 

fat-soluble impurities in the oil or gums are removed. These consist mainly of phospholipids, but 
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some metal complexes, free fatty acids, peroxides and pigments can be removed as well.23 Especially 

in the case of soybean oil, the gums can form a valuable by-product, referred to as lecithin. Bleaching 

is executed by adding bleaching clay or earth to remove colored pigments (mainly pheophytins and 

carotenoids) from the oil, resulting in a decrease in color intensity.24 

 
Figure 15: Vegetable oil refinement process

25
 

Deodorization is the final step in vegetable oil refining and can refer to two distinct processes, 

depending on whether the oil is chemically or physically refined. During chemical refining, the oil is 

neutralized with alkali after degumming, rendering soaps of free fatty acids and thus removing them 

from the oil so at the end, a true deodorization process can be applied. In physical refining, there is 

no use of a neutralization step, rendering acid oil containing a high amount of free fatty acids. 

Therefore, a steam refining step is applied for deodorization which removes both malodourous 

compounds and free fatty acids.26 The resulting distillate is high in free fatty acids and contains 

beneficial compounds such as tocopherols and phytosterols, rendering it valuable for the feed 

industry or to obtain purified tocopherols or sterols. 

2.1.6 Storage 

Reduction in oil quality or yield can have several different causes such as deterioration of the oil, 

contamination through pesticides or processing or adulteration of the oil. To maintain good quality, it 

is essential to apply the appropriate storage and handling conditions, so oil reactivity is reduced. The 

deterioration of oil occurs mainly through oxidation and, to a lesser extent, through hydrolysis. The 

process of hydrolysis breaks down triacylglycerols, forming free fatty acids and mono- or 

diacylglycerols. Although less significant than oxidation, hydrolysis mainly occurs through improper 

seed storage and handling, high moisture contents and high temperatures.27  

Vegetable oil should be saturated with N2 and stored at low temperatures, while being guarded from 

the light, to inhibit or slow down its degradation. Further, it is common practice to add a small 

amount of citric acid and antioxidants to the oil before storage, as these compounds reduce 

oxidation.26 In order to maintain good quality oil, it is essential that it goes through refining before 

storage and transport, so most non-triacylglycerol compounds are removed and hydrolysis does not 
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occur through high moisture content. However, more exotic oils such as coriander oil find 

applications in certain industries such as cosmetics and are usually not submitted to refining due to 

their small production scale. 

2.2 Essential oils 

2.2.1 Introduction 

Essential oils comprise a mixture of highly volatile compounds and are mainly produced by plants, 

although essential oils have also been isolated from certain animals and fungi. They are accumulated 

in various organs as secondary metabolites in order to repel or attract certain insects or 

microorganisms or as a response to stress situations.28 In industry, an essential oil is strictly defined 

as the volatiles obtained through hydrodistillation or through mechanical pressing in the case of 

citrus peels, while oils obtained with other solvents are defined as aromatic extracts.29 Essential oils 

are extracted from over 3000 different plant species, while only about 300 of these oils are 

commercially produced. The most important essential oils in terms of production are citrus and mint 

oils, with orange oil displaying a production of over 50 000 tonnes, although rose and jasmine are 

considered to be the most financially important essential oils.30 

Essential oils comprise a niche market that is exhibiting a growing trend, which is mainly due to the 

increasing demand for natural products and the oils’ natural preserving capacity.31 They find 

applications in several different industries and can further be fractionated to isolate high value 

compounds. Approximately 20 % is applied in the flavor industry for addition to a variety of foods 

and drinks, while another 20 % is sent to the pharmaceutical industry on account of their wide range 

of bioactivities.31 The major remaining part of the essential oils market is applied in the industry of 

fragrances and cosmetics, which includes perfumes and personal care products, as well as the field of 

aromatherapy, although this only accounts for 1 to 2 % of the entire market.32  

2.2.2 Composition 

The chemical composition of essential oils commonly comprises one or two predominating 

compounds that define the oil characteristics, although minor compounds may constitute an 

important contribution to the specific scent of the volatile oil. The composition is highly dependent 

on the plant species but it is also known to be widely variable within one species, rendering several 

chemotypes of essential oils of a specific plant based on its genetic background. These differences in 

the chemical composition of essential oils are further due to differences in the environment, such as 

the surrounding plant population, or the plant development stage.33  

Certain compounds in essential oils exhibit optical activity and thus comprise two or more 

enantiomers. It is important to note that the enantiomers may display entirely different activities and 

organoleptic characteristics, which makes chirality a key factor in flavor chemistry. Also, chirality may 

be used to analyze the authenticity of an essential oil or its adulteration for quality control 
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purposes.34 Therefore, it is important to apply chiral gas chromatography when analyzing essential 

oils in order to be able to separate these compounds. 

Essential oils are comprised of volatile compounds that can be classified as either terpenoid or 

non-terpenoid. The former is considered as the main class while the latter comprises less dominant 

components such as aliphatic compounds, aromatics, alcohols and esters. Even though these 

compounds may be present in very small amounts, they can represent a great contribution to the 

flavor or bioactivity of the volatile oil.35 

2.2.2.1 Terpenoids 

Terpenes or isoprenoids are dominant compounds in essential oils and constitute two or more 

isoprene units, which are always arranged in a head-to-tail manner.28 Monoterpenes are formed 

from two isoprene units, while hemiterpenes only contain one such unit. Compounds made up of 

three and four isoprene units are called sesquiterpenes and diterpenes, respectively. Diterpenes 

contain a high molecular weight and are rather rarely found in essential oils, as they are usually 

constituents of resins. The most abundant classes in essential oils are mono- and sesquiterpenes.28 

Another common classification of terpenes is the distinction between cyclic and acyclic or linear 

terpenes. 

Acyclic monoterpenes and their alcohols, aldehydes and acids are common in many essential oils. 

Some important alcohols in this class include geraniol, linalool and citronellol and are frequently used 

in fragrances. Gerianol 14 constitutes 70 to 85 % of palmarosa oil, while it is also a major compound 

of geranium and rose oils. Citral forms the predominant compound of lemongrass essential oil at a 

quantity of about 85 %. It is a natural mixture of two aldehyde isomers, geranial 15 and neral 16.35 

OH O

O

14 15 16  
Figure 16: Structure of geraniol 14, geranial or citral-a 15 and neral or citral-b 16 

Cyclic monoterpenes can be mono-, bi- or tricyclic, depending on the amount of ring structures that 

they contain. A monocyclic monoterpene compound with antioxidant activity in tea tree oil is 

α-terpinene 17.36 The most important bicyclic compounds are the pinenes, such as α-pinene 18, 

which are predominating compounds in pine essential oils. Sesquiterpenes are a group of 

compounds which display high structural variability. Farnesol 19 is commonly found in rose and other 

flower oils and belongs to the class of acyclic sesquiterpenes, while its isomer, nerolidol, is an 

important compound in neroli oil.  
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OH

17 18 19  
Figure 17: Structure of α-terpinene 17, α-pinene 18 and farnesol 19 

Diterpenes are less commonly found in essential oils, although there are some compounds that are 

more prominent. One of these compounds is phytol 20, a diterpene alcohol which is an important 

compound of nettle and of which the cis-isomer is depicted in Figure 18. As diterpenes display a 

higher molecular weight than the more usual mono- and sesquiterpenes, longer distillation times are 

needed when a high amount of diterpenes are present.28 The class of norterpenoids is constituted of 

C13 compounds of which the most important ones are α-ionone 21 and β-ionone, both widespread 

among essential oils. 

OH

O

20 21  

Figure 18: Structure of phytol 20 and α-ionone 21 

2.2.2.2 Non-terpenoids 

Next to the major class of terpenoids, also some minor classes of non-terpenoid volatile compounds 

are found in essential oils. These comprise phenols, nitrogen and sulfur derivatives, lactones, etc. 

Phenylpropanoids constitute an important class of phenols and are synthesized from the amino acid 

phenylalanine. They display biogenic, antioxidative and antimicrobial activity and contain commonly 

found compounds such as vanillin 22 and eugenol.37 Coumarins 23 are widely distributed lactones 

with many pharmacological properties and can be found in essential oils of cassia, cinnamon bark 

and lavender.38  

OCH3

HO

H

O

O O

22 23  

Figure 19: Structure of vanillin 22 and coumarin 23 

Volatile compounds containing nitrogen include methyl anthranilate, which is found in citrus and 

flower oils, and indole, which is a cyclic imine that displays an unpleasant faecal odour. Volatiles 

containing sulphur are typically constituents of garlic and onion essential oils. 4-mercapto-4-methyl 

pentanone is found in blackcurrant oil and is an interesting compound as it exhibits an unpleasant 

urine smell unless it is heavily diluted, in which case it gains a floral and fruity scent.39 
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2.2.3 Extraction 

In order to extract the volatiles from fresh or dried plant material, several distinctive methods can be 

applied, which are displayed in Figure 20 along with their resulting products. It is, however, very 

important to note that these processes do not all render “essential oils”. In industry, the extraction of 

volatile oils needs to be executed with water as the working solvent or by pressing in the case of 

citrus oils, for the product to be able to be sold as an essential oil. This makes up a very important 

difference in selling price. Therefore, only hydrodistillation methods and expression of citrus oils 

render a true marketable essential oil, while the other techniques render aromatic extracts, 

exhibiting a significantly lower selling price. 

 
Figure 20: Extraction processes and products from plant material

32
 

2.2.3.1 Pre-treatment 

The concentration of volatile oils in plant material is generally low and contained within different 

structures such as oil glands. While some of these structures are easily broken, others may be more 

insulated and thus, it will be more difficult to capture the volatile oils.40 Plant material can be 

subjected to extraction in a fresh state or after a drying process. Sometimes, if the oil glands are 

resistant to extraction, the material is pulverized before extraction. Some materials, such as flowers, 

are more difficult due to the presence of enzymes, which may be released upon disruption of flower 

cells and can cause a significant change in odor within 24 hours.40 Next, the most important 

extraction methods for essential oils will be discussed. 

2.2.3.2 Hydrodistillation 

Hydrodistillation utilizes water as the solvent to extract the volatiles from plant material, which 

signifies that the obtained oil can be classified as an essential oil, which is important for selling prices. 

Hydrodistillation has been applied for a very long time throughout history, but still represents the 

most commonly used process to obtain volatile oils, mainly due to its economic viability.41 

4.2 Secondary and Derived Products 

The secondary and derived products are many and varied but the most common are spice 
mixtures (e.g. curry powders) and compounds extracted from the plant material such as 
essential oils or oleoresins.  In cases where the primary spice does not meet the quality 
specification as a primary product it will often be purchased as a low value product 
extracted to produce the essential oil, oleoresin or aroma compounds.  There is also 
considerable advantage to the industrial food processor purchasing standardised extracts 
of known quality, which have no microbial or other contaminants.  The spice flavours for 
food, beverage, or industrial use may come from different extraction processes and these 
pathways are outlined in Figure 4. 
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(fresh or dried plant parts/exudates)

Expressi n o
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distillation 
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Figure 4:  Extraction processes used and products from spice, herb and aromatic plants. 

 

4.3 Requirements for Export and Quality Assurance 

Spices, herbs and vegetable seasonings can be heavily contaminated with micro-
organisms because of the environmental and processing conditions under which they are 
produced.  The microbial load has to be reduced before they can be safely incorporated 
into food products.  High temperature treatment can cause significant loss of flavour and 
aroma from a spice because the volatile oils are lost.  Steam also results in a loss of 
volatile flavour and aroma components and colour changes.  Steam can also result in an 
increase in moisture levels.  Until recently, most spices and herbs were fumigated with 
sterilizing gases such as ethylene oxide to destroy contaminating micro-organisms.  
However, the use of ethylene oxide was prohibited by an EU directive in 1991 and has 
been banned in a number of other countries because it is a carcinogen.  Irradiation has 
since emerged as a viable alternative and its use results in cleaner, better quality herbs 
and spices compared to those fumigated with ethylene oxide.  Irradiation, a cold dry 
process, is ideal to kill the micro-organisms.  Irradiation of herbs and spices is now widely 
practised on a commercial scale.  The use of irradiation alone as a preservation technique 
will not solve all the problems of post-harvest food losses, but it can play an important role 
in reducing the dependence on chemical pesticides (International Atomic Energy Agency, 
IAEA, http://www.iaea.org/tcweb/publications/factsheets).  A code of good irradiation 
practice for the control of pathogens and other micro-flora in spices, herbs and other 
vegetable seasonings has been developed by the International Consultative Group on 
Food Irradiation (ICGFI) under the aegis of FAO, IAEA and WHO.  The purpose of the 

 9
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Hydrodistillation can be subdivided in three processes; water, water-steam and steam distillation, 

differing in the way water is presented to the sample. 

Water distillation 

In water distillation, water and plant material are added to a till and boiled for several hours. The 

vapors arising from the till contain both water vapor and volatiles originating from the plant material. 

These vapors pass through a condenser and thus render both water and essential oil that are 

collected in a separatory funnel. As these fluids form an insoluble mixture, gravity separation will 

occur and the essential oil will accumulate at the top layer and can be collected as such. This process 

is represented in Figure 21 on the left. On laboratory scale, water distillation is executed using a 

Clevenger apparatus, which is depicted in Figure 21 on the right, while industrial distillers are used on 

a larger scale. 

   

Figure 21: Water distillation process (left)
42

 and Clevenger apparatus (right)
40

 

The quality of oils obtained through hydrodistillation can be lower compared to other methods. This 

is mainly due to the fact that the oil is subject to high temperatures and water for a long period of 

time, which causes some hydrolysis and polymerization of sensitive compounds.40 Also, the process is 

slower than steam distillation, which renders it less energy efficient. On the other hand, however, 

hydrodistillation presents an extremely low equipment cost and simple design, which means it could 

more easily be applied in developing countries. 

Water-steam distillation 

Water-steam distillation is frequently applied to produce essential oils and resolves some problems 

that occur with water distillation, such as thermal degradation of some compounds. During 

water-steam distillation, the plant material is placed at some distance above the water level on a 

perforated grid so it only comes into contact with the water vapor or steam arising from the till.  This 

process also exhibits a very low capital cost and a simple design and usually results in higher quality 

oil than water distillation. However, water-steam distillation presents a lower capacity of plant 

84

Figure 9:  Diagrammatic representation of a Clevenger-type lab-scale hydrodistillation
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material and results in a lower oil yield since the lumping of material can form an obstruction and 

prevent a uniform flow of steam.43  

Steam distillation 

Steam distillation is considered the most commonly applied extraction method for the production of 

essential oils on a large scale. The difference with the previously discussed hydrodistillation methods 

is that the steam is not produced within the distillation apparatus, but in an external boiler. This 

provides some advantages such as a controllable flow and quantity of steam, making faster and thus 

more energy efficient distillation possible.  

Because the temperature within the distillation unit never increases to more than 100 °C, there is no 

thermal degradation of essential oil compounds. Steam distillation exhibits a higher capital cost 

compared to water or water-steam distillation, but still presents a highly profitable process for 

large-scale essential oil production.44 However, it is important to note that steam distillation will 

results in a lower yield than water distillation. Therefore, the applied method will depend on the end 

use of the obtained volatile oil. 

2.2.3.3 Simultaneous distillation-extraction 

Simultaneous distillation-extraction (SDE) is widely applied to obtain volatile oils from plant material 

since it is a fast extraction technique that only needs about one to two hours. It represents a 

combination of steam distillation with continuous solvent extraction, in which the solvent or solvent 

mixture is an important factor to include or exclude certain components. This method results in a 

good extraction yield and is frequently used for materials containing small quantities of essential oil. 

Furthermore, it provides a very clean extract with little non-volatiles such as waxes or pigments.45 

The disadvantage of this extraction technique is the presence of residual solvent, which poses a 

problem for some food and cosmetic applications. 

2.2.3.4 Solvent extraction 

During solvent extraction, fresh plant material is subjected to hot solvent vapors, mainly hexane, and 

a solid extract, defined as a concrete, is produced. When using dried materials instead of fresh, 

however, the obtained products are called resinoids, while all solvent extracts can generally be called 

oleoresins. Here, it is very important that delicate plant material such as flowers are not damaged, as 

this would release certain enzymes and cause a loss or change of aroma and color. With solvent 

extraction, the capital cost for the equipment is minimized, which is the main advantage of this 

method. However, the resulting concrete is commonly converted to an alcohol-soluble product with 

higher added value, called an absolute, which is frequently produced from rose and jasmine flowers 

and widely applied in perfumery and cosmetics.46 

2.2.3.5 Enfleurage 

Enfleurage is an ancient technique used to extract fragrances from delicate plant parts such as 

flowers, as it does not include any heat or steam treatment. It renders a product called a pomade. 

Today, this method has largely been replaced by faster, more economic and less labor-intensive 

processes, although it is still executed for e.g. jasmine flowers in Grasse, a small city in Southern 
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France known for its perfume industry. Enfleurage comprises a cold, fat extraction method using a 

neutral, odorless and highly absorptive fat, usually a mixture of tallow and lard. 

2.2.3.6 Supercritical fluid extraction 

Supercritical fluid extraction (SFE), primarily supercritical CO2 extraction, has frequently been applied 

to obtain essential oils and specific aroma components, such as caffeine to produce decaffeinated 

coffee.47 When extracting the volatile oil using this technique, the obtained aroma profile greatly 

resembles that of the raw material. This is due to the fact that SFE proceeds at relatively low 

pressure and ambient temperatures, preventing thermal degradation, while there is also no 

hydrolysis occurring during the process or residual solvent in the oil. Carbon dioxide is an excellent 

solvent for SFE as it shows great selectivity, which can furthermore be adjusted through the process 

conditions.48 The main disadvantage, however, of supercritical CO2 extraction is its very high capital 

cost and equipment complexity. Further, the obtained oil cannot be sold by the industry as an 

essential oil as its solvent differed from water, resulting in a critical price reduction.  

2.2.3.7 Expression 

Expression or cold pressing can be applied to obtain essential oils, which can be marketed by the 

industry as such, although this is only valid in the case of citrus oils. During this process, the citrus 

peels are manipulated in such a way that the oil glands are ruptured and the essential oil is set free. 

This classical method is still frequently executed by means of rather primitive techniques, but renders 

an essential oil that is more native than oils obtained by other extraction methods.49 This is mainly 

due to the fact that expression does not imply any heat or solvent treatment, significantly reducing 

degradation processes. Often, both the citrus juice and essential oil are obtained through a single 

process, rendering the essential oil a by-product of citrus juice production. 

2.2.4 Storage 

Essential oils have been shown to undergo significant changes in their chemical composition upon 

storage. This instability can lead to quality deterioration, not only in the sense of organoleptic 

properties such as the formation of off-flavors, but also through a shifting of viscosity or color. 

Furthermore, these chemical conversion reactions can induce modifications of the pharmacological 

properties of an essential oil and thus impose a potential risk on human health. Therefore, it is of 

great importance that essential oils are maintained under suitable conditions diminishing oil 

degradation when stored for a significant amount of time. 

Essential oil degradation can occur through several manners of which oxidation, transformations 

such as isomerization, cyclization and dehydrogenation and polymerization are the predominant 

reactions and can be triggered both chemically or enzymatically. The most important factors that 

influence these processes are light, temperature and oxygen availability, while also metal 

contaminants, mainly ferrous and copper ions, can significantly promote essential oil oxidation.50 

Further, essential oil stability is dependent upon the chemical composition and thus, each essential 

oil will exhibit a different susceptibility to degradation.  
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Light is known to be a major contributor to the degradation of terpenes through acceleration of the 

autoxidation process, which reacts through radicals with oxygen to form some oxidation products. To 

minimize this process, the dissolved oxygen concentration should be kept as low as possible by 

flushing the oil with an inert gas such as argon. Figure 22 represents an oxidation scheme for 

terpenoid compounds, showing the formation of primary oxidation products or hydroperoxides, 

which will further degrade into a wide range of secondary oxidation products such as alcohols and 

aldehydes.50 Next to these compounds, p-cymene 24 is frequently found in aged essential oils and 

can be formed through dehydrogenation as shown in Figure 22. γ-Terpinene has been shown to 

easily degrade into p-cymene, while linalool was also found to be highly susceptible to oxidation, 

forming linalool oxides.51 
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Figure 22: Oxidation scheme for terpenoids including dehydrogenation and autoxidation 

High storage temperatures can accelerate autoxidation reactions through formation of radicals, as 

well as through the decomposition of hydroperoxides.52 Besides the acceleration of oxidation 

reactions, high temperatures can also cause some rearrangement processes of thermolabile 

compounds such as terpenes and aldehydes.50 Further, it should be mentioned that some essential 

oils exhibit a high concentration of antioxidants such as phenols, which can scavenge free radicals 

and thus enhance oil stability. Therefore, storage stability is dependent on the essential oil but 

should always be enhanced by applying suitable storage conditions which minimize oil degradation 

reactions by avoiding light, high temperatures and high oxygen availability. 
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2.3 Coriander 

2.3.1 Introduction 

Coriandrum sativum L. is an annual herb native to the temperate regions of Europe and Asia and 

belonging to the family of the Umbelliferae (Apiaceae). Sometimes, coriander is called Chinese 

parsley, while the fresh herb or dried leaves are often referred to as cilantro in America. The soft, 

young herb exhibits a characteristic smell similar to that of bugs which also reflects in its name, as 

‘korion’ is Greek for ‘bug’. This odour is due to the presence of aldehydic compounds in the essential 

oil and as these compounds disappear during ripening, the smell is only present in the unripe herb 

and its fruit.53 

 
Figure 23: Coriandrum sativum L.

54
 

Coriander grows to about 50 cm and exhibits a hollow, green stem and green leaves, although the 

herb can obtain a more violet or red colour during flowering. Also, coriander displays heterophylly, 

which means there are leaves of different shapes present on the same plant which can also be seen 

in Figure 23. The flowers are white or pale pink and are organized in umbels which is typical for the 

Umbelliferae family. The globular fruits are brown, contain several longitudinal ridges and grow up to 

about 6 mm. In terms of the dimensions of the fruit, coriander can be classified in two varieties: 

C. sativum var. vulgare Alef. and C. sativum var. microcarpum DC, which contains smaller fruits and a 

higher essential oil content.55 
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Coriander exhibits a series of interesting nutritional as well as medicinal properties and has been 

applied and described throughout history. Even in Egyptian times, coriander was known as a 

medicinal herb and its seeds have been found in the tomb of Tutankhamen, revealing its 

mythological importance.56 Common uses of coriander include its application as a diuretic, an 

antidepressant and a memory-enhancing compound.57 Also, it has been shown to exhibit great 

antioxidative capacity due to its polyphenolic compounds and further antidiabetic and antimutagenic 

effects.58 

Coriander essential oil is frequently used as a flavor or in perfume and soap production and is a rich 

source of several beneficial phytonutrients. It has been shown to possess some interesting 

antibacterial and antifungal properties.58 The mechanism through which the essential oil acts against 

bacteria and fungi has been shown to be primarily membrane damage.59 Coriander essential oil is 

particularly interesting because it is more stable and capable of retaining its odor for a longer period 

than other oils of its class.60 

2.3.2 Extraction 

Coriander vegetable oil is usually obtained through solvent extraction using hexane. This extraction 

method yields higher amounts of oil, as compared to mechanical pressing, and has been shown not 

to lead to reduced oil quality, which has been considered to be the disadvantage of solvent 

extraction.61 However, care should be taken that the oil does not contain traces of hexane, which 

would be unacceptable for use in some nutritional and cosmetic applications.  

Traditionally, coriander essential oil is extracted from the seeds through hydrodistillation, but 

recently, supercritical fluid extraction using CO2 is increasingly applied.62 To obtain pure essential oil 

using SFE, a fractional separation procedure is added to the process which selectively precipitates the 

non-volatile compounds.63 Optimum SFE conditions which maintained selectivity were determined to 

be a pressure of 90 bar and a temperature of 50 °C.63 Advantages of SFE include that no solvent is 

utilized, which is important for cosmetic and food applications, and that thermal degradation is 

avoided, while the main advantage of the more classic hydrodistillation is its selectivity, as only 

steam-volatile compounds can be extracted. 

2.3.3 Composition 

Coriander seeds contain both vegetable oil, rich in petroselinic acid, and essential oil, rich in linalool. 

The vegetable oil content ranges between 9.9 and 27.7 %, while the essential oil content is situated 

between 0.03 and 2.6 %, also depending on the variety of Coriandrum sativum L.58 Also, the leaves of 

the herb contain essential oil with an amount comparable to the seeds, although the chemical 

composition is completely different.64 

2.3.3.1 Vegetable oil 

Vegetable oils consist mainly out of triglycerides, which display a certain fatty acid composition, 

characteristic to the oil. Coriander vegetable oil is specifically rich in petroselinic acid, which makes 

up about 65 to 77 % of all fatty acids. Other important fatty acids are linoleic acid at 13 to 17 %, 
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oleic acid at 5 to 8 % and palmitic acid at 4 %.64-65 The main phospholipid in coriander oil is 

phosphatidylcholine, which makes out 36 to 45 % of all phospholipids. Other important phospholipid 

classes are phosphatidylethanolamine and phosphatidylinositol at about 30 % and 13 %, 

respectively.66  

Sterols represent the main fraction of the unsaponifiable matter in vegetable oils and are important 

for their antioxidant activity and their beneficial impact on health. Coriander vegetable oil contains a 

high amount of phytosterols and thus forms a rich source of these compounds.65 The most important 

constituents are β-sitosterol and stigmasterol at 25-37 % and 22-30 %, respectively, while lower 

amounts of Δ7-stigmasterol and Δ5-24-stigmastadienol have also been detected in coriander oil.65, 67 

Ramadan & Mörsel have detected significant amounts of Δ5-avenasterol (24 %) and campesterol 

(10 %) in German coriander oil, although this was not detected in Tunisian seed oil.66a 

Coriander vegetable oil contains a fair amount of tocols, with a total content of 280 to 330 ppm. The 

most important compound has been shown to be γ-tocotrienol at about 200 to 240 ppm, while also a 

significant amount of α-tocotrienol is present.65, 66b Ramadan et al. have reported an entirely 

different tocopherol distribution in Hungarian coriander seed oil with β-tocopherol as the major 

compound with a content as high as 670 ppm, while this compound was not detected or only present 

in traces in Tunisian coriander oil.68 Also, they did not report any tocotrienols, while these 

compounds represented over 90 % of the total tocol content in Tunisian oil. 

2.3.3.2 Essential oil 

The essential oil contained in the mature coriander fruits is completely different from the essential 

oil that originates from the fresh herb. Coriander seeds contain an essential oil which is particularly 

rich in linalool, a monoterpene alcohol rendering the seeds their characteristic lemony citrus flavor.57 

Its content ranges from 41 to 80 % of the volatile oil, depending on its origin and the coriander 

variety.58 Other important compounds are α-pinene and γ-terpinene at about 11 % and 9 %, 

respectively. Next to this, significant amounts of neryl acetate up to 14 % have been detected in 

coriander seeds coming from Iran.69 Coriander from Brazil and Cuba has been shown to also contain 

limonene in its seed essential oil at low amounts of about 1 to 2 %.70 

Next to the seeds, also the coriander herb contains essential oil, but displays a peculiar, fetid-like 

odor due to the high amount of aliphatic aldehydes.53 The major compounds in this volatile oil are 

(E)-2-decenal, decanal and dodecenal.71 Macleod & Islam have reported 7-dodecenal as the main 

component in British coriander leaf essential oil, while this compound is only present in traces in 

other coriander leaf volatile oils.72 As the herb further matures, the essential oil composition changes 

and linalool is produced from the aliphatic aldehydes to be sent to the ripening fruits.73 

2.3.4 Important compounds 

2.3.4.1 Petroselinic acid 

Petroselinic acid 1 is a rather unusual fatty acid with a chemical structure that is displayed in 

Figure 24. It represents a positional isomer of the more common oleic acid, which has a double bond 
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at position C-9, while this is at position C-6 for petroselinic acid. This renders petroselinic acid to 

potentially be of industrial importance, as certain properties might differ from these of oleic acid, 

while also different chemical products might be obtained through reaction of the isomer. Petroselinic 

acid constitutes a major fatty acid in the seed oils from Umbelliferae members, making up about 65 

to 77 % of all fatty acids in coriander seed oil.65-66 

O

HO

1  
Figure 24: Structure of petroselinic acid 1 

Petroselinic acid has been shown to constitute an interesting oleochemical for the cosmetic, food, as 

well as the pharmaceutical industry. It has been readily applied to cosmetic formulations as a 

moisturizing agent, while providing a wide range of skin care benefits such as anti-aging, as well as 

anti-inflammatory properties to soothe sensitive skin.1 These properties can also be valuable when 

applied to functional food compositions or food supplements and are further enhanced by the 

addition of an antioxidant such as a phenolic compound.74 Next to this, petroselinic acid derivatives 

such as alkyl sulfates have been shown to exhibit good surfactant properties and can find 

applications in detergents or cosmetics.3 

With the double bond at the 6,7-position, oxidative cleavage of petroselinic acid yields lauric and 

adipic acid, both presenting a considerable industrial importance, the former as a surfactant and the 

latter as a precursor of the nylon 66 polymer.2 Due to the different position of the double bond, 

petroselinic acid displays a melting point of 33 °C, while this lies at 5 °C for oleic acid. This creates 

some interesting opportunities, as it allows the production of a vegetable oil with a considerably 

elevated melting point that can be applied in e.g. margarines.75 This exhibits several advantages, such 

as the increase in unsaturation and the reduced need for hydrogenation, which are both important 

matters for human health in modern society.  

Also, when petroselinic acid moieties are incorporated into triglycerides, they display a considerable 

resistance to lipolysis by pancreatic lipase, which potentially renders them valuable as low-calory 

fats.76 Further, Weber et al. have shown that petroselinic acid significantly reduces the level of 

arachidonic acid in heart and blood lipids, while raising the level of linoleic acid, potentially through 

inhibition of arachidonic acid synthesis.77 This may be beneficial in certain nutritional states, where it 

reduces the overproduction of arachidonic acid, which can exhibit detrimental vasoconstrictive 

effects.78 Petroselinic acid has also been shown to be a strongly potent topoisomerase inhibitor and 

thus display an interesting potential as an agent for chemotherapy.79 

2.3.4.2 Linalool 

Linalool 2 is an acyclic monoterpene alcohol that is, as opposed to petroselinic acid, widespread 

among aromatic herbs such as lavender, coriander and bergamot.80 It plays a key role in plant 

survival and reproduction through the process of pollination, as it attracts beneficial insects and 

repels harmful parasites.80 Linalool has an asymmetrical carbon atom which displays chiral properties 
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and therefore, linalool occurs through two enantiomers, (R)-linalool or licareol and (S)-linalool or 

coriandrol. Linalool is one of the most commonly applied fragrance ingredients in cosmetics, 

perfumes, shampoos, soaps and even household detergents due to its fresh, flowery scent and 

displays a worldwide use of over 1000 tonnes per year.81 Common applications include its use as a 

repellent against mosquitoes and for the production of aroma chemicals and vitamin E, while usually 

being produced chemically itself through various routes.82 

HO

2  
Figure 25: Structure of linalool 2 

Linalool is known to display a variety of biological activities, providing potential value as a natural 

preservative or therapeutic agent. Liu et al. have shown that linalool exhibits significant antibacterial 

activity against several pathogens such as E. coli, S. aureus and A. niger, while also being valuable as a 

natural antioxidant.83 Linalool may be beneficial in dental care products, as it displays strong 

antimicrobial activity against cariogenic and periodontopathic bacteria.84 Further, linalool was found 

to be a potent inhibitor of Candida albicans, which can act as a human pathogen and has been shown 

to be resistant against a variety of antifungal agents, rendering linalool of therapeutic importance in 

the treatment of candidiasis.85  

Next to this, linalool possesses strong anti-inflammatory activity and could thus be applied for the 

treatment of inflammatory diseases.86 Regarding anticancer properties, linalool has been shown to 

enhance the activity of conventional antitumor agents and reduce adverse reactions such as 

cardiotoxicity, making it an interesting future agent in chemotherapy, especially when multidrug 

resistance problems are encountered.87 Linalool further exhibits a variety of effects on the central 

nervous system such as antinociceptive and sedative activities.88 
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3 Results & discussion 

3.1 Seed characteristics 

The moisture content of French coriander seeds was determined through drying until constant 

weight and resulted in a value of 11.9 ± 0.1 % on a dry basis. This was also determined in Toulouse, 

where the seeds had slightly further dried during three months of summer, rendering a moisture 

content of 10.8 ± 0.3 %. Vietnamese coriander seeds display a similar moisture content at 

10.1 ± 0.2 %. Sriti et al. have reported a moisture content of 9.3 % for Tunisian coriander seeds66b, 

while Indian seeds displayed a moisture level of 7 %.89 The moisture level is highly dependent on 

environmental factors, which explains the higher water content found in French coriander seeds. 

3.2 Vegetable oil characterization 

Coriander vegetable oil that was obtained through solvent extraction with hexane of the seeds was 

fully characterized to determine the oil composition, fatty acid profile, amount of free fatty acids, 

elements content, phospholipids, tocols and pigments. 

3.2.1 Oil composition 

The composition of coriander vegetable oil (Table 1) was analyzed using gas chromatography. The oil 

contains about 96 % of triglycerides (TAG), 1 % of diglycerides (DAG), 0.1 % of monoglycerides (MAG) 

and 1 % of free fatty acids (FFA). The total amount of free fatty acids was determined more 

accurately using titration, resulting in an FFA content of 1.80 %. The high amount of TAG and 

concurrent low FFA content demonstrates that little hydrolysis or enzymatic degradation has 

occurred in the oil and indicates good quality oil. The unsaponifiable matter constituted about 0.5 %, 

of which 85 % are sterols. Next to this, about 0.15 % of sterol esters were detected. The total amount 

of tocols was determined at 600 ppm, but as this is a relatively rough method, this was further 

analyzed through HPLC. Similar results were reported by Sriti et al. and Ramadan & Mörsel, although 

in the latter only 91 % of TAG and 6 % of FFA were detected, representing lower quality oil.65-66 

3.2.2 Fatty acid composition 

The distribution and identification of fatty acids in the vegetable oil (Table 2) was determined 

through gas chromatography of their methyl ester form, obtained through esterification, by which 

more than 98 % of all fatty acids could be identified. From this, it is clear that petroselinic acid 

(C18:1n-12) is the major fatty acid in coriander vegetable oil, constituting 72.6 % of all fatty acids. 

Other important fatty acids are linoleic acid (C18:2) and oleic acid (C18:1n-9), representing about 14 

and 6 % of all fatty acids, respectively. The oil contains a high level of mono-unsaturated fatty acids, 

explaining its liquid nature at room temperature. These results are very similar to the values found in 

literature, which means that the fatty acid composition of coriander oil is not highly dependent on 

geographical location.90 
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Table 1: Vegetable oil composition 

n.d.: not detected 

Table 2: Fatty acid composition 

 

 

 

 
 
 

3.2.3 Elements content 

The levels of various elements in coriander vegetable oil were determined using inductively coupled 

plasma (ICP) analysis and resulted in the values presented in Table 3. The phosphorous level of 

230 ppm is rather low compared to crude soybean oil, which displays a high phosphorous content of 

850-1200 ppm.91 The non-hydratable amount of phospholipids is determined as the sum of the 

calcium and magnesium content and constitutes about 50% of all phosphorous. This can present a 

problem for further degumming. The iron content is acceptable at 1.4 ppm and is important for the 

oxidative stability of the oil. So far, no analysis on the elements content of coriander vegetable oil 

has been published. 

Table 3: Elements content 

Element Ca Fe K Mg Na P 

Content 
(ppm) 

92.8 
± 0.8 

1.4 
± 0.01 

73.1 
± 0.5 

35.8 
± 0.2 

5.2 
± 0.1 

230.7 
± 0.4 

 

Compound Content (%) 

TAG 96.25 ± 1.05 

DAG 1.03 ± 0.09 

MAG 0.09 ± 0.02 

   Monopalmitin 0.07 ± 0.01 

   Monoolein 0.02 ± 0.02 

Total FFA 1.02 ± 0.03 

   C16:0 FA 0.28 ± 0.02 

   C18:1 FA 0.74 ± 0.02 

Glycerol 0.88 ± 0.01 

Short chain compounds 0.25 ± 0.01 

Total unsaps 0.47 ± 0.04 

   Sterols 0.41 ± 0.02 

   Total tocols 0.06 ± 0.04 

      α-tocol n.d. 

      γ-tocol 0.05 ± 0.04 

      δ-tocol 0.01 ± 0.01 

   Squalene 0.01 ± 0.01 

Sterol esters 0.15 ± 0.13 

Fatty acid Content (%) 

C6:0 0.1 

C16:0 2.9 

C16:1 0.4 

   C16:1t 0.2 

   C16:1c 0.2 

C17:0 <0.1 

C18:0 <0.1 

C18:1n-12 72.6 

C18:1n-9 6.0 

C18:1n-7 1.2 

C18:1t 0.7 

C18:2 13.8 

   C18:2t 0.1 

   C18:2c 13.7 

C18:3 0.2 

   C18:3t 0.1 

   C18:3c 0.1 

C20:0 0.1 

C20:1 0.2 

  

SFA 3.2 

MUFA 81.2 

PUFA 14.0 

  

Identified 98.3 
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3.2.4 Phospholipid composition 

The phospholipid composition of coriander vegetable oil was determined using 31P-NMR and is 

presented in Table 4. The total phospholipid content resulting from this analysis mounts up to 

0.31 %, of which the major phospholipid subclass was found to be phosphatidic acid (PA), 

constituting 33 % of all phospholipids. This is conflicting with literature, where on the one hand total 

amounts of phospholipids between 1.5 and 2 % are reported and on the other hand, PA was either 

not detected66a or detected in amounts of less than 10 %.65, 66b The second most abundant 

phospholipid class is phosphatidylcholine, which is always reported as the main compound in 

literature. Here, however, it was detected in a lower amount, representing about one quarter of all 

phospholipids. Other important compounds are phosphatidylinositol and phosphatidylethanolamine 

and to a lesser extent phosphatidyl glycerol, while also traces of 1-lysophosphatidylcholine were 

detected. 

The total amount of 0.31 % corresponds to about 131 ppm of phosphorous coming from 

phospholipids, as presented in Table 5. This was determined through calculation of the average 

P/PL factor. Of this amount, a little more than half comes from hydratable phospholipids (HDP) such 

as PC and the rest from non-hydratable phospholipids (NHDP) such as PA. Through ICP, a 

phosphorous content of 231 ppm was detected, leaving about 100 ppm of phosphorous to come 

from an origin other than phospholipids, e.g. inorganic phosphates, glycophospholipids or phytic 

acid, an important storage compound for phosphorous in seeds.  

             Table 4: Phospholipid composition  Table 5: Phosphorous content

Phosphorous origin Content (ppm) 

P from PL 131.2 ± 8.9 
   HDP 75.2 ± 7.8 
   NHDP 56.4 ± 3.1 
P content (ICP) 230.7 ± 0.4 
P different origin 99.5 ± 8.9 

     

 

3.2.5 Pigments content 

The amounts of β-carotene and chlorophyll in coriander vegetable oil were determined through 

UV spectrophotometry. For chlorophyll, only one repetition was executed using measurements at 

three different wavelengths, while the analysis was repeated three times for β-carotene. The 

β-carotene content is low at 10.1 ± 0.9 ppm compared to palm oil displaying very high β-carotene 

contents of 500 to 700 ppm.13 The amount of chlorophyll in French coriander oil was determined to 

be 11.1 ppm. This is already considered a relatively high content, as opposed to β-carotene, as canola 

oil contains up to 30 ppm of chlorophyll and is known as the commercial vegetable oil with the 

highest chlorophyll contents.92 This is consistent with the visual characteristics of the oil, exhibiting a 

slightly greenish, light color. 

Phospholipid subclass % by weight 

PA 32.5 ± 1.0 
PC 25.4 ± 2.9 
PI 17.0 ± 4.7 
PE 16.7 ± 2.7 
PG 8.1 ± 0.5 

1-LPC 0.5 ± 0.3 
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3.2.6 Tocol composition 

The composition of tocopherols and tocotrienols was measured using HPLC and is listed in Table 6. 

The total amount of tocols is about 500 ppm, which is an intermediate value and will protect the oil 

from oxidative reactions. The most prominent compound is γ-tocotrienol at 350 ppm, representing 

70 % of all tocols. Other important compounds are α-tocotrienol and δ-tocotrienol at 98 and 26 ppm, 

respectively. Tocotrienols constitute about 95 % of all tocols, which is interesting, as these 

compounds have been shown to exhibit great antioxidative activity. This composition resembles that 

of palm oil (Table 6) and is consistent with results for coriander reported by Sriti et al., although they 

have found a significantly lower total amount of tocols at about 280-330 ppm.65, 66b 

Table 6: Tocol composition of coriander and palm oil (ppm) 

Tocol Coriander oil Palm oil 

α-tocopherol 12.4 ± 0.1 147.5 
α-tocotrienol 98.0 ± 2.0 146.8 
β- tocopherol n.d. n.d. 
γ- tocopherol 10.1 ± 0.2 19.5 
γ- tocotrienol 350.3 ± 6.7 283.0 
δ- tocopherol n.d. n.d. 
δ- tocotrienol 25.7 ± 0.3 49.7 

   
Total tocols 499.9 ± 8.3 646.5 

3.3 Extraction 

An extraction procedure for the coriander seeds was set up, isolating the two distinct oil fractions, 

essential and vegetable oil, on the one hand and without penalizing further valorization of the 

extraction by-products on the other hand. Several extraction routes were explored and compared in 

order to identify interesting processes exhibiting high economical and industrial value.  

3.3.1 Hydrodistillation 

First, extraction of the essential oil content of coriander seeds was focused on. This was achieved 

through hydrodistillation of the milled seeds of both French and Vietnamese coriander. In specific, 

water distillation was applied, while also water-steam distillation was executed with a view to the 

comparison of resulting oil yields, which are presented on a dry basis (db) in Table 7. French 

coriander seeds display an essential oil content of 0.67 % through water distillation, representing an 

average value as commonly reported yields vary within 0.3 to 1.2 %.93  

Table 7: Essential oil yield of coriander seeds 

 French coriander Vietnamese coriander 

 Water dist. Water-steam dist. Water dist. 
Essential oil yield (% db) 0.67 ± 0.10 0.38 ± 0.01 0.74 ± 0.04 

Vietnamese coriander exhibits slightly higher yields and rendered a more deeply colored and 

stronger scented oil, portraying the dependence of essential oil content on seed origin. Water-steam 
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distillation reduces thermal degradation of the oil, though results in a significantly lower yield for the 

French coriander seeds. This reveals the relative inefficiency of water-steam distillation, resulting 

from the lack of a continuous vapor stream through the plant material. 

3.3.2 Solvent extraction 

After focusing on the essential oil, the vegetable oil content of coriander seeds was examined 

through solvent extraction with hexane. French coriander seeds yielded 22.9 ± 1.0 % of vegetable oil, 

which is consistent with literature and is considered a good yield for coriander. Also, the residual oil 

content in the meal after extraction was determined through additional solvent extraction in order to 

evaluate the large-scale extraction efficiency. This resulted in an oil content of 0.83 ± 0.02 % of dry 

meal weight. As this value is below 1%, the large-scale Soxhlet extraction is considered sufficiently 

efficient and no additional extraction time should be applied. 

3.3.3 Extrusion 

Next to solvent extraction, pressing of coriander seeds can be applied to obtain vegetable oil. This 

can be considered to be a virgin-type vegetable oil, as it has had no contact with any solvent. 

Pressing of the seeds occurs through extrusion, comprising both single-screw and the more advanced 

twin-screw extrusion process. 

3.3.3.1 Single-screw extrusion 

Single-screw extrusion was carried out for both French and Vietnamese coriander seeds and yielded 

the results presented in Table 8. For French coriander, extrusion of the seeds resulted in 11 % of high 

quality oil, which is about half of the amount of oil obtained through solvent extraction. When 

compared to literature, Sriti et al. have reported a maximum yield of 15 % by applying single-screw 

extrusion for Tunisian coriander under the same conditions, thus revealing the dependence of 

vegetable oil yield on seed origin.61 

Table 8: Single-screw extrusion 

 French coriander French coriander 
(2010) 

Vietnamese coriander 

Oil yield (% db) 11.0 ± 0.7 14.1 ± 0.2 2.8 ± 0.1 
% FFA 1.21 ± 0.04 2.11 ± 0.05 5.39 ± 0.01 

Vietnamese coriander yielded about 3 % of vegetable oil of highly reduced quality, displaying an 

unacceptably high amount of free fatty acids of over 5 %. Furthermore, the oil was strongly 

dark-colored, as can be seen from Figure 26, portraying French coriander oil from single-screw 

extrusion on the left and Vietnamese on the right. As the Vietnamese coriander seeds originated 

from 2010 and the strong reduction in oil yield and quality may thus be due to aging, French 

coriander seeds from 2010 were subjected to single-screw extrusion as well. This rendered a high 

yield of lightly colored oil and weakly elevated free fatty acid content, discarding the hypothesis of 

aging causing color changes and oil loss.  
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This leads to the conclusion that, firstly, oil yield and appearance is highly dependent on seed origin 

and, secondly, vegetable oil yield varies throughout different years, most likely due to variations in 

climatic conditions. The strong difference in FFA content between oil coming from French and 

Vietnamese coriander seeds that were both subject to aging, may be explained by significant 

differences in storage conditions. While the French seeds were stored in the freezer, being protected 

from the light, there are no such guarantees regarding storage of the Vietnamese seeds and they 

may have been subjected to long-term storage at high temperature and moisture conditions. 

 

Figure 26: French (left) and Vietnamese (right) vegetable oil from single-screw extrusion 

3.3.3.2 Twin-screw extrusion 

Next to single-screw extrusion, pressing of coriander seeds was executed using the more advanced 

twin-screw extrusion. This technique allows for more optimization, assessing different screw profiles 

and process conditions. In total, 10 trials were executed in order to optimize French coriander seeds 

oil yield and quality, rendering the results displayed in Table 9. Parameters that were varied were the 

screw profile, the feed rate, the screw rotation speed and the temperature at the outlet of the 

extruder (TC7), while the temperature at the filter (TC6) was set at a constant value and constantly 

measured. Prior to extrusion, a standard curve was set up for the feeder, relating the feed rate (QS in 

kg/h) to the feeder screw rotation speed (SSF in Hz). This resulted in a linear curve, presented in 

Figure 27, showing a high R2 value with equation QS = 0.1914 ⨯ SSF. 

 
Figure 27: Standard curve for the twin-screw extrusion feeder 
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 Table 9: Twin-screw extrusion of French coriander seeds 

 

 

Table 10: Free fatty acid content of coriander vegetable oil 

 Solvent 
extraction 

Single-screw 
extrusion 

Twin-screw 
extrusion 

Trial 2 

Twin-screw 
extrusion 

Trial 4 

Twin-screw 
extrusion 

Trial 7 

Twin-screw 
extrusion 

Trial 8 

Twin-screw 
extrusion 
Trial 10 

% FFA 1.80 1.21 ± 0.04 1.46 ± 0.04 1.47 ± 0.01 1.41 ± 0.07 1.46 ± 0.01 1.52 ± 0.08 

 

 

 

 Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8 Trial 9 Trial 10 

Screw profile 3 3 3 3 4 4 4 4 4 4 

QS (kg/h) 3.09 4.63 6.13 6.13 3.15 3.95 4.71 4.71 4.71 4.71 

SS (rpm) 100 100 100 133 100 100 100 100 100 100 

CF (g/h rpm) 30.9 46.3 61.3 46.1 31.5 39.5 47.1 47.1 47.1 47.1 

TC7 (°C) 122 119 119 120 120 118 120 101 80 65 

TC6 (°C) 83 79 78 78 95 91 89 84 83 76 

Oil yield (% db) 9.1 10.6 7.83 10.6 11.3 13.1 12.7 12.8 11.4 11.6 

Extraction yield (%) 35.3 41.4 30.5 41.1 44.0 50.1 49.4 49.9 44.3 45.1 

Cake moisture content 
(% db) 

2.20 ±  
0.02 

4.01 ±  
0.08 

4.81 ±  
0.04 

4.67 ±  
0.07 

2.37 ±  
0.14 

3.87 ± 
0.09 

4.22 ± 
0.07 

5.13 ± 
0.25 

9.43 ± 
0.32 

9.88 ± 
0.23 

Cake residual oil content 
(% db) 

17.6 ±  
0.1 

17.1 ±  
0.1 

17.6 ±  
0.1 

18.1 ±  
0.1 

16.5 ± 
0.2 

16.8 ± 
0.6 

16.1 ± 
0.1 

16.5 ± 
0.1 

15.0 ± 
0.1 

15.2 ± 
0.1 

Mass balance IN (kg/h) 2.79 4.18 5.53 5.53 2.84 3.56 4.25 4.25 4.25 4.25 

Mass balance OUT (kg/h) 2.82 4.20 5.34 5.54 2.93 3.71 4.35 4.40 4.22 4.23 
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Table 11: Fatty acid composition of coriander vegetable oil (%) 

 Solvent 
extraction 

Single-screw extrusion Twin-screw extrusion 

  French 
coriander 

French 
coriander 

(2010) 

Vietnamese 
coriander 

Trial 2 Trial 4 Trial 7 Trial 8 Trial 10 

C6:0 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

C14:0     0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 

C16:0 2.9 3.4 ± 0.1 3.5 ± 0.02 4.1 ± 0.1 3.3 ± 0.1 3.3 ± 0.1 3.3 ± 0.1 3.3 ± 0.1 3.3 ± 0.1 

C16:1 0.4 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 

C17:0 <0.1 n.d. n.d. n.d.      

C18:0 <0.1 0.8 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 

C18:1n-12 72.6 71.6 ± 0.4 71.9 ± 0.3 73.4 ± 0.2 72.8 ± 0.2 72.9 ± 0.2 73.4 ± 0.2 73.3 ± 0.1 73.3 ± 0.2 

C18:1n-9 6.0 7.1 ± 0.4 7.2 ± 0.3 4.7 ± 0.2 5.5 ± 0.3 5.4 ± 0.1 4.9 ± 0.2 5.2 ± 0.1 5.0 ± 0.2 

C18:1n-7 1.2 1.7 ± 0.1 1.7 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 

C18:2 13.8 13.8 ± 0.1 13.5 ± 0.1 13.2 ± 0.1 13.8 ± 0.1 13.8 ± 0.1 13.8 ± 0.1 13.8 ± 0.1 13.9 ± 0.1 

C18:3 0.2 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 

C20:0 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 

C20:1 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

C22:0 n.d. 0.1 ± 0.1 <0.1 ± 0.1 0.2 ± 0.1 n.d. n.d. n.d. n.d. n.d. 

C22:1 n.d. n.d. n.d. <0.1 ± 0.1 n.d. n.d. n.d. n.d. n.d. 

          

SFA 3.2 4.3 ± 0.1 4.3 ± 0.1 5.1 ± 0.1 4.2 ± 0.1 4.2 ± 0.1 4.2 ± 0.1 4.2 ± 0.1 4.2 ± 0.1 

MUFA 81.2 80.6 ± 0.1 80.9 ± 0.1 79.8 ± 0.1 79.7 ± 0.2 79.8 ± 0.1 79.9 ± 0.1 80.0 ± 0.1 79.9 ± 0.1 

PUFA 14.0 14.0 ± 0.1 13.6 ± 0.1 13.4 ± 0.1 14.0 ± 0.1 13.9 ± 0.1 14.0 ± 0.1 13.9 ± 0.1 14.0 ± 0.1 

SFA/PUFA 0.2 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 

          

Identified 98.3 98.9 ± 0.1 98.8 ± 0.1 98.3 ± 0.1 97.9 ± 0.1 97.9 ± 0.1 98.0 ± 0.1 98.1 ± 0.1 98.1 ± 0.1 
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Through a first set of trials, the filling of the twin-screw extruder and the effect on the oil yield was 

examined. Regarding the feed rate of the seeds into the extruder, there seems to be an optimum 

considering trials 1 to 3. However, the factor that directly influenced oil extraction yield was the 

extruder filling coefficient, CF, representing the ratio of the feed rate to the extruder screw rotation 

speed and thus describing the degree of filling of the extruder with seeds. As can be seen from trial 2 

and 4, the vegetable oil yield is constant when the filling coefficient is kept constant and no other 

parameters are varied.  

Through a second set of trials, a new twin-screw profile was installed and the effect of varying 

temperatures was analyzed. When looking at the screw profiles, it is clear that the fourth screw 

profile, with the pressing elements placed closer towards the filter, leads to better results than the 

third profile. This results from the fact that the oil is expressed from the seeds at a position closer to 

the filter and thus has to migrate a shorter distance through the extruder to be collected. 

The highest oil yield was obtained through trial 6, representing about 13 % of vegetable oil on a dry 

basis. However, as trial 7 resulted in a similar yield, this trial is preferred to trial 6 due to its higher 

productivity. Through trials 7 to 10, the outlet temperature of the extruder was lowered with the 

goal of improving oil quality on the one hand and oil yield on the other hand. Increasing oil yields 

through lowering of the temperature have been reported for jatropha seeds and is caused by more 

efficient pressing of the seeds through better pressure build-up due to the higher viscosity of the oil 

at lower temperatures.20 

Lowering the outlet temperature of the extruder did not lead to a higher oil yield for French 

coriander seeds and even seemed to lower the yield for trials 9 and 10. However, when looking at 

the residual oil content of the meal obtained after extrusion, presenting an alternative way to 

express extrusion yields, these results exhibit an increase in yield for trials 9 and 10. This can be 

explained by the fact that these two trials displayed a significantly higher amount of foot, which is 

the material that is discarded through centrifugation, resulting in a substantial loss of oil. These high 

fractions of material in the obtained oil may be caused by a less effective liquid/solid separation at 

low temperatures and high pressure. 

Taking into account the oil expressed from the seeds during extrusion, the residual oil in the meal 

and the foot from centrifugation, a total oil content of the French coriander seeds of 28.0 ± 1.0 % on 

a dry basis was calculated. The extraction yield represents the fraction of this total oil content that 

was obtained through the extrusion process. Figure 28 represents the extraction yields of solvent 

extraction, single-screw and twin-screw extrusion of French coriander seeds. From this, it is clear that 

solvent extraction leads to the highest oil yield, extracting more than 80 % of the oil contained within 

the seeds. However, oil obtained through pressing of the seeds exerts a higher industrial value, as it 

has not been in contact with any solvents, rendering it interesting for food and cosmetic applications. 

Here, optimized twin-screw extrusion leads to better yields than the more conventional single-screw 

extrusion, with trials 7 and 8 presenting high oil yield and productivity. 
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Figure 28: Extraction yields from solvent extraction, single- and twin-screw extrusion 

The oil quality was examined through two parameters. This comprises the amount of free fatty acids 

and the amount of petroselinic acid, the former being presented in Table 10, the latter in Table 11. 

From the free fatty acid content, it can be concluded that virgin-type vegetable oil from extrusion of 

the seeds exhibits a higher quality than the solvent extracted oil. Further, single-screw extrusion 

leads to a lower amount of free fatty acids. This can be explained by the reduced residence time of 

the seeds in the single-screw extruder due to its small-scale nature, and by the lower operating 

temperature (60 °C). Reduction of the outlet temperature of the twin-screw extruder did not induce 

a quality improvement, mainly due to the fact that the oil does not properly come into contact with 

the outlet temperature, but rather with the temperature at the filter outlet (TC6) which did not 

exhibit high variation between trials and fluctuates around 80 °C. 

From the fatty acid composition analyses, several conclusions can be drawn. Firstly, the extraction 

method does not exhibit a significant effect on the fatty acid composition of the resulting oil. The 

minor differences between samples constitute a small variation in the petroselinic/oleic acid ratio. 

This possibly results from a complex integration of GC results, as their retention times are very 

similar. Furthermore, the aged French coriander seeds displayed no differences in their oil’s fatty 

acid composition, leading to the conclusion that the fatty acid distribution does not change over 

time. When comparing coriander oils of different origin, again there is no significant influence on 

their fatty acid composition, even though there is a considerable difference in appearance. 

Next to the high-quality vegetable oil, a finely powdered meal, the extrusion cake, is obtained 

through twin-screw extrusion. Moisture contents of these cakes were determined immediately after 

each trial and are presented in Table 8. Through trials 1 to 3 and 5 to 7, more moisture was withheld 

in the cake as the feed rate was raised. This can be explained by the reduction of the residence time 

of material in the extruder, thus allowing less moisture evaporation. Also, the moisture content 

strongly increased as the outlet temperature of the extruder was lowered. It even nears the original 

humidity of the seeds, determined at 10.8 ± 0.3 % on a dry basis. Therefore, an outlet temperature of 

65 °C results in almost no water evaporation. 
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Finally, the quality of these data was assessed through the set-up of an extrusion mass balance. As a 

significant amount of moisture evaporates during extrusion, the mass balance was set up on a dry 

basis and the results are presented in Table 9. The ingoing flow represents the feed rate of the 

coriander seeds on a dry basis, while the outgoing flow comprises the obtained vegetable oil, the 

centrifugation foot and the extrusion cake. The moisture content of the oil and centrifugation foot 

was considered negligible. This mass balance shows good consistency, leading to the conclusion of a 

valuable extrusion analysis. Trial 3 was not taken into account as some build-up of seeds was 

observed at the extruder inlet due to an excessive filling coefficient. Therefore, it could not be 

assured that all seeds had entered the extruder, leading to the overestimation of the inlet flow rate. 

3.3.4 Cake applications 

The meal obtained after extraction of the vegetable oil fraction is frequently considered an 

extraction by-product. However, as sustainability and waste minimization have recently gained high 

importance in the chemical industry, implementation of by-product valorization has become a 

substantial part of process development. The cake obtained after hexane solvent extraction has been 

depleted in most valuable compounds, such as essential oil and antioxidants, as they are 

co-extracted by hexane. However, this cake exhibits a protein content of 23.2 ± 0.2 % on a dry basis, 

while its moisture level is at 9.2 ± 0.1 %. This high amount of proteins renders the extraction cake a 

valuable source for the feed industry. 

The cake resulting from an extrusion process, on the other hand, did not undergo any extraction 

procedure with strong solvents and is still rich in several high-value components. Interesting 

applications for this extrusion cake include its solvent extraction for a second fraction of vegetable 

oil, hydrodistillation in order to obtain the remaining essential oil in the meal, the isolation of some 

natural antioxidants through methanolic extraction and the production of agro-materials by 

thermopressing, which have recently gained interest for particle boards and isolation applications. 

3.3.4.1 Residual oil 

After extrusion, the cake still contains about 16 % of vegetable oil on a dry cake basis, called the 

residual oil (Table 9). This considerable amount of oil can be extracted with hexane to form a second 

source of coriander vegetable oil. This way, a total oil content of 27.6 ± 0.1 % on a dry seed basis can 

be obtained when applying the conditions of trial 8 during twin-screw extrusion. This comprises two 

distinct fractions. Firstly, a fraction of about 13 % of high-quality virgin-type vegetable oil is obtained 

through extrusion and forms a highly valuable resource for food and cosmetic industries. Next to this, 

another 15 % can be obtained through solvent extraction and thus exhibits a different quality level, 

rendering it more interesting for the chemical industry. 

This total oil content of almost 28 % obtained through extrusion and solvent extraction is significantly 

higher than the oil yield from solvent extraction as a sole extraction method, rendering about 23 %. 

This can be explained by the textural difference of the milled coriander seeds and the twin-screw 

extrusion cake. After undergoing twin-screw extrusion, the meal has been very thoroughly milled, 

rendering it powdery and thus easily accessible for solvent. When no extrusion is executed prior to 
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solvent extraction, it would never be possible to apply such level of milling in an economical way and 

therefore, significantly coarser particles are obtained which imply some solvent extraction 

difficulties. Another explanation consists of a structural change in the extrusion cake due to the high 

temperature applied at the outlet of the extruder. These changes may further lead to a facilitated 

release of vegetable oil through solvent extraction, possibly explaining the reduced residual oil yield 

for trials 9 and 10, when the outlet temperature was lowered. 

3.3.4.2 Essential oil 

As opposed to the cake from solvent extraction, extrusion cakes may still contain an amount of 

essential oil that can be extracted by means of hydrodistillation. This forms an interesting concept, as 

this process would result in obtaining both distinct oil fractions, vegetable and essential oil, that are 

naturally contained within coriander seeds. The resulting volatile oil yields obtained through 

hydrodistillation, specifically water distillation, of different extrusion cakes are presented in Table 12. 

Their compositions, together with the composition of essential oil directly extracted from French and 

Vietnamese coriander seeds and the composition of a commercial coriander essential oil sample are 

displayed in Table 13. Furthermore, the calculated Kovats retention index (KI), used for the 

identification of compounds, and the reference KI from the NIST database are displayed in Table 13 

for each compound. 

As can be seen from Table 12, the cake resulting from single-screw extrusion rendered a lower 

essential oil yield than the cake from twin-screw extrusion. This may seem contradictory, as 

single-screw extrusion exerts lower temperatures and shorter residence times, thus reducing loss of 

the volatile oil. However, twin-screw extrusion cake was subjected to a more intense milling process, 

resulting in a more finely powdered meal. As has been shown for residual oil contents after 

extrusion, more thorough grinding results in higher extraction yields, which also applies to 

hydrodistillation to obtain essential oil, explaining the difference between both extrusion types. 

Further, when the outlet temperature of the twin-screw extruder was lowered, the essential oil yield 

after hydrodistillation of the cake was raised due to reduced volatilization. This was also observed 

during extrusion as less vapors were released and they exhibited a more subtle scent. It reveals some 

interesting advantages of lowering the extruder outlet temperature, even if it does not result in an 

elevated vegetable oil yield. The essential oil extraction yield, displayed in Table 12, represents the 

amount of volatile oil that can be extracted from the extrusion cake, compared to the amount of 

volatile oil present within the original French coriander seeds. 
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Table 12: Essential oil from hydrodistillation of French coriander press cake 

 Single-screw 
extrusion 

Twin-screw extrusion 

  Trial 2 Trial 4 Trial 7 Trial 8 Trial 10 
Extrusion outlet T (°C) 60 119 120 120 101 65 
Essential oil yield (% db) 0.06 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.17 ± 0.01 0.31 ± 0.02 
Extraction yield (%) 8.7 ± 1.6 18.8 ± 0.5 19.0 ± 1.1 18.2 ± 0.5 24.7 ± 1.3 40.0 ± 2.2 
 

Table 13: Essential oil composition (rel%) 

n.i.: not identified, n.d.: not detected

Compound KIcalc KIref French 
coriander 

Vietnamese 
coriander 

Single-screw 
extrusion cake 

Twin-screw 
extrusion 

 (trial 2) cake 

Twin-screw 
extrusion  

(trial 4) cake 

Commercial 
coriander EO 

α-pinene 957 939 5.6 ± 0.1 3.5 ± 0.3 1.2 ± 0.1 1.2 ± 0.2 1.2 ± 0.2 6.0 
Camphene 980 954 0.8 ± 0.1 n.d. 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.6 
β-pinene 992 979 1.1 ± 0.2 0.2 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 1.1 
Myrcene 1009 991 0.6 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.5 
p-Cymene 1043 1025 1.6 ± 0.2 0.6 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 1.7 
Limonene 1049 1029 1.9 ± 0.2 n.d. 0.5 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 3.6 
γ-terpinene 1075 1060 5.0 ± 0.5 1.7 ± 0.3 2.2 ± 0.1 3.3 ± 0.2 2.8 ± 0.3 3.1 
trans-linalool oxide 1087 1073 n.d. n.d. n.d. n.d. n.d. 0.4 
Linalool 1111 1097 71.7 ± 1.4 87.8 ± 1.6 82.9 ± 0.3 77.0 ± 1.0 77.4 ± 1.1 74.3 
n.i. 1149 - n.d. n.d. n.d. n.d. n.d. 0.3 
n.i. 1159 - n.d. 0.1 ± 0.1 n.d. n.d. n.d. n.d. 
Camphor 1187 1146 4.2 ± 0.1 n.d. 3.9 ± 0.1 4.8 ± 0.1 4.8 ± 0.1 4.8 
Borneol 1209 1169 1.2 ± 0.1 0.3 ± 0.1 1.3 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 0.2 
α-terpineol 1220 1189 0.4 ± 0.1 n.d. 0.4 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.3 
Carvone 1229 1243 n.d. 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 n.d. 
Linalyl acetate 1256 1257 2.9 ± 0.2 1.1 ± 0.1 2.2 ± 0.2 4.1 ± 0.2 4.2 ± 0.3 0.9 
2-(E)-decenal 1272 1264 n.d. 0.4 ± 0.1 0.2 ± 0.1 n.d. 0.1 ± 0.1 n.d. 
Carvacrol 1314 1299 n.d. 0.2 ± 0.1 n.d. n.d. n.d. n.d. 
Geranyl acetate 1377 1387 3.0 ± 0.1 3.5 ± 0.5 3.4 ± 0.4 4.8 ± 0.3 4.9 ± 0.3 2.1 
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The highest extraction yield amounted to about 40 % and was obtained through trial 10, with a 

reduced extruder outlet temperature of 65 °C. This temperature does not allow strong evaporation 

of the essential oil contained within the cake. This leads to the conclusion that the remaining 60 % 

was probably co-pressed from the seeds with the vegetable oil, rendering it pleasantly scented. 

Because of the low quantities of volatile oil that can be extracted and the lack of a strong market for 

this essential oil, it would currently not be economical to extract the remaining oil from the cake 

using hydrodistillation. It might therefore be more interesting to leave the volatile oil within the 

other final products, providing an added value. 

The composition of French coriander essential oil, obtained directly from the seeds, is displayed in 

Table 13. The major compound is linalool at about 72 %, which is consistent with literature, with 

most linalool contents fluctuating around 75 %.90 However, for Vietnamese coriander essential oil, 

which exhibited a more yellow color and stronger scent, the linalool content is significantly higher at 

about 88 %. Similar values have been reported for Tunisian coriander by Sriti et al. and Msaada et al., 

displaying the high geographical dependence of the essential oil composition.62, 67 Other important 

compounds were found to be α-pinene, γ-terpinene and camphor and to a lesser extent geranyl and 

linalyl acetate, all compounds being frequently encountered in coriander essential oil through 

varying quantities. 

Further, a sample of commercial essential oil from coriander was run for comparison. This leads to 

the conclusion that the essential oil obtained from hydrodistillation of French coriander seeds 

corresponds well to commercially available coriander essential oils. Regarding the essential oil from 

extrusion cakes, some variation was observed in their composition. This results from the occurrence 

of some commonly encountered reactions among essential oils. Firstly, it can be seen that there is a 

significant reduction of the lightest compounds such as α- and β-pinene and camphene. These 

compounds will easily volatilize at elevated temperatures and are thus at least partly lost during 

extrusion. It must be noted that the loss of these compounds immediately results in an increase in 

the relative content of all other compounds. 

Secondly, the esterification of linalool to linalyl acetate is well known and frequently proceeds at 

elevated temperatures.94 This explains some variation of these compounds between extrusion cakes. 

Further, γ-terpinene is one of the most sensitive compounds to thermal degradation, leading to its 

highly reduced level in coriander cakes. It is interesting to note that Vietnamese essential oil exhibits 

a very low level of γ-terpinene while also displaying a more intense color and scent. Both of these 

factors indicate aging and may lead to the conclusion that both storage conditions and duration of 

these Vietnamese coriander seeds caused a significant quality deterioration of their essential and 

vegetable oil, as has been shown earlier. 

Finally, limonene represents another highly sensitive compound and shows a strongly reduced 

content in extrusion cakes. Furthermore, it was not detected in the essential oil coming from 

Vietnamese coriander. This compound may be transformed into carvone, which was found in low 

quantities in the formerly mentioned oils. In conclusion, the essential oil obtained from coriander 
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extrusion cakes shows significant variation and an elevated linalool content due to the loss of other 

compounds, possibly reducing its value. This further strengthens the conclusion that was drawn up 

earlier, rendering the isolation of essential oil from extrusion cakes currently less valuable as a cake 

application. The essential oil might create a higher added value when left within other final products 

such as vegetable oil and agro-materials, leaving them with an agreeable scent. 

3.3.4.3 Antioxidant capacity 

Besides vegetable and essential oil, coriander extrusion cakes may contain some compounds with 

antioxidative activity such as polyphenols. This activity was assessed by means of the DPPH 

(2,2-diphenyl-1-picrylhydrazyl) scavenging method, for which a Trolox standard curve was set up 

relating its concentration to the percentage of DPPH inhibition. This is presented in Figure 29 and 

resulted in the equation cTrolox = 14.7 ⨯ %Inh + 10.7. In order to isolate fractions with high antioxidant 

capacity, the cakes were extracted with methanol. This resulted in orange colored, sticky extracts 

after evaporation. Their antioxidative activity was determined through DPPH analysis and resulted in 

the activities displayed in Figure 30, expressed as µmoles of Trolox equivalents per gram of cake. This 

figure comprises the antioxidant capacity of methanolic extracts from both the extrusion cake and 

the extrusion cake after further hydrodistillation to collect the essential oil. 

 
Figure 29: Trolox standard curve 

The cake resulting from single-screw extrusion exhibits the highest antioxidant capacity at about 

5.5 TE/g, though still representing rather low antioxidative activity. Twin-screw extrusion cakes 

display lower activities, as these cakes were subjected to higher temperatures for longer time 

periods. This is clear regarding the different twin-screw extrusion trials, as trial 4 exhibited a shorter 

residence time of the seeds in the extruder than trial 2 and temperature was lowered through trials 8 

and 10. However, further lowering the outlet temperature from 100 to 65 °C did not improve cake 

antioxidant capacity. 
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Figure 30: Antioxidant capacity of extrusion cakes 

Next to this, the antioxidative activity of extrusion cakes was determined after they had further been 

subjected to hydrodistillation. This consecutively leads to a reduction in activity of about 34 %, 

possibly caused by the high temperatures applied through hydrodistillation for 5 hours. However, 

this may also be a consequence of the migration of some water-soluble antioxidants to the 

hydrodistillation water phase. Therefore, this water phase was collected and subject to the DPPH 

assay, resulting in a strongly elevated antioxidant capacity. This leads to the conclusion that French 

coriander extrusion cakes possess a significant quantity of water-soluble antioxidative compounds, 

for example ascorbic acid and some polyphenols such as anthocyanins, that were not extracted by 

methanol. Further analysis should be performed in order to determine the total quantity of 

antioxidants and whether it could be interesting and economical to isolate them. 

3.3.4.4 Agro-materials 

Through agro-materials, constructed from biomass constituents or reserve polymers, industries may 

advance towards sustainability as they can form valuable alternatives to plastics or isolation 

materials. They are produced through thermopressing of agro-resources, in this case coriander 

extrusion cake, whether or not combined with coriander straw. Optimization of thermopressing 

conditions was carried out through determination of the mechanical properties of panels produced 

from single-screw extrusion cake through varying conditions by subjecting them to bending tests. 

The results of these experiments are listed in Table 14. From this, it is clear that panel 7 exhibited the 

highest flexural modulus (Ef), representing the stiffness of a material, and flexural strength (σf), 

displaying the material’s resistance to deformation under load. 

Regarding these results from bending tests, it can be concluded that mechanistic properties tend to 

improve with increasing temperature, pressure and molding time. An exception here is presented by 

panel 8, which may have suffered some degradation as all parameters were set to a maximal value, 

thus inducing loss of cohesion within the panel. Therefore, the optimal thermopressing conditions 

were determined as those applied through the production of panel 7. Furthermore, this panel 

exhibited a significant loss in weight through thermopressing, primarily due to an additional oil 

expression, leading to a potentially extra source of vegetable oil through thermopressing. As seen 

from panel 7 and 14, an increase of material leads to the deterioration of mechanistic properties.
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Table 14: Mechanical properties of panels produced through varying thermopressing conditions 

 Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 Panel 6 Panel 7 Panel 8 Panel 9 Panel 10 Panel 11 Panel 14 

Pressure 
(kgf/cm²) 

375 375 250 375 500 250 375 500 250 375 500 375 

Molding 
time (min) 

3.0 3.0 1.0 1.0 1.0 3.0 3.0 3.0 2.0 2.0 2.0 3.0 

T (°C) 160 180 200 200 200 200 200 200 200 200 200 200 
Cake (g) 200 200 200 200 200 200 200 200 200 200 200 400 
ρ (g/cm³) 1.30 ± 

0.01 
1.29 ± 
0.05 

1.23 ± 
0.05 

1.27 ± 
0.06 

1.30 ± 
0.04 

1.29 ± 
0.04 

1.31 ± 
0.04 

1.31 ± 
0.05 

1.25 ± 
0.05 

1.28 ± 
0.05 

1.32 ± 
0.06 

1.27 ± 
0.02 

Δm (%) 11.0 12.0 10.0 12.0 13.0 13.0 15.0 15.0 13.0 14.0 15.0 13.0 
Ef (MPa) 929 ±  

7 
1457 ± 

113 
785 ±  

86 
1418 ±  

99 
1895 ±  

64 
2141 ± 

241 
2625 ± 

311 
2074 ± 

339 
1797 ±  

55 
1968 ± 

198 
2305 ± 

181 
520 ±  

81 
σf (MPa) 4.5 ± 0.1 6.8 ± 0.5 3.6 ± 0.5 6.4 ± 0.7 8.9 ± 0.3 9.3 ± 0.8 11.3 ± 0.3 9.5 ± 1.2 8.6 ± 0.7 9.3 ± 0.8 10.7 ± 0.6 3.5 ± 0.5 

 

Table 15: Thermopressing of twin-screw extrusion cake 

 Panel 7E Panel 7F Panel 7G 

Cake (g) 200 200 275 
Straw (g) 0 35.3 48.5 
Panel (g) 180.00 216.24 298.93 
ρ (g/cm³) 1.28 ± 0.05 1.25 ± 0.02 1.24 ± 0.03 
Δm (g) 20 19 25 
Δm (%) 10 8.1 7.6 
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Results from thermopressing of French coriander twin-screw extrusion cake from trial 9 are displayed 

in Table 15. Panel 7E was produced from extrusion cake as a sole material, while about 18 % of 

coriander straw was added to panels 7F and 7G. The panel density was reduced as coriander straw 

was added, due to the fact that this material exhibits a lower density than press cake. Further, it 

leads to a reduction in mass loss, since no oil is contained within coriander straw. A similar effect was 

observed when more material was subjected to thermopressing. This was the case for panel 7G, 

probably due to a less efficient oil expression through an increased volume of material. The lower 

fraction of mass loss for panel 7E as compared to panel 7 may be explained through the difference 

between single- and twin-screw extrusion, as twin-screw extrusion cake exhibits a lower residual oil 

content. 

In conclusion, agro-materials seem an interesting application for extrusion cakes, as they display 

promising mechanistic properties. The best trial resulted in a flexural modulus of about 2600 MPa 

and a flexural strength of 11 MPa. These results are comparable to particleboard characteristics, 

although agro-materials possess higher flexibility.95 Therefore, they may constitute valuable 

alternatives to conventional particle boards for applications such as furniture. Further, the addition 

of coriander straw is very economical as this is considered a waste product and leads to reduced 

panel densities, adding value and reducing transportation costs. However, further analysis of these 

panels should be executed in order to examine the effect on their mechanistic properties. 

3.4 Petroselinic acid 

Coriander vegetable oil contains a high amount of petroselinic acid, an interesting and rather 

uncommon fatty acid. It is a positional isomer of oleic acid, as its double bond is positioned at the 

6,7-position rather than the 9,10-position. As a consequence, it shows some interesting properties 

and substantial industrial potential. In order to further examine this potential, petroselinic acid was 

isolated from the solvent extracted vegetable oil and subsequently transformed into some possibly 

interesting oleochemicals. 

3.4.1 Isolation 

The isolation of petroselinic acid was attempted through two distinct processes: methanolysis and 

alkaline hydrolysis. The latter produces the free fatty acids, while the former results in their 

corresponding methyl esters. 

3.4.1.1 Methanolysis 

Solvent extracted vegetable oil from French coriander seeds was subjected to methanolysis with 

methanol and sodium methoxide (0.15 eq.) as a catalyst (Figure 31). The reaction mixture was 

refluxed for 2.5 hours. After cooling down, it was acidified to pH 5.5 by the use of acetic acid, 

concentrated and extracted with ethyl acetate. The organic layer was washed with water, dried over 

magnesium sulfate, filtered and concentrated. Without acidification of the reaction mixture before 

extraction, significant impurities were observed in the final product through NMR analysis. This led to 
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the conclusion that acidification is essential in order to obtain a clean mixture of fatty acid methyl 

esters (FAME) 25. The reaction proceeded with a yield of 85 to 95 %.  

R1 O O R3

O O
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dry MeOH
80 °C, 2.5 h

85-95 %

O

MeO R

25  

Figure 31: Methanolysis of vegetable oil 

After the reaction workup, the product mixture showed two distinct spots on TLC, indicating the 

possibility of separation through column chromatography. This was executed through automated 

column chromatography with a solvent mixture of petroleum ether (PE) and ethyl acetate (EtOAc) as 

the eluent. While a ratio of 20/80 and 5/95 of EtOAc/PE did not result in an effective separation, this 

was achieved by applying a solvent ratio of 1/99. A pure mixture of FAME was isolated, while 

unreacted oil and traces of glycerol were discarded. However, it was not possible to isolate methyl 

petroselinate from the other esters, mainly comprising methyl oleate, linoleate and palmitate. 

Therefore, it was more interesting to focus on the free fatty acids resulting from alkaline hydrolysis. 

3.4.1.2 Alkaline hydrolysis 

Next to methanolysis, an alkaline hydrolysis reaction was executed in order to hydrolyze the 

triglycerides 7 into glycerol and free fatty acids (Figure 32). Coriander vegetable oil was dissolved in a 

3 N sodium hydroxide solution and refluxed for 2.5 hours. Next, the reaction mixture was acidified to 

pH 1 by the use of a 3 N hydrochloric acid solution and was extracted with hexane. The organic layer 

was washed with water, dried over magnesium sulfate, filtered and concentrated. This rendered a 

reaction yield of 93-96 %. Other trials were executed with ethyl acetate as the extraction solvent, 

acidification to pH 6 and only 2 hours of reaction time. These trials, however, led to a reduced 

reaction yield.  
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Figure 32: Isolation of petroselinic acid 1 

Automated column chromatography of the reaction mixture was executed with a solvent mixture of 

ethyl acetate and toluene. Effective separation was achieved with a solvent mixture of 1/99 

EtOAc/toluene, after which it was raised through a gradient to a ratio of 95/5 in order to collect all 

product from the column. Furthermore, in order to attain good separation, the solvent flow rate was 

raised by about 17 % and a sufficiently large column was applied of at least 10 times the sample 

weight. This resulted in an efficient separation process with a high yield of 77 %, rendering a clean 

mixture of free fatty acids. 



Results & discussion 

42 

Next, petroselinic acid 1 was isolated from the fatty acid mixture through selective crystallization in 

absolute ethanol at -20 °C. This resulted in several rounds of crystallization with a total yield of 55 %, 

which is satisfying considering the maximal yield of 72 % petroselinic acid amongst other fatty acids. 

In total, this results in an isolation yield of 41 % of petroselinic acid from solvent extracted vegetable 

oil coming from French coriander.  

The final product showed high purity on NMR and MS analysis. It was further confirmed that the 

cis-isomer of the fatty acid was isolated and no isomerization occurred during the reaction or 

workup. This was achieved through a determination of the melting point by controlled heating of an 

ice bath. The temperature was slowly raised to 30-31 °C, at which point the product melted. This is 

consistent with literature, reporting a melting point of 30.5-31.0 °C for the cis-isomer, while the 

trans-isomer displays a significantly higher melting point of 53 °C.96 Simultaneously, the absence of a 

strong absorption peak at 965 cm-1 in the IR spectrum further ensures the presence of the 

cis-isomer.96 

3.4.2 Derivatization 

After the isolation of petroselinic acid in a satisfying yield, chemical derivatization was attempted in 

order to synthesize some new and interesting oleochemicals. 

3.4.2.1 Esterification 

Through esterification with methanol, fatty acids are converted to their corresponding methyl esters. 

These compounds form important chemical intermediates and frequently lead to increased purity 

and milder reaction conditions for further derivatives.97 For petroselinic acid, esterification leads to 

the synthesis of methyl cis-6-octadecenoate 26, as shown in Figure 33.  
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Figure 33: Synthesis of petroselinic acid methyl ester (PAME) 26 

As a first method, petroselinic acid was esterified by means of methanol and 0.5 equivalents of SOCl2 

as a catalyst. The reaction mixture was refluxed overnight under dry conditions. Next, it was poured 

into ice cold water and extracted with ethyl acetate. The organic layer was washed with water, dried 

over magnesium sulfate, filtered and concentrated. This rendered the methyl ester in high yield 

(>99 %). High purity of petroselinic acid methyl ester (PAME) 26 was observed through NMR analysis. 

However, this reaction leads to the release of HCl vapors and is thus not preferable in terms of 

sustainability. 

As an alternative method, thionyl chloride was replaced by a few drops of sulfuric acid as a catalyst. 

The reaction mixture was refluxed overnight, after which it was concentrated and redissolved in ethyl 

acetate. This solution was washed with sodium bicarbonate, dried over magnesium sulfate, filtered 

and concentrated. Petroselinic acid methyl ester was achieved in a high yield of 96 to 98 % and 
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showed high purity on NMR. As this reaction procedure does not produce any toxic HCl vapors and 

does not require dry conditions, it is preferred over the method in which SOCl2 is applied. 

3.4.2.2 Acyloin condensation 

An acyloin condensation reaction (Figure 34) comprises the reductive coupling of two methyl esters 

to produce an α-hydroxyketone, also called an acyloin 27. These compounds form highly valuable 

platform molecules and may be applied as chemical precursors for a broad variety of interesting 

reaction products due to their bifunctional nature. Furthermore, their structure is frequently 

encountered in natural products, making them important building blocks for the synthesis of these 

natural compounds.98 
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Figure 34: Acyloin condensation of PAME 26 

This reaction was executed by refluxing sodium (1.98 eq.) in dry toluene with intense mixing under 

dry conditions. This was continued until all sodium was properly dispersed, which was achieved after 

about 3 hours. Then, PAME 26 was added dropwise and the reaction mixture was refluxed for 

4 hours in combination with sonication for enhanced mixing. In order to quench the excess of sodium 

after the reaction, 1 ml of hot water was added twice very carefully and the reaction mixture was 

stirred overnight. Next, it was washed with water, dried over magnesium sulfate, filtered and 

concentrated. The product was redissolved in diethyl ether and concentrated to remove all traces of 

toluene. This rendered a yellow waxy product that discolored over time. 

 Difficulties were encountered during the workup of the reaction mixture. There was no clear 

separation of layers when the organic phase was washed with water. This was due to emulsification 

and the presence of a middle layer consisting of polymers. Through NMR analysis of the resulting 

product, it was shown that polymerization had occurred during the reaction and that no clean 

acyloin products could be isolated. Similar problems were perceived by Van der Steen in the acyloin 

condensation of 11-undecenoate, although there was still an isolation of the pure acyloin product 

achieved, albeit in a significantly reduced yield.99 

In order to reduce polymerization, the reaction procedure was repeated with a reduced reaction 

time of 2.5 hours instead of 4 hours. Unfortunately, the same problems occurred during the reaction 

workup and polymers were observed through NMR analysis. This leads to the conclusion that 

petroselinic acid methyl ester is excessively reactive under the reaction conditions applied for an 

acyloin condensation. This aspect is most likely due to the 6,7-position of the double bond, making it 

more susceptible to polymerization reactions. 

3.4.2.3 Synthesis of phosphonates 

Organophosphonates are widely used in a variety of industrial applications and as chemical 

precursors for biologically active substances. An important application is the use of phosphonates as 
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chelating agents, by which they can replace the more environmentally unfriendly EDTA.100 As 

phosphorous plays a key role in all living organisms, it is not surprising that phosphonates are 

interesting building blocks for the synthesis of a broad range of pharmaceuticals and pesticides. 

Important commercial products include Glyphosate, Etephon and bisphosphonates.101 

The synthesis of a diethyl phosphonate adduct of petroselinic acid methyl ester 26 was first 

attempted through hydrophosphonylation according to the method described by Tayama et al. 

(Figure 35).102 The reaction was executed with diethyl phosphite (3 eq.) and Mn(OAc)3·2H2O 

(0.05 eq.) as a catalyst. The mixture was stirred under air for 1 hour at 90 °C. Prior to any workup, a 

sample of the reaction mixture was subjected to 31P-NMR analysis, which rendered no signals of the 

desired product or the reagent.  
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Figure 35: Hydrophosphonylation of PAME 26 with Mn(III) 

The reaction was repeated in a pressure vial which was weighed before and after reaction in order to 

ensure that no phosphorous compounds had volatilized. This rendered the same results with no 

visible signals on 31P-NMR, while no change in weight of the reaction mixture had occurred. 

Furthermore, the double bond of PAME was still visible on 1H- and 13C-NMR, resulting in the 

conclusion that the hydrophosphonylation reaction did not proceed. Diethyl phosphite may have 

reacted with the catalyst, forming some radicals that are not detectable through 31P-NMR analysis. 

A second attempt for the phosphonylation of PAME was executed by the use of calcium oxide, as 

presented in Figure 36. PAME 26 was mixed with 3 eq. of diethyl phosphite and an amount of CaO 

that was double the weight of the starting product (10 eq.). When vigorously stirred, the nature of 

the mixture became more liquid as heat energy was released by the CaO. After 6 hours, the reaction 

mixture was dissolved in EtOAc, filtered over celite to discard the CaO and concentrated under 

reduced pressure. NMR analysis of the resulting product showed only the presence of starting 

material and reagent, leading to the conclusion that the hydrophosphonylation reaction had not 

proceeded. 

O

MeO

PO

MeO
10

3 eq. HP(O)(OEt)2
10 eq. CaO

rt, 6 h
10

EtO OEt
O

X
26 28  

Figure 36: Hydrophosphonylation of PAME 23 with CaO 

As the addition of diethyl phosphite to the double bond in PAME was not achieved through 

hydrophosphonylation, some alternative pathways to introduce the phosphonate group were 

examined. In a second attempt, the double bond would first be brominated, as bromine represents a 

good leaving group. After this, the Arbuzov reaction could be performed in order to replace the 

bromine groups with phosphorous compounds.  
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The bromination reaction of petroselinic acid methyl ester 26 (Figure 37) was executed with 

1 equivalent of Br2 in dichloromethane. After stirring for 2 hours and 15 minutes at room 

temperature, the excess of bromine was quenched with sodium bisulfite. The mixture was washed 

with brine, dried over magnesium sulfate, filtered and concentrated. The product was obtained in a 

yield of 78 % and showed high purity through NMR analysis. 
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Figure 37: Bromination of PAME 26 

Polybrominated vegetable oil compounds have found use as flame retardants and are added to a 

range of soft drinks in the US, although their use has been mostly banned throughout Europe.103 This 

brominated product (6,7-dibromo-octadecanoic acid methyl ester 29) presents an interesting 

platform molecule, as a broad variety of groups may be introduced to substitute the bromine groups. 

Therefore, this compound may exhibit some potential in the chemical industry. 

The brominated derivative was used to introduce the phosphonate group more effectively. For this, 

the Michaelis-Arbuzov reaction was applied, as presented in Figure 38. In this reaction, 2 equivalents 

of triethyl phosphite were applied, as this is necessary for the completion of the reaction and as an 

excess would lead to difficulties during the reaction workup. During the reaction, the phosphonate 

group is introduced and ethyl bromide is released. The mixture was stirred for 40 hours at 90 °C. 

NMR analysis of the resulting reaction mixture revealed the presence of starting product 29 and the 

absence of the desired phosphonylated compound 30. Furthermore, triethyl phosphite was no longer 

detected but seemed to have transformed to triethyl phosphate.  
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Figure 38: Michaelis-Arbuzov reaction of 6,7-dibromo-octadecanoic acid methyl ester 29 

A possible explanation consists of the fact that the reaction was executed at high temperature. This 

causes triethyl phosphite to oxidize to triethyl phosphate, which was detected on NMR. Performing 

the reaction without any solvent and at lower temperatures could possibly solve this problem. Due 

to the restricted time frame of the master’s thesis, this was not performed. 

An alternative method to introduce the phosphonate groups to the brominated derivative was 

described by Cohen et al. (Figure 39).104 The reaction applies diethyl phosphite (2 eq.) and Cs2CO3 

(3 eq.) and tetrabutylammonium iodide (TBAI) (3 eq.) as catalysts. The reaction mixture was stirred 

for 1 hour before the starting product was added. The reaction was performed under dry conditions 

for 48 hours at room temperature. The resulting mixture was extracted with ethyl acetate and the 
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organic layer was washed with water and brine. After drying over magnesium sulfate, filtering and 

concentration, the product was subjected to NMR analysis. This showed the presence of diethyl 

phosphite, the brominated starting product 29 and the original PAME 26. An explanation for this 

result may be the elimination of bromine, which is a good leaving group, and the consequential 

regeneration of the double bond. 
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Figure 39: Phosphonate synthesis of 6,7-dibromo-octadecanoic acid methyl ester 29 with Cs2CO3 

As a third route to introduce the phosphonate group to PAME, epoxidation of the double bond was 

attempted as an intermediate. An epoxide is sufficiently reactive for the addition of a phosphorous 

compound and will not lead to any elimination reactions. Furthermore, epoxidation presents a more 

environmentally friendly process than bromination. Epoxy fatty acid methyl esters are interesting 

compounds for polymerization and as plasticizers and biolubricants. Epoxidized FAME have been 

shown to exhibit good lubricating properties, providing them with high potential to replace 

petrochemical lubricants with more sustainable biobased alternatives.105 

The epoxidation of PAME 26 has been executed successfully by Lognay et al. and applies 

meta-chloroperoxybenzoic acid (mCPBA) (1.1 eq.) and sodium bicarbonate (1.5 eq.) in toluene 

(Figure 15).106 The reaction mixture was stirred at room temperature for 4.5 hours, while the reaction 

progress was monitored by TLC. When the reaction had terminated, the excess of mCPBA was 

quenched by the use of a 10 % solution of sodium bisulfite. The organic layer was washed with 

sodium bicarbonate and water, dried over magnesium sulfate, filtered and concentrated under 

reduced pressure. This rendered the epoxidized product, 5-(3-ethyl-oxiranyl)-pentanoic acid methyl 

ester 31, in a high yield of 91 %, while showing high purity through NMR analysis. 
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Figure 40: Epoxidation of PAME 26 

The epoxy petroselinic acid methyl ester 31 was subjected to reaction with triethyl phosphite (1 eq.) 

in dry acetonitrile in order to produce the respective phosphonate 32 (Figure 41). The reaction was 

stirred under dry conditions at room temperature. The reaction mixture was monitored through 
31P-NMR analysis. After 1.5 hour, no reaction had occurred and only the reagent showed visible 

signals. 



Results & discussion 

47 

O

MeO
10

O

1 eq. P(OEt)3

dry MeCN
rt, 1.5 h

X
O

MeO

P

10

EtO OEt
O

OEt

31 32  
Figure 41: Phosphonate synthesis of 5-(3-ethyl-oxiranyl)-pentanoic acid methyl ester 31  

In order to enhance the introduction of the phosphonate group, 0.1 equivalent of LiCl was added to 

the reaction mixture. After another 2 hours of reaction, no new signals were observed on 31P-NMR 

and thus no reaction had occurred. As a next attempt to boost the reaction, 1.1 equivalents of 

TMS-Cl (trimethylsilyl chloride) were introduced to the same reaction mixture. This reaction was 

stirred overnight at room temperature, but did not lead to any progress.  

Further, the reaction mixture was refluxed overnight to enhance the reaction. Unfortunately, no 

reaction had occurred, as no signals were observed on 31P-NMR around 5 to 30 ppm, which is the 

common range for phosphonates. Furthermore, the triethyl phosphite had broken down to a range 

of breakdown products. Due to the restricted time frame of the master’s thesis, no further attempts 

were performed. 

 



Experimental 

48 

4 Experimental 

4.1 Materials and methods 

4.1.1 Solvents and reagents 

All commercially available products were purchased from Sigma-Aldrich, Chem-Lab or Fisher 

Scientific and were applied without any further purification process. Dry toluene was obtained 

through distillation in the presence of sodium and benzofenon. Dry methanol was prepared through 

the method of Lund and Bjerrum, which comprises heating with dried magnesium and iodine and 

further distillation. Demineralized water was obtained through the use of an Aquadem 22DF ion 

exchanger. 

4.1.2 Thin layer chromatography 

Thin layer chromatography (TLC) can be applied for the analysis of reaction mixtures in order to 

determine a suited eluent for column chromatography or for the analysis of the obtained fractions 

thereof. Furthermore, it forms a valuable method to monitor a chemical reaction. TLC analysis is 

carried out with thin glass plates coated with silica (Merck, Silica Gel 60 F254, 0.25 mm) and an 

organic solvent as the eluent. Visualization of the resulting spots was achieved through oxidation 

with an aqueous solution of KMnO4. 

4.1.3 Column chromatography 

In order to purify the obtained reaction mixtures, column chromatography was applied with silica as 

the solid phase (Davisil LC60A 70-200 micron, diameter 0.07 to 0.02 mm, pore diameter 6.0 nm). The 

choice of eluent depended on the products to be separated and was determined through TLC. Next 

to this, automated column chromatography was executed by means of a Grace RevelerisTM flash 

chromatography system. The solid phase consisted of silica columns with a diameter of 0.040 to 

0.063 mm, while the solvent flow was dependent on the column size and adjustable. Elution of 

products was detected through ELSD (Evaporative Light Scattering Detector). 

4.1.4 Gas chromatography 

The GC system used for determining the oil composition was Agilent Technologies 7890A, equipped 

with an Agilent J&W DB-5HT GC column with 15 m length, 0.320 mm internal diameter and 0.10 µm 

film. 

For fatty acid compositions, a gas chromatography system from Agilent Technologies, model 6890N, 

was utilized. Next to this, GC analysis was executed by means of a Varian 3900 gas chromatograph, 

equipped with a CP-Select CB column for FAME with 50 m length, 0.25 mm internal diameter and a 

film thickness of 0.25 um. The temperature program consisted of 40 minutes at 185 °C, then raising 

by 15 °C/min until 250 °C was reached, after which this temperature was held for another 

10.7 minutes. This led to a total analysis time of 55 minutes. Samples were introduced through split 
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injection (1:100) of 1 µl at 250 °C. FID detection also operated at 250 °C. The carrier gas was helium 

with a flow rate of 1.2 ml/min. 

To examine the essential oil composition, samples were subjected to GC analysis by a HP 5890 Series 

II gas chromatograph with a VF-5ms apolar column of 30 m length, 0.5 mm internal diameter and 

1 µm film thickness. Helium gas flow was 150 ml/min while the injected volume consisted of 0.5 µl. 

The temperature profile started with an initial temperature of 110 °C that was raised by 7 °C/min 

until 220 °C was reached. Both the injector and detector temperature were set at 220 °C. 

4.1.5 Liquid chromatography 

Liquid chromatography analysis was executed by means of an Agilent 1200 Series chromatograph, 

equipped with an Ascentis Express C18 column (2.7 µm particle size, 3 cm x 4.6 mm) and an UV-DAD 

detector. This apparatus was coupled to a mass spectrometer. 

4.1.6 High-performance liquid chromatography 

The applied HPLC system was Agilent Technologies 1260 Infinity, using a Grace column of 250 mm 

and 4.6 mm diameter with silica at 25°C. A fluorescence detector HP series 110 was utilized, with an 

extinction of 290 and an emission of 330. A quaternary pump G1511C was applied for a flow of 

1.5 ml/min, while the injection volume and runtime were 20 µl and 30 minutes, respectively. 

Soybean and palm oil samples preceded the analysis in order to calibrate the retention times for 

tocopherols and tocotrienols, respectively. HPLC analysis was applied in order to measure the 

amounts of tocopherols and tocotrienols in the oil. 

4.1.7 Nuclear magnetic resonance 

NMR analysis was executed using a Bruker Avance III Nanobay 400 MHz NMR spectrometer with a 

5 mm BBFO Z-gradient high resolution probe. 1H-NMR, 13C-NMR and 31P-NMR spectra were recorded 

at 400 MHz, 100.6 MHz and 162 MHz, respectively. All solvents used were deuterated, with TMS 

(tetramethylsilane) as a reference compound. Identification of peaks was achieved through the use 

of COSY and HSQC spectra. Results were processed using Topspin software. 

4.1.8 Mass spectrometry 

For mass spectrometry analysis, an Agilent 1100 Series LC/MSD type SL mass spectrometer was 

applied, using electron spray ionization (ESI) at 4 kV or 3.5 kV for the positive or negative mode, 

respectively. Fragmentation was executed at 70 eV, while detection occurred through a quadrupole 

mass analyzer. High resolution mass spectrometry (HRMS) was achieved through an Agilent 6210 

Series LC/MSD mass spectrometer equipped with ESI/EPCI ionization source and a Time-Of-Flight 

mass detector. 

4.1.9 Infrared spectroscopy 

Characterization of compounds through infrared analysis was executed using a Perkin-Elmer BX FT-IR 

spectrometer and through the Attenuated Total Reflectance technique. 
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4.1.10 UV spectrophotometry 

Spectrophotometric analysis was executed to determine the pigments content of vegetable oil and 

to assess antioxidative capacities. A Shimadzu spectrophotometer, model UV-1800, was utilized. 

Β-carotene absorbance was measured at 446.0 nm, while for chlorophyll, 3 different wavelengths 

were measured; 630.0 nm, 670.0 nm and 710.0 nm. The absorbance of DPPH test solutions was 

measured at 515 nm. 

4.1.11 Inductively coupled plasma 

The elements content of the oil was determined through ICP, Inductively Coupled Plasma, analysis. A 

Thermo scientific iCAP 6000 series ICP spectrometer was used, while the plasma was induced by the 

use of argon. Samples were preheated to 75 °C to lower the oil viscosity. Flushing of the ICP 

installation prior to analysis was executed with kerosene and 3 standardized solutions containing 

low, medium and high levels of elements were used for calibration. Results were processed by the 

use of Thermo scientific iTEVA ICP Software. 

4.2 Analytical methods 

4.2.1 Vegetable oil composition 

In a vial, between 0.10 and 0.15 g of oil was weighed and 0.5 ml of BSTFA 

(N,O-bis(trimethylsilyl)trifluoroacetamide) with a derivatizing agent, trimethylchlorosilane, was 

added. Two internal standards were added (0.5 ml). The first one was composed of betulin in 

pyridine (8.068 mg/ml), while the second one was a tricaprin solution (8.087 mg/ml). Next, the 

sample was heated to 80 °C in the oven for 30 minutes. These vials were further subjected to gas 

chromatography analysis. 

4.2.2 Fatty acid composition 

In a first method, 1 g of oil was weighed in a vial. 1 ml of a 2 M potassium hydroxide in methanol 

solution and 8 ml of hexane were added. The sample was shaken for 30 seconds and put at 50 °C for 

30 minutes to enable the layers to separate. 25 µl from the upper layer was dissolved in hexane and 

subjected to GC analysis. Further, a coconut oil reference sample was analyzed for comparison of 

retention times. 

As a second method, 20 mg of oil and 1 ml MTBE (methyl tert-butyl ether) were added to a vial and 

filtered. Next, 100 µl of this solution was transferred into a vial and 50 µl of TMSH 

(trimethyl sulfonium hydroxide, 0.2 M in methanol) was added. After careful homogenization of the 

sample, it was subject to GC analysis. 

4.2.3 Phospholipid composition 

Determination and identification of the phospholipid content was done according to the 31P-NMR 

quantification method from Spectral Service GmbH (Germany), who have also provided 

standardization. Between 500 and 600 mg of oil was weighed and 5 mg triphenyl phosphate was 
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added as an internal standard for NMR calibration. 1.5 ml of a 1/1/1 solvent mixture of CDCl3, 

methanol and a 0.2 M Cs-EDTA solution was added. Samples were stirred for 5 minutes and 

subjected to 5 minutes of centrifugation at 4000 rpm for separation of layers. 0.5 ml of the bottom 

organic phase was collected and subjected to 31P-NMR analysis. 

4.2.4 Moisture content 

The moisture content was determined through drying until a constant weight was obtained. Samples 

of 3 g were dried for 2 hours in an oven at 135 °C. Equally, moisture contents were analyzed through 

overnight drying of samples of 1 g in an oven at 103 °C. Cups were dried in the oven for about one 

hour prior to the addition of material. 

4.2.5 Protein content 

To determine the protein content of the cake, the Kjeldahl method was utilized. This method is a 

combination of three distinct processes: digestion, distillation and titration. During digestion, organic 

nitrogen is set free from the sample as ammonia through wet combustion. A sample of 0.5 g was 

transferred to a Kjeldahl tube and 15 ml of concentrated sulphuric acid was added. Also, a kjeltab 

was added to the solution which contained 5 g of K2SO4, 0.15 g of CuSO4∙5H2O and 0.15 g of TiO2. 

Further, a blank sample was prepared. The Kjeldahl tubes were placed in a block digestor, type 

Gerhardt Kjeldatherm, at 420 °C for 1 hour. The ammonia released during the reaction was captured 

and sent through a solution of 40 % NaOH, by the use of a Gerhardt Turbosog installation. 

Distillation was executed in a Gerhardt Vapodest 30s distillator. Prior to steam distillation, 30 ml of 

40 % NaOH was added to the solution. The receiving indicator solution contained 2 % boric acid, 

0.75 % Mish indicator and NaOH to capture the condensed ammonia.  

The resulting solution was titrated using a 0.1 N hydrochloric acid solution by means of a Titroline 

easy device. The protein content was calculated from the nitrogen content by means of a conversion 

factor. Here, a factor of 6.25 was applied for the extraction cake of coriander seeds. 

4.2.6 Free fatty acid content 

The amount of free fatty acids contained in the oil was determined through titration. A 50 ml 1/1 

solvent mixture of hexane and isopropyl alcohol with phenolphthalein as a pH indicator was heated. 

Sodium hydroxide was added until the transition point of the indicator was reached and the mixture 

was added to an oil sample of 2.5 g. The oil solution was titrated with a 0.1002 N solution of sodium 

hydroxide until the transition point of phenolphthalein was reached. Likewise, 50 ml of ethanol may 

be applied and titration may be executed by means of a 0.1 N potassium hydroxide in ethanol 

solution.  

The amount of free fatty acids can be determined from the following equation: 

%FFA = (V × c × M)/(10 × m). In this equation, V is the titrated volume in ml, c is the exact molarity of 

the applied base, M is the molar mass of the fatty acid used for expression (here 282 g/moles) and m 

is the sample mass in grams. Results were reported as mass% FFA as petroselinic acid. 
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4.2.7 Antioxidant capacity assay 

Antioxidant capacity was measured by means of the DPPH radical scavenging assay, through which 

the radical scavenging activity of an extract against the stable DPPH (2,2-diphenyl-1-picrylhydrazyl) 

radical is determined. The applied method was based on the method used by Brand-Williams et al. 

and comprises methanolic extraction and DPPH scavenging assessment through 

UV spectrophotometry.107 Methanolic extracts were obtained through methanol Soxhlet extraction 

for 5 hours and subsequent concentration by rotary evaporation. Aqueous extracts were prepared 

through rotary evaporation of water solutions. Inhibition was calculated through 

%Inh = [(AB-AA)/AB] × 100, where AB and AA are the absorbances of the DPPH solution and tested 

extract solution, respectively. 

A 6 x 10-5 M DPPH in methanol solution was prepared daily, protected from the light and stored at 

low temperatures. 10 mg extract was dissolved in 1 ml methanol or in a 1/1 water/methanol solution 

for aqueous extracts. The samples were subjected to sonication to ensure complete dissolution. 50 μl 

of this extract solution was added to 2 ml of DPPH solution and the samples were put in the dark for 

30 minutes to react. Absorption was measured at 515 nm through UV spectrophotometry. Further, a 

calibration curve was set up using methanolic Trolox solutions with known concentrations ranging 

from 100 to 750 μmoles/L. Results were expressed as μmoles of Trolox equivalents (TE) per g of cake. 

4.3 Extraction 

4.3.1 Seed preparation 

Milling of the seeds prior to vegetable oil extraction was executed with a Retsch (Germany) miller, 

model ZM100, at 18000 rpm. For further milling of the cake after the first extraction round, a 

0.75 mm sieve was applied. Before hydrodistillation, the seeds were milled with an IKA-Werke 

(Germany) miller, type MF 10, at 3750 rpm and with a 2 mm sieve. 

4.3.2 Hydrodistillation 

To extract the essential oil from the coriander material, hydrodistillation was applied, which 

comprises both water distillation and water-steam distillation. For water distillation, 200 g of milled 

material was mixed with 2 l of water (1:10 ratio) and added to the distillation flask where it was 

refluxed for 5 hours. The installation consisted of a Clevenger-like apparatus. Volatilized compounds 

and water vapor are condensed through the cooling system and collected and separated in a 

separatory tube. An overflow system avoids that the material in the flask becomes dry and 

undergoes thermal degradation.  

During water-steam distillation, the same apparatus as in water distillation was used, although the 

material was not submersed in water but held slightly above water level by means of a perforated 

plate and a grid. Again, 200 g of ground material was subjected to 5 hours of distillation, but only 1 l 

of water was applied. 
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4.3.3 Soxhlet extraction 

Hexane solvent extraction of the coriander seeds was executed by means of a Soxhlet apparatus. 

Here, the seeds are contained within a timble or filter cloth, with some cotton wool on top in order 

to prevent loss of material. These samples are placed in the extraction chamber. The bottom flask 

containing the solvent is refluxed, leading to the migration of vapours into the extraction chamber, 

where they extract oil from the seeds until equilibrium. Also, a reflux system is placed on top in order 

to prevent hexane vapour losses and to obtain a good circulation of solvent.  

The extraction chamber is periodically emptied through a siphon system, so the material undergoes 

several washes with fresh solvent and all oil is collected in the bottom flask. The extraction 

proceeded for 8 hours, divided into two extraction steps of 4 hours with a milling step in between. 

The installation was protected from the light in order to prevent oil oxidation. Soxhlet extractions on 

a small scale were executed to determine the oil content in a more precise manner.  

The solution of the oil in solvent is called the miscella. It was filtered and thoroughly concentrated by 

means of rotary evaporation. Miscella resulting from the small scale extractions was roughly 

concentrated by means of the Soxhlet installation with no material in the extraction chamber prior to 

drying in the oven at 135 °C for 2 hours.           

4.3.4 Extrusion 

Next to solvent extraction, coriander vegetable oil was obtained through pressing of the oil seeds. 

Both single- and twin-screw extrusion was executed. After extrusion, the oil was subjected to 

15 minutes of centrifugation at 8000 g and 20 °C. 

4.3.4.1 Single-screw extrusion 

A single-screw extruder type OMEGA 20 (France) was used, equipped with an 18 cm screw with pitch 

screws of 1.8 cm, an internal diameter of 1.4 cm and a channel depth of 0.5 cm. Operating 

parameters were set according to Sriti et al..61 Before introduction of the seeds, the extruder 

operated without any material for 15 minutes while being heated to 60 °C. The feed rate was 

0.9 kg/h, while the screw rotation speed was 40 rpm and 200 g of seeds were introduced at the inlet 

with every experiment. The oil was collected at a filter section, which is placed near the end of the 

screw, while the cake is collected at the end after passing through a nozzle. The diameter of this 

nozzle and its distance from the screw was set at 9 and 3 mm, respectively. 

4.3.4.2 Twin-screw extrusion 

Twin-screw extrusion was carried out with a Clextral BC 21 (France) co-rotating and co-penetrating 

twin-screw extruder. The extruder consists of seven modules, each 100 mm long, of which modules 

2 to 5 and 7 were temperature controlled. Seeds were introduced at the feed inlet through a K-Tron 

Soder KCL-KT20 (Switzerland) screw feeder at a constant, adjustable feed rate. Oil was collected at 

module 6, after flowing through a filter element. To set up a standard curve relating the feed rate to 

the screw rotation speed of the feeder, seeds were collected during 5 minutes at varying rotation 
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speeds. Extrusion trials were conducted by the collection of oil and cake during 30 minutes of 

operation. 

The screw profile consisted of a series of 25 or 50 mm long elements, which can exhibit a conveying 

(forward pitch screws), grounding (monolobe or bilobe paddles) or pressing (reversed pitch screws) 

effect on the seeds. First, a screw profile was applied which contained reversed pitch screws with 

a -25 mm pitch right after the filter element. Next, this element was placed 25 mm further away from 

the filter and thus closer near the exit of the extruder. As both profiles created extrusion instability, 

the element was replaced with a less restrictive one, displaying a pitch of -33 mm. This profile was 

used for trials 1 through 4. For trials 5 through 10, the less restrictive -33 mm element was placed 

back 25 mm closer to the filter element. 

4.4 Agro-materials 

4.4.1 Thermopressing 

For the production of agromaterials, a PEI (France) thermopress with a capacity of 400 tons was 

utilized. This hydraulic press operates through two heated plates exerting an adjustable pressure on 

an aluminum mold containing the material. Thermopressing operating conditions were optimized 

through the determination of flexural strengths and elastic moduli of particle boards produced 

through thermopressing with varying conditions. This resulted in thermopressing conditions of 

200 °C plate temperature, 375 kg/m² pressure and a molding time of 3 minutes followed by an 

additional 30 seconds of molding. 

Prior to thermopressing, cake and straw were dried overnight at 65 °C in order to avoid any defects 

during thermopressing due to the evaporation of moisture that was contained inside the material. 

Twin-screw extrusion cake from trial 9 was utilized for the production of agromaterials, whether or 

not combined with coriander straw. The panels produced through thermopressing are about 

15 ⨯ 15 cm with variable thickness depending on the amount of material that was subjected to 

thermopressing. 

4.4.2 Bending tests 

Particle boards resulting from thermopressing were characterized through the determination of their 

mechanical properties. Test specimens with a width of 3 cm were subjected to bending tests using 

the three point flexural method. This was executed using a JFC (France), model 5-kN H5KT, universal 

testing machine equipped with a 100 N load cell at a testing speed of 3 mm/min. This rendered the 

breaking load, flexural strength at the breaking point and the elastic modulus. All trials were 

executed through four repetitions. 
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4.5 Reaction procedures 

4.5.1 Isolation of petroselinic acid 

In a 250 ml flask, 10 g (11.3 mmoles) of coriander oil was weighed and 50 ml of a 3 N sodium 

hydroxide solution was added. The reaction mixture was refluxed for 2.5 hours, cooled down and 

acidified to pH 1 with a 3 N hydrochloric acid solution. The mixture was extracted with hexane and 

washed with water. The organic phase was dried over magnesium sulfate, filtered and concentrated 

under reduced pressure.  

Petroselinic acid was isolated through automated column chromatography of the hydrolysis reaction 

product. A solvent mixture of 1/99 ethyl acetate/petroleum ether and an elevated solvent flow rate 

were applied for effective separation. After this, all product was collected from the column through a 

95:5 solvent mixture at a reduced flow rate. Pure petroselinic acid (3.9 g) was obtained through 

crystallization in absolute ethanol at -20 °C as a white solid at room temperature in a yield of 41 %. 

cis-6-Octadecenoic acid (petroselinic acid) 

1H-NMR (400 MHz, CDCl3): δ 0.88 (3H, t, J = 

6.8 Hz, C18H3); 1.23-1.35 (18H, m, 9 × CH2); 

1.36-1.44 (2H, m, C4H2); 1.61-1.69 (2H, m, C3H2); 2.01 (2H, d×t, 2J = 6.7 Hz, 3J = 6.7 Hz, C8H2); 2.05 (2H, 

d×t, 2J = 7.3 Hz, 3J = 7.1 Hz, C5H2); 2.36 (2H, t, J = 7.5 Hz, C2H2); 5.29-5.41 (2H, m, CH=CH); 11.45 (1H, 

s(br), COOH). 13C-NMR (100.6 MHz, CDCl3): δ 14.1 (CH3); 22.7 (CH2); 24.3 (C3H2); 26.8 (C5H2); 27.2 

(C8H2); 29.1 (C4H2); 29.3, 29.4, 29.6, 29.7, 29.7, 29.7, 31.9 (8 × CH2); 34.0 (C2H2); 128.9 (CH=CH); 130.6 

(CH=CH); 180.1 (C=O). IR (cm-1): νOH = 3000; νC=O = 1709; νmax = 2916, 2848, 1462, 1432, 1310, 1203, 

907, 719, 648. MS (70 eV): m/z (%) = 281 ([M-H]-, 100). Tm: 30-31 °C. Rf (20/80 EtOAc/toluene): 0.34. 

4.5.2 Synthesis of petroselinic acid methyl ester 

In a 50 ml flask, 1 g of petroselinic acid (3.54 mmoles) was dissolved in 5 ml of methanol and a few 

drops of sulfuric acid were added as a catalyst. The reaction mixture was refluxed overnight. The 

mixture was concentrated through rotary evaporation, redissolved in ethyl acetate and washed with 

a satured sodium bicarbonate solution. The organic phase was dried over magnesium sulfate, filtered 

and concentrated under reduced pressure. 1 g of methyl petroselinate was obtained as a yellow oil 

with a yield of 99 %.  

cis-6-Octadecenoic acid methyl ester (petroselinic acid methyl ester) 

1H-NMR (400 MHz, CDCl3): δ 0.88 (3H, t, J = 

6.9 Hz, C18H3); 1.21-1.33 (18H, m, 9 × CH2); 

1.33-1.42 (2H, m, C4H2); 1.60-1.68 (2H, m, C3H2); 2.01 (2H, t×d, 3J = 7.0 Hz, 2J = 6.9 Hz, C8H2); 2.04 (2H, 

d×t, 2J = 7.1 Hz, 3J = 7.0 Hz, C5H2); 2.31 (2H, t, J = 7.5 Hz, C2H2); 3.67 (3H, s, OCH3); 5.29-5.41 (2H, m, 

CH=CH). 13C-NMR (100.6 MHz, CDCl3): δ 14.1 (C18H3); 22.7 (CH2); 24.6 (C3H2); 26.8 (C5H2); 27.2 (C8H2); 
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29.2, 29.3, 29.4, 29.6, 29.6, 29.7, 29.7, 31.9 (9 × CH2); 34.0 (C2H2); 51.4 (OCH3); 129.0 (CH=CH); 130.5 

(CH=CH); 174.2 (C=O). IR (cm-1): νC=O = 1742; νCOOMe = 1196, 1169; νmax = 2922, 2853, 1458, 1436, 721. 

MS (70 eV): m/z (%) = 297 ([M+H]+, 75); 426 (100); 314 ([M+NH4]
+, 45). 

4.5.3 Synthesis of 6,7-dibromo-octadecanoic acid methyl ester 

In a 50 ml flask, 568 mg of methyl petroselinate (1.92 mmoles) was dissolved in 15 ml 

dichloromethane and 0.10 ml of bromine (1 eq., 1.92 mmoles) was added carefully dropwise at 0 °C 

(caution). The reaction mixture was stirred for 2 hours and 15 minutes at room temperature. 

The excess of bromine was quenched by addition of an aqueous sodium bisulfite solution until 

complete discoloration of the reaction mixture was obtained. The mixture was washed with brine 

and concentrated through rotary evaporation. The resulting product mixture was redissolved in 

diethyl ether and washed with water to remove any left traces of salts. The organic layer was dried 

over magnesium sulfate, filtered and concentrated under reduced pressure. This rendered 677 mg of 

6,7-dibromo-octadecanoic acid methyl ester as a pale yellow oil in a 78 % yield. 

6,7-Dibromo-octadecanoic acid methyl ester 

1H-NMR (400 MHz, CDCl3): δ 0.88 (3H, t, J = 

6.9 Hz, C18H3); 1.25-1.40 (18H, m, 9 × CH2); 

1.40-1.49 (2H, m, C4HaHbC9HaHb); 1.54-1.77 

(4H, m, C3H2, C4HaHbC9HaHb); 1.78-1.95 (2H, m, C5HaHbC8HaHb); 2.00-2.11 (2H, m, C5HaHbC8HaHb); 2.35 

(2H, t, J = 7.3 Hz, C2H2); 3.68 (3H, s, OCH3); 4.19-4.23 (2H, m, 2 × CHBr). 13C-NMR (100.6 MHz, CDCl3): 

δ 14.1 (C18H3); 22.7 (CH2); 24.1 (C3H2); 27.3, 27.8 (C4H2, C9H2); 28.8, 29.3, 29.4, 29.5, 29.6, 31.9 (7 × 

CH2), 33.8 (C2H2); 34.6, 34.9 (C5H2, C8H2); 51.6 (OCH3); 59.2, 59.6 (2 × CHBr); 173.9 (C=O). IR (cm-1): 

νC=O = 1738; νCOOMe = 1197, 1170; νmax = 2923, 2853, 1458, 1436, 722. MS (70 eV): m/z (%) = 472 

([M+NH4]
+, 24); 474 ([M+NH4]

+, 52); 476 ([M+NH4]
+, 27); 282 (100); 297 (79). 

4.5.4 Synthesis of 5-(3-undecyl-oxiranyl)pentanoic acid methyl ester 

In a 50 ml flask, 200 mg of methyl petroselinate (0.68 mmoles) was dissolved in 10 ml toluene and 

85 mg of sodium bicarbonate (1.5 eq., 1.01 mmoles) was added. 128 mg of mCPBA 

(meta-chloroperoxybenzoic acid) (1.1 eq., 0.74 mmoles) was added at 0 °C. The reaction mixture was 

stirred for 4.5 hours at room temperature. The mixture was filtered and the excess of mCPBA was 

quenched by addition of 1 ml of an aqueous 10 % sodium bisulfite solution (1.5 eq., 1.01 mmoles). 

The organic phase was washed with sodium bicarbonate and water, dried over magnesium sulfate, 

filtered and concentrated under reduced pressure. 193 mg of 5-(3-undecyl-oxiranyl)pentanoic acid 

methyl ester was obtained as a clear oil in a 92 % yield. 
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5-(3-Undecyl-oxiranyl)pentanoic acid methyl ester 

1H-NMR (400 MHz, CDCl3): δ 0.88 (3H, t, J 

= 6.8 Hz, C18H3); 1.25-1.44 (18H, m, 9 × 

CH2); 1.45-1.57 (6H, m, C4H2, C5H2, C8H2); 

1.67-1.74 (2H, m, C3H2); 2.34 (2H, t, J = 7.4 Hz, C2H2); 2.88-2.93 (2H, m, CH(O)CH); 3.67 (3H, s, OCH3). 

13C-NMR (100.6 MHz, CDCl3): δ 14.1 (C18H3); 22.7 (CH2); 24.8 (C3H2); 26.2, 26.6, 27.5, 27.8, 29.3, 29.5, 

29.6, 29.6, 29.6, 31.9 (11 × CH2); 33.9 (C2H2); 51.5 (OCH3); 56.9, 57.2 (CH(O)CH); 174.0 (C=O). IR 

(cm-1): νC=O = 1740; νCOOMe = 1195, 1167; νmax = 2922, 2854, 1461, 1436, 1234, 1008, 722. MS (70 eV): 

m/z (%) = 313 ([M+H]+, 75); 330 ([M+NH4]
+, 100). 
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5 Conclusion & future perspectives 
Coriandrum sativum L. is an annual herb that has been applied as a culinary ingredient since ancient 

history. Recently, it has also become of interest for non-food applications such as the production of 

interesting new oleochemicals. The goal of this master’s thesis consisted of assessing the potential of 

coriander as a valuable and commercial renewable resource. 

A key part of evaluating the importance of coriander in the industrial world consists of a complete 

characterization of its main product, the seed vegetable oil. Furthermore, the characterization of 

vegetable oil originating from French coriander has not been reported so far. The oil that was 

subjected to characterization was obtained from French coriander seeds through solvent extraction 

with hexane. 

The vegetable oil composition is presented in Table I. The high amount of triglycerides, combined 

with a low amount of free fatty acids, indicates excellent quality oil which has suffered little 

hydrolysis. This is an essential parameter for the oil’s industrial potency, as it exerts a chief influence 

on its selling price. Through analysis of the fatty acid composition, the presence of one major 

compound was confirmed. This compound was identified as petroselinic acid (C18:1cis-6) and 

constitutes 73 % of all fatty acids. This fatty acid is rather rare amongst octadecenoic acids and leads 

to a broad range of opportunities in the chemical industry. 

Table I: Vegetable oil composition 

Compound Content (%) 

TAG 96.25 ± 1.05 

DAG 1.03 ± 0.09 

MAG 0.09 ± 0.02 

FFA 1.80 

Glycerol 0.88 ± 0.01 

Unsaps 0.47 ± 0.04 

Sterol esters 0.15 ± 0.13 

Phospholipids 0.31 ± 0.02 

 

Further, the oil contains a significant amount of about 4 g/kg of phytosterols, which may exhibit 

beneficial health effects. Phospholipids are present in a low content, which could considerably 

reduce potential degumming costs, while an interesting composition was found with phosphatidic 

acid as the main component. A considerable amount of tocols of about 500 ppm was found, while 

they consist primarily of tocotrienols and highly resemble the composition found in palm oil. This 

provides the vegetable oil with a prominent antioxidant activity, leading to an interesting 

preservative action. Also, the pigments and elements content of the oil was determined, the latter 

constituting an analysis that had never been reported for coriander vegetable oil. The oil 

characterization of French coriander further showed the significant influence of seed origin. 
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Through this, a thorough characterization of the vegetable oil originating from French coriander 

seeds was executed and displays its classification as a high-value specialty oil. An additional analysis 

that should be executed in the future is the determination of the sterols composition. This was 

performed for coriander oil but did not lead to reliable results. Therefore, the analytical procedure 

should be optimized and repeated. Next, attention was focused on obtaining the oil in a satisfying 

yield and exploring different extraction routes in order to optimize oil quality and profitability 

through the valorization of a series of by-products. 

Through hexane solvent extraction, 23 % of vegetable oil was obtained on a dry basis after a 

two-step Soxhlet process with an additional milling of the seeds in between. This represents an 

extraction yield of over 80 % and leads to high quality oil that primarily finds applications in the 

chemical industry. Furthermore, the extraction cake exhibits a high protein content of 23 %, resulting 

in its potential value for the feed industry. 

Virgin-type vegetable oil was obtained through pressing of the seeds by the use of both single- and 

twin-screw extrusion. This oil is more important for high-value applications in the food and cosmetic 

industry. Single-screw extrusion was applied for French and Vietnamese coriander and showed a 

substantial difference in both the obtained oil yield and quality. This was caused by the seed origin 

rather than aging processes. Next to this, seasonal characteristics may exert an important influence 

on the oil yield, as was seen through the high yield obtained from 4-year-old French coriander seeds. 

Single-screw extrusion resulted in a yield of 11 % vegetable oil on a dry basis, while the highest yield 

was obtained through twin-screw extrusion and mounts up to about 13 %. This represents an 

extraction yield of about 50 % and was achieved with the fourth screw profile and a filling coefficient 

of 47 g/h rpm, leading to a high productivity. Further, the outlet temperature of the extruder may be 

decreased as this can lead to elevated oil yields, although further optimization of oil centrifugation 

should be executed. This does not lead to an increase in oil quality, but exerts an important influence 

on the potential valorization of extrusion by-products and may reduce energy costs during extrusion. 

The vegetable oil quality in terms of free fatty acids did not significantly differ between extrusion 

trials, although it was consistently better than the oil quality obtained through solvent extraction. A 

second quality parameter for coriander vegetable oil consists of the amount of petroselinic acid 

amongst other fatty acids. This was shown to be independent on the extraction method, while some 

differences were observed for coriander seeds from different origin. 

The cake obtained after extrusion of French coriander seeds presents an interesting by-product and 

was proven to be valuable for a series of promising applications (Figure I). Firstly, the cake can be 

subjected to further solvent extraction, yielding another 15 % of solvent-extracted oil. Secondly, it 

may undergo hydrodistillation to obtain a modest yield of essential oil with the amount and 

composition strongly depending upon the extruder outlet temperature. Further research should 

examine the simultaneous extraction of vegetable and essential oil through the introduction of 

steam to the extruder and the resulting effect on oil yield and quality. 
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Thirdly, the cake has been shown to display significant antioxidative activity, although further 

analysis should be executed to determine the amount of water-soluble compounds. Finally, valuable 

agro-materials were produced with promising mechanistic properties and high potential as 

alternatives to conventional particleboards. Further investigation of the effect of the addition of 

coriander straw on the mechanistic properties of the materials should be performed. 

 
Figure I: Extraction routes 

Further optimization of the twin-screw extrusion process should be executed through adjustment of 

the screw profile and improvement of the centrifugation step. Also, the simultaneous extraction of 

vegetable and essential oil through the introduction of steam to the extruder should be examined in 

order to assess oil yields and quality. The industrial value of antioxidant extracts should be evaluated 

through analysis of the water-soluble components. Finally, agro-materials seem to be an interesting 

application with high potential, although these materials still need to find their way to the industrial 

market. Here, further investigation of the effect of coriander straw on the mechanistic properties of 

the materials should be performed. 

In order to isolate petroselinic acid in high purity, French coriander vegetable oil I obtained through 

solvent extraction was subjected to hydrolysis and subsequently worked up through flash 

chromatography and crystallization at -20 °C in absolute ethanol. This rendered 40 % of pure 

petroselinic acid II which was further subjected to a series of chemical derivatization processes in 

order to obtain interesting oleochemicals. These derivatives and the reaction schemes are 

represented in Figure II. 

Esterification of petroselinic acid II was executed successfully through an environmentally friendly 

process and resulted in a high yield of petroselinic acid methyl ester III. This compound was 

subjected to an acyloin condensation in order to obtain the respective acyloin IV. However, several 

attempts with varying reaction time were not successful due to the occurrence of polymerization. 
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Figure II: Petroselinic acid isolation and derivatization 

Next, it was endeavoured to introduce a phosphonate group to the petroselinic acid methyl ester III. 

This was first attempted through addition of an alkyl phosphite to the double bond, which was not 

successful. In order to enhance reactivity, the double bond was first effectively brominated in high 

yield. Substitution of the bromine groups V with phosphonate groups in order to obtain the 

phosphonate VI through the Arbuzov reaction  was not successful. As a third attempt to incorporate 

a phosphonate group, PAME III was first successfully epoxidized in high yield. However, introduction 

of the phosphonate group to the epoxy derivative VII did not proceed. 

The introduction of a phosphonate group in order to achieve the synthesis of PAME-based 

phosphonates should be further examined. This may possibly be accomplished through the 

brominated derivative by the Arbuzov reaction when lower temperatures are applied. However, the 

production of phosphonates would present a significantly more sustainable process if it was achieved 

through the epoxidized derivative. An interesting approach to do this consists of synthesizing diethyl 

trimethylsilyl phosphite as a reagent to produce phosphonates from the epoxy methyl esters. 

Next to this, further work should investigate alternative routes to obtain the epoxy derivative, such 

as the use of hydrogen peroxide, as they may exhibit a more sustainable and environmentally 

friendly nature. Further, the mono-alcohol could be produced as an interesting new compound 

through activation of the epoxide by the use of HCN. From this alcohol, phosphates could possibly be 

synthesized, as was executed by Van der Steen on the acyloin derived from methyl undecenoate.99 
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