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1 Introduction 

Citrus fruits are the most popular family of fruits available in almost all countries. They are 

commonly imported into many countries where their cultivation is made impossible by climatic 

conditions. The citrus genus, which belongs to the Rutaceae family according to the Tanaka 

classification from 1961, has 156 species. In turn, the Swingle classification from 1943 

includes 16 species. However, only four of them (pomelo, citron, mandarin and papeda) are 

counted as primary fruits. All other citrus fruits are secondary fruits, being successive hybrids 

of primary fruits. Due to its ability to reproduce apomictically, its numerous species mutations, 

and natural and artificial hybridization processes, it is still problematic to create an accurate 

classification of the genus ‘citrus’. 

The impact of consuming citrus fruits on human health is well known. Due to the large amount 

of vitamins – especially vitamin C, antioxidants, polyphenols, carotenoids and flavonoids –

drinking citrus juices has a positive effect on the human body. Citrus juices such as orange 

and grapefruit juice are rich sources of vitamin C, a powerful antioxidant that can boost the 

immune system and protect against oxidative stress [1]. The flavonoids found in citrus fruits 

have been linked to reducing the risk of cardiovascular diseases by improving blood vessel 

function and reducing inflammation [2]. Citrus juice consumption has been associated with a 

lowered risk of stroke due to its potential to improve blood pressure and reduce the formation 

of blood clots [3]. Regular consumption of citrus juices, particularly orange juice, has been 

linked to a reduced risk of developing kidney stones, possibly due to their citrate content [4]. 

The phytochemicals in citrus fruits, such as hesperidin, have anti-inflammatory properties that 

may help alleviate symptoms in individuals with inflammatory conditions [5]. Citrus fruits and 

their juices have a low glycaemic index and can help regulate blood sugar levels, making them 

beneficial for individuals with or at risk of type-2 diabetes [6].  

As the most popular family of fruits and having been known about and enthusiastically 

consumed for many years, citrus has found several applications. Citrus fruits are widely 

utilized in a variety of ways due to their refreshing flavour, versatility, and nutritional value. 

Citrus fruits are used especially for food purposes, and in recent years they have also been 

increasingly used in various industries, primarily pharmaceuticals and cosmetics. Citrus fruits 

are a primary source of citrus juices such as orange juice, grapefruit juice, and lemon juice. 

These juices are consumed as beverages or used as ingredients in various recipes. The zest 

and peel of citrus fruits are used to add flavour to dishes. Lemon zest, for example, can 

enhance the taste of desserts and savoury dishes. Citrus peel is also used to make candied 

peel and marmalades. Citrus fruits, particularly oranges, are used to make preserves and 

marmalades, which can be spread on bread or used as a topping. Citrus flavours are used in 

various candies, gummies, and sweets. Essential oils extracted from citrus fruits are used in 
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aromatherapy, perfumes, and flavourings. They can be used as a natural insect repellent. 

They contain compounds that deter pests. Citrus extracts are used in some cleaning products 

due to their natural degreasing and fresh scent properties.  

Juice is the main product obtained from citruses. Orange juice is the most consumed type of 

juice in the world. Citrus juice yields fruits that account for half of the fruit weight, and hence a 

large amount of citrus waste is produced worldwide [7]. In the case of some citrus fruits, the 

problem is not only the waste from commercial juice production but also the fruit not being 

distributed and instead being discarded due to regulations restricting production [8]. There are 

also fruits whose pulp and juice are not consumed because of the unpleasant taste. In the 

case of these fruits, waste accounts for up to 90%. An example of such a fruit is the Kaffir lime. 

The still-growing consumption of juices and the amount of post-production waste generated 

have been the subject of many considerations. New solutions for their use are being sought 

that are financially profitable but also environmentally friendly. For a given solution to be 

economically advantageous, the yield of the products must be relatively high and the process 

costs low. Therefore, it is important to properly select the waste disposal method for the type 

of raw material. Production waste can be used in many ways. It is well known that citrus fruits 

and the waste produced from them are a source of many substances with proven health-

promoting properties that can be reused after their isolation from citrus wastes. Citrus fruits 

are a rich source of essential oils, pectins, minerals, vitamins, and antioxidants such as 

polyphenols or flavonoids. 

2 Theoretical part 

2.1 Citrus family 

2.1.1 Characteristics of the genus 

Citrus fruits are the most popular fruits and are available in almost all countries. The genus 

Citrus belongs to the Rutaceae family according to Tanaka's 1961 classification and has 156 

species. In turn, the Swingle classification from 1943 includes 16 species. However, only four 

of them (pomelo, citron, tangerine and papeda) are considered primary fruits [9]. All other 

citrus fruits are secondary fruits, which are successive hybrids of the primary fruits. Due to the 

ability of apomictic reproduction, the numerous mutations of the species, and natural and 

artificial hybridization processes, creating an accurate classification of the genus Citrus is still 

a problematic issue. 

2.1.2 Production and cultivation of citrus fruits 

The genus of citrus is native to South Asia, East Asia, Southeast Asia, Melanesia and 

Australia. Despite this, China and Brazil are currently the leading producers of citrus. Spain is 
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dominant in Europe. According to Agrodigital, world citrus production in the 2018/19 season 

was 101.5 million tonnes. They are widely imported to many countries where their cultivation 

is impossible due to climatic conditions. Citruses are considered subtropical plants. Citrus 

trees can grow at between 13 °C and 38 °C. Ideal growing temperatures and cold tolerance 

vary by species and variety. For example, the ideal temperature for oranges to grow is 

between 21 °C and 32 °C. Some citrus species are grown in specific places, e.g. the main 

crops of bergamot oranges are in Italy, in the town of Bergamo. Hence the common name of 

the fruit. 

2.1.3 Application of citrus fruits 

As the most popular family of fruits, known and eagerly consumed for many years, citrus fruits 

have found many applications. Citrus fruits are used especially for food purposes, and in 

recent years they have also been increasingly used in various industries – primarily in the 

pharmaceutical and cosmetics industries. 

a) Culinary 

Most citrus fruits are eaten fresh. Oranges, tangerines and grapefruits are among the most 

popular citrus fruits consumed directly. The main product obtained from citrus fruits is juice. 

Orange juice is the most consumed type of juice in the world. Due to their high contents of 

vitamins, especially vitamin C, antioxidants, polyphenols, carotenoids and flavonoids, drinking 

citrus juices has a positive effect on the human body. Citrus juice is used directly as a drink or 

as an ingredient in drinks (lemonades) and as an addition to dishes (sauces or dressings) or 

cocktails (drinks). 

Citrus is also used to produce many types of preserves, such as marmalades and jams. Due 

to the high content of pectins, fruit peels are also added to preserves, which facilitates the 

gelling process. Citrus-based alcoholic beverages are also very popular. Lemon tinctures, 

citrus wines, or Cointreau liqueurs, which are made with bitter oranges, are widely available. 

For culinary purposes, products isolated from citrus fruits are also commonly used, such as 

citric acid as an acidity regulator, pectins as gelling agents, or essential oils as flavourings for 

dishes. 

b) Medicinal plants 

Citrus fruits are a source of many compounds with a health-promoting effect. For centuries, 

their properties have been used in folk medicine, especially in Asian countries [10]. Citruses 

are primarily one of the best natural sources of vitamin C. Vitamin C, or left-handed ascorbic 

acid, is an essential nutrient for the human body. Vitamin C is needed for many metabolic 

functions and its deficiency causes scurvy. Vitamin C is considered the main antioxidant 
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compound in citrus fruits [11]. However, numerous studies report that the share of ascorbic 

acid in the antioxidant activity is less than 10% [12]. In addition to vitamin C, fruits also contain 

many other compounds with bioactive properties, such as polyphenols, flavonoids, 

carotenoids, and terpenes [13]. There are many scientific reports on the bioactive properties 

of these chemical compounds, which are associated with the following effects: antioxidant, 

antiviral, and anticancer [14,15]. Studies show that eating citrus fruits may help to prevent 

many diseases [16]. For this reason, extracts from citrus plants are commonly added to 

medicines and dietary supplements [17].  

c) Cosmetics and pharmaceutical industry 

Due to the ever-increasing interest in cosmetics of natural origin, the use of citrus fruits in the 

cosmetics industry is constantly growing. Citrus essential oils are commonly used, which, 

thanks to their bioactive properties and pleasant fragrances, are a popular ingredient in 

creams, lotions, and shampoos and, above all, the key component of perfumes. Essential oils 

owe their aromatic and bioactive properties to monoterpenes, which are often isolated from 

citrus fruits. Limonene, linalool or y-terpinene are added to a wide range of cosmetics. 

In addition, the white part of the peel – the albedo – is a very good source of pectin. Pectins 

are added to cosmetics as stabilizing and gelling agents. However, they also have a health-

promoting effect – they help regulate cholesterol and carbohydrate metabolism, which is why 

their use in cosmetics is not limited to their stabilizing function. In addition, the demonstrated 

antioxidant effect means they are often added to anti-ageing cosmetics [18]. In addition, citric 

acid, which is commonly isolated from citrus fruits, is used in cosmetics as an acidity regulator. 

d) Ornamental plants 

Due to their appearance, citrus trees are popular ornamental plants. Citrus can be grown both 

in pots and in the ground. They do not require special growing conditions. However, the fruits 

of ornamental trees are often characterized by poor flavour. Many varieties of trees are 

available in garden stores, the most popular being lemon, orange lime, and tangerine trees.  

2.2 Valuable citrus by-products 

2.2.1 Terpenes 

Terpenes are secondary metabolites that many plants produce to fulfil specific biological and 

ecochemical functions such as hormone biosynthesis or protection against UV radiation and 

photo-oxidative stress, but also to act as pest and toxin repellents, growth regulators, pollinator 

attractors, photosynthetic pigments or electron acceptors. Less volatile, bitter or toxic 

secondary compounds are produced by plants as protection against microbes and insects 

[19]. Some terpenes are produced by plants to attract pollinating insects. Citrus fruits are 
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popular industrially for their production of terpenes. Simpler terpenes (mono- and 

sesquiterpenes) and terpenoids are the main components of essential oils and are widely used 

in the food industry. They can be additives to food, cosmetics, hygiene products, and 

household items, acting not only as flavourings but also as antibacterial and antioxidant 

agents. Terpenes are used primarily as fragrances in new perfumes and as additives to 

creams, lotions, or shampoos. In addition, some functionalized terpenes also show bioactivity 

against some types of cancer and bacterial and viral cells, so interest in such compounds is 

constantly growing. The terpene profile of essential oils depends not only on the citrus species; 

under the influence of external factors such as the presence of light or microorganisms, 

terpenes undergo biotransformation into other chemical compounds. For example, α-terpineol 

and terpinen4-ol are formed from linalool and limonene during citrus ripening, so are often 

considered indicators of quality and maturity [20]. It is also worth knowing the degree of fruit 

ripeness and the terpene metabolic pathway in citrus when determining terpene content [21]. 

The main terpene compound present in citrus, both in the peel and in the juice, is limonene. 

Citruses accumulate the limonene at high levels in the oil glands of their peels. Approximately 

36 million kg of limonene annually is recovered as a by-product of the citrus industry [22]. It is 

responsible for the pleasant aroma of citrus. Limonene is often used as a fragrance in 

cosmetics and cleaning products. It is also added as a flavouring to food. It can be found in 

cakes, juices, and ice creams. Due to its health-promoting properties, limonene is often used 

in medicine. It has been used clinically to dissolve cholesterol-containing gallstones. The 

terpene has also been used to relieve heartburn and gastroesophageal reflux. Clinical trials 

have also shown an effect in the treatment of breast tumours. Limonene is present in citrus 

peel and juice alike, with the concentration in the peel being much higher. The high content of 

limonene was noted in the peel of tangerine at 67,384.04 μg/g [23].  

2.2.2 Flavonoids 

Flavonoids have been distinguished as a class of polyphenols. They are characterized by a 

diverse chemical structure resulting from the attachment of substituents and different degrees 

of oxidation [24]. The attached substituents interfere with the structure of the compound, 

changing its properties; hence the different roles that flavonoids play in the course of plant life 

functions. Flavonoids are used as antibiotics and as anti-ulcer and anti-inflammatory agents. 

They are also used in the treatment of diseases such as hypertension and allergies [25]. They 

also play an important role in reducing the risk of obesity and diabetes [26].  

Mandarins contain the highest levels of the carotenoid β‐cryptoxanthin, which is responsible 

for the orange‐yellow colour of the segments in ripe mandarins [27] and has been suggested 

as an efficient provitamin A source in the Citrus genus. 



 
 

14 
 

2.2.3 Carotenoids 

Carotenoids are a class of natural pigments responsible for the vibrant colours found in various 

fruits and vegetables. Citrus fruits such as oranges, lemons, and grapefruits are known for 

their high content of carotenoids, which contribute to their appealing colours and nutritional 

value. These compounds possess antioxidant properties and play a crucial role in human 

health by protecting against oxidative stress and reducing the risk of chronic diseases. Citrus 

is a great source of carotenoids, containing the largest number of carotenoids found in any 

fruit [28], particularly β-carotene, lutein, and zeaxanthin. β-carotene, a precursor of vitamin A, 

contributes to healthy vision, immune system support, and overall skin health. A 

comprehensive review by Rodrigo et al. (2013) provides detailed information on the carotenoid 

profiles of different citrus species and varieties [29]. The study highlights the presence of 

various carotenoids, including β-carotene, lutein, zeaxanthin, β-cryptoxanthin, and others. The 

content and composition of carotenoids can vary depending on factors such as fruit ripeness, 

growing conditions, and genetic factors. Research by Johnson et al. (2013) showed that diets 

high in carotenoids are associated with a reduced risk of cardiovascular diseases. The anti-

inflammatory properties of carotenoids help lower blood pressure and cholesterol levels, 

thereby promoting heart health. Regular consumption of citrus fruits has been linked to a 

decreased risk of coronary heart disease and stroke [30]. Among citrus fruits, the one that 

typically contains the most carotenoids is the orange. Other citrus fruits such as tangerines, 

mandarins, and grapefruits also contain carotenoids, but oranges are particularly rich in these 

beneficial compounds. The specific carotenoid content may vary depending on the variety and 

ripeness of the fruit. Including a variety of citrus fruits in one’s diet can provide a range of 

health benefits due to their different nutrient profiles. 

2.2.4 Polyphenols 

Polyphenols are one of the most numerous groups of active biological ingredients commonly 

found in plants and the pulp of fruits and vegetables. They are products of plant metabolism, 

in which they play a protective role against fungal and bacterial infections. Polyphenols owe 

their unique antioxidant properties to a large number of hydroxyl groups. They are an essential 

component of the diets of humans and animals alike. Taking into account their positive impact 

on human health, they have become the subject of numerous studies [25]. 

There are four classes of polyphenols, and the division criteria are the number of aromatic 

rings connected and the method of their connection. There are phenolic acids, flavonoids, 

stilbenes, and lignans. The simplest polyphenols are simple compounds, including phenolic 

acids such as gallic acid. The more complex structures include lignans. Polyphenolic 

compounds are commonly used as a food additive for their natural antioxidant action. They 
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can also be used as stabilizers to strengthen and fix the colour of preparations containing 

anthocyanins. Moreover, they can act as preservatives, inhibiting the growth of 

microorganisms [25,31,32].  

2.2.5 Anthoyanes 

Anthocyanins are the pigments that play the most important role among the flavonoids. They 

are some of the most common colouring substances in nature [33]. The basic structural unit 

of anthocyanins is the flavylic cation. Anthocyanins are relatively unstable compounds 

because they are easily subject to changes that change their colour. They show particular 

sensitivity to elevated temperature [33]. Consuming anthocyanins may improve eyesight in 

people who suffer from myopia. They also contribute to improving the cognitive and protective 

functions of the brain, as they participate in the processes reducing the damage caused by 

cerebral ischemia. Anthocyanins are also responsible for the regulation of blood sugar levels, 

hence their positive importance in the prevention of diabetes. Additionally, they reduce the 

level of cholesterol [34]. 

2.2.6 Vitamin C 

Vitamin C is a water-soluble antioxidant that supports various bodily functions. One of its 

primary roles is in boosting the immune system by promoting the production of white blood 

cells, which help the body defend against infections and illnesses. Additionally, vitamin C aids 

in collagen synthesis, contributing to the health of skin, tendons, ligaments, and blood vessels. 

The rich vitamin C content in citrus fruits offers numerous health benefits. Regular 

consumption has been associated with reduced risk factors for chronic diseases such as 

cardiovascular disease, hypertension, and certain cancers. Furthermore, the antioxidant 

properties of vitamin C combat oxidative stress, helping to mitigate cellular damage caused 

by free radicals. 

The vitamin C content in citrus fruits varies slightly between types and cultivars. Oranges, for 

instance, are well-known for being an excellent source of this essential nutrient. 

2.2.7 Pectins 

Pectins are a group of complex carbohydrates known as polysaccharides and are found in the 

cell walls of plants. They play a crucial role in providing structural support to plant tissues and 

have various applications in the food industry due to their unique properties. One of the most 

significant properties of pectins is their gelling ability. When combined with sugar and acid, 

pectins form a gel, which is essential in the production of jams, jellies, and fruit preserves. The 
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ability to form gels is influenced by the degree of methylation of pectins, which affects their 

molecular structure and gel strength. Pectins are classified into two main types: high-methoxyl 

(HM) and low-methoxyl (LM) pectins. HM pectins require higher sugar content and lower pH 

levels to gel, whereas LM pectins gel in the presence of calcium ions and lower sugar 

concentrations. This differentiation allows food manufacturers to select the type of pectin that 

best suits their desired product texture. 

Aside from their gelling properties, pectins also act as natural thickeners and stabilizers, 

contributing to the texture and mouthfeel of various food products. Additionally, pectins are 

water-soluble, making them suitable for a wide range of applications in the food and beverage 

industry. 

Pectins also have health benefits, as they are dietary fibres that can help with digestion and 

promote a feeling of satiety. They may also have a positive impact on cholesterol levels due 

to their ability to bind to bile acids. 

2.2.8 Essential oils 

Essential oils are volatile fragrances found in the excretory tissues of many plants. They are 

commonly isolated from plants for their numerous uses. Due to their fragrance properties, they 

are the main fragrance components of perfumes. They are also used in aromatherapy, where 

their bioactive properties are used. In the case of citrus, the essential oils are mainly found in 

the peel. In the aroma profile of citrus oils, limonene is the predominant chemical compound. 

The presence of other chemical compounds makes the fragrance range of citrus oils very 

diverse. The most popular methods of obtaining essential oils from citrus peel are 

hydrodistillation and steam distillation. Processes such as extrusion, extraction with volatile 

solvents, extraction with non-volatile solvents (i.e. maceration), and cold absorption in fats are 

also used. Essential oils are commonly used in the cosmetics industry. Thanks to their proven 

bioactive properties, they are also used in medicine. They have been used as a natural 

antioxidant, antifungal, and antibacterial food additive, including for food preservation.  

2.3 Kaffir lime 

A specific representative of the citrus genus is Kaffir lime, popularly known as papeda. It is 

one of the few citrus fruits in which the main part intended for culinary purposes is not the 

juice, which is very astringent. The consumed elements of the fruit are mainly the leaves and 

the outer part of the peel, which are integral to Asian cuisine. 
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2.3.1 Characteristics 

Kaffir lime (Citrus hysteria, Citrus hystrix) belongs to plants from the Rutaceae family 

(Rutaceae). The small evergreen Kaffir lime shrub or tree grows 3 to 12 metres tall and has 

distinctive leaves that have a petiole almost as large and wide as the leaf blade. The plant 

comes from Southeast Asia [35]. It is most common in Indonesia, Malaysia, the Philippines, 

Laos, Thailand, and Vietnam [36]. In Poland, it is known under many names, including papeda, 

Kaffir lime, Thai lime, Angel wings (due to the shape of the leaves), and Makrut [37]. Kaffir 

lime fruit reach up to 4 cm long. They are covered with a thick and wrinkled green skin. The 

plant is grown in gardens, occasionally as a minor crop in mixed orchards [38]. 

The scientific classification of Kaffir lime is presented below: 

Kingdom: Plantae 

Division: Magnoliophyta 

Class: Magnoliopsida 

Order: Sapindales  

Family: Rutaceae  

Genus: Citrus 

Species: C. hysteria 

Binomial name: Citrus hystrix DC. 

Common names: Kaffir lime, makrut lime, Thai lime, caffre lime, kieffer lime, kuffre lime, 

makrut, magrood, lima, leech-lime. 

2.3.2 Applications 

The main elements of the fruit used in cooking are the leaves and the outer part of the peel, 

which are spices added to many Asian dishes. The leaves – fresh, frozen, and dried – are 

used primarily in the cuisine of Laos, Cambodia, Indonesia, and Vietnam. The outer part of 

the rind is the main ingredient of Thai curry paste. Candied fruit is also eaten in some countries. 

The juice is not consumed directly due to its overly tart taste; therefore it is not commercially 

produced. In Thailand, it is sometimes used as a cleaner for clothes and hair [39]. In 

Cambodia, Kaffir lime pieces are added to holy water during religious ceremonies. However, 

these are occasional applications. Kaffir lime juice is also used in folk medicine in some Asian 

countries. According to folk beliefs, it has the ability to kill lice. 
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2.4 The problem of citrus waste management  

An important problem in the production of fruit products, such as juices or jams, is the problem 

of post-production residues. Global citrus production (orange, lemon, lime, sweet orange, etc.) 

is more than 121×106 t per year, while the industrial juice sector generates around 25×106 t of 

citrus waste [40]. In the case of citrus whose peel is not directly consumed, the waste can be 

about 80% of the weight of the whole fruit. The Food and Agriculture Organization of the United 

Nations estimated that, in 2013, the amount of industrial waste from orange juice production 

was 14.3 million tonne 

s [41]. Therefore, solutions are sought to make it possible to use citrus post-production waste. 

It is estimated that currently around 80–90% of citrus waste is processed into useful products 

such as dried pulp, molasses, pectins, essential oils, citric acid, limonene, animal feed, and 

biologically active materials. In the selection of an appropriate citrus waste processing 

process, it is important to assess the possibility of obtaining satisfactory yields and quality of 

the products obtained. Therefore, an important element is to determine the content of 

individual groups of compounds in waste before the process of its management [42].  

2.4.1 Effects of citrus waste generation 

The problem of citrus production residues is unfavourable for many reasons. The economic 

aspects related to waste management, storage, and disposal are extremely important. Food 

processing plants face the problem of proper disposal of post-production waste. This is an 

economically unfavourable phenomenon. It is also connected with the need to have 

appropriate infrastructure for the storage of waste generated in the production process. The 

utilization of post-production waste therefore reduces the costs of its disposal or storage. 

Due to the highly organic nature of this waste, improper disposal practices are considered 

harmful to the environment, aquatic life, and human health. Organic waste deposited in 

landfills may, due to biochemical and biological processes such as fermentation, cause the 

release of many chemical compounds into the atmosphere that may cause an odour nuisance. 

The storage of citrus waste entails several unfavourable phenomena, such as the emission of 

landfill gases or leachates, the formation of which is subject to strict regulations and generates 

many costs. The most popular methods of citrus waste management are composting, 

anaerobic digestion, incineration, thermolysis, and gasification. However, various types of 

waste are generated during these processes, including solid waste, liquid waste, and 

distillation residues. 

In addition, citrus waste is sometimes stored and discharged not only to the designated places; 

for example, sewage is directly discharged into lakes and ponds or discharged into the 

municipal sewage system. The discharge of post-production wastewater into lakes can cause 
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serious changes in the aquatic ecosystem, especially when lake resources are insufficient to 

adequately dilute the wastewater. Waste discharged to municipal sewers can contaminate 

underground water sources and cause damage to pumps and pipelines, clogging of sand beds 

and foaming in primary settling tanks. Sewage is also discharged into forests, which defoliates 

trees, possibly due to loss of oxygen in the soil around tree roots [7].  

2.4.2 Possibilities of citrus waste management 

a) Production of animal feed 

One popular use of citrus waste is as animal feed. This is very economical, as it reduces not 

only the disposal costs of citrus waste but also the purchase costs of conventional animal 

feed. The main waste from citrus processing is fresh juice extraction residues, representing 

between 492 and 692 g/kg of: fresh fruit (of which the individual parts of the fruit yield are: 

600–650 g/kg of peel, 300–350 g/kg of pulp, and 0–100 g/kg of seeds [43]); dried citrus pulp 

(which is made by collecting, liming, pressing, and drying the peel, pulp, and seed residues); 

and citrus meal, which is separated after the drying process. Citrus waste can be used as a 

high-energy feed in ruminant feeds to support growth and lactation, with less negative impact 

on rumen fermentation than starch-rich feeds [44]. In addition, they are suggested to inhibit 

the growth of Escherichia coli and Salmonella in feed [45]. In the case of using waste from 

plant materials, the key property is their nutritional and energy value. However, the use of 

citrus waste has an additional advantage, namely the content of vitamins and micro- and 

macroelements, the presence of which in animal feed is an additional value. 

b) Production of biogas and bioethanol 

Along with the development of biofuel production processes, new solutions are sought that 

will allow biofuels to be obtained more efficiently and cheaply. In most cases, starchy crops 

such as potatoes, cassava maize, or cereals are used as a raw material. This approach, 

however, raises a lot of controversies, because raw materials that could be consumed by 

humans are used. It also increases the cost of biofuel production. One of the economically 

advantageous raw materials for the production of biofuels is citrus waste. This approach also 

has several disadvantages: pre-treatment is necessary, which requires energy input; the low 

pH of citrus waste inhibits hydrogenase uptake activity; and the presence of terpene 

compounds with bactericidal activity inhibits the fermentation process. However, efforts are 

still being made to improve methods of producing biofuels from citrus waste [46]. One solution 

is to dispose of essential oils that can be reused. 
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c) Essential oils production 

Production of essential oils from citrus wastes is a promising and environmentally friendly 

approach to utilize by-products generated by the citrus industry. Citrus fruits such as oranges, 

lemons, and grapefruits are widely consumed worldwide, and their peels, seeds, and other 

discarded parts can be rich sources of valuable essential oils. 

The process of extracting essential oils from citrus wastes involves several steps. Initially, the 

collected peels and other discarded parts undergo washing to remove any dirt or 

contaminants. Once cleaned, the waste material is then dried to reduce its moisture content, 

enhancing the efficiency of the extraction process. 

The next stage involves steam distillation, which is the most common method used to extract 

essential oils from citrus wastes. In this process, the dried citrus waste is subjected to steam, 

which helps release the essential oil from the plant material. The steam and essential oil 

mixture is then condensed and separated. Essential oils, being less dense than water, float to 

the top and are collected, while the remaining water (now infused with the essence of the 

citrus) is called “hydrosol” and can also be utilized for various purposes. 

Citrus essential oils obtained from waste have numerous applications across various 

industries. They are extensively used in the fragrance and cosmetics industry for their pleasant 

aromas and potential skincare benefits. Additionally, these oils are used as flavourings in the 

food and beverage industry, imparting a natural citrus flavour to products. 

Moreover, essential oils from citrus wastes exhibit antimicrobial properties, making them 

valuable in pharmaceuticals and cleaning products. They also possess antioxidant and anti-

inflammatory attributes, which have led to their incorporation into health and wellness 

products. 

The production of essential oils from citrus wastes brings multiple benefits. It reduces 

environmental pollution by diverting organic waste from landfills and converting it into value-

added products. This sustainable approach can lead to a potential economic advantage for 

citrus-producing regions, as it creates additional revenue streams and reduces waste 

management costs. 

d) Pectin production 

The inner part of the citrus peel called the “albedo” is a rich source of pectin. Pectins are 

polysaccharides commonly found in the cell walls and intercellular spaces of plants. Currently, 

the main source of pectins obtained on an industrial scale are citrus fruits containing about 

30% of pectins on a dry-matter basis. There are many methods for extracting pectin from 
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citrus, including extraction with water, ultrasound, buffers, enzymes, and microorganisms. 

Acid extraction is the most common method of extracting pectins, being the fastest, most 

efficient method [47]. The annual pectin consumption is estimated at 45,000 tonnes per year 

[48]. Citrus wastes such as peels, pulp, and seeds are abundant by-products of the citrus 

processing industry and offer a valuable source for pectin production. Pectins extracted from 

citrus wastes find numerous applications in the food industry, functioning as gelling agents, 

stabilizers, and thickening agents in products like jams, jellies, confectionery, and dairy items. 

Moreover, pectin's natural and biodegradable properties make it an eco-friendly alternative to 

synthetic thickeners and stabilizers. In the pharmaceutical industry, they are used to treat 

diseases such as hypoglycaemia and gastrointestinal disorders. 

The production of pectins from citrus wastes not only adds value to the by-products of the 

citrus industry but also contributes to sustainability and waste reduction efforts, making it a 

beneficial and environmentally conscious process. 

e) Production of citric acid 

Citric acid is the most popular acidity regulator used in the food industry. Global production 

exceeded 2,000,000 tonnes in 2018 [49]. Citric acid concentrations in citrus fruits range from 

0.005 mol/L in oranges and grapefruit to 0.30 mol/L in lemons and limes; these values vary 

within species, depending on the variety and the conditions in which the fruit was grown. Citric 

acid is a valuable organic acid widely used in the food, beverage, pharmaceutical, and 

cosmetics industries. Traditionally, it has been produced through microbial fermentation or 

chemical synthesis. However, there is growing interest in utilizing citrus wastes such as peels, 

pulp, and seeds as a sustainable and cost-effective source for citric acid production. 

The process involves several steps: first, the citrus waste is collected and treated to remove 

impurities. Next, it undergoes pretreatment to release the sugars and other organic 

compounds. Then, the waste is subjected to microbial fermentation using citric-acid-producing 

microorganisms like Aspergillus niger. During fermentation, citric acid is produced and 

accumulated. After the desired citric acid concentration is reached, the fermentation broth is 

processed to separate and purify citric acid crystals. 

Utilizing citrus wastes for citric acid production not only reduces environmental pollution but 

also adds value to the by-products of the citrus industry, promoting a circular economy 

approach. This sustainable strategy contributes to the conservation of resources while 

meeting the increasing demand for citric acid in various applications. 
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2.4.3 The problem of Kaffir lime waste management 

In the case of some citrus, the problem is not only waste from commercial juice production but 

also fruit that is not subject to distribution and is thrown away due to regulations limiting 

production [8]. There are also fruits whose pulp and juice are not eaten because of the 

unpleasant taste. In the case of these fruits, waste is up to 90%. An example of such a fruit is 

the Kaffir lime. The leaves are the most commonly used part of the plant in a culinary context. 

The outer part of the rind is used to prepare the curry paste. In contrast, the juice in traditional 

medicine in some Asian countries is often used in shampoo or as a clothing cleaner. There is 

still little research on the health-promoting properties of this fruit, which is the reason for its 

use in folk medicine. Due to the pleasant sensory properties and the large amount of fruit left 

after collecting the leaves, Kaffir lime fruits can often be found in toilets, where they are used 

as air fresheners. However, there is no industrial production of juices, and the described uses 

are occasional. Thus, Kaffir lime fruit, which is cultivated mainly for its leaves, may be a good 

source of valuable chemicals with health-promoting and sensory properties. The use of Kaffir 

lime fruit as a raw material for obtaining chemical compounds for industrial purposes could be 

an element of the management of generated waste. 

3 Research goals 

Citrus waste management is an important economic and environmental issue. This aspect is 

more complicated in the case of Kaffir lime fruit, the main part of which is consumed is its 

aromatic leaves, whereas the fruit is largely wasted. The main research hypothesis is that 

Kaffir lime is a good source of raw materials for different branches of industry. The first 

objective was to assess the possibility of using Kaffir lime fruit waste (Citrus Hystrix) as raw 

material for industrial purposes, especially for the food, cosmetics, agricultural, and 

pharmaceutical industries. Emphasis was placed on a holistic approach to the study of the 

fruit. Both Kaffir lime juice and peel were tested directly, but so too were by-products such as 

pectins and essential oils. 

Reports on the use of Kaffir lime fruit in folk medicine allowed a thesis about its therapeutic 

effect to be formulated. In the case of citrus, essential oils extracted from the peel are an 

extremely important product, which is why it was decided to study the terpene profile of the oil 

so that knowledge of the content of individual terpenes might explain the bioactive effect of 

the fruit. Due to the thickness of the peel, it was decided to analyse the pectins isolated from 

the skin of the fruit and to determine their characteristics. In addition, it was decided to 

determine the content of selected groups of bioactive compounds, such as polyphenols, 

flavonoids, anthocyanins, chlorophylls, and vitamin C. To confirm the therapeutic effect of 
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individual parts of Kaffir lime fruit, total antioxidant activity and binding to human serum 

albumin (HSA) were assessed. 

In addition, the work aims to develop analytical methodologies for the determination and 

characterization of selected chemical compounds present in samples of Kaffir lime juice, pulp, 

and peel as potential raw materials for use in various industries. The subject of research is 

mainly bioactive chemical compounds, such as terpenes, flavanols, flavonoids, tannins, 

vitamin C, anthocyanins, chlorophyll A and B, carotenoids, pectins, and micro- and 

macroelements. During the research, efforts were made to use solvent-free analytical 

techniques as well as solvent-free extraction techniques, which are in line with the principles 

of green analytical chemistry. 

Great emphasis was placed on the determination of compounds from the terpene group. 

According to current knowledge, these compounds are the main group of bioactive 

compounds derived from citrus. The tests were carried out in peel, essential oils, juice, and 

pulp of Kaffir lime. In the case of oils, the main focus was on the terpene profile, because this 

feature is the most important for the potential use of oils for industrial purposes. However, the 

main goal was to develop and validate a dedicated analytical methodology for the 

determination of terpenes in Kaffir lime samples. In the first step, the terpene content in the 

peel and pulp was compared. And then the focus was on validating the methodology for 

determining terpenes in Kaffir lime juice samples. It was decided to conduct a detailed 

examination of the juice because this product is the main post-production waste from Kaffir 

lime and is used less than the peel or leaves. It was known to be used in folk medicine, so it 

was decided to evaluate other potential uses resulting from its properties.  

In the last step, the content of selected terpenes was compared with representatives of other 

species and genera. In the case of terpenes, certain selection criteria were applied to the 

selection of comparison fruits. The selection criteria for one comparison fruit were that it be of 

the same species as Kaffir lime but a different variety: accordingly, we selected Citrus 

aurantifolia, the variety of lime commonly available in Poland. The other three comparison 

citrus fruits: pomelo, grapefruit, and key lime, were selected on the basis of their capacity to 

fill a gap in the research literature: there were few available studies on the determination of 

terpenes for these three genera at the time. Then, selected bioactive and antioxidant 

properties were compared with a representative of the same species but a different variety 

(Citrus aurantifolia) and representatives of different species: Momordica charantia (criteria for 

qualifying for research: similar appearance to Kaffir lime and same geographical origin), 

Actinida deliciosa, Actinidia erinanatha, Actinidia arguta (criterion for qualifying for research: 

fruits classified as "superfruits", known for their large amount of bioactive compounds and 
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good antioxidant properties), Durio zibethinus L. (criterion for qualifying for research: same 

geographical origin as Kaffir lime). The schematic research plan with reference publications 

(numbers) is presented in Figure 1. 
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Figure 1. Schematic plan of the research with corresponding articles (numbers of articles in the circle)
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To verify the research hypothesis, it was decided to pursue the following research tasks: 

1. Chemical, physicochemical and biochemical characterization of Kaffir lime peel and 

by-products 

a) Development of the method of extraction and characterization of pectins obtained from 

Kaffir lime 

b) Extraction and determination of the aroma profile of Kaffir Lime essential oils 

c) Determination of the content of selected groups of bioactive compounds 

d) Determination of total antioxidant capacity 

e) Determination of the content of micro- and macroelements 

2. Chemical, physicochemical and biochemical characterization of Kaffir lime juice 

a) Determination of selected terpenes  

b) Determination of the content of selected groups of bioactive compounds 

c) Determination of the content of micro- and macroelements 

d) Study of the binding effect of human serum albumin by bioactive compounds present in 

Kaffir lime juice 

3.  Development of analytical methodology for the determination of selected terpenes 

in Kaffir lime samples 

a) Literature review comprising the application of gas chromatography techniques in food 

analysis 

b) Determination of the profile of volatile compounds present in Kaffir lime samples 

c) Development and validation of analytical methodology to determine the profile of Kaffir 

lime samples using gas chromatography 

4. Comparison with other fruits  

a) Comparison of the content of selected terpenes in samples of Kaffir lime with samples of 

a selected representative of the citrus genus 

b) Comparison of the content of selected groups of bioactive compounds in Kaffir lime 

samples with samples of a selected representative of another type 

c) Comparison of the content of selected bioactive compounds in Kaffir lime samples with 

samples of a selected representative of other species 
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4 Research description 

4.1 Chemical, physicochemical and biochemical characterization of Kaffir lime peel 

and by-products 

4.1.1 Development of the method of extraction and characterization of pectins obtained from 

Kaffir lime 

Detailed results regarding the extraction and characteristics of pectins from Kaffir lime have 

been described in detail in the second article comprising this thesis, Molecules, 2023. 

 

4.1.1.1 Optimization of the extraction method  

There are many methods of extracting pectin from citrus fruits, including extraction with water, 

using ultrasound, buffers, enzymes, or microorganisms. Acid extraction is the most popular 

method of pectin extraction, being the fastest, most efficient method [47]. The extraction 

process is most often carried out using citric, sulphuric, hydrochloric or nitric acid at a pH 

ranging from 1 to 3 and at an elevated temperature from 70 ºC to 100 ºC. However, research 

shows that, in some cases, pectins may degrade at temperatures above 90 ºC [50]. Pectins 

are extracted using alcohol, with ethanol, methanol and isopropanol being the most common. 

Research shows that extraction efficiency often depends on the type of raw material and the 

solvent used [51]. For dry citrus peels, methanol is the most effective precipitating solvent [52]. 

The research aimed to find the optimal conditions for the extraction of Kaffir lime pectin.  

Based on the research carried out, it can be concluded that the selection of citric acid 

to obtain a given pH value during pectin extraction seems to be a good solution, as it allows a 

very good product efficiency of 22% to be attained. When nitric acid was used, an extraction 

efficiency of less than 8% was attained. These results are consistent with those obtained by 

Shah, where the best extraction efficiency of pectin from microwave-dried Kaffir lime was 

obtained for citric acid [53]. In the case of temperature, with its increase, an increase in pectin 

extraction efficiency was noted. However, it was not decided to increase the temperature 

above 90 °C due to the possible degradation of the obtained pectins [50]. However, in the 

case of pH, as it increased, a decrease in the yield of extracted pectins was observed. The 

 

Hypothesis: Kaffir lime peel as citrus waste is a good 

source of many compounds with health-promoting or 

functional properties that can be used in various 

industries. 
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obtained results show that Kaffir lime peel is a rich source of pectin, so it can be considered 

for use in commercial pectin production alongside other citrus fruits. 

4.1.1.2 Physicochemical characteristics of the obtained pectins 

It has been proven that the physicochemical properties of pectins can vary significantly 

depending on the extraction methods [54]. Temperature is an important parameter during the 

extraction process. The research aimed to determine the effect of extraction conditions on the 

physicochemical properties of Kaffir lime pectin, namely galacturonic acid content, degree of 

methylation, antioxidant activity, and thermodynamical properties. 

The degree of pectin methylation is an important factor in controlling the binding time 

of pectins, their ability to combine with metal ions, and their ability to form gels. High-methyl 

pectins gel in an acidic environment with a high sugar content, while low-methyl pectins require 

divalent ions to form gels but can be used over a wider pH range (3–6) and with a lower sugar 

content (30–40%). This is an important issue from the perspective of the use of pectins in the 

food industry. The conducted research shows that the extraction conditions did not have a 

significant effect on the degree of esterification of the obtained pectins, which was 3–4% in all 

cases. This means that the pectins extracted from Kaffir lime belong to the group of low 

methoxylpectins and would be a good option for the food industry, especially for low-calorie 

jams and as a stabilizer in dairy products. 

Galacturonic acid content is a key determinant that affects the properties of pectins. 

The content of galacturonic acid may affect the chemical and sensorial properties of the matrix 

such as pH, total acidity, microbial stability, sweetness, and global acceptability [55]. Also, the 

quality of extracted pectins may be assessed based on galacturonic acid content. 

Commercially available pectins have a galacturonic acid content greater than 65% [56]. The 

minimum content of uronic acid in the food industry is also 60% [57]. The content of 

Galacturonic acid was from 312.8±2.2 to 650±75 mg GAL/g and depended on the extraction 

conditions used. Only the use of acid extraction at 60 °C allowed the requirements for the 

quality of pectins for use in the food industry to be met. However, under these conditions, the 

yield of the obtained pectins was the lowest. Therefore, considering both parameters – 

galacturonic acid content and extraction efficiency, obtaining pectin from Kaffir lime for the 

food industry can be assumed to be only a moderately attractive solution. However, it can still 

be considered for use in the cosmetics industry, where low-methoxyl pectin is used as a 

structure provider in pastes, ointments, oils, and creams, and the restrictions are not so 

demanding. 

Thermal analysis of polysaccharides is an important test in assessing their stability and 

shelf life for further use in the food industry. The influence of extraction temperature and raw 

material on the thermodynamic properties of the obtained pectins was examined using 

differential scanning calorimetry (DSC). Based on the results, increasing the temperature of 
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extraction and the addition of ultrasounds influence methoxyl groups, which in turn translates 

into the functional properties of the obtained pectins, as described above. 

 Recent scientific reports indicate that polysaccharides from plants, including pectins, 

have certain antioxidant activity on free radicals and thus could be considered novel potential 

antioxidants.  

4.1.2 Extraction and determination of the aroma profile of essential oils from Kaffir lime  

Detailed results regarding the extraction and determination of the aroma profile of essential 

oils from Kaffir lime have been described in detail in the second article comprising this thesis, 

Molecules, 2023. 

a) Essential oil extraction 

The hydrodistillation method, where raw materials are directly immersed in boiling water, were 

chosen to extract oils from Kaffir lime peel. The boiling water acts as a protective barrier and 

prevents the extracted essential oil from overheating. Thanks to the use of an eco-friendly 

solvent (i.e., water), an efficiency of 1.78% was achieved, which is relatively high compared 

to the literature data [58].  

b) Determination of terpene profile of Kaffir lime essential oils 

Due to their pleasant sensory properties and the health-promoting properties resulting from 

the presence of bioactive compounds, essential oils are widely used in the cosmetics and 

pharmaceutical industries. Essential oils consist mainly of terpenes, which have different 

bioactive properties; therefore, determining the content of individual terpenes in an essential 

oil makes it possible to determine the health-promoting properties of a given oil. A terpene 

profile chart is a tool for understanding the effects, flavours, aromas, and/or important 

information about common terpenes present in a sample. It presents the main terpenes that 

affect the properties of the raw material. The terpene profile of the obtained oil was determined 

using the GC-MS technique. The terpene profile is shown in Figure 2. The conducted research 

shows that the main terpenes that may influence the health-promoting and aromatic properties 

of Kaffir lime oil are Sabinene, β-pinene, and Limonene, which have numerous bioactive 

properties that are presented in the figure. For this reason, Kaffir lime oil can be used in the 

production of sprays, mouthwashes, and acne-control cosmetics, which is confirmed by 

research on the therapeutic effects of this oil [59]. The main terpenes contained in Kaffir lime 

oil create a tart citrus aroma. These properties also find an application in aromatherapy.  
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Figure 2. Terpene profile chart of Kaffir lime essential oil 

4.1.3 Determination of the content of selected groups of bioactive compounds in Kaffir lime 

peel 

Detailed results on the determination of the content of selected groups of bioactive compounds 

of Kaffir lime have been described in detail in the second and fourth articles comprising this 

thesis, Molecules, 2023. The research was conducted in cooperation with prof. Shela 

Gorinstein from the Hebrew University of Jerusalem. 

As part of the research, the content of bioactive compounds was determined: polyphenols, 

flavonoids, vitamin C, anthocyanins, chlorophyll a and b, and carotenoids. These are chemical 

compounds with proven health-promoting effects, including antioxidant, antiviral, anticancer 

and anti-inflammatory properties [60]. Table 1 presents the results of the determinations of 

bioactive compounds in the water extract of Kaffir lime peel. The obtained results were 

compared with literature data on other fruits, which showed that Kaffir lime peel is a relatively 

good source of polyphenols, flavonoids, and carotenoids, an average source of anthocyanins 

and a very good source of vitamin C compared to the peels of other citrus fruits. These 

properties mean that Kaffir lime peel can be used as functional animal feed. Moreover, Kaffir 

lime peel extract can be successfully used in the cosmetics and pharmaceutical industries as 

a source of natural vitamin C. 
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Table 1. Bioactive compounds expressed as dry weight in Kaffir lime peel samples 

 Parameter Value  

Polyphenols [mg GAE/g DW]  39.9±3.1 

Flavonoids [mg CE/g DW] 2.72±0.25 

Vitamin C [mg Asc] 2.43±0.19 

Anthocyanins [mg CGE/kg DW] 24.8±1.8 

Chlorophyll a [µg/g DW] 185.5±8.1 

Chlorophyll b [µg/g DW] 60.4±3.2 

Xanthoproteins + Carotenes [µg] 12.02±.102 

DW – dry weight, CE – catechin equivalent, GAE – gallic acid equivalent, Asc – ascorbic 

acid, CGE – cyaniding-3-glucoside equivalent 

4.1.4 Determination of total antioxidant content of the water extracts of Kaffir lime peel 

Detailed results on the determination of total antioxidant content in the first and second articles 

comprising this thesis, Industrial Crops and Products, 2018; Molecules, 2023. The research 

was conducted in cooperation with prof. Shela Gorinstein from the Hebrew University of 

Jerusalem. 

a) Methods based on the reduction of metal ions, e.g. iron (FRAP) or copper (CUPRAC) 

The methods used were based on the reduction of metal ions, e.g. iron (ferric reducing 

antioxidant power [FRAP] assay) or copper (cupric ion reducing antioxidant capacity 

[CUPRAC]). The method for determining the ability to reduce iron (III) ions (FRAP) and the 

method for determining the ability to reduce copper (II) ions (CUPRAC) are based on reaction 

mechanisms. The CUPRAC test evaluates the ability of antioxidants in a sample to reduce 

Cu2+ to Cu+ in the presence of a chelating agent. The FRAP test is based on the principle of 

reduction of the iron-tripiridyltriazine (TPTZ) complex (Fe3+-TPTZ) to ferrous tripiridyltriazine 

(Fe2+-TPTZ) by antioxidants contained in the sample at low pH. The results of the 

determination of the total antioxidant power of Kaffir lime peel samples using the FRAP and 

CUPRAC methods are presented in Table 2. The results of the antioxidant activity were 

compared with the results obtained for the peel of other citrus fruits, showing that the Kaffir 

lime’s peel antioxidant capacity is slightly higher than that of other citruses, based on FRAP 

results (e.g., 29.34 for Citrus paradisi [60]). Also, in the case of the CUPRAC test, the results 

for Kaffir lime peel were higher than those for the citrus fruits compared in the article. 
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Table 2. Total antioxidant capacity of Kaffir lime samples using FRAP and CUPRAC methods 

Matrix FRAP, mmole TE/g 

DW 

CUPRAC mmole  TE/g 

DW 

Kaffir lime peel 48.7±4.6 76.98±8.1 

DW – dry weight, TE – Trolox equivalent 

b) Method based on synthetic radical scavenging capacity (DPPH) 

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay is used to predict the activity of antioxidants 

through the mechanism by which they inhibit lipid oxidation, i.e., by scavenging DPPH radicals. 

The methods are based on the ability to capture a synthetic radical. The results of determining 

the total antioxidant power of Kaffir lime samples using DPPH methods are presented in Table 

3. The results of the antioxidant activity were compared with the results obtained for the peel 

of other citrus fruits and showed that the Kaffir lime peel antioxidant capacity is slightly lower 

than that of the other citruses, based on DDPH results. 

Table 3. Total antioxidant capacity of Kaffir lime samples using the DPPH method 

Sample DPPH mMTE/g DW 

Kaffir lime peel 12.02±1.02 

DW – dry weight, TE – Trolox equivalent 

Many studies show that citrus peels are a good source of antioxidants and can be a functional 

food. Moreover, among all parts of citrus fruits, the peels contain the highest amounts of 

antioxidants [61]. Taking into account the results obtained during the conducted research, 

Kaffir lime peel is a very good source of antioxidants, and its use as a source of compounds 

with strong antioxidant activity is a good way to extract value from citrus wastes. 

4.1.5 Determination of the content of micro- and macroelements in Kaffir lime peel samples 

Detailed results on the determination of the content of micro- and macroelements in Kaffir lime 

peel samples have been described in detail in the second article comprising this thesis, 

Molecules, 2023. 

Another important group of compounds present in citrus waste is that of micro- and 

macroelements. Although there are no processes aimed at obtaining them from citrus waste, 

knowledge of their content is an important element in the context of using citrus waste as an 

ingredient in the agricultural or pharmaceutical industry. They are necessary for the proper 

development of organisms and take part in many metabolic processes. Therefore, the 

determination of microelements (chromium, zinc, fluorine, iodine, manganese, vanadium, iron) 

and macroelements (chlorine, phosphorus, magnesium, potassium, sulphur, sodium, calcium) 



 
 

33 
 

in Kaffir lime peel samples was performed using the MP-OES (formerly called MP-AES) 

technique. Nine microelements (Fe, Zn, Cu, Mn, Co, Ni, Cr, Mo, and V), four macroelements 

(Mg, Ca, K, and Na), and seven ballast substances (Cd, Hg, Pb, Al, V, Sr, and Pt) were 

determined. Among microelements, iron 32.72±0.39 mg/kg DW (dry weight) had the highest 

concentration. The calcium content was 9416±34 mg/kg DW, the highest in the case of 

macroelements. The research showed that its contents of individual elements make Kaffir lime 

peel a good potential raw material for use in the food, agriculture, pharmaceutical, and 

cosmetics industries. It can be used to produce biofertilizers, dietary supplements, or animal 

feed. 

4.2 Chemical, physicochemical, and biochemical characteristics of Kaffir lime juice  

4.2.1 Determination of the content of selected groups of bioactive compounds in Kaffir lime 

juice 

The results of the study of the effect of binding human serum albumin by bioactive compounds 

present in Kaffir lime juice have been described in detail in the third and fifth articles comprising 

this thesis, International Journal of Molecular Science, 2023; Journal of Luminescence, 2018. 

The research was conducted in cooperation with prof. Shela Gorinstein from the Hebrew 

University of Jerusalem. 

The results of the determination of selected bioactive compounds Kaffir lime juice samples are 

presented in Table 4. 

Table 4. Bioactive compounds expressed as dry weight in Kaffir lime juice samples 

 Parameter Value  

Polyphenols [mg GAE/g DW]  23.16±2.18 

Flavonoids [mg CE/g DW] 0.62±0.05 

Flavanols [µg CE/g DW] 91.48±8.54 

Vitamin C [mg Asc] 1.74±0.17 

Tannins [mg CE/g DW] 1.92±0.19 

Anthocyanins [mg CGE/kg DW] 63.45±5.15 

 

Hypothesis: Kaffir lime juice as citrus waste is a good 

source of many compounds with health-promoting or 

functional properties that can be used in various 

industries. 
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Chlorophyll a [µg/g DW] 260.08±7.65 

Chlorophyll b [µg/g DW] 729.00±16.54 

Xanthoproteins + Carotenes [µg] 217.11±5.32 

DW – dry weight, CE – catechin equivalent, GAE – gallic acid equivalent, Asc – ascorbic 

acid, CGE – cyaniding-3-glucoside equivalent 

Comparing literature data, Kaffir lime juice has a similar polyphenol content to Citrus 

reticulata (24.98 mg GAE/g dw) [62] at 23.16±2.18 mg GAE/g dw, which is one of the highest 

among citrus juices. Compared to other lime studies, for almost all other health-promoting 

compounds, the content in Kaffir lime was higher. The only exception was vitamin C. Given 

its high content of bioactive compounds, Kaffir lime juice can be considered a good source of 

these compounds and can be explored for its health-promoting values in food products, diet 

supplements or raw materials for the pharmaceutical industry. 

In the same research, the antioxidant properties of Kaffir lime juice were also assessed using 

four tests: ABTS, CUPRAC, DPPH, and FRAP. Comparing antioxidant capacity with literature 

data for other citrus fruits [63,64], the results obtained for the ABTS and CUPRAC tests in the 

conducted research for Kaffir lime were higher than for the rest of the fruits (C. sinensis (L.) 

Osbeck, C. reticulata, C. paradisi, C. .limon), which proves the very good antioxidant 

properties of Kaffir lime juice. Similarly to other citrus fruits, the high antioxidant capacity is the 

result of the high content of polyphenols and vitamin C. 

4.2.2 Determination of the content of micro- and macroelements in Kaffir lime juice samples  

The results of the determination of the content of micro- and macroelements in Kaffir lime juice 

samples have been described in detail in the third article comprising this thesis, International 

Journal of Molecular Science, 2023. 

The aim of the study was to determine the main mineral compounds in Kaffir lime juice 

samples. As already mentioned in the case of the determination of mineral compounds in the 

peel, although there are no processes of extraction of micro- and macro-elements from citrus 

fruits, knowledge of their content is advisable when using them as raw materials in various 

industries. 

To carry out the determination, the methodology used employed the MP-OES technique 

(formerly MP-AES), which had previously been subjected to a validation process. Iron, with a 

concentration of 16.578±0.029 mg/kg, was the most abundant microelement. Similar values 

were obtained for Argentinian lemon [65]. In the case of macroelements, the highest 

concentration was magnesium – 1034.8±4.8 mg/kg. Both of these compounds have a positive 

effect on the human body – iron is responsible for transporting oxygen to the tissues in the 
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body, while magnesium is a catalyst for protein, fat, and carbohydrate metabolism, affecting 

nerve conduction, the cardiovascular system, and muscle contractility. The relatively high 

mineral content is an additional advantage when considering the use of Kaffir lime juice in 

various industries, especially for the production of cosmetics or dietary supplements. 

4.2.3 Study of the effect of binding human serum albumin by bioactive compounds present 

in Kaffir lime juice 

The results of the study of the effect of binding human serum albumin by bioactive compounds 

present in Kaffir lime juice have been described in detail in the third and fifth articles comprising 

this thesis, International Journal of Molecular Science, 2023; Journal of Luminescence, 2018. 

The research was conducted in cooperation with prof. Shela Gorinstein from the Hebrew 

University of Jerusalem. 

In order to determine the therapeutic effect of bioactive compounds contained in Kaffir lime 

juice, tests were carried out on their impact on human serum albumin (). HSA is the most 

common protein in human plasma. The most outstanding property of IHSA is its ability to 

reversibly bind multiple endogenous and exogenous ligands. The interaction of HSA with small 

molecules such as drugs, medicines, or bioactive compounds can significantly influence their 

absorption, distribution, metabolism, and toxicity and increase their bioavailability. At the same 

time, the functions and structure of the protein may also change. Therefore, the binding to 

HSA allows us to control the concentration of active compounds and understand the 

processes underlying their distribution and elimination [66]. 

The fluorescent properties of Kaffir lime juice aqueous solution and human serum albumin are 

shown in Figure 3. According to literature data, the binding properties of the new antiplatelet 

drug ticagrelor are approximately 28.8%.[67]. However, the addition of Kaffir lime juice to HSA 

showed a 37.7% increase in binding (sum of peaks a and b) (Table 5). The strong antioxidant 

affinity for HSA and the synergism of bioactivity are the main indicators for the use of Kaffir 

limes for health purposes. These study results may be useful in determining their 

pharmacokinetic profiles in the future development of healthy foods. 
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Figure 3. Fluorometric measurements in three-dimensional fluorescence anaIysis (3D–FL) of: 

(A) HSA; (B) Kaffir lime; and their corresponding surface spectra. The values of peaks a, b 

and c are given in the table below. 

Table 5. Fluorescence and binding properties of Kaffir lime juice 

Parameter Kaffir lime juice HSA 

FI (peak a). AU 123.45±10 570.21±9.2 

FI (peak b), AU 709±12 852±11 

FI (peak c), AU 168.32±6.3 - 

Binding to HSA, peak a % 20.96±1.5 - 

Binding to HSA, peak b % 16.74±1.2 - 

FI – fluorescence intensity in arbitral units (AU) 

Then, the research was extended to the determination of β-pinene, the main terpene that is a 

component of Kaffir lime juice (Table 6). In this case, even higher values of parameters 

regarding the binding of bioactive compounds of Kaffir lime juice with human serum albumin 

were obtained, which confirms the therapeutic effect of this juice. It was also shown that the 

results are similar to those between paracetamol and HSA under physiological conditions [68]. 

Additional results were also compared with those obtained for the interaction of HSA with one 

of the important thiazole derivatives, 2-aminobenzothiazole (2-ABT) which was widely used 

as a structural unit in the synthesis of antioxidants, anti-inflammatories, herbicides, or 

antibiotics [69]. Figure 4 shows the fluorimetric measurements of Kaffir lime juice and HSA. 
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Figure 4. Fluorometric measurements in the 3D fluorescence analysis (3D–FL) of: (A) has, 

and (B) HSA + Kaffir lime juice after interaction and cross images of: (C) HSA; (D) HSA+ Kaffir 

lime juice. The values of peaks are given in the table below. 

 

Table 6. Fluorescence and binding properties of Kaffir lime juice and β-pinene 

Peaks Indices HSA 
Kaffir Iime 

juice 

Binding to HSA 

[%] 
β-Pinene 

Binding to 

HSA [%] 

a 
λex/λem (nm/nm) 227/349 231/334 - 228/349 - 

Int F0 765.90±58.14 481.24±42.11 37.2±3.31 497.18±45.71 35.09±2.52 

a1 
λex/λem (nm/nm) - 233/637 - - - 

Int F0 - 95.40±8.13 - - - 

b 
λex/λem (nm/nm) 279/353 282/339 - 280/354 - 

Int F0 875.01±79.11 723.63±7.63 17.3±1.50 760.21±68.24 13.12±1.21 

b1 
λex/λem (nm/nm) - 283/644 - - - 

Int F0 - 129.78±11.2 - - - 

c 
λex/λem (nm/–m) - 347/436 - - - 

Int F0 - 169.44±13.14 - - - 

Fo – fluorescence intensity in arbitral units (AU) 
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Based on the high value of B-pinene binding to HSA, it was found that the binding affinities of 

Kaffir lime juice are related to the bioactive properties of terpenes. The results showed that, 

thanks to high binding to HSA values, Kaffir lime juice is well transported in the circulatory 

system after consumption. Taking into account this fact and the many bioactive properties of 

terpenes, Kaffir lime juice is a good candidate as a raw material in the pharmaceutical industry. 

4.2.4 Development of an analytical methodology for the determination of selected terpenes 

in Kaffir lime samples 

4.2.4.1 Determination of the profile of volatile compounds present in Kaffir lime samples 

The first stage of the research was to determine the profile of volatile compounds present in 

Kaffir lime juice samples. To select the best techniques for extraction and analysis, a literature 

review was conducted on the applications of gas chromatography techniques in food. The 

details have been described in the chapter being a part of the thesis (6.1.1), Comprehensive 

Foodomics, Elsevier, 2020. Based on previous literature reports, it was found that, as in all 

citrus fruits, their matrix is a mixture of many chemical compounds, often with similar 

properties. These are primarily terpene compounds. Many terpenes have a similar structural 

structure, which translates into similar physicochemical properties. This causes these 

chemicals to co-elute during chromatographic analysis. To eliminate this problem, it was 

decided to use the two-dimensional gas chromatography technique GC×GC. Solid phase 

microextraction (SPME) was chosen as the method for isolating and enriching analyses. Using 

this type of isolation and enrichment of analytes eliminates the need to use solvents, which is 

one of the key aspects of green analytical chemistry. The conducted research confirmed the 

thesis that the volatile profile of Kaffir lime samples consists mainly of chemical compounds 

from the terpene group. The high content of terpenes in the juice may prove useful if the juice 

were to be used to produce vinegar, which is a solution that has been considered in recent 

years [70]. Detailed results on the determination of the profile of volatile compounds present 

in Kaffir lime samples have been described in detail in the fourth article comprising this thesis 

Food Control, 2018. As shown in Figure 5, terpenes represent nearly 88% of all volatile 

substances present in the Kaffir lime samples. For this reason, special emphasis was placed 

on developing an analytical methodology for the determination of chemical compounds from 

this chemical group. 
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Figure 5. The volatile profile of Kaffir lime juice samples  

4.2.4.2 Selection of the main compounds from the terpene group in Kaffir lime samples  

The next stage, presented in the fourth and fifth articles comprising this thesis Food Control, 

2018; Journal of Luminescence, 2018, was the selection of the main chemical compounds 

from the terpene group as preparation for the next stage, which is the optimization and 

validation of the targeted analytical methodology. Research conducted using the SPME-

GC×GC-TOFMS technique shows that the main terpenes in Kaffir lime juice samples were a-

Pinene, Limonene, Camphene, Linalool, Terpinen-4-ol, Myrcene, g-Terpinene, and a-

Terpineol. It should be borne in mind that, for such a complex matrix as food, especially fruit, 

the results obtained are only indicative. In the case of fruit, the test result may be influenced 

by many parameters such as growing conditions, storage or transport conditions, geographical 

origin, and, above all, degree of ripeness. When determining terpenes, the degree of ripeness 

has an extremely important impact because these compounds undergo numerous 

transformations under the influence of storage conditions (temperature, time, presence of 

enzymes or microorganisms), creating various metabolic pathways. In addition, the 

metabolism of particular groups of chemical compounds depends on the species and 

conditions (i.e., during a pathogen attack). Nevertheless, thanks to the obtained results, it was 

possible to select the potentially main compounds of the volatile fraction of Kaffir lime, 

constituting the basis for designing the further part of the study. In the same studies, terpinen-

4-ol was designated as a potential marker of the aroma of Kaffir lime juice. 
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4.2.4.3 Development and validation of analytical methodology for determining the main 

terpenes of Kaffir lime samples using gas chromatography  

Based on chromatographic analyses, it was found that, in the case of selected compounds 

from the terpene group, which are the main compounds in the volatile fraction of Kaffir lime 

Food Control, 2018, it is possible to achieve satisfactory chromatographic separation using 

one-dimensional gas chromatography. Therefore, the next step was to optimize the analytical 

methodology for the quantification of the main terpenes in Kaffir lime samples. Detailed results 

on the development and validation of analytical methodology for determining the profile of 

Kaffir lime samples using gas chromatography have been described in the third article 

comprising this thesis, International Journal of Molecular Science, 2023.  

Table 7. Selected validation parameters obtained based on the analysis of reference 

substances corresponding to the main terpenes identified in the volatile fraction of Kaffir lime 

RIsample – Retention Index obtained during the analysis, R2 – Coefficient of determination, LOQ – limit of 

quantification, LOD – limit of detection, CV – coefficient of variation, Rec. – recovery 

In the first stage, a temperature programme was selected. The best separation was obtained 

for the following parameters of the temperature programme: initial temperature 60 °C, 

increased at a rate of 7.5 °C/min to 150 °C, then 15 °C/min to 250 °C and maintained for 2 

min. The total analysis time was 18 minutes. The effects of four independent factors on the 

extraction efficiency of major terpenes from Kaffir lime juice were evaluated using FFD 

(Fractional Factorial Design). The factors that were subject to optimization were: extraction 

time, extraction temperature, sample weight and the weight of salt added to the sample. The 

optimal results were obtained for the following values: 30 min, 45 °C, 3 g, and 0.5 g, 

respectively. For validation purposes, a model liquid was prepared to correspond to the juice 

samples in terms of sugar content (the representative sugar was sucrose), citric acid and 

Terpene RI a b R2 n 
LOQ 

[µg/g] 

LOD 

[µg/g] 

Range 
CV 

Rec. 

[%] Min. Max. 

Camphene 957.91 0.0322 -0.1579 0.9956 7 25 8.3 25 252.5 3.07 125.88 

Limonene 1031.96 0.0283 -0.3372 0.9954 7 19 6.8 19 424.8 2.85 108.92 

ß-Pinene 981.04 0.0335 0.0125 0.9949 7 39 13 39 1101 2.88 108.99 

α-Phellandrene 1008.20 0.0324 -0.1394 0.9995 7 17 5.6 17 213.6 6.12 46.10 

α-Pinene 942.93 0.0284 -0.1267 0.9954 7 26 8.5 26 433.3 0.22 94.11 

α-Terpinene 1021.58 0.0542 -0.5572 0.9935 7 31 10 31 211.9 9.17 93.98 

α-Terpineol 1183.68 0.0242 -0.116 0.9913 7 25 8.2 25 235.9 3.33 127.02 

γ-Terpinene 1058.39 0.0542 -0.5572 0.9915 7 23 7.8 23 215.4 2.50 51.78 

Terpinen-4-ol 1174.64 0.02 -0.2083 0.9944 7 28 9.2 28 471.21 1.97 105.45 

Terpinolene 1085.55 0.0264 0.0175 0.9966 7 38 12.8 38 172.2 3.82 38.33 
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vitamin C (which is the main vitamin found in citrus juice). The values of citric acid, vitamin C, 

°Brix and pH were 74.74±0.50 g/kg, 22.31±0.53 mg/100 ml, 10.35±0.70, and 2.406±0.086, 

respectively. The obtained values of validation parameters are presented in Table 7. 

4.2.4.4 Determination of selected terpenes in real samples of Kaffir lime juice with the use of 

optimized and validated analytical method using the HS-SPME-GC-TOFMS technique 

Using the determined optimal extraction parameters and a previously selected temperature 

programme, chromatographic analyses were performed, on the basis of which calibration 

curves were prepared enabling the quantitative determination of selected terpenes in Kaffir 

lime samples. The internal standard method using borneol was chosen as the calibration 

method.  

4.3 Comparison with other fruits 

 

4.3.1 Comparison of the content of selected terpenes in Kaffir lime samples with samples of 

a selected representative of the citrus genus 

Detailed results regarding the determination of main terpenes in Kaffir lime and selected 

citruses have been described in detail in the fourth, fifth, and sixth articles comprising this 

thesis, Food Control, 2018; J. Lumin., 2018; Molecules, 2020. 

In order to estimate the terpene content, it was decided to analyse another fruit from the 

Rutaceae family, a citrus species. The key lime (Citrus aurantifolia) fruit available in Poland 

was selected. Sweetie (Citrus grandis × Citrus paradisi), pomelo (Citrus maxima) and white 

grapefruit (Citrus paradisi) were also selected for comparison. The concentrations of selected 

terpenes in analysed citruses are presented in the table below. 

 

Table 8. Concentrations of selected terpenes in the samples of different citrus fruits 

No. 
Chemical 

compound 

Concentration±SD [mg/kg] 

Citrus 

hysteria 

Citrus 

aurantifolia 

Citrus grandis × 

Citrus paradisi 

Citrus 

maxima 

Citrus 

paradisi 

1 α-Pinene 3.07±0.03 1.04±0.01 0.8241±0.0096 <LOQ 2.851±0.015 

2 Limonene 10.78±0.17 50.5±2.1 5.298±0.058 2.75±0.54 15.79±0.30 

 

Hypothesis: Kaffir lime juice is a better source of many 

prohealth compounds as compared with many popular 

fruit juices/pulps. 
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3 Citronellal <LOQ 0.55±0.01 <LOD <LOD <LOD 

4 Aromadendrene 1.00±0.07 <LOQ <LOD <LOD <LOD 

5 Camphene 4.86±0.67 3.38±0.34 <LOD <LOD <LOD 

6 Linalool 20.13±0.71 3.45±0.09 <LOD <LOD <LOD 

7 Nerol <LOQ 2.77±0.10 <LOD <LOD <LOD 

8 trans-Geraniol <LOQ 1.86±0.10 <LOD <LOD <LOD 

9 β-Pinene <LOQ 2.10±0.11 <LOD <LOD <LOD 

10 Terpinen-4-ol 44.79±1.09 1.96±0.06 <LOD <LOD <LOD 

11 Myrcene 22.36±0.95 24.89±0.96 4.1±0.14 <LOQ 3.22±0.029 

12 γ-Terpinene 25.01±0.28 19.41±0.69 7.27±0.34 <LOQ 2.566±0.026 

13 α-Terpineol 1.50±0.06a 0.68±0.02a 20.96±0.70 <LOQ 87.9±2.0 

14 Citral <LOQ 20.91±0.60 <LOD <LOD <LOD 

15 Ocimene <LOD <LOD 1.600±0.097 <LOQ 2.057±0.078 

 

In research regarding Citrus grandis × Citrus paradisi, Citrus maxima, and Citrus paradisi, it 

was shown that among these three fruits, terpenes constitute the largest percentage in the 

volatile fraction of grapefruit, at almost 70%. In the case of Kaffir lime it was below 90%, and 

Key lime more than 50%. Moreover, in the first article of the thesis Industrial Crops and 

Products, 2018, a detailed literature comparison of the content and bioactive properties of 

selected terpenes contained in citrus fruit samples is presented. 

Based on the results of further quantitative determinations, it can be concluded that Citrus 

hysteria and Citrus aurantifolia contain the highest concentration of terpenes in the juice. The 

bioactive properties of Kaffir lime caused by the content of individual terpenes and the resulting 

health-promoting effects have been described in the first article of the thesis Industrial Crops 

and Products, 2018. Despite the limited direct consumption of Kaffir lime juice compared to 

other citrus fruits, it is worth considering it as an addition to dishes. 

4.3.2 Comparison of the content of selected bioactive compounds in Kaffir lime samples with 

samples of a selected representative of the citrus genus  

Detailed results regarding the comparison of the content of selected bioactive compounds in 

Kaffir lime samples with samples of a selected representative of the citrus genus have been 

described in detail in the fourth and fifth articles comprising this thesis Food Control, 2018; J. 

Lumin., 2018. 

Table 9 presents the results of the determination of selected bioactive compounds and 

antioxidant activity of Key and Kaffir lime juice samples based on Food Control, 2018. Very 

similar results were obtained during research for J. Lumin., 2018. Citrus fruits are one of the 

best sources of antioxidants among fruits [71]. This is primarily due to the high content of 
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vitamin C. Based on the results, it can be briefly stated that all parameters other than vitamin 

C are higher in the case of Kaffir lime. An almost twofold difference was noted in the case of 

polyphenols, flavonoids and tannins. Differences in chlorophyll content were slight. Significant 

differences were noted when determining the total antioxidant capacity of both fruits. Based 

on FRAP, CUPRAC, ABTS and DPPH analyses, improved antioxidant properties of the 

aqueous Kaffir lime extract were demonstrated, which suggests the potential use of fruit 

extracts in the design of dietary supplements. Among the citrus fruits tested by Guimarães 

(limes, oranges, lemons, grapefruits), Citrus aurantifolia juice had the highest DDPH values 

[72]. In the same study, key lime also had the highest flavonoid content. Taking into account 

the above facts, it can be concluded that Kaffir lime juice is one of the best sources of 

antioxidants among citrus fruits. 

Table 9. Comparison of the content of selected bioactive compounds in aqueous extracts of 

juices of two lime varieties 

 Parameter Citrus Hystrix Citrus aurantifolia 

polyphenols, mgGAE/g DW 23.2±2.2 11.9±7.7  

flavanols, µgCE 91.5±8.5 64.4±5.4 

flavonoids, mgCE 0.620±0.050 0.360±0.050 

tannins, mgCE  1.92±0.19 0.780±0.070 

vitamin C, mgAsc 1.74±0.17 2.44±0.11 

anthocyanins, mgCGE/kg 63.5±5.2 47.3±4.1 

chlorophyll a, mg 468.5±12.1 432±11 

chlorophyll b, mg 260.1±7.7 245.8±5.3 

xanthophylls + carotenes, mg 217.1±5.3 195.4±4.4 

FRAP, mMTE/g DW 28.5±2.4 14.68±1.3 

CUPRAC mMTE/g DW 124.3±5.4 28.0±2.7 

ABTS mMTE/g DW 161.6±8.5 57.5±5.6 

DPPH mMTE/g DW 33.3±3.2 12.0±1.2 

DW – dry weight, TE – Trolox equivalent, GAE – gallic acid equivalent, CA – catechin 

equivalent, CGE – cyaniding-3-glucoside equivalent  

4.3.3 Comparison of the content of selected bioactive compounds and selected antioxidant 

activity assays in Kaffir lime samples with samples of a selected representative of other 

species 

Detailed results regarding the determination of the content of selected bioactive compounds 

and selected antioxidant activity assays in the selected representative of other species have 
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been described in detail in the seventh, eighth, ninth and tenth articles comprising this thesis, 

Food Control, 2019; Molecules, 2021; Applied Sciences, 2021; Microchemical Journal, 2021. 

Literature reports show that geographical origin influences the content of health-promoting 

compounds in fruits and vegetables. This is because similar growing conditions (sunshine, 

temperature, etc.) influence the formation of specific groups of chemical compounds [73]. In 

some cases, this also translates into a similar colour of fruits and vegetables from the same 

growing areas, which is influenced by the content of chemical pigments such as carotenoids 

and chlorophylls. First, Kaffir lime was compared with the fruits of small and large varieties of 

bitter melon, due to them having the same geographical origin and similar appearance (green 

fruits, with strongly wrinkled skin). A comparison of the content of bioactive substances and 

antioxidant activity of Kaffir lime juice and Momordica charantia’s water extracts is presented 

in Table 10. The greatest differences were noted in the content of polyphenols, flavanols, and 

anthocyanins. Moreover, Kaffir lime juice turned out to be more similar in terms of the content 

of bioactive compounds to the larger variety of Momordica charantia fruit. When tested for 

antioxidant activity, in each case, Kaffir lime showed the highest values (the highest of all tests 

in the case of ABTS and CUPRAC assays). 

Table 10. Comparison of the content of bioactive substances and antioxidant activity of Kaffir 

lime juice and Momordica charantia’s water extracts 

 Parameter Citrus Hystrix 
Momordica 

charantia small 
Momordica 

charantia large 

polyphenols, mgGAE/g DW 23.2±2.2  11.58±1.11 12.76±1.21  

flavanols, µgCE/g DW 91.5±8.5  0.093±0.01  49.90±4.19 

tannins, mgCE/g DW 1.92±0.19  2.96±0.29 6.80±0.65 

vitamin C, mgAsc/ g DW 1.74±0.17 1.15±0.11  1.81±0.18 

anthocyanins, mgCGE/kg 63.5±5.2  170.33±14.18  577.78±41.3  

chlorophyll a, mg/g DW 468.5±12.1  624.00±43.07  350.00±31.05  

chlorophyll b, mg/g DW 260.1±7.7 519.50±42.12  229.00±21.12 

xanthophylls + carotenes, mg 217.1±5.3 229.50±22.37   206.50±21.54 

FRAP, mMTE/g DW 28.5±2.4  25.90±2.34  23.48±2.56 

CUPRAC mMTE/g DW 124.3±5.4 52.36±5.32   47.67±4.23 

ABTS mMTE/g DW 161.6±8.5  39.60±3.76  35.54±3.12 

DPPH mMTE/g DW 33.3±3.2  26.04±2.43   23.35±2.2  

DW – dry weight TE – Trolox equivalent, GAE – gallic acid equivalent, CA – catechin 

equivalent, CGE – cyaniding-3-glucoside equivalent  
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Another fruit from the same geographical region is the durian, a fruit often called the “king of 

fruits”, not only because of its specific smell but also because of its several health-promoting 

properties. In almost every case, Kaffir lime juice turned out to contain more bioactive 

compounds and better antioxidant activities than all Durian varieties. The exception was 

flavonoids, the content of which was 2–3 times lower than in Durio zibethinus extracts. 

It was similar in the case of another fruit grown in Southeast Asia – the dragon fruit, classified 

as a superfruit due to its numerous health-promoting properties, including the high content of 

polyphenols. Only the amarilla variety had a comparable polyphenol content. The remaining 

dragon fruit varieties showed lower polyphenol content and lower antioxidant activity than 

Kaffir lime juice. 

Kiwi fruits are valued for their strong antioxidant and anti-inflammatory properties [74]. Vitamin 

C (ascorbic acid) is the most important and most publicized nutrient in kiwi fruit [75]. When 

comparing three varieties of this fruit with Kaffir lime juice, it turns out that only the A. eriantha 

variety shows better antioxidant properties based on the DPPH and FRAP tests. This is due 

to the higher vitamin C content than in other varieties – 41.20±4.34 mg Asc/g DW (the 

correlation between the vitamin C content and DPPH and FRAP was 0.9474 and 0.9342, 

respectively) [76].  

Another fruit known for its high content of biologically active components that exhibit many 

health benefits such as antioxidant behaviour, radical scavenging activity, and 

antihypertensive and antiatherosclerosis activities is the persimmon fruit. In the case of 

comparable values, only the content of flavonols was twice as high in the persimmon fruit 

samples. The values of all other parameters were lower than in the case of Kaffir lime extract. 

The results of determination of antioxidants and antioxidant activity of selected fruits are 

presented in Table 11. 

Table 11. Comparison of the content of bioactive substances and antioxidant activity of Kaffir 

lime juice and Actinicida deliciosa, Actinidia eriantha, Actinidia arguta, Diospyros kaki, three 

varieties of Durio zibethinus, and three varieties of pitaya  

 Parameter 
polyphenols, 

mgGAE/g DW 
flavonoids, 

mgCE 
FRAP, 

mMTE/g DW 
CUPRAC 

mMTE/g DW 
ABTS 

mMTE/g DW 
DPPH 

mMTE/g DW 
 

Citrus Hystrix 23.2±2.2 0.620±0.050 28.5±2.4 124.3±5.4 161.6±8.5 33.3±3.2  

A. deliciosa   6.89±0.48 2.08±0.19   11.33±0.92 28.58±2.18  22.46±1.24  13.71±1.21   

A. eriantha   35.61±2.15  2.44±0.15  47.27±2.65  116.63±7.21  96.48±6.14  57.87±3.12  

A. arguta   8.63±1.05  4.91±0.28  26.91±1.83 71.71±5.02  54.36±3.18  33.09±2.02   

Diospyros kaki Thunb.  4.74±0.18  1.21±0.14 9.86±0.61  20.72±1.23 17.961.02 10.45±0.35   

D. zibethinus Monthong  4.99±0.43  2.1±0.14  11.7±0.31 56.1±5.8  15.88±0.36 nd   

D. zibethinus Chanee  3.31±0.24  1.39±0.07 6.82±0.29  41.01±6.4  11.8±0.16 nd   
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D. zibethinus 

Puangmanee  
3.17±0.2 1.33±0.07 7.41±0.11   39.7±7.2 113.70±0.15  nd  

Pitaya roja   12.42±1.11  nd nd 39.47±3.39  nd  23.46±1.87  

Pitaya amarilla   23.46±1.87 nd   nd  14.48±1.12 nd  8.10±0.67  

Pitaya blanca   9.16±0.87  nd  nd  26.55±2.43 nd  14.62±1.21  

 

In summary, in almost all cases, the aqueous Kaffir lime juice extract contained more 

polyphenols than compared to the juice extract of the other fruits. However, the content of 

flavonoids was lower than in the other fruits. Antioxidant activity was also higher in almost 

every case in the Kaffir lime extract samples. This is probably due to the high content of vitamin 

C. The only result was the fruit of Actinidia eriantha, in which the values of individual 

parameters were higher than or similar to those of Citrus Hystrix juice. Comparison with other 

fruits, including those considered superfruits due to their health-promoting properties, shows 

that Kaffir lime is a very good source of bioactive compounds and should be included in the 

diet. However, if not in direct form, the solution may be extracts added to dietary supplements 

or food products. 
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5 Conclusion 

As a result of the research included in this doctoral dissertation, the characteristics of individual 

components of Kaffir lime juice, peel and pulp were presented in the context of their use as 

raw materials in various industries. This ensures a holistic approach to the studied matrix, 

taking into account all its parts. A set of analytical tools was proposed to assess the content 

of ingredients such as polyphenols, anthocyanins, flavonoids, flavanols, tannins, carotenoids 

and xanthophylls, chlorophyll a and b, vitamin C, and micro- and macroelements. Particular 

emphasis was placed on the development, optimization and validation of the methodology for 

determining terpenes in Kaffir lime samples, due to the fact that these are the predominant 

group of compounds in the above-surface fraction of Kaffir lime. The research was 

supplemented with an assessment of the health-promoting and antioxidant properties of 

individual parts of the fruit or individual by-products. 

The main conclusions and accomplishments from the conducted research are the following: 

• Thanks to the use of modern analytical techniques, it was possible to determine many 

chemical compounds in samples of Kaffir lime juice and pulp and by-products, and to 

determine health-promoting and antioxidant properties, providing a new insight for food 

science and technology, as well as many industries. 

• Kaffir lime peel is a good source of many valuable chemical compounds such as 

pectins, essential oils, and bioactive compounds, which can be used in the cosmetics, 

food and agricultural industries; this will contribute to the valorization of citrus fruit 

wastes. 

• Despite the lack of direct consumption of Kaffir lime juice, it is a valuable source of 

health-promoting compounds and has strong bioactive properties and a good affinity 

for human albumin serum, so it can be used in various industries. 

• Compared to other fruits, Kaffir lime is a rich source of both antioxidant compounds 

and micro- and terpene compounds and has good antioxidant properties. 

The results obtained during the research for the doctoral thesis not only complement the 

current state of knowledge about Kaffir lime, but above all provide information for various 

industries, which constitutes the background for its potential application. The use and 

valorization of Kaffir lime waste reduces problems with its storage, contributing to cost 

reduction and eliminating the negative impact on the environment resulting from its processing 

or storage. Learning about the characteristics of Kaffir lime, especially the health-promoting 

aspects, may contribute to the popularization of the use of this fruit not only in Asian countries. 

The use of Kaffir lime as a raw material in the cosmetics or pharmaceutical industry brings a 
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number of benefits. Not without significance is the natural origin of the raw material, as well 

as the fact that it meets the requirements of vegan, kosher or Hallal functional food. 
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6 Publications and chapters used for the doctoral dissertation 

6.1 A novel analytical approach in the assessment of unprocessed Kaffir lime peel 

and pulp as potential raw materials for cosmetic applications  

 

https://www.researchgate.net/publication/325010439_A_novel_analytical_approach_in_the_assessment_of_unprocessed_Kaffir_lime_peel_and_pulp_as_potential_raw_materials_for_cosmetic_applications?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
https://www.researchgate.net/publication/325010439_A_novel_analytical_approach_in_the_assessment_of_unprocessed_Kaffir_lime_peel_and_pulp_as_potential_raw_materials_for_cosmetic_applications?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
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6.2 Determination of the Major By-Products of Citrus hystrix Peel and Their 

Characteristics in the Context of Utilization in the Industry 

 

https://www.researchgate.net/publication/369219681_Determination_of_the_Major_By-Products_of_Citrus_hystrix_Peel_and_Their_Characteristics_in_the_Context_of_Utilization_in_the_Industry?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
https://www.researchgate.net/publication/369219681_Determination_of_the_Major_By-Products_of_Citrus_hystrix_Peel_and_Their_Characteristics_in_the_Context_of_Utilization_in_the_Industry?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
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6.3 Chemical, Aroma and Pro-health Characteristics of Kaffir Lime Juice—The 

Approach Using Optimized HS-SPME-GC-TOFMS, MP-OES, 3D-FL and 

Physiochemical Analysis 
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6.4 Quality of limes juices based on the aroma and antioxidant properties 

 

https://www.researchgate.net/publication/323010586_Quality_of_limes_juices_based_on_the_aroma_and_antioxidant_properties?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
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6.5 Human serum interactions with phenolic and aroma substances of Kaffir (Citrus 

hystrix) and Key lime (Citrus aurantifolia) juices 

 

https://www.researchgate.net/publication/324270060_Human_serum_interactions_with_phenolic_and_aroma_substances_of_Kaffir_Citrus_hystrix_and_Key_lime_Citrus_aurantifolia_juices?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
https://www.researchgate.net/publication/324270060_Human_serum_interactions_with_phenolic_and_aroma_substances_of_Kaffir_Citrus_hystrix_and_Key_lime_Citrus_aurantifolia_juices?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
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6.6 Comparison of the Physical and Sensory Properties of Hybrid Citrus Fruit Jaffa® 

Sweetie in Relation to the Parent Fruits 

 

https://www.researchgate.net/publication/342207208_Comparison_of_the_Physical_and_Sensory_Properties_of_Hybrid_Citrus_Fruit_JaffaR_Sweetie_in_Relation_to_the_Parent_Fruits?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
https://www.researchgate.net/publication/342207208_Comparison_of_the_Physical_and_Sensory_Properties_of_Hybrid_Citrus_Fruit_JaffaR_Sweetie_in_Relation_to_the_Parent_Fruits?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA


 
 

117 
 



 
 

118 
 



 
 

119 
 



 
 

120 
 



 
 

121 
 



 
 

122 
 



 
 

123 
 



 
 

124 
 



 
 

125 
 



 
 

126 
 



 
 

127 
 

 



 
 

128 
 

6.7 Influence of steam cooking on pro-health properties of Small and Large variety 

of Momordica charantia 

 

https://www.researchgate.net/publication/330809091_Influence_of_steam_cooking_on_pro-health_properties_of_Small_and_Large_variety_of_Momordica_charantia?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
https://www.researchgate.net/publication/330809091_Influence_of_steam_cooking_on_pro-health_properties_of_Small_and_Large_variety_of_Momordica_charantia?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
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6.8 Bioactivities of Phenolic Compounds from Kiwifruit and Persimmon 

 

https://www.researchgate.net/publication/353410107_Bioactivities_of_Phenolic_Compounds_from_Kiwifruit_and_Persimmon?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
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6.9 Properties of Different Varieties of Durian 

 

https://www.researchgate.net/publication/352526261_Properties_of_Different_Varieties_of_Durian?_sg%5B0%5D=MpYQrSXlaD96_wq5ebj4s9VJhMLzIebxcTkigTT5K25M-T47u7GyvlSzwCAJ0oaeemeCyxY1RzA2D0XMSBoa-r8aU9eENL2D79UTGxuh.U4RvTmaSBoxJMUcrlT8xfsyU8nPYkjopzQFDoOZlDJDSkgfjoHTaLd9pLYXKyTzg7O0zthJyTdHnqk_jlyHTEA
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instrumentalnych technik analitycznych; XLI Międzynarodowe Seminarium Naukowo 

Techniczne „Chemistry for Agriculture”, Karpacz, 2016. 

• Lubinska M., Różańska A., Dymerski T., Namieśnik J., Charakterystyka profilu 

zapachowego owoców Citrus hysteria przy wykorzystaniu techniki dwuwymiarowej 

chromatografii gazowej; XLI Międzynarodowe Seminarium Naukowo Techniczne „Chemistry 

for Agriculture”, Karpacz, 2016.  

• Lubiska-Szczygeł M., Dymerski T., Namieśnik J., Funcionality assessment of Citrus 

Hysteria peel as a protective barrier using gas chromatography; 13th International Students 

Conference Modern Analytical Chemistry, Praga, 2017.  

• Pudlak D., Lubinska-Szczygeł M., Dymerski T., Namieśnik J., Distinction of citrus fruits 

based on their volatile composition using the electronic nose; 13th International Students 

Conference Modern Analytical Chemistry, Praga, 2017.  

• Sieńska D., Lubinska-Szczygeł M., Różańska A., Dymerski T., Namieśnik J., Analysis of 

volatile fraction of hybrid fruit pulp using Proton Transfer Reaction - Time-Of-Flight Mass 

Spectrometry; 13th International Students Conference Modern Analytical Chemistry, Praga, 

2017.  
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• Różańska A., Lubinska-Szczygeł M., Dymerski T., Namieśnik J., Wykrywanie 

zafałszowań soku pomarańczowego przy użyciu nowoczesnych technik analitycznych; XLII 

Międzynarodowe Seminarium Naukowo Techniczne „Chemistry for Agriculture”, Karpacz, 

2017. 

• Lubinska-Szczygeł M., Różańska A., Dymerski T., Namieśnik J., Wpływ obecności 

terpenów na aromat i właściwości prozdrowotne soków z morwy i czarnej jagody; XLII 

Międzynarodowe Seminarium Naukowo Techniczne „Chemistry for Agriculture”, Karpacz, 

2017.  

• D. Włodarczyk, M. Lubinska-Szczygeł, A. Feliniak, J. Jeziorski, K. Kopczyńska, E. 

Nalborska, Korozja materiałów konstrukcyjnych w zbiornikach browarniczych, III 

Interdyscyplinarna Akademicka Konferencja Ochrony Środowiska. Gdańsk, 2018. 

• M. Lubinska-Szczygeł, A. Różańska, T. Dymerski, J. Namieśnik, E. Katrich, S. 

Gorinstein, Assessment of the possibility of using waste from Kaffir lime fruit (Citrus Hystrix) 

as raw materials for industrial purposes based on the determination of the content of health-

promoting compounds, XX EuroFoodChem Congress, Porto, Portugalia, czerwiec 2019.  

• M. Lubinska-Szczygeł, A. Różańska, T. Dymerski, J. Namieśnik, Study on the effect of 

steaming on the aromatic and pro-health properties of Momordica charantia, 2nd Food 

Chemistry Conference, Sevilla, Spain, September 2019. 

• A. Różańska, M. Lubinska-Szczygeł, T. Dymerski, J. Namieśnik, The effect of 

chokeberry juice addition on raspberry juice aroma and pro-health properties, 2nd Food 

Chemistry Conference, Sewilla, Hiszpania, September 2019. 

• A. Różańska, M. Lubinska-Szczygeł ,T. Dymerski, J. Namieśnik, The authenticity 

assessment of bilberry juice using GC×GC-TOFMS, XX EuroFoodChem Congress, Porto, 

Portugal, June 2019. 

• M. Lubinska-Szczygeł, A. Kuczyńska-Łażewska, M. Rutkowska, Ż. Polkowska, E. 

Katrich, and S. Gorinstein, Kaffir Lime (Citrus Hystrix) Peel As A Source Of Functional 

Ingredients. XXXI International Conference On Polyphenols, Nantes, France, July 2023.  

e) Academic internships and scientific missions 

• April 2019 Israel, Hebrew University of Jerusalem, training trip as part of the "Erasmus 

+ mobility of students and university staff with partner countries" 

• July2019 Israel, Hebrew University of Jerusalem, training trip as part of the "Erasmus 

+ mobility of students and university staff with partner countries" 

f) Scholarships 
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• The Scholarship for Outstanding Scientific Achievements of the Minister of Science 

and Higher Education 

• Gdańsk University of Technology Rector’s Scholarship for best PhD Stu-dents 

• European Union, “International scholarship exchange of doctoral students and 

academic staff", project number POWR.03.03.00-IP.08-00-P13 / 18, implemented as part of 

Measure: 3.3 Internationalization of Polish higher education, PO WER  

• Scholarship from the Gdańsk University of Technology Development Program 

POWR.03.05.00-00Z044 / 17  

• European Union, Project "Development of an interdisciplinary program of doctoral 

studies with an international dimension" co-financed by the European Union under the 

European Social Fund - Operational Program Knowledge  

g) Resaerch projects 

• Project „Determination of the metabolic pathway of selected terpenes in citrus fruits 

using the PTR-TOFMS technique„, (number of the application 201/31/N/NZ9/03255) financed 

by National Science Centre, Poland in a program „PRELUDIUM 16”, project Manager 

• Project „Antioxidant Power Series as a tool rational design and assessment of health-

promoting properties of functional food based on antioxidant phytochemicals” (number of the 

application 2014/14/A/ST4/00640) financed by National Science Centre, Poland in a program 

„MAESTRO 6”, project Researcher  

h) Cooperation with foreign scientific units 

• Israel, Hebrew University of Jerusalem, cooperation in realization of the "Erasmus + 

mobility of students and university staff with partner countries" and Antioxidant Power Series 

as a tool rational design and assessment of health-promoting properties of functional food 

based on antioxidant phytochemicals” (number of the application 2014/14/A/ST4/00640) 

financed by National Science Centre, Poland in a program „MAESTRO 6” programs.  

Table 11 Individual contributions to co−authored publications 

Publications 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Author 

Contributions 
JCR publications 

Chapters 

non-JCR 

publicati

ons 

collection of 
samples 

− + + − − + − − − − ± − na na ± − − na na 

sample analysis ± ± ± ± ± + ± − ± − − − na na ± ± ± na na 

conceptualization ± + + ± − + ± ± − − ± − − − − ± ± − − 
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statistical 
analysis 

± ± ± ± ± + ± ± ± − ± − na na ± − − na na 

interpretation of 
results 

± ± ± ± ± + ± ± ± ± ± ± ± ± ± ± ± ±  

results 
description 

± ± ± ± ± + ± − − ± ± ± ± ± ± ± ± ± ± 

preparation of 
tables and figures 

± ± ± ± ± + ± ± − ± ± − ± ± − − − ± ± 

manuscript 
writing 

± ± ± ± ± + ± ± ± ± + ± ± ± ± ± ± ± ± 

Na- not applicable 

± partial contribution to the action 

+ full participation in action 

− no involvement in the action 

publications used in the doctoral thesis are in bold 

 

 


