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ABSTRACT 

Investigation and Optimization of Methods for the Extraction of Antioxidants and 

Polyphenols from Yellow European Plums (Prunus Domestica L.)  

Andrea DiNardo        Advisor:  

University of Guelph, 2018       Ashutosh Singh, PhD  

Yellow European Plums (YEPs) contain health promoting compounds which may be extracted for 

use in functional food and nutraceutical industries. Conventional extraction methods include heat 

reflux extraction (HRE) and Soxhlet extraction, but often result in reduced extraction yields due 

to high temperature requirements and long extraction durations. Microwave-assisted extraction 

(MAE) is one method which can mitigate these drawbacks because it allows rapid and 

homogenous heating the biomatrix. The objective of this thesis is to determine the effects of 

solvent and solvent concentration, time, and temperature during MAE in comparison to other 

extraction methods. Concentration of phenolic compounds, specifically ascorbic acid, chlorogenic 

acid, neochlorogenic acid, were quantified using a Folin-Ciocalteau method and HPLC analysis. 

Antioxidant scavenging of free radicals such as 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Fe3+-

tripyridyltraizine (FRAP) were used to determine antioxidant capacity of samples. It was observed 

that MAE yielded larger concentrations of bioactive compounds in comparison to other extraction 

methods.  
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CHAPTER 1 

INTRODUCTION  

 

Plums (Prunus Domestica) are an abundant global crop with an estimated production of 11.5 

million tonnes in 2015 (DiNardo et al., 2018). In Canada, the two commonly grown plum varieties 

are Japanese and European cultivars. European plums are traditionally blue-violet in colour. 

However, yellow skinned European plums (YEPs) have been developed through conventional 

breeding. Despite lacking the traditional dark colour, YEPs remain high in phenolic and 

antioxidant activity. Specifically, YEPs contain high concentrations of ascorbic acid, chlorogenic 

acid, and neochlorogenic acid. These compounds render YEPs a functional food due to its health 

promoting effects, including improved gastrointestinal health, cognitive development, and 

cardiovascular health (DiNardo et al., 2018). With an ever-increasing global population there is a 

subsequent increase in the incidence of degenerative diseases such as cognitive decline, 

atherosclerosis, and deteriorating bone health. The beneficial compounds present in YEPs exhibit 

many beneficial health effects and may delay the onset of these aging diseases. As such, the 

extraction of these secondary plant metabolites (SPM) can be exploited by the natural product 

industry.  

 Several research studies have used conventional extraction methods such as heat reflux and 

Soxhlet extraction for the removal of these bioactive compounds from plant matrices. However, 

conventional methods often result in low yields of compounds due to the high operating 

temperatures and long extraction durations. Traditional methods also use toxic solvents such as 

methanol, which requires further processing if the extracted compound is to be used in food grade 

applications. Microwave-assisted extraction (MAE) is a novel extraction method which mitigates 

the negative effects of conventional extraction. MAE utilizes dipole rotation (reversal of dipoles) 

and ionic conduction (movement of charges ions) to generate localized heating, thus increasing 

extraction yields of compounds, reducing the amount of solvent used and the extraction time, and 

offering higher selectivity of target compounds.   
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1.1 Hypothesis 

The hypothesis for this research was that microwave-assisted extraction (MAE) can be used to 

extract a greater yield of antioxidants and bioactive compounds from YEPs over conventional and 

other novel methods.  

1.2 Research Objectives 

1.2.1 Overall Objective 

The overall objective of this research was to optimize the extraction of phenolic compounds and 

antioxidants from YEPs. 

1.2.2 Specific Objectives 

The specific objectives for each study were to:  

1. Determine the phenolic content and antioxidant capacity of YEPs using conventional heat 

reflux extraction.  

2. Improve extraction yield, decrease extraction time, and reduce toxic environmental effects 

of traditional solvents in HRE by applying process intensification (PI). 

3. Determine optimal solvent, solvent concentration, time, and temperature for microwave-

assisted digestion of antioxidants and polyphenols from YEPs.  

  



 

3 

 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction  

Natural products, in the forms of powders, extracts, and oils as medicines, have been used since 

ancient times as ‘traditional medicines’ (Naumovski et al., 2017). Similarly, countries such as 

Japan, China, and India have also adopted the philosophy of ‘food as medicine’ for centuries 

(Singh and Orsat, 2015). However, after decades passed, we have accepted modernized processing 

methods to develop highly processed foods, which are low in nutritive value. As a result, there has 

been an increase in the incidence of food related diseases such as diabetes, cardiovascular diseases, 

obesity, and certain types of cancers (Naumovski et al., 2017). Inspired by the traditional medicine 

approach, modern medicine has adopted secondary plant metabolites (SPM) from food to prevent 

illness.  

SPM are plant-derived metabolites which are low in molecular weight and chemically very 

heterogenous. SPM are not required for the metabolism of the plant, but rather for its survival 

mechanisms (Naumovski et al., 2017). They exhibit a wide range of biological activities 

(bioactivity), which have proven to have preventative effects on chronic diseases (Liyana-

Pathirana and Shahidi, 2005). SPM have a low potency in comparison to pharmacological drugs, 

but their long term intake through diet may have many beneficial long-term health effects (Bernal 

et al., 2011). Fruits and vegetables contain beneficial SPM. Several epidemiological studies have 

shown that an increased intake of fruit and vegetables reduces the risk of degenerative diseases 

because of their SPM content (DiNardo et al., 2018). SPM can be extracted from fruits and 

vegetables, using extraction methods, and used in the natural product industry.  

While there has always been an interest in food bioactives, extraction technologies have 

drawn attention only in recent decades (Naumovski et al., 2017). The extraction of phenolic 

compounds is often carried out through a process called heat reflux extraction (HRE). HRE is 

conventionally used as it requires little operational and maintenance costs (Singh and Orsat, 2015). 

However, HRE is often associated with long extraction durations and reduced bioactive yields due 

to degradation of target compounds. Hence, novel methods including microwave-assisted 

extraction (MAE), supercritical fluid extraction (SFE), ultrasound-assisted extraction (UAE), and 
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pressurized fluid extraction (PFE), are being used to mitigate the negative effects of conventional 

extraction.  

Currently, the world population is rapidly aging due to the large percentage of baby 

boomers and a low percentage of developed countries having children (Naumovski et al., 2017). 

With age comes an increased prevalence of illnesses such as cognitive decline, cardiovascular 

diseases, and bone degradation (Naumovski et al., 2017). Therefore, functional foods and 

nutraceutical development is essential to delay the onset of these diseases. Also, with an increase 

in consumer awareness for adequate and nutritious diets, there is a larger target demographic to 

develop such products from food. The main aim of this chapter is to identify the beneficial SPM 

found in fruit and vegetable sources, determine viable extraction methods to recovery SPM, and 

describe their importance to the natural product industry.  

2.2 Food supplements and nutraceuticals     

The terms “functional foods” and “nutraceuticals” are not always well-defined. Nonetheless, they 

can be broadly defined as follows: nutraceuticals are concentrated dietary supplements which 

promote health by delivering food-derived bioactive compounds to human a non-food matrix, 

whereas functional foods are foods which incorporate nutraceuticals to maintain optimal health 

and diseases (Bernal et al., 2011; Stacewicz-Sapuntzakis et al., 2001). While the two terms are 

used interchangeably in the literature, the main difference between the two is through their form 

of delivery (Bernal et al., 2011). Nutraceuticals are often consumed as pills or capsules while 

functional foods are consumed as ordinary foods (Bernal et al., 2011). Functional foods and 

nutraceuticals have recently gained popularity, as consumers are becoming more health conscious, 

and are looking for nutritious and fortified foods. Over the past two decades, research focused on 

functional foods and nutraceuticals has increased exponentially (Figure 2.1), illustrating their 

prevalence on the research forefront.  

Nutraceuticals, derived from plant matrices, include a variety of value-added compounds 

including proteins, vitamins, phenolic compounds, and dietary fibre, to name a few. While these 

compounds vary between cultivars of produce and seasonal variation (e.g. temperature, humidity, 

and soil properties), they still contain many compounds beneficial to human health.   
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Figure 2.1. Number of published articles from 1997 to 2017 on nutraceuticals and functional foods 

(Wed of Science Database, 2018) 

2.2.1 Phenolic compounds 

The term phenolic compounds encompasses more than 4000 various compounds which contain an 

aromatic ring with one or more -OH groups (Bernal et al., 2011). Phenolic compounds are SPM 

which impart colour and flavour in foods. Phenolic compounds also have many benefits effects on 

human health such as anti-cancerous properties and decreased risk for cardiac disease (Bernal et 

al., 2011). Phenolic compounds are categorized based on their chemical structure and number of 

carbon atoms, which determine its chemical and physical properties, as listed in Table 2.1 (Routray 

and Orsat, 2013;Valdés et al., 2015). 

Table 2.1. Classification of phenolic compounds and their general structure (Adapted from 

(Bhuyan and Basu, 2017)) 

Class Number of Carbon Atoms Basic Structure 

Simple phenolics 6 C6 

Phenolic acids  7 C6 – C8 

Stillbenes 14 C6 – C2 – C6  

Flavonoids  15 C6 – C3 – C6 

Lignans  18 (C6 – C3)2 
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Phenolics include simple phenols, phenolic acids, flavonoids, stilbenes, and lignans (Díaz-

Reinoso et al., 2008). Flavonoids are an abundant SPM with over 4,500 different compounds found 

in nature (Naumovski et al., 2017). The basic chemical structure of a flavonoid are two aromatic 

rings linked by a three carbon atoms (Figure 2.2) (Routray and Orsat, 2012). The subcategories of 

flavonoids are determined by the diversity of the heterocyclic rings (Naumovski et al., 2017). 

These subcategories include isoflavones, flavonols, flavones, anthocyanins, and catechins, and are 

commonly found in the skins of fruits and vegetables (Routray and Orsat, 2012).  

 

Figure 2.2. Basic chemical structure of a flavonoid (Adopted from (Routray and Orsat, 2012)) 

Phenolic acids are another abundant subcategory of phenolics and include derivatives of 

benzoic acid, such as gallic acid, and cinnamic acid, such as ferulic and caffeic acid (Dai and 

Mumper, 2010). Caffeic acid is predominantly found in fruits and vegetables whereas ferulic acid 

is commonly found in seeds and cereal grains (Naumovski et al., 2017). Stilbenes and lignans are 

the two least frequent phenols found in nature. Stilbenes (Figure 2.3) are consumed in low 

concentrations as there are small quantities of stilbenes found in nature (Valdés et al., 2015). Red 

grapes and hence red wines contain a high concentration of stilbenes. Other food matrices that 

contain stilbenes include strawberries, red currants, and European raspberries (Valdés et al., 2015). 

Lignans are another subcategory of phenols which are less common than flavonoids and phenolic 

acids. Lignans (Figure 2.3) are comprised of two cinnamic acid residues (Naumovski et al., 2017). 

Lignans are present in a variety of food sources such as sesame seed oil, flaxseed oil, rye bread, 

and whole grain oat flour (Valdés et al., 2015). They are however most commonly present in wood 

and resin of plants than in foods (Naumovski et al., 2017).  
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Figure 2.3. Chemical structure of stilbene and lignin (Adopted from (Dai and Mumper, 2010)) 

 It can be observed that several classes of phenols are widespread across a variety of plant 

and food matrices such as seed oils, breads, fruits and vegetables, and cereals. The intake of 

phenols relies heavily on consumption patterns as dietary sources of phenols differ across 

countries. For example, the Spanish Mediterranean diet is rich in nuts, legumes, vegetable oils, 

and whole-wheat breads whereas a Polish diet consists of coffees, teas, and chocolates with less 

fruits and vegetables (Valdés et al., 2015). Hence, the extraction of phenols, to produce nutrient 

capsules and fortified foods, will allow for an even distribution of phenol groups across global 

diets. Due to the diverse phenols present in nature, the extraction method and parameters must be 

selected accordingly.  

2.3 Conventional methods of extraction  

To utilize the beneficial properties of bioactive compounds, efficient extraction systems must be 

developed which are low in cost, energy efficient, and operate at low temperatures. Extraction of 

phenolic compounds occurs in four steps: pre-treatment, extraction, isolation/purification, and 

encapsulation (Routray and Orsat, 2012). Pre-treatment methods include maceration, grinding, 

milling, homogenization and drying (Routray and Orsat, 2012). Homogenization breaks down the 

cellular structure of the sample and increases the contact surface area between the solvent and the 

solute (Routray and Orsat, 2012). Drying can increase the products surface area, bioavailability of 

phenolic compounds, and its shelf life (Brar, 2018). Extraction methods are chosen based on the 

type of plant material being used and the compound being extracted. In food grade applications, 

food waste requires clarification to separate the waste into its various components. For example, 
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in the case of grape pomace, clarification is required to separate the pomace into components such 

as skin, seeds, and pulp (Galanakis, 2012).  

2.3.1 Heat reflux extraction (HRE)  

The conventional heat reflux extraction method removes the bioactive compound from a food 

source through the use of solvents, such as methane, hexane, and ethanol, with heat and agitation 

(Singh and Orsat, 2015). Heat reflux extraction is frequently used for the extraction of phenolic 

compounds as it is a simple and inexpensive process. This extraction method is mass transfer 

operated and requires several steps to complete the transfer of the solute into the solvent: (1) 

Penetration of solvent into solid matrix, (2) Solubilisation of components, (3) Transfer of solute to 

exterior of solid matrix, and (4) Migration of solute from solid surface to bulk solvent (Singh et 

al., 2011). In using the aforementioned processes, the recovery of bioactive compounds is often 

low and the quality of the compounds extracted is reduced due to the high operating temperatures 

used during extraction (Singh and Orsat, 2015). Also, the use of toxic extraction solvents such as 

methanol poses a risk towards human and environmental safety. Various novel extraction methods 

have been proposed to mitigate these drawbacks when recovering valuable bioactive compounds 

from food biomass (Hawthorne et al., 2000; Routray and Orsat, 2014). These methods include 

microwave-assisted extraction (MAE), supercritical fluid extraction (SFE) and ultrasonic 

extraction (USE), can been used in the. Specifically, MAE enhances the overall extraction yield 

of bioactive compounds, while also providing higher selectivity of target molecules through 

volumetric heating.  

2.3.2 Soxhlet extraction  

Soxhlet extraction is another conventional method used for the recovery of phenolic compounds. 

Figure 2.4 illustrates a conventional Soxhlet extraction unit which utilizes chemical solvents and 

heat. The solvent is boiled in the distillation column where the solvent vapors travel to a condenser 

unit where the solvent condenses into a liquid and falls onto the food source in the extraction 

vessel. Since the solute being extracted is less volatile than the solvent, the solute is left behind in 

the extraction vessel and fresh solvent is recycled back into the distillation column (Singh and 

Orsat, 2015). This cycle is carried out until extraction is complete.  

Soxhlet extraction has low operational cost, it is simple, and it does not require filtration 

afterwards (Wang and Weller, 2006). However, the high temperatures during Soxhlet extraction 



 

9 

 

denature the nutraceutical compounds in food items and reduces their quality, in addition to 

lowering the extraction yield  (Singh and Orsat, 2015). Soxhlet extraction also requires long 

operating times and a large amount of solvent (Singh and Orsat, 2015; Wang and Weller, 2006). 

Other novel technologies may be used for the extraction of nutraceutical compounds to overcome 

the drawbacks of Soxhlet system, as described in the following section.   

 

Figure 2.4. Soxhlet extraction apparatus (Adopted from Singh and Orsat (2015)) 

2.4 Novel Methods of Extraction  

2.4.1 Ultrasound-assisted extraction (UAE)  

UAE uses sound waves with a frequency greater than 20 kHz, and has been used for the extraction 

of flavonoids and polyphenols from plums (Kim et al., 2003), ginseng root (Kim et al., 2007), and 

green walnut husk (Xu et al., 2016). UAE causes expansion and compression cycles in the 

extraction medium. The expansion and compression cycles cause cavitation bubbles to form in the 

liquid medium, which grow and collapse during expansion and compression cycles respectively. 

Eventually, the cavitation bubble collapses during a compression cycle, which disrupts the solid 
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surface, therefore increasing solvent transfer into the biological matrix and transfer of solutes into 

the bulk liquid phase (Routray and Orsat, 2013). Because the temperature remains low during this 

process, UAE is a viable method for the extraction of thermally sensitive compounds (Routray and 

Orsat, 2012).  

2.4.2 Supercritical fluid extraction (SFE)  

SFE is an alternative extraction method which operates at elevated temperature and pressure 

combinations, placing the extraction solvent in a supercritical state, meaning that temperature and 

pressure are above their critical values (Camel, 2001). By placing the fluid in a supercritical state, 

the fluidity increases which increases the mass transfer of phenolic compounds into the chosen 

solvent (Routray and Orsat, 2012). The chosen solvent in the supercritical state has a lower 

viscosity than liquids, making it have a higher diffusion coefficient leading to greater amount of 

mass transfer for effective extraction (Routray and Orsat, 2013). SFE is environmentally friendly 

since it utilizes non-toxic solvents such as CO2 which is also inexpensive and non-flammable 

(Routray and Orsat, 2013). This reduces the amount of toxins remaining in the extract. SFE has 

been used in the extraction of essential oils from black pepper (Ferreira et al., 1999), phenolic 

compounds from olive leaves (Le Floch et al., 1998), and lycopene from tomato skin (Kassama et 

al., 2008). SFE has several advantages over conventional methods such as: high solvating power 

which can be easily controlled through the variation of temperature and pressure, diffusivity of 

supercritical fluid is better than traditional solvents, high extraction yield, and is safe for the 

environment since no toxic solvents are used (Singh and Orsat, 2015). However, SFE is costly to 

operate and has many complex operation parameters, making optimization difficult and tedious. 

SFE is also difficult to implement in industry due to the complex operational requirements.    

2.4.3 Pressurized fluid extraction (PFE)  

PFE is an accelerated solvent extraction technique which is also known as pressurized liquid 

extraction (PLE), pressurized solvent extraction (PSE), or enhanced solvent extraction (ESE) 

(Camel, 2001). This method has been recently used in the extraction of bioactive compounds from 

apples (Alonso-Salces et al., 2001), spinach (Howard and Pandjaitan, 2008), and onions (Søltoft 

et al., 2009). PFE utilizes liquid solvents such as methanol, ethanol, and acetone, at elevated 

temperatures (40-200°C) and pressures (3.3-20 MPa), above their  normal boiling points, for short 

periods of time (Mustafa and Turner, 2011; Singh et al., 2011). Higher pressure and temperature 
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accelerates the extraction process by increasing the contact surface area between the solvent and 

the solid (Routray and Orsat, 2013). High temperatures weaken the molecular bonds in a plant 

matrix, thereby increasing mass transfer of the solute into the extraction solvent (Singh et al., 

2011).     

2.4.4 Microwave-assisted extraction (MAE)  

MAE has been extensively used in the extraction of nutraceuticals from plant matrices due to its 

heating mechanism, moderate capital cost, shorter extraction times, and less solvent required 

relative to other technologies (Singh and Orsat, 2015). MAE uses electromagnetic (EM) waves 

made up of two oscillating perpendicular waves, magnetic and electric. EM waves pass through 

the solid solvent medium where its energy is absorbed and converted into thermal energy (Singh 

and Orsat, 2015). The ability of the solid solvent medium to absorb the energy is dependent on its 

dielectric properties (Singh and Orsat, 2015). The dielectric properties of a biomatrix can be 

described by the following equation:  

 휀∗ = 휀′ − 𝑗휀′′                                                         (2.1) 

Where 𝑗 = √−1, ε’ is the dielectric constant, ε* is the relative permittivity to that of free space, and 

ε’’ is the imaginary part of the equation and is the dielectric loss factor (Singh and Orsat, 2015). 

The relationship between dielectric loss factor and dielectric constant represents the tangent loss 

angle, δ, and can be described by the following equation: 

tan 𝛿 =
𝜀"

𝜀′                                                             (2.2) 

Equation 2.2 determines the attenuation of microwave power (Routray and Orsat, 2013). Properties 

of a biomatrix such as moisture content and phenolic content determine its dielectric properties.  

EM waves with a frequency between 300 MHz-300 GHz are converted into thermal energy 

via dipole rotation and ionic conduction. The thermal energy builds up pressure inside the plant 

cell and alters the porosity of the cell, allowing for increased penetration of the solvent. Application 

of MAE leads to uniform volumetric heating, ensuring each molecule receives the same processing 

treatment. While MAE is a viable alternative to conventional extraction methods, there are various 

factors affecting the effectiveness and yield of bioactive compounds.  
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2.4.4.1 Effect of solvent system 

The first factor affecting MAE is type of extraction solvent used. Solvent choice is dependent on 

the type of compounds being extracted and on the biomatrix it is being extracted from. Proper 

solvent choice determines the efficiency of the extraction process (Singh and Orsat, 2015). The 

dielectric properties of the chosen solvent also play a role in process efficiency. Generally, the 

higher the dielectric loss and dielectric constant results in a greater ability of the solvent to absorb 

energy from applied microwaves, hence combinations of multiple solvents may be required 

(Routray and Orsat, 2013). When extracting temperature sensitive compounds, a solvent with low 

dielectric properties should be used to ensure that the extraction temperature remains low (Routray 

and Orsat, 2012). Polarity of the solvent also determines the extraction efficiency based on the 

polarity of the compounds being extracted. Phenolic compounds vary in polarity and then 

extraction solvent(s) must be chosen accordingly. Less polar phenolic compounds such as 

isoflavones, flavanones, and flavonols are extracted with solvents such as benzene, chloroform, 

and ethyl acetate (Routray and Orsat, 2012). Polar phenolic compounds such as biflavonyls, 

aurones, and chalcones are extracted using solvents such as acetone, alcohol, and water (Routray 

and Orsat, 2012).  

2.4.4.2 Effect of time  

Amount of exposure to microwaves is an important parameter in optimizing extraction efficiency. 

The extraction yield increases with MAE time, as demonstrated in studies conducted in cherry 

leaves (Karabegović et al., 2013), lemon pomace (Papoutsis et al., 2016), and red beets (Cardoso-

Ugarte et al., 2014). The extraction time increases the yield up to an optimal duration, beyond 

which the yield may decrease due to cellular damage. While the phenolic make-up of fruits and 

vegetables are diverse, there is not one time which is suggested for extraction for all food types. 

However, it is suggested that the duration for MAE should not exceed 30 minutes (Veggi et al., 

2013).  

2.4.4.3 Effect of microwave power level  

Power level is another important factor that determines the extraction yield of MAE. Microwave 

power level determines the amount of energy supplied to the system. Generally, an increase in 

power level increases the yield of extracted compounds. However, an increase in power level may 

increase the extraction temperature, thereby damaging heat sensitive compounds (Routray and 
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Orsat, 2012). A study on the effect of MAE on potato peels, conducted by Singh et al. (2011), 

found that an increase in temperature decreased the concentration of ascorbic acid, due to high 

temperatures. Similarly, Song et al. (2011) found that increasing microwave power level above 

350 W resulted in a decreased recovery of compounds from sweet potato. This was attributed to 

over exposure of microwaves resulting in thermal degradation. In a similar study, Hayat et al. 

(2009) optimized MAE of polyphenols from mandarin peels found that microwave power level 

above 152 W resulted in a decreased yield of phenolic compounds. Because the compounds present 

in citrus peels are thermally sensitive, elevated power levels for long periods of time resulted in 

degradation of compounds.      

2.4.4.4 Effect of temperature  

An increase in temperature increases the intermolecular solubility in an extraction system, 

therefore increasing the extraction yield (Routray and Orsat, 2012). Increased temperatures also 

cause pressure build up within a cell, causing it to eventually rupture, releasing its cellular contents 

(Routray and Orsat, 2012). Studies of MAE of phenolic compounds from potato peels (Singh et 

al., 2011), potatoes (Wu et al., 2012), and tomatoes (Li et al., 2012) all found that an increase in 

temperature resulted in an increase of extracted compounds. However, exposure to high 

temperatures for prolonged periods of time can lead to degradation of the chemical structure of the 

bioactive compound leading to a decrease in yield and quality (Singh and Orsat, 2015). Based on 

the aforementioned factors, it is important to optimize the MAE operating parameters based on the 

type of bioactive compound being extracted.  

2.4 Extraction of polyphenols from fruits and vegetables  

As mentioned previously, fruits and vegetables contain a high concentration of phenolic 

compounds and antioxidants. As such, there are a number of sources for phenolic compounds 

found in nature with the potential to be used in the natural product industry. Several studies have 

extracted and characterized the phenols present in fruits and vegetables using various types of 

extraction methods. These fruits and vegetables include apples, berries, grapes, and Yellow 

European Plums, as will be discussed in the following sections.   

2.4.1 Apples  

Apples are one of the most commonly consumed fruits worldwide and contain several beneficial 

phenolic compounds and antioxidants. With over 7,000 varieties of apples grown globally, the 
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phenolic composition varies among each. Apples contain diverse nutrients, including cellulose, 

hemicellulose, dietary fibre, lignin, and protein (Perussello et al., 2017). Apples are also rich 

sources of sugars including simple sugars, glucose, and fructose (Kosseva, 2013). Another 

important constituent of apples is pectin, which has been widely utilized in industries such as 

cosmetics, pharmaceutical, and food due to its stabilizing and gelling properties (Perussello et al., 

2017). Due to its solubility, pectin is traditionally extracted in aqueous solvents and recovered 

using organic solvents (Perussello et al., 2017). Because pectin is bound to the cellular wall in 

plant matrices, acid solutions are often used to release pectin at high temperatures and low pH, 

between 1.5 to 3.0 (Perussello et al., 2017). Several studies have researched the effects of varying 

acid solutions on the yield of pectin, as summarized in Table 2.2. Several studies have also shown 

the positive influence of apple phenolics on colorectal carcinogenesis (McCann et al., 2007) and 

cardiovascular disease therapy (Wang and Lü, 2014), making the extraction of apple phenolics a 

viable option for the natural product industry.    

Table 2.2. Summary of acid solutions and extraction conditions used for pectin extraction 

Acid Solution Extraction 

Conditions 

Pectin Yield (%) Reference 

1 M hydrochloric acid 

solution 

Room temperature for 

3 or 7 hours 

7.36 to 7.84 (O’shea et al., 2015) 

Sulfuric acid solution 

at pH 2.0 

Constant shaking at 

85°C for 3 hours 

19.8 (Wikiera et al., 2016) 

Hydrochloric acid 

solution at pH 2.5  

Reflux condensation 

system at 97°C for 30 

minutes  

14.55 to 18.79 (Kumar and Chauhan, 

2010)  

Oxalic acid and 

ammonium oxalate 

solution at pH 4.6  

85° for 1 hour  4.6  (Min et al., 2011) 

 

2.4.2 Berries 

Berry fruits including strawberries, blueberries, blackberries, and mulberries are one of the richest 

source of antioxidants among fruits and vegetables (Boeing et al., 2014). Berries contain high 

concentrations of anthocyanins, flavonoids, and cinnamic and caffeic acid (Routray and Orsat, 

2014). These compounds have many health promoting effects, including coronary heart disease 

prevention, neuro protection, and anti-microbial and anti-inflammation properties (Carvalho et al., 

2016). Many different extraction methods have been used to extract various compounds from 
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berries. Table 2.3 summarizes several studies which have used extraction methods to retrieve 

phenols from berries. It can be observed that anthocyanins are frequently extracted from berries. 

This is because berry varieties contain a high concentration of anthocyanins, typically concentrated 

in the skin of the fruit, which gives berries their dark pigmented colour.  

Table 2.3. Summary of extraction methods for phenol extraction from berries 

Berry Extracted Phenol Extraction Method Reference 

Black mulberry, 

strawberry, and 

blackberry  

Anthocyanins  Solid-Liquid 

Extraction  

(Boeing et al., 2014) 

Black Currants  Anthocyanins and 

phenolic compounds  

Solvent extraction  (Cacace and Mazza, 

2003) 

Goji Berries  Rutin, catechin, 

epicatechin, 

chlorogenic acid, and 

vanillic acid  

Microwave-assisted 

extraction  

(Carvalho et al., 

2016) 

Blueberry leaves  Anthocyanins and 

chlorogenic acid 

Microwave-assisted 

extraction  

(Routray and Orsat, 

2014) 

  

2.4.3 Asparagus   

Asparagus is a seasonal vegetable which contains high amounts of dietary fibre and vitamins. 

Among vegetables consumed in the Unites States, asparagus is one of the richest sources of 

antioxidant and phenols (Fuentes-Alventosa et al., 2009). Asparagus powders have been 

successfully produced from asparagus by-products, which are rich in dietary fibre. It has been 

observed that asparagus powders have many functional properties including water-holding 

capacity, oil-holding capacity, solubility, and high total dietary fibre (Fuentes-Alventosa et al., 

2009). These properties make asparagus powder a viable ingredient for fibre enriched products.   

2.4.5 Yellow European Plums (YEPs)  

Plums typically grown in Ontario are one of two species: Japanese (Prunus salicina) or European 

(Prunus domestica). Through a novel breeding program at the University of Guelph (Vineland, 

Ontario, Canada), new varieties of European plums have been developed which are yellow in 

colour. YEPs contain a high amount of phenolic compounds, flavonoids, carotenes, vitamins and 

high antioxidant activity (Arion et al., 2014). The prominent phenolic compounds in YEPs include 

quinic and cinnamic acids (Dowling, 2014). Phenolic compounds have proven to reduce the risk 
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of cardiovascular diseases due to their ability to scavenge the free radicals on low density 

lipoproteins (LDL) (Dowling, 2014). Phenolic compounds in plums also improve gastrointestinal 

health and lower the risk for certain types of cancers (Arion et al., 2014; Gil et al., 2002). 

2.4.7 Other food sources of phenolic compounds  

While only selected fruits and vegetables were discussed in this chapter, there are many other types 

of produce that may be usable in the natural foods market. Table 2.4 below displays a summary of 

nutraceuticals and common plant matrices from which they can be extracted.  

Table 2.4. Nutraceuticals found in various plant matrices (Adapted from Bernal et al., (2011)) 

Nutraceutical Plant matrix 

Ascorbic acid Fruits and vegetables 

Tocopherols  Grains, nuts, and oils 

Oenin Black grapes, red wine 

Cyanidin Grapes, raspberries, strawberries 

Quercetin Onion, apple skin, berries, black tea, 

broccoli 

Rutin Onion, apple skin, berries, broccoli 

Luteolin Lemon, olive, celery, red pepper 

Chrysin Fruit skin 

Epicatechin Black grapes, red wine  

Flavanones Citrus fruits 

Caffeic acid White grapes, olive, cabbage 

Chlorogenic acid Apple, pear, cherry, tomato, plum, 

peach  

Ferulic acid Grains, tomato, cabbage, asparagus  

 

Conclusion  

Fruits and vegetables contain many beneficial phenolic compounds and antioxidants which may 

be exploited by the natural food industry. These compounds have many health promoting effects 

including reduced risk of cardiovascular diseases and other age onset illnesses. Hence, phenolic 

compounds may be used in the production of nutraceuticals and functional foods to feed the aging 

global population. Use of these compounds may be done using various extraction techniques. 

While conventional methods such as heat reflux and Soxhlet extraction are low in cost, they also 

yield reduced recovery of phenolic compounds due to their demanding operation parameters. As 

such, novel methods including microwave-assisted extraction, ultrasound-assisted extraction, 
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supercritical fluid extraction, and pulsed electric field aim to mitigate the negative drawbacks 

associated with conventional methods.  
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CONNECTING TEXT  

Extraction is an important step in the recovery of bioactive compounds from plant and food 

matrices and can be performed through a variety of methods. To better understand the phenolic 

composition of YEPs, the following study investigated the antioxidant content and capacity of 

YEPs using conventional heat reflux extraction.   
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CHAPTER 3 

INVESTIGATION OF ANTIOXIDANT CONTENT AND CAPACITY IN 

YELLOW EUROPEAN PLUMS 

Abstract  

Phenolic content and antioxidant capacity of five Yellow European plums (Prunus domestica) 

were studied using heat reflux extraction. Fresh plums were extracted at 50°C and 70°C while 

freeze dried plums were extracted at 50°C, 60°C, and 70°C. Quantification of phenolic compounds 

such as ascorbic acid, neochlorogenic acid, and chlorogenic acid, was performed using High 

Performance Liquid Chromatography (HPLC). Antioxidant activity was determined by evaluating 

the scavenging ability of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric (Fe3+) free radicals. 

Total phenolic content and ferric reducing antioxidant potential were highest for freeze dried 

samples extracted at 60°C whereas extraction at 70°C resulted in the lowest yield. Neochlorogenic 

acid was the predominant phenolic compound in each plum genotype followed by ascorbic acid 

and chlorogenic acid. Our study demonstrates that European Plums are a rich source of health 

promoting phytochemicals. Therefore, the extraction of phytochemicals has potential for use in 

the functional food, nutraceutical, and pharmaceutical industries.  

Keywords: Phenolics; Antioxidants; Extraction Systems; YEPs 

3.1 Introduction  

Free radicals are generated through natural body processes and by extrinsic factors such as 

radiation, pollution, and ultraviolet light (Krishnaswamy et al., 2013). Excessive formation of free 

radicals in the body can lead to the depletion of antioxidants, causing oxidative stress (Routray, 

2014). Oxidative stress is associated with numerous diseases such as heart disease, diabetes, and 

certain types of cancer (Manohar et al., 2017). Antioxidants can quench free radicals, thereby 

hindering oxidation. Therefore, an adequate amount of antioxidants must be supplemented through 

a proper diet to mitigate the negative effects of oxidative stress. Epidemiological studies have 

shown that there is an inverse relationship between antioxidant intake and the occurrence of 

degenerative diseases (Graf et al., 2005; Pandey and Rizvi, 2009; Pham-Huy et al., 2008; Yao et 

al., 2004). Hence, fruits and vegetables, with high phenolic content, may contain the necessary 

antioxidants to scavenge free radicals and protect cells from oxidative stress. Plums are one fruit, 

which have shown to contain numerous phenolic compounds and antioxidants.   
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Plums are an abundant food crop with an estimated global production of 11.5 million 

tonnes in 2013, with Asia and Europe being the largest contributors producing 7.5 and 2.9 million 

tons respectively (FAO, 2011). In Canada, the plum production in 2013 was approximately 3,917 

tons with Ontario and British Columbia producing 3,828 tons combined (Statistics Canada, 2016). 

Most commercially grown plums in Canada are either of European or Japanese types. European 

plums are traditionally blue-black in color. However, yellow skinned European plums can be 

produced through conventional breeding. These Yellow European Plums have been called YEPs 

(Dowling, 2014). Traditional European plums contain a high amount of phenolic acids, flavonoids, 

carotenes, vitamins with high antioxidant activity, higher than both oranges and strawberries 

(Arion et al., 2014; Tokuşoğlu, 2011). Despite lacking the typical blue-black colour, YEPs also 

have high phenolic and antioxidant content (Dowling, 2014). The predominant phenolic 

compounds present in YEPs are isomers of caffeoylquinic acid which include neochlorogenic acid, 

cryptochlorogenic acid, and chlorogenic acid (Slimestad et al., 2009). Neochlorogenic acid is the 

most abundant phenolic compound in YEPs and has been reported to be one of the best scavengers 

of free radicals (Murcia et al., 2001). YEPs are also rich in hydroxycinnamic acids which also 

work as free radical scavengers and metal chelators (Murcia et al., 2001). Plums and their dried 

counterpart, prunes, have been the focus of many studies with respect to their health promoting 

properties, which have reported promising results in the areas of gastrointestinal symptoms 

(Piirainen et al., 2007), bladder health (Cremin et al., 2001), bone marrow restoration (Rendina et 

al., 2012), and cognitive development (Shukitt-Hale et al., 2009). Hence, the extraction of these 

antioxidants and phenolic compounds from plums is important in industries producing functional 

foods, pharmaceuticals, and nutraceuticals. Extraction is an important step in the recovery of 

bioactive compounds from plant and food matrices. Conventional extraction methods such as heat 

reflux and Soxhlet, remove the bioactive compound from a food source through the use of solvents, 

such as methane, hexane, and ethanol, along with heat and agitation (Singh and Orsat, 2015). Heat 

reflux extraction is frequently used for the extraction of phenolic compounds as it is a simple and 

inexpensive process (Singh and Orsat, 2015).  

The aim of this study was to determine the phenolic content and antioxidant capacity of 

YEPs, and to quantify phenolic compounds, specifically ascorbic acid, neochlorogenic acid, and 

chlorogenic acid. The effect of genotype (V97261, V94021, V91074, V98197, and V95141), 
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temperature (50°C, 60°C, and 70°C), and treatment (fresh and freeze dried) on total phenolics and 

antioxidant activity, using heat reflux extraction, were also evaluated.  

3.2 Materials and Methods   

3.2.1 Fruits and chemicals  

Five genotypes of YEPs, V97261, V94021, V91074, V98197, and V95141 (Appendix Figures A 

to E), were studied. The chemical characteristics of each genotype are summarized in Table 3.1. 

All genotypes were bred and maintained in the research station at Vineland, Ontario. Fresh plums 

were stored at 4°C until analyzed. Fresh, pitted plums were frozen at -25°C for 24 hours and then 

dried in a freeze dryer (Martin Christ GmbH, ALPHA 1- 2LDplus Freeze Dryer, Osterode, 

Germany) for 48 hours. The freeze-dried plums were ground into a fine powder, using a blender 

(Magic Bullet Single Shot, MB-IM301/3-02), for further analysis. Folin-Ciocalteu reagent, sodium 

bicarbonate (NaHCO3), gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-Tri(2-pyridyl)-

s-triazine (TPTZ), formic acid, ammonium formate, and neochlorogenic acid were purchased from 

Sigma-Aldrich (Sigma-Aldrich Canada Co., Oakville, Ontario, Canada), whereas methanol, 

ascorbic acid, sodium acetate, sodium hydroxide (NaOH), hydrochloric acid (HCl), ferric chloride, 

and chlorogenic acid were obtained from Fisher Scientific (Fisher Scientific Company, Ottawa, 

Ontario, Canada).  

Table 3.1. Chemical characteristics of each genotype studied 

Genotype Sugar Composition (g/100g fw)* Total Soluble 

Sugars 

(°Brix) 

Moisture 

Content (% 

wet basis)** 

pH 

Sucrose Glucose Fructose 

V97261 N/A N/A N/A 21.3 82.39 4 

V94021 N/A N/A N/A 14.5 87.47 3.9 

V91074 2.7 ± 1.3 1.9 ± 0.6 1.2 ± 0.2 18.2 83.82 3.7 

V98197 2.5 ± 0.9 2.3 ± 0.1 1.4 ± 0.1 N/A 86.96 N/A 

V95141 1.8 ± 0.4 2.0 ± 0.1 1.4 ± 0.5 10.8 88.99 3.8 

*(Dowling, 2014) 

** (Brar et al., 2017) 

3.2.2 Preparation of methanolic plum extracts 

Fresh plum samples were prepared by homogenizing each genotype using a mortar and pestle. 

Two grams of fresh and dried plum were mixed with 20 mL of methanol. The fresh samples were 

then placed in separate water baths set at 50ºC and 70°C for 90 minutes, and the dried samples 
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were placed in water baths at 50°C, 60°C, and 70°C for 90 minutes. The homogenates were then 

centrifuged (Servall Enclosed Superspeed Centrifuge, Type SS-4, Norwalk, USA) at 10,000 rpm 

for 10 minutes and the supernatants were collected and filtered through a 0.45 µm filter and stored 

at 3°C for further analysis. This filter pore size was chosen as it rejects molecules of weights 

greater than 1000 MW and is hence ideal for the separation of polyphenols which have a molecular 

weight between 164.2 to 448.4 MW (Nawaz et al., 2006).  

3.2.3 Determination of total phenolic content 

Total phenolic content was determined using a modified protocol of Singh et al. (2011) . One mL 

of methanolic plum extract was mixed with 7.5 mL double distilled water and 0.5 mL Folin-

Ciocalteu reagent. After approximately 5 minutes, 1 mL of 5% NaHCO3 solution was added and 

the solution was vortexed and stored in the dark at room temperature for 90 minutes. The sample 

absorbance was measured at 765 nm with a spectrophotometer (Biochrom visible 

spectrophotometer, Ultrospec 100 pro, Cambridge, England). Total phenolic content was 

determined using a standard curve from various concentrations (0.02, 0.04, 0.06, 0.1, 0.2 mg/mL) 

of gallic acid prepared in methanol. The amount of total phenolic content was expressed in terms 

of gallic acid equivalents (GAE) in mg per g of plum (fresh weight) (Equation 3.1). 

𝑦 = 5.7775𝑥 − 0.0459 (R2 = 0.9951)                                         (3.1) 

Where ‘y’ is the sample absorbance at 765 nm and ‘x’ is the gallic acid concentration in mg/mL. 

3.2.4 Scavenging activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals  

The free radical scavenging activity of plum extracts on DPPH radicals was measured according 

to a modified method proposed by Singh et al. (2011). Fifty µL of methanolic extract was added 

to 1.5 mL DPPH solution (3.94 mg/100 mL methanol). Free electrons present in DPPH get paired 

off in presence of antioxidants and the absorption decreases as the result of extinction of DPPH’s 

purple colour. Decolourisation was determined by measuring the absorption at 517 nm in the 

spectrophotometer after 20 min. Scavenging activity on DPPH radicals was expressed as the 

percentage (%) inhibition using following equation: 
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where Abscontrol is the absorption of the blank sample at 517 nm and Abssample is the absorption of 

methanolic plum extract at 517 nm.  

3.2.5 Determination of ferric reducing antioxidant potential (FRAP) 

The ferric reducing antioxidant potential (FRAP) method measures antioxidants ability to reduce 

colourless ferric complex (Fe3+-tripyridyltraizine) to blue coloured ferrous complex (Fe2+-

tripyridyltraizine) at a low pH. The change in the samples absorbance is directly proportional to 

the reducing power of the antioxidants present (Dowling, 2014). The method used to measure 

FRAP of the antioxidants present in the methanolic plum extracts was a modified Routray et al.  

(2014). Fresh FRAP reagent was prepared daily using 300 mM sodium acetate buffer (pH 3.7), 10 

mM TPTZ prepared in 40 mM HCl, and 20 mM ferric chloride mixed in a 10:1:1 volume ratio 

respectively. Twenty microliters of methanolic extract were mixed with 300 µL of double distilled 

water and 2 mL of FRAP reagent and incubated in a 37°C water bath for 30 minutes. Following 

incubation, the absorbance of the sample was read in a spectrophotometer (BIO-RAD Microplate 

Reader, Model 3550, Tokyo, Japan) at 595 nm. A standard curve was plotted using various 

concentrations of ascorbic acid prepared in methanol (0.02, 0.04, 0.06, 0.1, 0.2 mg/mL) versus its 

absorbance at 595 nm. The standard curve for ascorbic acid (Equation 3.3) was used in the 

quantification of FRAP activity, reported in terms of ascorbic acid equivalent (AAE) per g fresh 

sample.  

𝑦 = 2.4155𝑥 − 0.0365 (R2 = 0.9809)                                      (3.3) 

where ‘y’ is the absorbance at 595 nm and ‘x’ is the ascorbic acid concentration in mg AAE/ 100g 

sample.  

3.2.6 High performance liquid chromatography (HPLC) analysis 

High Performance Liquid Chromatography (HPLC) was used to quantify ascorbic acid, 

neochlorogenic acid, and chlorogenic acid in the methanolic extracts, as these are the most 

predominant compounds present in plums (Chun et al., 2003a; Piga et al., 2003; Slimestad et al., 

2009). A Beckman Coulter System Gold instrument was used and consisted of a 166 UV detector, 

set at 280 nm, 126 solvent pump, and a 508 refrigerated autosampler, set at 12°C. Phenolic 

compounds were separated using a reverse phase C18 Gemini-NX (5µm, 150 mm x 4.6 mm) 

column (Phenomenex, Inc., Torrance, CA, USA), fitted with a 4 mm x 3 mm Gemini-NX guard 

column (Phenomenex, Inc., Torrance, CA, USA). The mobile phase was composed of solvent 
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buffer A (10 mM formic acid in water, pH 3.5, with NaOH) and buffer B (5 mM ammonium 

formate in methanol) and the solvent gradient was as follows: 0–1 min 100% buffer A, 1–5 min 

0–30% buffer B, 5–8.5 min 30–70% buffer B, 8.5–14 min 70–100% buffer B. Twenty microliters 

of sample were injected using a flow rate of 1 mL/minute and the phenolic compounds were then 

detected at 280 nm. Chromatographic analysis was performed using 32 Karat Software (Version 

1.3). Chromatographic peaks were identified as phenolic compounds present based on their 

retention times of standards which were observed to be 1.8 minutes for ascorbic acid, 7.9 minutes 

for neochlorogenic acid, and 8.8 minutes for chlorogenic acid (Figure 3.1 and Table 3.2). Standard 

solutions (0.1 mg/mL) for each compound were prepared in the methanol and diluted to various 

concentrations between 2.5 and 100 µg/mL. Phenolic compounds were quantified in the extracts 

using the respective standard curves (Table 3.2), which were plotted as area under the curve versus 

concentration (µg/mL).    

Table 3.2. Phenolic compounds and their corresponding equations for the quantification of total 

phenolics with retention time 

Phenolic compound Retention time (min) Equation for standard curve 

Ascorbic acid 1.5 𝑦 = 8136.6𝑥 (R2=0.9953) 

Neochlorogenic acid 7.9 𝑦 = 44638𝑥 (R2=0.9711) 

Chlorogenic acid 8.8 𝑦 = 60132𝑥 (R2=0.9888) 

 

 

Figure 3.1. HPLC chromatogram of fresh plum methanolic extract. Ascorbic acid (peak 1), neo-

chlorogenic acid (peak 2), and chlorogenic acid (peak 3) 

1 

2 

3 



 

 

30 

 

3.2.7 Statistical analysis  

All experimental combinations to determine total phenolic content and antioxidant activity of 

extracted samples were conducted and analysed in triplicate. Total values for phenolic content and 

scavenging activity are presented in this paper as the mean ± standard deviation of three replicates. 

The results of extracted samples were analyzed under a 2x3x5 factorial design (treatment x 

temperature x genotype). Tukey honestly significant difference (HSD) test and analysis of variance 

(ANOVA) was conducted to determine the significance of genotype, treatment, and temperature 

on phenolic content and antioxidant activity. All statistical design and analyses were conducted 

using JMP software version 11 (SAS Institute Inc., Cary, NC, USA).    

3.3 Results and Discussion 

3.3.1 Determination of total phenolics  

Total phenolic content for both fresh and freeze dried fruits from the 5 genotypes studied are listed 

in Table 3.3. Total phenolic content for fresh plums ranged from 3.17 to 7.61 mg GAE/g FW. A 

study conducted by Kim et al. (2003) reported a similar range of phenolic content between 1.25 to 

3.73 mg GAE/g FW for 11 cultivars of Japanese and European plums. In a similar study, Chun et 

al. (2003b) observed a range of 1.38 to 6.85 mg GAE/g FW for 11 cultivars of fresh Japanese and 

European plums. Dowling (2014) and Rupasinghe et al. (2006) both evaluated the phenolic content 

of YEPs and reported ranges of 1.00 to 2.07 mg GAE/g FW and 0.86 to 4.13 mg GAE/g FW 

respectively, which is consistent with the range found in this study. Gil et al. (2002) studied the 

phenolic content of various stone fruits such as nectarines, plums, and peaches. They found the 

total phenolic content in fresh plums to be between 0.42 to 1.09 mg/ g FW and was hence higher 

than in yellow flesh nectarines (0.18-0.54 mg/g FW), and in yellow flesh peaches (0.21-0.61 mg/g 

FW). The plums studied by Gil et al. (2002) had similar phenolic content to white flesh nectarines 

(0.14-1.02 mg/g FW), and white flesh peaches (0.28-1.11 mg/g FW). The 5 genotypes of plums 

studied contain a similar range of total phenolics to other Japanese and European plums while 

some of them also contained higher levels than other stone fruits such as peaches and nectarines. 

The freeze dried plums yielded a significantly higher phenolic content (23.27 to 54.08 mg GAE/g 

DW) compared to the fresh plums, since freeze drying creates a porous sample, allowing for 

increased solvent penetration and hence increasing extraction yield (Routray et al., 2014; 

Stacewicz-Sapuntzakis, 2013). Dowling (2014) also found that drying plums through various 
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treatments resulted in an increase of bio-availability of phenolic content by approximately 200 per 

cent.  

For most genotypes, an increase in extraction temperature resulted in an increase of 

phenolic content (Table 3.3). For fresh and freeze dried plums, the extraction yield increased when 

increasing the temperature from 50°C to 60°C, but decreased above this temperature due to the 

degradation and oxidation of temperature sensitive compounds (Dai and Mumper, 2010). 

Extraction yield from grape marc was greater at 60°C than at 45°C (Spigno et al., 2007), and 

extraction yield from elder berry and grape marc was greater at  60°C than at 20°C (Vatai et al. 

(2009)) There was also a significant difference between the phenolic content of each genotype. 

V98197 showed higher content for both fresh and freeze dried samples followed by V95141, 

V94021, V91074, and V97261. Genotype V97261 had the lowest phenolic content for both fresh 

and freeze dried treatment. This can be attributed to its large size and chemical composition. The 

variation of phenolic content between each genotype demonstrates the genetic variability of each 

plum (Rupasinghe et al., 2006). ANOVA analysis of total phenolics for fresh and freeze dried 

plums are summarized in appendix Tables S1 and S2 respectively. For fresh plums, the coefficient 

of determination (R2) was 0.714 which is in reasonable agreement with the adjusted R2 which was 

0.5331, since the difference is less than 0.2. The p-value for the model (0.0047) is significant which 

indicates that it could be used to predict phenolic content in fresh YEPs. Genotype (p = 0.0004) 

was the only significant factor whereas temperature and its interaction term 

(genotype*temperature) was not (p > 0.05). For freeze dried plums, the R2 value generated was 

0.91 which is in agreement with the adjusted R2 value of 0.868. The model term was also 

significant (p<0.0001), indicating that the model generated may be used to determine total 

phenolic content in freeze dried extracts. Genotype, temperature, and their interaction term 

(genotype*temperature) were all significant factors on the yield of total phenolics (p<0.0001, 

p=0.0468, and p=0.0084 respectively). Similarly, genotype and temperature also showed 

significant differences in total phenolics of the freeze dried samples.       
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Table 3.3. Total phenolic content of fresh and freeze dried yellow European plums at various heat 

reflux extraction temperatures 

Genotype 

Total Phenolic Content (mg GAE/g fw) 

                        Fresh                   Freeze Dryer 

 50°C 70°C 50°C 60°C 70°C 

V97261 4.12 ± 0.04bdg 4.25 ± 0.05bdg 23.91 ± 2.69adf 27.28 ± 2.04acf 27.92 ± 3.13adf 

V94021 6.05 ± 1.04bdfg 5.44 ± 1.47bdfg 41.68 ± 0.80ade 49.84 ± 4.38ace 54.08 ± 3.36ade 

V91074 3.17 ± 0.00bdfg 3.51 ± 0.17bdfg 41.56 ± 1.90ade 39.89 ± 2.30ace 47.96 ± 5.91ade 

V98197 6.94 ± 1.02bde 7.61 ± 1.17bde 48.86 ± 5.74ade 50.07 ± 3.82ace 45.71 ± 3.28ade 

V95141 5.96 ± 0.55bdef 6.94 ± 0.35bdef 23.27 ± 3.01adf 31.09 ± 3.17acf 19.75 ± 3.29adf 

Values are Mean ± SD. a-b values, c-d values, and e-g values with the same letters are not 

significantly different for each treatment, temperature, and genotype respectively at p≤0.05 

 

3.3.2 HPLC analysis  

One of the objectives of this study was to quantify the various phenolic compounds present in 

YEPs. Hence, by using HPLC, several compounds were detected in the methanolic plum extracts, 

specifically ascorbic acid, neochlorogenic acid, and chlorogenic acid (Table 3.4). The compounds 

were identified and assigned according to their chromatographic peaks and retention times (Figure 

3.1). Table 3.4 and Figure 3.1 illustrate that YEPs are a rich source of phenolic compounds, 

primarily neochlorogenic acid, while ascorbic acid and chlorogenic acids were present in low 

amounts. Temperature and treatment showed no effect on yield of the specific compounds for each 

genotype. These findings are in agreement with previous studies which reported that 

neochlorogenic acid was the predominant compound in various cultivars of plums and other stone 

fruits (Goldner et al., 2015; Jaiswal et al., 2013; Murcia et al., 2001; Piga et al., 2003; Slimestad 

et al., 2009; Tomás-Barberán et al., 2001).    

Genotypes V98197 and V95141 were observed to have the highest amount of ascorbic, 

neochlorogenic, and chlorogenic compounds over the other genotypes studied. Genotype V94021 

also proved to have comparable content of compounds at 50ºC and 60°C. This trend was also 

observed in the analysis of total phenolic content for all genotypes (Table 3.4), where V98197 and 

V94021 contained the highest content of phenolic compounds for each treatment. Both genotypes 

V98197 and V94021 have also contained high amounts of compounds when dried into prunes, 
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making them a suitable choice for product development (Brar et al., 2017, Unpublished data). The 

identification of phenolic compounds in YEPs may be of interest to those in the food and 

pharmaceutical industries as antioxidants are often an expensive commodity. Hence, YEPs serve 

as a renewable source for these extracted compounds for use in functional foods and other 

nutraceutical applications.  

Table 3.4. HPLC analysis of total ascorbic acid, neo-chlorogenic acid, and chlorogenic acid 

content in fresh and freeze dried YEPs 

Genotype Treatment Temperature 

(°C) 

Ascorbic 

Acid 

(µg/mL) 

Neo-Chlorogenic 

Acid 

(µg/mL) 

Chlorogenic 

Acid 

(µg/mL) 

V97261 Fresh 50 5.45b 5.16a 1.96c 

70 5.80b 7.12a 2.16c 

Freeze Dried 50 9.52b 16.98a 1.34c 

60 6.71b 12.04a 1.00c 

70 3.74b 5.04a 0.85c 

V94021 Fresh 50 7.14b 17.91a 3.04c 

70 7.65b 15.67a 3.16c 

Freeze Dried 50 8.14b 43.69a 2.60c 

60 10.77b 81.19a 6.72c 

70 9.26b 27.76a 2.01c 

V91074 Fresh 50 6.53b 13.06a 2.58c 

70 7.52b 14.28a 2.95c 

Freeze Dried 50 3.41b 6.17a 0.51c 

60 6.04b 18.98a 1.43c 

70 7.69b 32.90a 2.90c 

V98197 Fresh 50 10.29b 19.56a 5.80c 

70 9.76b 18.51a 8.55c 

Freeze Dried 50 8.41b 14.80a 1.32c 

60 9.51b 17.18a 1.60c 

70 14.16b 52.86a 5.04c 

V95141 Fresh 50 5.60b 16.50a 1.35c 

70 7.11b 22.58a 3.99c 

Freeze Dried 50 15.07b 31.06a 3.57c 

60 18.51b 31.26a 3.62c 

70 13.22b 31.87a 3.52c 
a-c values with the same letter are not significantly different at p≤0.05 
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3.3.3 Determination of radical scavenging activity  

Scavenging activity is a measure of the ability of the antioxidants present to bind with free radicals. 

A higher inhibition percentage is the result of higher antioxidant capacity. The scavenging activity 

of the fresh plums ranged from 14.43 to 50.93 %, where the freeze dried plums ranged between 

40.06 to 89.99 % (Table 3.5). Freeze drying resulted in a significant increase of scavenging activity 

amongst the genotypes, compared to fresh plums, as freeze drying increases the bioavailability of 

the antioxidants present (Routray et al., 2014). Similar results were found by Routray et al. (2014) 

where freeze drying resulted in the largest inhibition percentage in dried blueberry leaves over 

microwave and hot air drying. Murcia et al. (2001) conducted a study evaluating the antioxidant 

properties of various Mediterranean fruits where they reported that plums had the highest 

inhibition percentage (97%) over apricots (93%), oranges (86%), peaches (87%), and strawberries 

(39%). Melicháčová et al. (2010) reported that cherries have a DPPH inhibition percentage of 2.4 

to 9.9% which is lower than the range found for the YEP genotypes studied. It is reported that 

plums have a greater antioxidant activity compared to nectarines and peaches (Gil et al., 2002).  

Extraction temperature did not have any effect on the antioxidant capacity for either fresh 

or freeze dried samples. All fresh samples yielded relatively similar antioxidant capacities, with a 

slight increase in antioxidant capacity when extracted at 70°C. Due to the genetic variability 

between each genotype, genotypes V94021 and V91074 showed no significant difference between 

each other, whereas V98197 and V95141 also exhibited no significant difference. Genotype 

V97261 yielded the lowest antioxidant scavenging activity for both fresh and freeze dried, likely 

due to its large size. For freeze dried samples, an increase in extraction temperature slightly 

decreased the scavenging activity. This trend can be attributed to prolonged exposure at high 

temperatures which may degrade heat sensitive compounds and antioxidants.  

ANOVA analysis was performed on the data to determine which of the factors studied were 

significant on the extraction of phenolics and antioxidants from YEPs. Specifically, the p-value 

generated from ANOVA analysis was studied as it determines whether a factor is significant or 

not. P-values less than 0.05 indicate a factor is significant whereas a p-value greater than 0.05 

indicates it is not significant. From ANOVA analysis of fresh extracts (Appendix Table S1) the 

coefficient of determination was 0.8264 which is in agreement with the adjusted R2 value of 

0.7223. The model developed was significant (p=0.0003), indicating that it can be used to 
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determine antioxidant scavenging activity for different parameters. Genotype and temperature 

were also significant factors (p<0.0001 and p=0.0215 respectively), while their interaction term 

(genotype*temperature) was not (p=0.8469). ANOVA analysis of freeze dried extracts (Appendix 

Table S2) generated a coefficient of determination of 0.9798 which is in agreement with the 

adjusted R2 value of 0.9649. The high R2 values and the low model term p (p<0.0001) indicate 

that this model may be used to determine DPPH scavenging activity in freeze dried extracts. 

Genotype, temperature, and their interaction term were all significant (p<0.0001 for all), which 

was also observed in Table 3.5.      

Table 3.5. Antioxidant scavenging activity of DPPH free radical for fresh and freeze dried yellow 

European plums at various heat reflux extraction temperatures  

Genotype 

DPPH Scavenging Activity (%) 

                        Fresh                   Freeze Dryer 

 50°C 70°C 50°C 60°C 70°C 

V97261 14.43 ± 6.56bdf 20.05 ± 6.50bdf 89.17 ± 0.69adf 40.06 ± 0.83adf 87.57 ± 0.10adf 

V94021 36.05 ± 3.56bdef 46.76 ± 0.99bdef 89.81 ± 0.06adef 89.29 ± 0.16acef 89.65 ± 0.20adef 

V91074 33.24 ± 9.52bdef 44.51 ± 3.44bdef 89.48 ± 0.13adef 88.61 ± 0.83acef 81.93 ± 6.57adef 

V98197 44.41 ± 1.36bde 46.26 ± 5.32bde 89.65 ± 0.11ade 89.65 ± 0.22ace 88.87 ± 0.26ade 

V95141 42.50 ± 5.09bde 50.93 ± 6.90bde 86.74 ± 0.01ade 88.99 ± 0.80ace 88.20 ± 0.52ade 

Values are Mean ± SD. a-b values, c-d values, and e-f values with the same letters are not significantly different for 

each treatment, temperature, and genotype respectively at p≤0.05 

3.3.4 Determination of ferric reducing antioxidant potential (FRAP) 

FRAP assay was the second method used to determine antioxidant capacity in the methanolic plum 

extracts. FRAP measures the ability of antioxidants to reduce the ferric complex (Fe3+) to the 

ferrous complex (Fe2+) via colour and absorbance change. FRAP was quantified using a modified 

Routray et al. (2014) method, where FRAP was expressed as ascorbic acid equivalents (AAE), 

since it is a potent antioxidant (Routray et al., 2014). FRAP for fresh samples ranged between 

156.05 to 284.13 mg AAE/g FW where freeze dried extracts ranged between 619.95 to 1359.71 

mg AAE/g DW (Table 3.6). Rupasinghe et al. (2006) and Dowling (2014) reported similar ranges, 

between each other, for FRAP activity of fresh European plums between 1.05 to 4.24 mg AAE/g 

FW and 1.21 to 2.29 mg AAE/g FW respectively, which is lower than the range found for the YEP 

genotypes in this study. For all genotypes, freeze drying resulted in a significant increase of FRAP 
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over fresh extracts. This trend can be observed since drying increases the bioavailability of 

antioxidants present. For most freeze dried extracts, FRAP activity increased with an increase in 

temperature from 50 to 60°C, however, decreased when temperature was increased to 70°C. This 

trend was also observable for total phenolics (Table 3.3) and DPPH scavenging activity (Table 

3.4). A similar observation was made by Routray et al. (2014) where FRAP activity increased 

when the drying temperature of blueberry leaves increased from 45°C to 60°C, however, decreased 

when increased to 75°C. While temperature exhibited no effect on the FRAP activity in fresh 

extracts, 60°C was significantly different than extraction at 50°C and 70°C for freeze dried 

extracts. There was also no significant difference between each genotype for FRAP activity. 

Appendix Table S1 lists the results from ANOVA analysis of fresh extracts. For FRAP, the R2 

value generated was 0.7476 which is in general agreement with the adjusted R2 value of 0.634. 

The model generated was significant (p=0.0002), which signifies that it could be used to determine 

FRAP activity in fresh extracts. Genotype was the only significant factor (p<0.0001), where 

temperature and its interaction term were not significant (p=0.9488 and p=0.8573 respectively). 

ANOVA analysis of freeze dried extracts (Appendix Table S2) generated a coefficient of 

determination of 0.9458 which is in agreement with the adjusted R2 value of 0.9206. Since the R2 

generated is high and the model term is significant (p<0.0001), this model may be used to 

determine FRAP activity in freeze dried extracts. Genotype, temperature, and their interaction term 

were all significant (p<0.0001 for all), in which the same trend was also observed in Table 3.6.  

Table 3.6. Ferric complex (Fe3+) reducing antioxidant potential (FRAP) of fresh and freeze dried 

yellow European plums at various heat reflux extraction temperatures  

Genotype 

Ferric Reducing Antioxidant Potential (FRAP) (mg AAE/g) 

Fresh Freeze Dryer 

 50°C 70°C 50°C 60°C 70°C 

V97261 156.05 ± 12.47bde 167.91 ± 15.69bde 1028.38 ± 128.82ade 796.75 ± 7.13ace 746.42 ± 78.83ade 

V94021 275.95 ± 19.96bde 284.13 ± 19.33bde 1034.31 ± 31.41ade 1198.94 ± 27.44ace 1224.42 ± 59.56ade 

V91074 224.33 ± 24.18bde 228.02 ± 34.19bde 1359.71 ± 27.79ade 895.01 ± 85.33ace 1033.67 ± 72.54ade 

V98197 253.67 ± 12.74bde 248.06 ± 39.59bde 980.77 ± 5.13ade 1331.82 ± 23.21ace 1014.11 ± 10.63ade 

V95141 260.88 ± 17.40bde 239.40 ± 22.39bde 619.95 ± 12.66ade 1165.75 ± 24.05ace 629.72 ± 23.70ade 

Values are Mean ± SD. a-b values, c-d values, and e values with the same letters are not significantly different for 

each treatment, temperature, and genotype respectively at p≤0.05 
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3.3.5 Correlation between phenolic content and antioxidant activity  

The antioxidants, present in fruits and vegetables, possess properties such as free radical 

scavenging, metal chelating, and hydrogen donation, which can be attributed to their phenolic 

content (Arion et al., 2014; Piluzza and Bullitta, 2011). Hence, determining the correlation 

between total phenolic content (TPC) and antioxidant activity, in YEPS, is suggestive of its 

antioxidant properties. The correlation between TPC and antioxidant activity, for all freeze dried 

genotypes, is illustrated in Figures 3.2 and 3.3. It can be observed that there is a positive correlation 

between TPC and DPPH scavenging activity (R2 = 0.8974), as well as FRAP activity (R2 = 

0.9796). This observation indicates that phenolic rich genotypes contain strong antioxidant 

properties. Previous studies have also observed similar results in that an increase in TPC has led 

to an increase in antioxidant activity in onions (R2=0.96) (Manohar et al., 2017), White 

Carpathians plums (R2=0.893) (Rop et al., 2009), and peaches and nectarines (R2 > 0.9) (Gil et al., 

2002). A similar study, conducted by Rupasinghe et al. (2006), also observed a strong correlation 

(R2=0.96) between TPC and antioxidant activity in YEPS, which they attributed to their phenolic 

compounds.  

In contrast, the correlation between TPC and antioxidant activity, for all fresh genotypes, 

were observed to have poor correlation for both DPPH (R2 = 0.3774) and FRAP (R2 = 0.3421) 

activity (Figures 3.4 and 3.5). This observation could be due to the genotypic variation amongst 

the YEPs studied, as well as detection of unrelated reactions during the antioxidant assays. Poor 

correlation between TPC and antioxidant activity could also be attributed to other substances 

present in the sample, other than phenols, which may have been oxidized by the Folin-Ciocalteu 

reagent (e.g. iron, adenosine, oleic acid, and proteins) when determining total phenolic content 

(Fatiha et al., 2012). Moreover, the DPPH assay method may provide false interpretations of 

antioxidant content due to its ability to be decolourized by reducing agents present (e.g. ascorbic 

acid) and reactions other than electron transfer (Prior et al., 2005).   
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Figure 3.2. Correlation between total phenolic content and DPPH scavenging activity for freeze 

dried genotypes (where ● = V98261, =V94021, =V91074, ▲=V98197, and =V95141)   

 

 

Figure 3.3. Correlation between total phenolic content and FRAP activity for freeze dried 

genotypes (where ● = V98261, =V94021, =V91074, ▲=V98197, and =V95141) 
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Figure 3.4. Correlation between total phenolic content and DPPH scavenging activity for fresh 

genotypes (where ● = V98261, =V94021, =V91074, ▲=V98197, and =V95141) 

 

 

Figure 3.5. Correlation between total phenolic content and FRAP activity for fresh genotypes 

(where ● = V98261, =V94021, =V91074, ▲=V98197, and =V95141) 
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Conclusion  

Plums are a rich source of phenolic compounds and antioxidants, which provide many health 

benefits and have potential value in nutraceutical industries. Total phenolic content and antioxidant 

capacity of five Yellow European Plum genotypes were studied through heat reflux extraction. 

Fresh and freeze dried YEPs were extracted at 50, 60, and 70°C, at which freeze dried samples 

exhibited the highest amount of total phenolic content and antioxidant activity in the plum 

genotypes, due to the increased the bioavailability of the nutrients. Extraction at 60°C yielded the 

highest amount of total phenolics, DPPH scavenging activity, and FRAP activity. Neochlorogenic 

acid was shown to be the predominant phenolic compound among all genotypes. Since the study 

only quantified three phenolic compounds, future work could focus on quantification of other 

predominant phytochemicals and anthocyanins in plums such as catechin and cyanidin-3-

glucoside.  
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CONNECTING TEXT 

After optimizing conventional heat reflux extraction, it was observed that higher temperatures 

yielded a higher concentration of bioactive compounds. As previously reported in literature, 

conventional extraction often results in reduced yields due to high operating temperatures, long 

extraction durations, and often requires large volumes of solvent. Therefore, the next study aimed 

to intensify the conventional extraction process using process intensification principles. The effect 

of methods such as microwave-assisted extraction and ultrasound-assisted extraction were 

investigated on extraction yields.   
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CHAPTER 4 

INTENSIFICATION OF PHENOLIC EXTRACTION FROM YELLOW 

EUROPEAN PLUMS BY USE OF CONVENTIONAL, MICROWAVE-, AND 

ULTRASOUND- ASSISTED EXTRACTION 

Abstract  

In this study, microwave and ultrasound extraction were selected as process intensification tools 

to intensify the conventional heat reflux extraction process. Process efficiency was evaluated based 

on total phenolic content (ascorbic acid, neochlorogenic acid, and chlorogenic acid), scavenging 

ability of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric (Fe3+) free radicals, and process 

intensification principles and domains. Highest phenolic content and antioxidant activity were 

achieved using microwave extraction followed by heat reflux and ultrasound extraction. 

Microwave extraction was selected via decision matrix as a suitable process intensification 

approach based on results and its ability to satisfy process intensification principles. 

Keywords: process intensification; extraction; microwave-assisted extraction (MAE); ultrasound-

assisted extraction (UAE) 

4.1 Introduction  

Plums (Prunus spp.), belonging to the Rosaceae family, are an important food crop with an 

estimated global production of 11.5 million tonnes in 2013 (FAO, 2011). Plums are a rich source 

of phenolic compounds including hydroxycinnamic acid, flavonoids, and anthocyanins (Chun, 

Kim and Lee, 2003). These compounds present in plums may protect human cells against oxidative 

damage caused by free radical formation. Hence, a constant supply of these antioxidants is critical 

in maintaining human health and preventing illnesses such as heart disease and certain types of 

cancers (Chun, Kim and Lee, 2003). Extraction of these compounds shows promise in their 

application in the areas of functional foods, nutraceuticals, and pharmaceuticals.   

Antioxidants and phenolic compounds are traditionally extracted through Soxhlet 

extraction, also known as heat reflux extraction (HRE). Conventional methods extract the 

bioactive compound from food and plant sources through the use of solvents, such as methanol, 

hexane, and ethanol, coupled with heat and agitation (Singh and Orsat, 2015). HRE is frequently 

used for the extraction of phenolic compounds as it is a simple and inexpensive process. However, 
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conventional methods are often associated with long processing times and low recovery of 

compounds, which are often of reduced quality due to the high operating temperatures used during 

extraction (Singh and Orsat, 2015). Also, the use of toxic extraction solvents such as methanol and 

hexane pose as a risk towards human and environmental safety. Therefore, to mitigate these 

drawbacks, Process Intensification (PI) can be applied to improve the efficiency of the system 

while also making it safer for humans and the environment.  

PI is defined as the use of innovative technologies to reduce cost, improve safety, and 

minimize the environmental impact of a conventional system (Aoune and Ramshaw, 1999). PI is 

constructed on four principles related to process design, control, and operation: Principle 1: 

Maximize the effectiveness of intra- and intermolecular events, Principle 2: Give each molecule 

the same processing condition, Principle 3: Optimize the driving forces at every scale and 

maximize the specific surface area, and Principle 4: Maximize the synergistic effects from partial 

processes (Van Gerven and Stankiewicz, 2009). An intensified process utilizes one or more of the 

above mentioned principles while also making use of the fundamental domains: structural (spatial), 

energy (thermodynamic), synergy (functional), and time (temporal) (Babi et al., 2016). 

The current HRE process has many drawbacks, as previously mentioned. The process 

bottlenecks of conventional extraction, with respect to the PI domains are:  

• Structural (spatial) domain: HRE process has little contact surface area between the 

solvent and the solid which results in lower extraction yields.  

• Time (temporal) domain: Long operating times are often required for HRE to extract the 

desired yield of compounds.   

• Energy (thermodynamic) domain: High operating temperatures for long periods of required 

time in turn increase the energy requirements.  

In this study, two PI approaches were selected to address the process bottlenecks based on the 

definition of PI: microwave-assisted extraction (MAE) and ultrasound-assisted extraction (UAE). 

MAE and UAE are promising technologies as they are simple, relatively inexpensive, and efficient 

since they increase extraction kinetics, mass transfer rates, and the interfacial area (Alupului et al., 

2009). MAE is a novel extraction technology which has been used to extract bioactive compounds 

from plant matrices such as potato peels (Singh et al., 2011), grape seeds (Krishnaswamy et al., 
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2013), and asparagus (Fan et al., 2015). Microwave technology utilizes electromagnetic waves to 

transfer energy into a medium, where it is then converted into thermal energy (Singh and Orsat, 

2015). Microwaves are converted into thermal energy by dipole rotation (reversal of dipoles) and 

ionic conduction (displacement of charged ions) (Routray and Orsat, 2012). Dipole rotation causes 

disruption of hydrogen bonds while also homogeneously heating the solvent (Principle 1 and 2) 

(Routray and Orsat, 2012). Ionic conduction, and an increased temperature caused by dipole 

rotation, increase the penetration of solvent into the bio-matrix (Singh and Orsat, 2015). These 

mechanisms also cause pressure to build up inside the cell, altering its porosity, allowing for 

increased penetration of solvent (Routray et al., 2014). These mechanisms, and volumetric heating 

(Principle 3), create cohesive heat and mass transfer gradients which work in the same direction 

(Principle 2) compared to conventional extraction where mass transfer occurs from the center of 

the matrix towards the outside and heat transfer occurs in the opposite direction (Veggi et al., 

2015). 

UAE is another novel technology which utilizes sound waves, with a frequency greater than 

20 kHz, for the extraction of flavonoids and polyphenols from plums (Kim et al., 2003), ginseng 

root (Kim et al., 2007), and green walnut husk (Xu et al., 2016). UAE uses the mechanism of 

expansion and compression cycles, through the medium, for extraction. The expansion and 

compression cycles cause cavitation bubbles to form in the liquid medium, which grow and 

collapse during expansion and compression cycles respectively (Principle 1 and 2). Eventually, 

the cavitation bubble ruptures during a compression cycle, disrupting the solid surface, thereby 

increasing solvent transfer into the biological matrix and transfer of solutes into the bulk liquid 

phase (Principle 3) (Routray and Orsat, 2013). This cavitation effect leads to cell disruption in a 

shorter period of time and increased solvent transfer into the matrix, compared to HRE.  

By applying PI to the conventional extraction process, the objectives of this study were to 

improve extraction yield, decrease required extraction time, increase contact surface area between 

the solvent and solid, and reduce toxic environmental effects from traditional solvents used (i.e. 

methanol and hexane). This work reports the effects of MAE and UAE on the yield of phenolic 

compounds and antioxidants from Yellow European Plums (YEPs) in comparison to conventional 

HRE. Based on the results found, a suitable PI approach was chosen to mitigate the bottlenecks of 
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HRE based on extraction efficiency, process duration, energy requirements, toxicity, and cost and 

feasibility.  

4.2 Materials and Methods 

4.2.1 Fruits and chemicals  

A genotype of YEP, bred through a novel breeding program at the University of Guelph (Guelph, 

Ontario, Canada), was studied. Folin-Ciocalteu reagent, sodium bicarbonate (NaHCO3), gallic 

acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), neochlorogenic acid, 2,4,6-Tri(2-pyridyl)-s-triazine 

(TPTZ), formic acid, and ammonium formate were purchased from Sigma-Aldrich (Sigma-

Aldrich Canada Co., Oakville, Ontario, Canada), whereas ascorbic acid, chlorogenic acid, 

methanol, sodium hydroxide, sodium acetate, hydrochloric acid (HCl), and ferric chloride were 

obtained from Fisher Scientific (Fisher Scientific Company, Ottawa, Ontario, Canada).  

4.2.2 Sample preparation  

Fresh plum samples, obtained from the breeding program, were homogenized using a mortar and 

pestle. Two grams of the homogenized samples were mixed with 20 mL of the desired solvent, 

which then underwent various extraction methods.  

4.2.3 Microwave extraction, ultrasound extraction, and heat reflux extraction  

Three different experiments were conducted comparing HRE with MAE and URE with respect to 

total phenolic content (ascorbic acid, neochlorogenic acid, and chlorogenic acid content), and 

antioxidant capacity (Table 4.1). The first experiment was an evaluation of conventional HRE with 

two varying factors: solvent (water and methanol), and extraction temperature (50°C, 60°C, and 

70°C). Prepared, fresh plum samples were placed in water baths at various extraction temperatures 

for 90 minutes. This temperature range was chosen since it optimizes extraction with little to no 

degradation of heat sensitive compounds at 90 minutes (Spigno et al., 2007).  

The second experiment studied the effects of varying power level (10%, 20%, and 30%) 

and time (4, 8, and 12 minutes) for MAE of phenolic compounds and antioxidants. Prepared fresh 

samples, with water as the solvent, were placed in a conventional microwave oven (RCA 

Microwave Oven, RMW733, China) at the desired power level for a set amount of time. The 

microwave oven operates at an output power of 700W and an operation frequency of 2450 MHz. 

Since the actual power output of a microwave unit is often different than that declared by the 
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manufacturer, it is suggested to calculate the actual power output through calorimetry (Cheng et 

al., 2006). Using a protocol developed by Cheng et al. (2006) the output power of the microwave 

unit, in terms of power level percentage, was calculated. One hundred grams of distilled water was 

poured into a glass beaker and the initial temperature was recorded using a thermometer. The 

beaker was placed in the centre of the microwave for one minute at power levels ranging from 10 

to 100%. The beaker was then removed, and the final temperature was recorded. The absorbed 

power was calculated using Equation 4.1,  

t

TWC
P

sp

ab




                                                                    (4.1) 

where Pab is the microwave power absorbed by the water (W), Cp is the specific heat capacity of 

water (4.184 J g-1 °C-1), Ws is the sample weight (100 g), ΔT is the change in temperature (°C), 

and t is the heating time (seconds). A standard curve was plotted using various power levels and 

heating times. The regression equation obtained from calibration (Equation 4.2), converts power 

level (%) to power output in watts.  

276.6)%8496.4(  LevelPowerPab                                            (4.2) 

The final experiment studied UAE with one varying factor, time. Prepared samples in water 

were placed in an ultrasonic water bath (Bransonic 220, Bransonic Ultrasonic Cleaner, Bransonic 

Cleaning Equipment Co., Shelton, Conn) at a set frequency of 50 kHz for 30, 45, and 60 minutes.    

After each experiment, the homogenates were centrifuged (Servall Enclosed Superspeed 

Centrifuge, Type SS-4, Norwalk, USA) at 10,000 rpm for 10 minutes. The supernatants were then 

filtered through a 0.45 µm filter and stored at 4°C until further analysis. This membrane pore size 

rejects molecules with a molecular weight greater than 1000 molecular weight, which is ideal for 

the filtration of phenolic compounds which typically have a weight between 164.2 to 448.4 

molecular weight (Nawaz et al., 2006).  
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Table 4.1. Experiments 1, 2, and 3 with their experimental factors and levels 

Factors Levels 

HRE (2x3 full factorial design) 

      Temperature (°C)  50 60 70 

      Solvent Water Methanol  

MAE (CCD with 2 centre points) 

      Microwave Power (%) 10 20 30 

      Time (min) 4 8 12 

UAE (1x3 full factorial design) 

      Time (min) 30 45 60 

 

4.2.4 Determination of total phenolic content  

Total phenolic content was determined using a modified protocol by Singh et al. (2011) One 

millilitre of extract was mixed with 7.5 mL double distilled water, 0.5 mL Folin-Ciocalteau 

reagent, and the addition of 1 mL 5% NaHCO3 solution after five minutes. The mixture was 

incubated at room temperature, 23°C, for 90 minutes, and its absorbance was measured at 765 nm 

using a spectrophotometer (Biochrom visible spectrophotometer, Ultrospec 100 pro, Cambridge, 

England). Two standard curves were plotted using different concentrations of gallic acid (0.02, 

0.04, 0.06, 0.1, 0.2 mg/mL) in water (Equation 4.3) and methanol (Equation 4.4) to calculate total 

phenolic content of the samples, expressed as gallic acid equivalents (GAE) in mg per g of plum 

FW (fresh weight).  

𝑦 = 5.6828𝑥 − 0.0533 (R2=0.9926)                                              (4.3) 

                           𝑦 = 5.7775𝑥 − 0.0459 (R2=0.9951)                                              (4.4) 

where y is the absorbance of the sample at 765 nm, and x is the concentration of total phenols (mg 

GAE/g FW).   

4.2.5 Quantification of total phenolic content  

HPLC was used to quantify ascorbic acid, neochlorogenic acid, and chlorogenic acid in the extracts 

as outlined by the methodology in Section 3.2.6 High performance liquid chromatography (HPLC) 

analysis.  
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4.2.6 Antioxidant assays  

4.2.6.1 Scavenging activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals  

The free radical scavenging activity of plum extracts on DPPH radicals was measured according 

to the protocol outlined in Section 3.2.4 Scavenging activity on 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) radicals. 

4.2.6.2 Ferric reducing antioxidant potential (FRAP)  

The ferric reducing antioxidant potential (FRAP) method measures antioxidants ability to reduce 

colourless ferric complex (Fe3+-tripyridyltraizine) to blue coloured ferrous complex (Fe2+-

tripyridyltraizine) at a low pH in the presence of TPTZ. Similar to DPPH, the change in colour and 

absorbance is proportional to the reducing power of the antioxidants present. A modified method 

by Routray et al. (2014) was used to measure FRAP of the antioxidants present in the extracts. 

Fresh FRAP reagent was made daily using 300 mM sodium acetate buffer (pH 3.5), 10 mM TPTZ 

prepared in 40 mM HCl, and 20 mM ferric chloride mixed in a 10:1:1 volume ratio respectively. 

Twenty microliters of extract (or ascorbic acid standard) was mixed with 300 µL of double distilled 

water and 2 mL of FRAP reagent and incubated in a 37°C water bath for 30 minutes. Following 

incubation, the absorbance of the sample was measured in a microplate reader (BIO-RAD 

Microplate Reader, Model 3550) at 595 nm. A standard curve was plotted using various 

concentrations of ascorbic acid prepared in methanol and water (0.02, 0.04, 0.06, 0.1, 0.2 mg/mL) 

versus its absorbance at 595 nm. The standard curve for ascorbic acid in methanol (Equation 4.5) 

and water (Equation 4.6) was used in the quantification of FRAP, recorded in terms of ascorbic 

acid equivalent (AAE) per g FW.  

		y =0.9863x +0.007(R2 =0.9760)                                            (4.5) 

		y =2.4122x +0.0365(R2 = 0.9809)                                            (4.6) 

where y is the absorbance of extracts at 595 nm and x is the ascorbic acid concentration in mg/mL 

in the extracts.  

4.2.7 Statistical analysis  

All experiments, each with their own experimental design and factors (Table 4.1), were carried out 

in duplicates and analyzed in triplicates. Total values for phenolic content and antioxidant assays 

are presented in this paper as the mean ± standard deviation. The results from HRE were compared 
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with conventional MAE and UAE. Analysis of variance (ANOVA) and Tukey’s Honestly 

Significant Difference (HSD) test were conducted for each experiment to determine the 

significance of each factor on phenolic content and antioxidant activity. All statistical design of 

experiments and analyses were conducted using JMP software version 11 (SAS Institute Inc., 

Cary, NC, USA).  

The HRE experiment consisted of two factors, solvent (water and methanol) and extraction 

temperature (50°C, 60°C, and 70°C), hence a 2x3 factorial design was used. The MAE experiment 

consisted of two factors, microwave power level (10%, 20%, and 30%) and time (4, 8, and 12 

minutes) where each experimental combination was evaluated using a central composite design 

(CCD) with two centre points, creating 10 experimental combinations. CCD is highly efficient in 

determining the effect of process variables on the responses while also reducing the required 

number of experimental runs (Krishnaswamy et al., 2013). Since in the UAE experiment only time 

was varied (30, 45, 60 minutes), a 1x3 factorial design was used to evaluate each experimental 

combination.  

4.3 Results and discussion  

4.3.1 Heat reflux extraction (HRE)  

The objective of the first experiment was to determine the effect of solvent type and temperature 

on the extraction of phenolic compounds and antioxidants using HRE. The efficiency of extraction 

is dependent on the solubility of compounds into the chosen solvent. For example, flavonoid 

aglycones require less polar solvents where flavonoid glycosides prefer more polar solvents (Singh 

and Orsat, 2015). Although methanol has been proven to be an effective solvent, due to its polarity, 

high boiling point and toxicity, it poses a health and environmental risk in comparison to water 

(Routray and Orsat, 2013; Singh and Orsat, 2015). Since PI is largely aimed at reducing 

environmental and human hazards, water is preferred over methanol. Aside from solvent type, 

temperature is another parameter which affects the yield of HRE. Performing extraction at high 

temperatures increases the intermolecular actions between the bioactive compounds and the 

solvent, thereby increasing the extraction yield (Routray and Orsat, 2013). However, extraction at 

high temperatures can decrease the recovery of heat sensitive compounds, therefore, extraction 

temperatures of 50, 60 and 70°C were chosen to minimize degradation of phenolic compounds 

present in YEPs (Singh and Orsat, 2015). Since one aim of PI is to reduce the amount of energy 
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required in a process, extractions occurring at lower temperatures are more favourable with respect 

to this domain as they require less energy than high temperature processes.   

Total phenolic content for HRE using water and methanol ranged from 7.55 to 9.53 mg 

GAE/g FW and 7.84 to 10.61 mg GAE/g plum FW respectively (Table 4.2). When using water as 

the extraction solvent, the amount of total phenolic content increased with an increase in 

temperature up to 70°C, at which the yield was maximum. When using methanol as the extraction 

solvent, the amount of total phenolic content increased with an increase in temperature up to 60°C, 

at which the yield was maximum. For both water and methanol, there was no significant difference 

between extraction at 50°C, 60°C, and 70°C. There was also no significant difference between 

using water and methanol as the solvent. Spigno et al. (2007) reported similar results in the 

extraction of antioxidants from grape marc. They observed that phenol yield increased with an 

increase in temperature, and phenol concentration decreased with an increase in solvent water 

content. ANOVA analysis performed (Appendix Table S3), indicates that solvent, temperature, 

and their interaction term (solvent*temperature) are significant factors (p≤0.05). The model term 

was also significant (p≤0.05), indicating that the model may be used to determine total phenolic 

content in HRE extracts.  

The specific phenolic compounds identified in the extracts were ascorbic acid, 

neochlorogenic acid, and chlorogenic acid, as these are the most prominent compounds present in 

plums (Chun, Kim, Moon, et al., 2003; Piga et al., 2003; Slimestad et al., 2009). Ascorbic acid 

was observed to be present in slightly higher concentrations in water extracts as opposed to 

methanol extracts (Table 4.2). Temperature showed no significant effect on ascorbic acid content, 

except for 60ºC which yielded the highest amount of ascorbic acid in water. Neochlorogenic acid 

was present in significantly higher amounts in methanol samples than in water samples. This 

difference could be attributed to the differences between the polarity of methanol and water. A 

study conducted by Dawidowicz and Typek (2011) showed that neochlorogenic acid undergoes 

transformations such as hydrolysis, isomerization, and esterification, during water extraction. This 

creates transformed compounds in the sample, such as esters and isomers, which are often 

mistaken as new components (Dawidowicz and Typek, 2011). Hence, this may be a reason 

neochlorogenic acid content was much less in water extracts than in methanol extracts. 

Chlorogenic acid was present in higher concentrations in water extracts over methanol extracts. 
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When using methanol, the extraction yield was highest at 50°C, whereas when using water the 

extraction yield was highest at 60°C. A study conducted by Alothman et al. (2009) reported that 

using water as an extraction solvent resulted in comparable, and sometimes higher, phenolic 

content than methanol in pineapples, bananas, and guava.  

Antioxidant activity was determined by the scavenging ability of two free radicals, DPPH 

and ferric ion. Scavenging activity is the ability for the antioxidants present to bind and scavenge 

free radicals. Therefore, a higher scavenging activity is the result of a higher antioxidant capacity. 

The DPPH scavenging activity of the plum extracts ranged between 15.39 to 28.33% and 68.60 to 

89.48% for water and methanol respectively (Table 4.2). The scavenging activity for methanol 

was significantly higher than for water, which is consistent for the effect of solvents used in 

extraction (Do et al., 2014). Boeing et al. (2014) also reported that using methanol resulted in a 

higher scavenging activity when compared to water alone. For water extracts, the DPPH 

scavenging activity increased with an increase in temperature. For methanolic extracts, there was 

an increase in scavenging activity when increasing the temperature from 50°C to 60°C. However, 

there was a decrease in scavenging activity when the temperature was further increased from 60°C 

to 70°C. This decrease can be attributed to high temperature application for prolonged exposure. 

Also, The boiling point of methanol is 64.5°C, hence an increase from 60°C to 70°C could have 

resulted in evaporation of methanol, thereby reducing its extraction capacity (Zhu et al., 2011). 

For both solvents, there was no significant difference between extraction at 50, 60, and 70°C. 

ANOVA analysis (Appendix Table S3), revealed that both solvent and temperature were 

significant factors (p≤0.05), where their interaction term (solvent*temperature) was not (p≥0.05).   
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Table 4.2. Combination of factors and levels for HRE and the corresponding values for total phenolic content, ascorbic acid, 

neochlorogenic acid, chlorogenic acid concentrations, and DPPH scavenging and FRAP activity 

Factors Phenolic Compounds  Antioxidant Assays  

Solvent Temperature 

(°C) 

Total Phenolic 

Content  

(mg GAE/g FW) 

Ascorbic Acid 

concentration 

(µg/g) 

Neochlorogenic 

Acid 

concentration 

(µg/g) 

Chlorogenic 

Acid 

concentration 

(µg/g) 

DPPH 

Scavenging 

Activity  

(%) 

FRAP  

(mg AAE/g FW) 

Water 50 7.55 ± 0.22ab 86.18ab 32.37ac 53.12ab 15.39 ± 1.45bd 589.82 ± 26.46bc 

60 8.25 ± 0.66ab 116.35ab 42.41ac 154.37ab 21.95 ± 1.29bc 669.80 ± 27.64bc 

70 9.53 ± 0.70ab 80.04ab 151.85ac 118.76ab 28.33 ± 8.45bc 673.91 ± 10.59bc 

Methanol 50 7.84 ± 0.84ab 83.64ab 723.82ab 90.73ab 68.60 ± 8.49ad 1033.22 ± 42.93ac 

60 10.61 ± 0.43ab 68.80ab 513.40ab 78.93ab 89.48 ± 3.88ac 826.22 ± 44.10ac 

70 9.19 ± 0.15ab 80.75ab 295.14ab 77.27ab 82.85 ± 1.60ac 788.58 ± 11.17ac 

Column wise values with the same letters are not significantly different at p≤0.05 
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FRAP activity of plum extracts was quantified using AAE since ascorbic acid is a 

predominant compound in plums. FRAP for water extracts ranged from 589.82 to 673.91 mg 

AAE/g sample FW whereas methanolic extracts ranged from 788.58 to 1033.22 mg AAE/g sample 

FW (Table 4.2). There was a significant difference between using water and methanol as the 

chosen solvent, as methanol increased the bioavailability of antioxidants, resulting in a larger 

FRAP activity when compared to water. This trend was also observed for DPPH scavenging 

activity. For water extracts, there was a slight increase in FRAP activity with an increase in 

temperature, which was also observed for DPPH scavenging activity. However, for methanol 

extracts, FRAP activity decreased with an increase in temperature. Similar to DPPH results, this 

could be attributed to overexposure of high temperatures, resulting in the degradation of heat 

sensitive antioxidants. Boeing et al. (2014) also reported similar results in that methanol resulted 

in a larger FRAP activity compared to water for the extraction of phenols from mulberries, 

blackberries, and strawberries. ANOVA analysis of FRAP results (Appendix Table S3), suggests 

that solvent and the interaction term are significant factors (p≤0.05) whereas temperature is not 

(p≥0.05). 

4.3.2 Microwave-assisted extraction (MAE)  

The range for total phenolic content found was between 6.45 to 10.58 mg GAE/g FW for 

10% power, 10.45 to 16.39 mg GAE/g FW for 20% power, and 9.09 to 20.66 mg GAE/g FW for 

30% power (Table 4.3). The largest phenolic content extracted was achieved when operating at 

30% power level for 4 minutes, followed by 20% power level for 4 minutes, and 10% power for 8 

minutes. It can be observed that at higher power levels (20 and 30%), there is a decrease in phenolic 

content with an increase in time, whereas at 10% power, there is an increase in phenolic content 

with an increase in time. This observation is due to the amount of energy being supplied to the 

system. As the power level is increased, the amount of energy to the system also increases leading 

to a subsequent increase in extraction kinetics (Routray and Orsat, 2013). As previously 

mentioned, prolonged exposure to microwaves can deteriorate phenolic compounds, which 

explains the trend observed for 20 and 30% power levels. Routray and Orsat (2014) reported 

similar results in that an increase in microwave power level resulted in an increase in phenolic 

content from blueberry leaves. Statistically, the 20% and 30% operating powers resulted in 

significantly higher phenolic contents than 10% operating power. With respect to time, 4 minutes 

was significantly different than both 8 and 12 minutes for all power levels. From ANOVA analysis 
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(Appendix Table S4), power level, time, and their interaction term (power level*time) were 

significant factors (p≤0.05) where their quadratic terms (power level2 and time2) were not (p≥0.05). 

The response surface profile in Figure 4.1 illustrates that an increase in power level with a decrease 

in time resulted in the largest concentration of phenolic content. Figure 4.1 also illustrates that with 

a decrease in power level and decrease in time there is a significantly lower amount of phenolic 

content.   

Regarding the specific compounds identified, neo-chlorogenic acid was present in the 

highest amount for most extracts, followed by ascorbic acid and chlorogenic acid. The combination 

of factors which resulted in the highest concentration of all compounds measured was achieved 

when operating at 10% power level for 8 minutes. For all power levels, the concentration of 

compounds increased when increasing the operating time from 4 to 8 minutes, and further 

decreased when increasing the time to 12 minutes. Operating at 8 minutes for each power level 

resulted in the largest concentration of compounds when compared to 4 and 12 minutes. 10% and 

20% power levels were also significantly different than 30% power level which resulted in the 

lowest concentration of compounds at each processing time. Singh et al. (2011) also reported a 

similar trend in that an increase in microwave power level resulted in lower concentrations of 

ascorbic acid.  

 

Figure 4.1. Response surface profile of the effect of power level (%) and time (min) on total 

phenolic content of YEPs 
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DPPH scavenging activity ranged between 7.85 to 27.73% for 10% power, 31.35 to 

35.94% for 20% power, and 19.16 to 23.50% for 30% power (Table 4.3). It can be observed that 

DPPH scavenging activity at 20% and 30% power levels is higher than that at 10% power level. 

Scavenging activity for 10% and 20% power levels increased with an increase in time. However, 

30% power resulted in an increase of scavenging activity from 4 to 8 minutes, and a further 

decrease when increasing the operating time to 12 minutes. 20% power level resulted in the highest 

scavenging activity among all other extracts. While there was a significant difference between 

each power level there was no significant difference in operating time. Current literature shows 

that lower microwave power levels yield higher antioxidant activity in potato peels (Singh et al., 

2011), blueberry leaves (Routray and Orsat, 2014), grape seeds (Krishnaswamy et al., 2013), and 

lemons (Papoutsis et al., 2016). However, Seawan et al. (2014) found similar results in that higher 

power levels resulted in higher antioxidant activity in pigmented rice extracts, which they 

attributed to the rice having antioxidants of higher thermal stability. From ANOVA analysis of 

DPPH results (Appendix Table S4), the only significant factor (p≤0.05) was the quadratic term for 

power level (power level2). From the response surface profile in Figure 4.2, it can be observed that 

maximum DPPH scavenging activity occurs at 20% power level for all operating times. It can also 

be observed that 10% power resulted in the lowest DPPH scavenging activity.  

 

Figure 4.2. Response surface profile of the effect of power level (%) and time (min) on DPPH 

scavenging activity (%) of YEPs 
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FRAP activity ranged between 581 to 839.74 mg AAE/g FW for 10% power, 932.66 to 

1073.20 mg AAE/g FW for 20% power, and 267.57 to 840.33 mg AAE/g FW for 30% power 

(Table 4.3). It can be observed that 20% power level was significantly higher than 10% and 30% 

power, which were not significantly different from each other. For both 10% and 30% power, there 

is an increase in FRAP activity with an increase in operating time, whereas for 20% power, there 

is an increase between 4 and 8 minutes, and a decrease from 8 to 12 minutes. Krishnaswamy et al. 

(2013) also reported than there was an increase in FRAP activity, in grape seeds, with an increase 

in time. ANOVA conducted on the results for FRAP (Appendix Table S4), indicate that time and 

the quadratic power level term (power level2) were significant (p≤0.05). From the response surface 

profile in Figure 4.3, it can be observed that the maximum FRAP activity occurs at 20% power 

level for all time periods. 

 

Figure 4.3. Response surface profile of the effect of power level (%) and time (min) on ferric 

reducing antioxidant potential (FRAP) of YEPs 

4.3.3 Ultrasound-assisted extraction (UAE) 

The final experiment studied the effect of time on UAE (Table 4.4). The objective was to compare 

the results from UAE with MAE and HRE and evaluate which of the proposed PI solutions could 

mitigate the bottlenecks of HRE. Ultrasound is considered a PI since it requires less energy than 
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conventional systems (thermodynamic domain) and increases extraction yield through cavitation 

bubbles, which disrupt each cells surface, ensuring that each molecule receives the same 

processing treatment (Principle 2). Ultrasonic frequency and time are factors which both affect the 

extraction yield of UAE. Lower applied frequencies of high power ultrasound causes larger 

cavitation bubbles, consequently resulting in an efficient extraction process (Esclapez et al., 2011). 

The frequency on the ultrasound system used in this study was fixed at 50 kHz, which has 

previously been reported to result in higher extraction yields from leafy vegetables (Ma et al., 

2008) and salvia root (Dong et al., 2010). While the frequency could not be changed, the effect of 

changing time was studied. Due to the violent bubble implosions, which occur on the cell surface, 

less time is required to increase solvent diffusion into the cell and release of cellular contents 

(Routray and Orsat, 2013). Therefore, extraction times of 30, 45, and 60 minutes were chosen for 

this study.  

Total phenolic content for UAE ranged between 7.24 and 10.28 mg GAE/ g FW for all 

extraction times (Table 4.4). It can be observed, from Table 4.4, that there is an increase in phenolic 

content with an increase in time. However, there was no significant difference between extraction 

times. Similar observations have been reported in that an increase in time has led to an increase in 

extraction yield of oil from soybeans (Li et al., 2004), phenols from Euonymus alatus plant (Zhang 

et al., 2009), and chlorogenic acid from Eucommia ulmoides plant (Li et al., 2005). From ANOVA 

analysis conducted (Appendix Table S5), it was determined that time was not a significant factor 

(p≥0.05) in the yield of total phenolics. The coefficient of determination (R2) was found to be 

0.6275 and was not in agreement with the adjusted R2 value of 0.3792, indicating that the model 

is not suitable for determining total phenolic content from UAE. With respect to compounds 

identified (Table 4.4), ascorbic acid was present in the highest concentrations followed by 

chlorogenic acid and neochlorogenic acid. This trend was also observed in HRE when utilizing 

water as the extraction solvent. Similar to HRE, this trend could be due to neochlorogenic acid 

being transformed into other compounds, hence the low yield. There was a decrease in 

concentration of all compounds when increasing the extraction time from 30 minutes to 45 

minutes. However, when increasing the extraction time further from 45 to 60 minutes, there was a 

further increase in concentration of all compounds. 60 minutes resulted in the highest 

concentrations of all compounds.  
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Table 4.3. Combination of factors and levels for MAE and the corresponding values for total phenolic content, ascorbic acid, 

neochlorogenic acid, chlorogenic acid concentrations, and DPPH scavenging and FRAP activity  

Factors Phenolic Compounds  Antioxidant Assays  

Microwave 

Power (%) 

Time 

(min) 

Total Phenolic 

Content  

(mg GAE/g FW) 

Ascorbic Acid 

concentration 

(µg/g) 

Neochlorogenic 

Acid 

concentration 

 (µg/g) 

Chlorogenic Acid 

concentration  

(µg/g) 

DPPH 

Scavenging 

Activity (%) 

FRAP  

(mg AAE/g FW) 

10 4 6.45 ± 0.44bc 86.35bc 15.95abc 40.64bc 7.85 ± 3.62ad 581.00 ± 12.94bc 

8 10.58 ± 0.53bcd 192.82ac 276.25abc 132.47ac 13.22 ± 1.76ad 656.86 ± 8.82bc 

12 10.32 ± 0.44bd 60.69bc 271.66abc 130.34bc 27.73 ± 11.11ad 839.74 ± 14.11bc 

20 4 16.39 ± 2.29abc 104.64bd 335.52ab 106.10bc 31.35 ± 2.43ab 1053.21 ± 65.27ac 

8 11.77 ± 0.84abcd 106.93ad 449.07ab 97.02ac 32.59 ± 14.51ab 1073.20 ± 117.02ac 

12 10.45 ± 0.66abd 83.36bd 224.25ab 76.80bc 35.94 ± 14.78ab 932.66 ± 22.35ac 

30 4 20.66 ± 4.44ac 34.68bd 96.60ac 38.66bd 19.16 ± 2.74ac 267.57 ± 17.05bc 

8 15.12 ± 2.16acd 104.46ad 70.83ac 79.92ad 23.50 ± 9.04ac 769.77 ± 92.32bc 

12 9.09 ± 0.35ad 68.06bd 86.25ac 57.03bd 20.76 ± 17.78ac 840.33 ± 19.41bc 

Column wise values with the same letters are not significantly different at p≤0.05 
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While an increase in time resulted in an increase of phenolic content, it resulted in a 

decrease of DPPH scavenging activity. Scavenging activity ranged between 9.19 to 14% for all 

processing times (Table 4.4). While operating at 30 minutes resulted in the largest scavenging 

activity, increasing from 30 to 45 minutes resulted in a decrease of scavenging activity. With a 

further increase in time from 45 to 60 minutes, the scavenging activity slightly increased. While 

operating at 45 and 60 minutes showed no significant difference, 30 minutes was significantly 

different than all other times. Dent at el. (2015) reported similar results in that an increase in 

extraction time resulted in a small decrease of DPPH scavenging activity in sage. The results from 

ANOVA analysis (Appendix Table S5) are similar to those found for total phenolic content. Time 

was not a significant factor (p≥0.05) and the R2 value of 0.4985 was not in agreement with the 

adjusted R2 value of 0.1641.  

FRAP activity of UAE extracts ranged between 527.49 to 675.68 mg AAE/g FW for all 

extraction times. Similar to DPPH results, it can be observed from Table 4.4 that with an increase 

in extraction time there is a decrease in FRAP activity. Operating at 30 minutes resulted in the 

largest FRAP activity, while 60 minutes resulted in the lowest FRAP activity. Extraction at 45 

minutes and 60 minutes showed no significant difference between each other, whereas extraction 

at 30 minutes was significantly different than all other extraction times. Annegowda et al. (2012) 

reported similar observations in that an increase in operating time resulted in a decrease of FRAP 

activity during UAE of phenols from star fruits. From ANOVA analysis of FRAP results 

(Appendix Table S5), the determined R2 value of 0.9639 was in agreement with the adjusted R2 

value of 0.9397 indicating that this model may be utilized in the determination of FRAP activity 

in UAE extracts. It was also determined that time was a significant factor (p≤0.05). 
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Table 4.4. Combination of factors and levels for UAE and the corresponding values for total phenolic content, ascorbic acid, 

neochlorogenic acid, chlorogenic acid concentrations, and DPPH scavenging and FRAP activity 

Factors Phenolic Compounds Antioxidant Assays 

Time 

(min) 

Total 

Phenolics  

(mg GAE/g 

FW) 

Ascorbic 

Acid 

concentration  

(µg/g) 

Neochlorogenic 

Acid 

concentration  

(µg/g) 

Chlorogenic 

Acid 

concentration  

(µg/g) 

DPPH 

Scavenging 

Activity (%) 

FRAP  

(mg AAE/g 

FW) 

30 7.24 ± 0.18a 93.04a 20.27a 49.72a 14.00 ± 0.15a 675.68 ± 12.35a 

45 8.25 ± 0.66a 83.33a 16.82a 39.85a 7.90 ± 0.26b 560.42 ± 2.94b 

60 10.28 ± 1.54a 104.95a 34.77a 86.03a 9.19 ± 4.55b 527.49 ± 17.05b 

Column wise values the same letters are not significantly different at p≤0.05 
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4.3.4 Selection of a suitable PI approach  

A PI technology was chosen based on the results from experimentation and how well it satisfies 

the study objectives. The chosen technology must also satisfy the PI principles and domains. HRE 

was evaluated against MAE and UAE based on time, extraction yield, energy, toxicity, cost, and 

feasibility. A decision matrix was used to choose an appropriate technology based on how they 

satisfy all criteria (Table 4.5). A five point scale was used where a rating of 1 signifies a poor fit 

and a rating of 5 signifies the technology best fulfils the criteria. The technology with the highest 

score will be the most ideal. Extraction yield and time were weighted 25% each for the process as 

these criteria determine the overall efficiency of an extraction process. Energy and toxicity were 

rated 15% each since they contribute to the definition of PI of being environmentally safe. Cost 

and feasibility were weighted 10% each as they factor into the design portion as opposed to the 

efficiency portion of the process.   

4.3.4.1 Extraction efficiency 

Figure 4.4 illustrates the comparison of total phenolic content for all experiments performed. It 

can be seen that UAE resulted in significantly lower yields than both HRE and MAE. It can also 

be seen that lower power levels resulted in yields similar to HRE, whereas higher power levels 

resulted in significantly larger yields overall. Dabiri et al. (2005) also reported that UAE recovered 

approximately 20% less phenolic compounds where MAE extracted 40% more in comparison to 

conventional solvent extraction. This was attributed to lower rate of rupture of cells due to the low 

applied frequency, which is lower than MAE (Routray and Orsat, 2014). Because MAE yielded 

the highest amount of phenolic compounds and antioxidants, it was rated a 5 for extraction yield. 

HRE was rated a 3 as it yielded a lower content that MAE, but higher than UAE. UAE was rated 

2 it extracted the least amount of compounds over other methods studied. 

4.3.4.2 Process duration 

For the time criteria, MAE was rated highest as it was able to extract more compounds in less time 

than HRE and UAE. From the experiments conducted HRE and UAE were operated for 

approximately 20% longer than MAE. UAE was given a rating of 2 since the highest total 

phenolics was achieved in 60 minutes as opposed to 90 minutes for HRE. Because HRE required 

the longest amount of time, it was given a rating of 1. Dabiri et al. (2005) also reported that HRE 

and UAE required much longer extraction times than MAE.  
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4.3.4.3 Energy 

High operating temperatures and long extraction times required for HRE increase the energy 

consumption of the overall process, leading to a lower decision rating. MAE and UAE require 

shorter operating times, therefore require less energy. On average, conventional solvent extraction 

consumes approximately 8 kWh of energy whereas MAE and UAE consume 0.5 kWh and 1 kWh 

respectively (Chemat and Cravotto, 2011). Therefore, MAE and UAE were given a rating of 5 and 

4 respectively.  

4.3.4.4 Toxicity 

UAE was rated highly for toxicity as water was used as a solvent, making it less harmful for 

humans and the environment. MAE was given a rating of 4 because microwaves can cause acute 

toxicity if leaked even if water is used as a solvent,  (Qi et al., 2014). Conventional heat reflux 

uses toxic solvents such as methanol and hexane and was hence was rated a 1 with respect to 

toxicity.  

4.3.4.5 Cost and Feasibility  

Heat reflux is inexpensive and easy to implement, giving it a high rating with respect to cost and 

feasibility. MAE was ranked lowest with respect to cost and feasibility since it is costly in 

comparison to conventional methods and difficult to scale up. UAE was rated high on feasibility 

as it shows promise in scale up purposes for short periods of time (Paniwnyk et al., 2009). UAE 

also shows promise in cost as a 125 L bath costs approximately 0.53 Euros/hour/125 L (Paniwnyk 

et al., 2009).  

Table 4.5. Weighted decision matrix for evaluating HRE, MAE, and UAE 

Criteria (weight, %) Conventional PI Technologies 

HRE MAE UAE 

Time (25) 1 4 2 

Extraction Yield (25) 3 5 2 

Energy (15) 1 5 4 

Toxicity (15) 1 4 5 

Cost (10) 5 4 5 

Feasibility (10) 5 3 4 

Total 2.3 4.3  3.25 
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Based on the final decision matrix (Table 4.5), MAE was chosen as the appropriate PI solution. 

While it resulted in the largest extraction yield and showed promise in other PI areas such as safety, 

energy consumption, and time.   

Conclusions  

Process intensification (PI) is the implementation of novel technologies to improve the efficiency 

of a process in a safe manner. Two technologies were evaluated to process intensify the 

conventional extraction method. Solvent extraction is frequently used in the extraction of phenolic 

compounds from plant mediums, however, it requires long operating times, large amounts of 

solvent, and often low in yield. Microwave-assisted extraction (MAE) and ultrasound-assisted 

extraction (UAE) were suggested as PIs since they require less solvent for extraction, less 

extraction time, and also improve the overall yield of phenolic compounds and antioxidants. 

Various experiments were carried out using MAE and UAE to determine which technology 

optimized extraction yield. It was determined that using MAE at a 30% power level for 4 minutes 

with water as the solvent, yielded the highest concentration of bioactive compounds over 

conventional heat reflux and UAE.  
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CONNECTING TEXT 

After comparing microwave-assisted extraction (MAE) and ultrasound assisted extraction (UAE) 

process with conventional extraction process, it was evident that MAE provided greater extraction 

yield. Hence, the next study aimed at optimization of the extraction of phenolic compounds from 

YEPs using microwave-assisted digestion process.    
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CHAPTER 5 

OPTIMIZATION OF MICROWAVE-ASSISTED DIGESTION PARAMETERS 

AND CHARACTERIZATION OF PHENOLIC COMPOUNDS IN YELLOW 

EUROPEAN PLUMS  

Abstract  

Yellow European Plums (YEPs) are a rich source of phenolic compounds and antioxidants, which 

can be obtained using microwave-assisted digestion (MD). During this study, two MD experiments 

were performed to optimize MD extraction parameters and the MD process using YEPs. The first 

experiment was to determine the influence of independent variables such as solvent concentration 

(20%, 60%, and 100%) and solid-to-solvent ratio (0.05, 0.1, and 0.15 g/mL), on the yield of total 

phenolic content (TPC) and antioxidant activity (1,1-diphenyl-2-picrylhydrazyl (DPPH) and ferric 

ion reducing antioxidant power (FRAP), for ethanol and methanol, during MD. Using a response 

surface methodology, the optimized extraction parameters for MD were then found to be 60% 

ethanol at a solid-to-solvent ratio of 0.1 g/mL. Using the optimized parameters from the first 

experiment, the second experiment evaluated the effect of microwave temperature (50, 60, 70°C) 

and duration (5, 10, and 15 minutes) on TPC, DPPH, FRAP, using a face-centered central 

composite design. Individual phenolic compounds, including ascorbic acid, neochlorogenic acid, 

and chlorogenic acid, were quantified using HPLC. In the second experiment, it was observed that 

time and temperature had a significant (p≤0.05) effect on the extraction of phenolic compounds 

from four genotypes of YEPs. However, due to their diverse phenolic composition, there was not 

one optimal operating time and temperature suitable for all genotypes.  

Keywords: Microwave-assisted digestion; phenolics; antioxidants; ethanol; plums  

5.1 Introduction  

An increased intake of fruits and vegetables has been observed to reduce the occurrence of 

degenerative diseases, due to their high concentration of antioxidants and phenolic compounds 

(Arion et al., 2014). Phenolic compounds are secondary plant metabolites which include several 

classes of compounds including flavonoids, anthocyanins, and catechins (Singh, 2010). It is these 

compounds which contribute to the colour, taste, texture, and physiology of fruits and vegetable 

(Kim et al., 2003). Not only do phenolic compounds contribute to the sensory qualities of fresh 
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fruits, but they also contain antioxidative, antimicrobial, and anti-inflammatory characteristics 

(Kim et al., 2003). These characteristics aid in the scavenging of free radicals, which decreases the 

risk of coronary heart diseases, certain types of cancers, and diabetes mellitus (Type II Diabetes) 

(Singh et al., 2011). Hence, proper intake of fruits and vegetables, with high phenolic content, may 

protect human cells against oxidative damage from free radicals.    

Plums (Prunus domestica L.) are one fruit which contains a high concentration of 

phytochemicals, flavonoids, and vitamins, and have been observed to exhibit higher antioxidant 

capacities than apples (Kim et al., 2003). Plums typically grown in Canada are either of Japanese 

or European cultivars. European plums are traditionally blue-violet in colour, however, through 

conventional breeding programs, Yellow European Plums (YEPs) have been developed. Despite 

lacking the traditional dark coloured skin and flesh, YEPs have demonstrated to exhibit higher 

phenolic and antioxidant activity in comparison to traditional European and Japanese plums 

(DiNardo et al., 2018). YEPs are predominantly high in polyphenols such as ascorbic acid, 

chlorogenic acid, caffeoylquinic acid, cyanidin-3-glucoside, and neochlorogenic acid (Slimestad 

et al., 2009). Chlorogenic acid, in particular, has been recognized as an antioxidant for human LDL 

cholesterol, and a scavenger of reactive oxygen and nitrogen species (Chun et al., 2003). Hence, 

the effective extraction of these compounds from YEPs is imperative to allow their use in the 

preparation of functional foods, nutraceuticals and supplements (Krishnaswamy et al., 2013).  

Extraction of phytochemicals from plant matrices is often carried out using a process called 

heat reflux extraction (HRE) or Soxhlet extraction. HRE it a mass transfer driven process which 

utilizes organic solvents, such as methanol and ethanol, coupled with heat and agitation, to extract 

the desired compounds from the product (Singh and Orsat, 2015). This process is frequently used 

as it requires little capital and maintenance costs, and is easy to implement (Singh and Orsat, 2015). 

HRE has been previously used for the extraction of phenolic compounds and antioxidants from 

YEPs (DiNardo et al., 2018), ginseng root (Kim et al., 2007), and prunes (Haddadi-Guemghar et 

al., 2014). However, this process is often associated with long extraction times, large volumes of 

solvent, and often utilizes solvents which aren’t categorized as GRAS (Generally Recognized As 

Safe), such as methanol. Microwave-assisted digestion (MD) is a novel process which offers to 

mitigate the negative effects of HRE. MD utilizes two energy transfer mechanisms, dipole rotation 

(reversal of dipoles) and ionic conduction (movement of charged ions), for the extraction of 
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phytochemicals from plant matrices into the solvent (Routray and Orsat, 2014). The movement of 

dipoles and ions leads to rapid volumetric heating of the sample, and increased pressure build up 

in the cell, thereby increasing the solvent penetration into the plant matrix (Krishnaswamy et al., 

2013). These mechanisms reduce the amount of solvent required, extraction time, and the process’ 

environmental footprint by reducing CO2 emissions (Routray and Orsat, 2014). MD has been 

successfully used for the extraction of antioxidants from potato peels (Singh et al., 2011), grape 

seeds (Krishnaswamy et al., 2013), and prunes (Haddadi-Guemghar et al., 2014), and anthocyanins 

from blueberry leaves (Routray and Orsat, 2014).  

In the current study, antioxidants and polyphenolic compounds were extracted from YEPs 

using the MD process. The effects of various solvent types, concentrations, and solid-to-solvent 

ratios were evaluated to determine optimal MD extraction parameters. These optimized parameters 

were then used to determine MD process efficiency at various times and temperatures. Total 

phenolic content (ascorbic acid, chlorogenic acid, neochlorogenic acid), DPPH scavenging 

activity, and FRAP activity were quantified in this study.    

5.2 Materials and Methods  

5.2.1 Fruits and chemicals  

Five genotypes of YEPs, V97261, V94021, V91074, V98197, and V95141, were used for this 

study which were bred through a novel breeding program at the University of Guelph (Guelph, 

Ontario, Canada). Folin-Ciocalteu reagent, sodium bicarbonate (NaHCO3), gallic acid, 2,2-

diphenyl-1-picrylhydrazyl (DPPH), neochlorogenic acid, 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), 

formic acid, and ammonium formate were purchased from Sigma-Aldrich (Sigma-Aldrich Canada 

Co., Oakville, Ontario, Canada), whereas ascorbic acid, chlorogenic acid, methanol, ethanol, 

potassium chloride, sodium hydroxide, sodium acetate, hydrochloric acid (HCl), and ferric 

chloride were obtained from Fisher Scientific (Fisher Scientific Company, Ottawa, Ontario, 

Canada).  

5.2.2 Sample preparation  

Fresh pitted plum samples were frozen at -25°C for 24 hours then dried in a freeze dryer (Martin 

Christ GmbH, ALPHA 1- 2LDplus Freeze Dryer, Osterode, Germany) for 48 hours. The freeze-

dried plums were ground into a fine powder, using a blender (Magic Bullet Single Shot, MB-

IM301/3-02), for further analysis.   
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5.2.3 Microwave-assisted digestion (MD) 

This study comprised of two different experiments which aimed to optimize the extraction of 

antioxidants and phenolic compounds from YEPs using microwave-assisted digestion (MD). For 

both experiments, MD was conducted using a microwave digester unit (MiniWAVE, SCP Science, 

Canada) which operates at a set frequency of 2.45 GHz. The system is programmed to reach the 

desired temperature in an established length of time where it is then held at that temperature for 

the desired length of time. The temperature of the system is monitored by six infrared sensors, 

located on the sidewalls, which adjusts the temperature of the system accordingly.  

The first experiment optimized extraction parameters for MD which included solid-to-

solvent ratio (0.05, 0.1, and 0.15 g/mL) and solvent concentration (20, 60, and 100%), using 

ethanol and methanol, for one genotype of YEP, V94021. This genotype was chosen as it has been 

observed to exhibit large phenolic content and antioxidant capacity for freeze dried 

plums.(DiNardo et al., 2018) The desired amount of freeze dried plum was placed into a 75 mL 

quartz reaction vessel with 25 mL of varying concentration solvents to satisfy the solid-to-solvent 

ratios in Table 5.1. The vessels were placed in the microwave digester unit where they were heated 

to 50°C in 5 minutes and held at that temperature for 10 minutes (15 minutes total). The optimized 

parameters from experiment 1 were then used in experiment 2.  

Table 5.1. Independent variables in CCD for MD parameter selection for both ethanol and 

methanol 

Independent Variables  Coded Levels 

  -1 0 1 

Solid-to-Solvent Ratio (g/mL) X1 0.05 0.1 0.15 

Solvent Concentration (%) X2 20 60 100 

 

The second experiment aimed to optimize MD temperature (50°C, 60°C, and 70°C) and 

time (5, 10, and 15 minutes) using four genotypes of YEPs (V97261, V91074, V98197, and 

V95141). The same quantity (2.5 g) of freeze dried plum was mixed with 25 mL of solvent (60% 

ethanol) in the quartz reaction vessel. The vessels were then placed in the microwave-digester unit 

for the desired temperature and time, according to the parameters listed in Table 5.2. 
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Table 5.2. Independent variables in CCD for MD process optimization for genotypes V97261, 

V91074, V98197, and V95141 

Independent Variables                        Coded Levels 

  -1 0 1 

Time (minutes) X1 50 60 70 

Temperature (°C) X2 5 10 15 

 

            After both experiments, the homogenates were centrifuged (Servall Enclosed Superspeed 

Centrifuge, Type SS-4) at 10,000 rpm for 10 minutes where the supernatants were then filtered 

through a 0.45 µm filter and stored at 4°C until further analysis.   

5.2.4 Determination of total phenolic content (TPC)  

Total phenolic content (TPC) was determined using a modified protocol by Singh et al. (2011). 

One mL of extract was mixed with 7.5 mL double distilled water and 0.5 mL Folin-Ciocalteau 

reagent. After 5 minutes, 1 mL of 5% NaHCO3 solution was added to the extracts. The mixture 

was incubated at room temperature, 23°C, for 90 minutes, and its absorbance was then measured 

at 765 nm using a spectrophotometer (Biochrom visible spectrophotometer, Ultrospec 100 pro, 

Cambridge, England). Standard curves were plotted using different concentrations of gallic acid 

(0.02, 0.04, 0.06, 0.1, 0.2 mg/mL) in solutions of methanol or ethanol, added to water at different 

concentrations, to calculate total phenolic content of the samples, expressed as gallic acid 

equivalents (GAE) in mg per g of sample DW (dry weight) (Table 5.3).  

Table 5.3. Corresponding gallic acid standard curves for various concentrations of methanol and 

ethanol 

Solvent Solvent 

Concentration 

(%) 

Equation for standard curve for 

total phenolic content (mg GAE/g 

DW) 

R2 for the equation 

Methanol 20 𝑦 = 4.4977𝑥 − 0.0262 0.9976 

60 𝑦 = 4.7309𝑥 − 0.0227 0.9981 

100 𝑦 = 5.7775𝑥 − 0.0459 0.9951 

Ethanol 20 𝑦 = 4.7977𝑥 − 0.0308 0.9957 

60 𝑦 = 5.2137𝑥 − 0.0263 0.9983 

100 𝑦 = 5.6977𝑥 − 0.0742 0.9810 

5.2.5 Quantification of phenolic compounds  

HPLC was used to quantify ascorbic acid, neochlorogenic acid, and chlorogenic acid in the 

extracts, as these are the compounds predominantly found in plums (DiNardo et al., 2018; Piga et 
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al., 2003; Slimestad et al., 2009). The protocol used follows that found in Section 3.2.6 High 

performance liquid chromatography (HPLC) analysis.  

5.2.6 Antioxidant Assays  

5.2.6.1 Radical scavenging activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals 

The free radical scavenging activity of plum extracts on 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

radicals was measured according to the protocol outlined in Section 3.2.4 Scavenging activity on 

2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals 

5.2.6.2 Ferric reducing antioxidant potential (FRAP)   

The ferric reducing antioxidant potential (FRAP) method measures an antioxidants ability to 

reduce colourless ferric complex (Fe3+-tripyridyltraizine) to blue coloured ferrous complex 

(Fe2+-tripyridyltraizine) at a low pH. Similar to DPPH, the change in colour and absorbance is 

proportional to the reducing power of the antioxidants present. A modified method by Routray et 

al.(Routray et al., 2014) was used to measure FRAP activity of the antioxidants present in the 

extracts. Fresh FRAP reagent was made daily using 300 mM sodium acetate buffer (pH 3.7), 10 

mM TPTZ prepared in 40 mM HCl, and 20 mM ferric chloride, mixed in a 10:1:1 volume ratio 

respectively. Twenty microliters of extract (or ascorbic acid standard) was mixed with 300 µL of 

double distilled water and 2 mL of FRAP reagent and incubated in a 37°C water bath for 30 

minutes. Following incubation, the absorbance of the sample was measured in a microplate reader 

(BIO-RAD Microplate Reader, Model 3550) at 595 nm. FRAP activity was reported as ascorbic 

acid equivalents (AAE) which were calculated using standard curves (Table 5.4) of several 

concentrations of ascorbic acid (0.02, 0.04, 0.06, 0.1, 0.2 mg/mL), in varying concentrations of 

methanol and ethanol, versus sample absorbance at 595 nm.  

Table 5.4. Corresponding ascorbic acid standard curves for various concentrations of methanol 

and ethanol 

Solvent Solvent 

Concentration 

(%) 

Equation for standard curve for 

total phenolic content (mg 

AAE/g DW) 

R2 for the equation 

Methanol 20 𝑦 = 1.7645𝑥 − 0.0243 0.9606 

60 𝑦 = 1.2977𝑥 − 0.0042 0.9922 

100 𝑦 = 2.4122𝑥 − 0.0365 0.9809 

Ethanol 20 𝑦 = 2.271𝑥 − 0.017 0.9902 

60 𝑦 = 2.5427𝑥 − 0.0077 0.9946 

100 𝑦 = 3.105𝑥 + 0.0065 0.9770 
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5.2.7 Statistical analysis  

The entire study was divided into two experiments, one being MD parameter selection, and the 

second being MD process optimization. Each experiment was conducted according to the coded 

experimental factors listed in Tables 1 and 2. MD parameter selection evaluated solid-to-solvent 

ratio and solvent concentration, where MD was carried out at 50°C for 10 minutes on one genotype 

of YEP. Hence, a face-centered, central composite design (CCD) was used, with five centre points, 

to generate a response surface. The objective was to determine the optimal extraction parameters 

based on maximum TPC, DPPH scavenging activity, and FRAP activity. The optimized solvent 

concentration and solid-to-solvent ratio was then used in the second part of the study.  

MD process optimization evaluated time and temperature on four genotypes of YEPs, using 

the optimized parameters from the first part of the study. Hence, a face-centered CCD was used 

for each genotype. The objective was to determine an optimal time and temperature to carry out 

MD on various genotypes of YEPs. The decision was based on maximum TPC, DPPH scavenging 

activity, FRAP activity, ascorbic acid, neochlorogenic acid, and chlorogenic acid concentrations.   

Each experimental combination, for both experiments, was replicated twice and analyzed 

in triplicate. Centre points, in the response surface, were replicated five times. The experimental 

points were used to generate a second order polynomial model, for each response, similar to that 

shown in Equation (5.2),  

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖 + ∑ 𝛽𝑖𝑖𝑋𝑖
2 + ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗,                                        (5.2)  

where Y is the predicted response, β0 is a constant, βi is the linear coefficient, βii is the quadratic 

coefficient, βij is the interaction coefficient of variables i and j, and Xi and Xj are the independent 

coded variables.(Haddadi-Guemghar et al., 2014) 

All values in this study are reported as the mean ± standard deviation of each replicate. 

Analysis of variance (ANOVA) was conducted for all experiments to determine the significance 

of each level on phenolic content and antioxidant activity. All statistical design of experiments and 

analysis were performed using Design-Expert version 11.0.2.0 (Stat-Ease, Inc., Minneapolis, MN, 

USA).  
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5.3 Results and Discussion  

5.3.1 MD parameter selection  

5.3.1.1 Solvent concentration evaluation  

The objective of the first experiment was to determine the effect of various solvent compositions, 

and ratios, on the extraction of phenolic compounds and antioxidants from YEPs. Extraction 

efficiency is largely influenced by factors such as solvent type and concentration and its interaction 

with the bio-matrix. Methanol and ethanol are commonly selected solvents, for the extraction of 

polyphenols from plants, due to their polar nature and high boiling points (Routray and Orsat, 

2013). Although methanol has been reported to yield a greater extraction efficiency for TPC, its 

toxicity poses health risks in food grade applications (Routray and Orsat, 2014). Unlike methanol, 

ethanol is recognized as a GRAS solvent and is preferred when the extracted phytochemical is to 

be used for nutraceutical or food grade applications (Routray and Orsat, 2014). In this study, both 

methanol and ethanol were selected as extraction solvents to determine their extraction efficiency 

during MD. Solvent concentration also plays a critical role in the extraction of phytochemicals 

from natural products. The addition of water to an extraction solvent has been reported to increase 

the polarity of the solvent and to facilitate the selectivity of target compounds while enhancing the 

extraction of non-polar compounds (i.e. carotenoids) (Shi et al., 2010). For these reasons, water 

was chosen as a co-solvent to alter the concentration of methanol and ethanol in this study.  

Figures 5.1 through 5.3 illustrate the response surface profiles, for both ethanol and 

methanol, for TPC (Figure 5.1), DPPH scavenging activity (Figure 5.2), and FRAP activity (Figure 

5.3). Figure 5.1A illustrates TPC when using ethanol, at a fixed time and temperature. It can be 

observed that with an increase in concentration from 20% to 60% ethanol, there is an increase in 

TPC from 23.30 mg GAE/g DW to 59.79 mg GAE/g DW. However, with a further increase from 

60% to 100% ethanol there is a subsequent decrease in TPC from 59.79 mg GAE/g DW to 23.41 

mg GAE/g DW. Yields for TPC at 20% and 100% ethanol were observed to have no significant 

difference (p≤0.05). Methanol also displayed similar trends for TPC (Figure 5.1B) where a 

concentration of 60% resulted in the largest yield for TPC (65.82 mg GAE/g DW) followed by 

100% (56.33 mg GAE/g DW) and 20% (44.29 mg GAE/g DW) methanol respectively. Similar 

trend was also observed in DPPH scavenging activity when using ethanol (Figure 5.2A), and in 

FRAP activity for both ethanol (Figure 5.3A) and methanol (Figure 5.3B). These observations 
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have also been reported in literature during the extraction of polyphenolics from grape marc 

(Spigno et al., 2007), blueberry leaves (Routray and Orsat, 2014), and grape seeds (Krishnaswamy 

et al., 2013), where a decrease in solvent concentration from 100% to approximately 60% resulted 

in an observed increase of TPC. This trend could be attributed to the change in dielectric properties 

of the solvent used when altering the concentration using water. Combining solvents with co-

solvents, such as water, increases the dielectric constant and dielectric loss factor of the solvent, 

thereby increasing its ability to absorb energy and convert it to heat during microwave heating 

(Singh and Orsat, 2015). Singh et al. (2014) studied the effect of modified dielectric properties of 

methanol on the extraction of antioxidants from potato peels. During this study, it was observed 

that methanol fractions with potato peel yielded a higher dielectric constant over methanol 

fractions without peel. These observations would explain the higher TPC and antioxidant activities 

at 60% solvent concentration over 100%. While methanol resulted in slightly larger yields of TPC, 

there was no significant difference (p≤0.05) in TPC between methanol and ethanol as extraction 

solvents.  

While a concentration of 60% ethanol and methanol were observed to yield large TPC and 

FRAP activity, observed results for DPPH scavenging activity using methanol (Figure 5.2B) 

showed that a concentration of 100% resulted in the largest scavenging activity (90.8%) followed 

by 60% (85.34%) and 20% (25.03%) respectively. Observations from a study conducted by Thoo 

et al. (2010), during the extraction of antioxidants from Morinda citrifolia, were similar in that 

100% ethanol was able to yield higher phenolic concentrations than aqueous ethanol which they 

attributed to the diverse phenolic compounds present in M. cirtrifolia. This reasoning may also 

support the trend of absolute methanol yielding higher scavenging activity than aqueous methanol. 

YEPs also have a diverse chemical composition with compounds of varying polarities, thus 

compounds recovered at higher concentrations are lipophilic in nature whereas those recovered at 

lower concentrations are hydrophilic in nature (Durling et al., 2007; Thoo et al., 2010).  

5.3.1.2 Solid-to-solvent ratio evaluation  

Similar to solvent type, the solid-to-solvent ratio greatly influences MD extraction efficiency. An 

increase in solid-to-solvent ratio has been observed to increase TPC in milled berries (Cacace and 

Mazza, 2003), and Murtus communis L. leaves (Dahmoune et al., 2015), due to an increase in the 

concentration gradient between the solid and solvent, which drives mass transfer (Pinelo et al., 
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2007). However, lower ratios are often preferred to high ratios to reduce operation costs, while 

minimizing the amount of solvent required (Dai and Mumper, 2010). Therefore, for this study 

solid-to-solvent ratios of 0.05, 0.1, and 0.15 g/mL were investigated.    

The yield of bioactive compounds from MD can be observed in Figures 5.1 through 5.3. 

For TPC, when using ethanol (Figure 5.1A), it can be observed that with an increase in solid to 

solvent ratio from 0.05 to 0.1 g/mL, there is an increase in TPC from 31.42 to 59.79 mg GAE/g 

DW, followed by a decrease in TPC from 59.79 to 23.30 mg GAE/g DW when further increasing 

the ratio from 0.1 g/mL to 0.15 g/mL. Similarly, FRAP activity for both ethanol (Figure 5.3A) and 

methanol (Figure 5.3B) exhibited the same trend in that a ratio of 0.05 g/mL yielded higher 

antioxidant activities (515.88 mg AAE/g DW for ethanol and 774.35 mg AAE/g DW for methanol) 

followed by 0.1 g/mL (923.94 mg AAE/g DW for ethanol and 1637.02 mg AAE/g DW for 

methanol) and 0.15 g/mL (1039.87 mg AAE/g DW for ethanol and 2413.87 mg AAE/g DW for 

methanol) respectively. Several studies have reported that an increase in solid-to-solvent ratio 

resulted in an increase in TPC (Cacace and Mazza, 2003). However, TPC and FRAP activity in 

this study are highest at lower solid-to-solvent ratios. Dahmoune et al. (2015) reported a similar 

trend in that TPC increased with an increase in solid to solvent ratio, however, subsequently 

decreased when further increasing the ratio during the microwave extraction of polyphenols from 

Myrtus communis leaves. They attributed their observation to decelerated mass transfer resulting 

from the lower heating efficiency under microwave conditions. Similarly, Simsek et al. (2012) 

also reported a decrease in extraction yield when further increasing the solid-to-solvent ratio from 

20 ml/g to 30 ml/g, during microwave extraction of phenolic compounds from cherry pomace. 

They attributed this trend to the increase in solvent volume, which restricted the microwave 

penetration depth of the mixture, thus affecting the heating efficiency thereby lowering extraction 

yield. Although TPC and FRAP activity were found to extract higher yields at lower 

concentrations, DPPH scavenging activity for ethanol (Figure 5.2A) and methanol (Figure 5.2B), 

and TPC for methanol (Figure 5.1B) were observed to follow trends previously reported in 

literature. From Figure 5.1B it can be observed that, when using methanol, a ratio of 0.15 g/mL 

yielded the highest TPC (65.82 mg GAE/g DW) followed by 0.05 g/mL (63.88 mg GAE/g DW) 

and 0.1 g/mL (56.53 mg GAE/g DW) respectively. However, there was no significant difference 

(p<0.05) in TPC when extracting at a ratio of 0.05, 0.1, or 0.15 g/mL for methanol. From Figure 

5.2, it can be observed that scavenging activity increases with an increase in the solid-to-solvent 
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ratio. These observations are in accordance with previous studies which also observed that an 

increase in solid to solvent ratio resulted in an increased yield of phenolic compounds from fruits 

of Euterpe oleracea (Pompeu et al., 2009) and grape pomace (Pinelo et al., 2005). These 

observations are due to an increased concentration gradient when increasing the solid to solvent 

ratio from 0.05 to 0.15 g/mL, thus increasing the diffusion rate resulting in larger antioxidant yields 

(Cacace and Mazza, 2003).  

 

 

Figure 5.1. Total phenolic content during MD when using A. ethanol, and B. methanol as 

extraction solvents 

A B 
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Figure 5.2. DPPH scavenging activity during MD when using A. ethanol and B. methanol as 

extraction solvents  

 

Figure 5.3. FRAP activity during MD when using A. ethanol and B. methanol as extraction 

solvents 

 

B A 

A B 
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5.3.1.3 Fitting the model  

A face-centered CCD was used for the screening of factors for both ethanol and methanol. The 

studied factors were solid-to-solvent ratio (X1) and solvent concentration (X2) (Table 5.1). From 

ANOVA analysis conducted for TPC, it was observed that X1 and X2 were not significant factors 

(p>0.05) for both ethanol and methanol (Table 5.5). However, their quadratic terms, X1
2 and X2

2, 

were significant (p≤0.05) for ethanol whereas only X2
2 was significant for methanol (Table 5.5). 

The Design-Expert software generated the following regression equations for TPC for ethanol 

(Equation 5.3) and methanol (Equation 5.4) based on the relationship of solid-to-solvent ratio (X1) 

and solvent concentration (X2) in terms of their coded units:  

𝑇𝑃𝐶𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 58.50 − 0.2622 ∗ 𝑋1 + 0.4598 ∗ 𝑋2 − 1.43 ∗ 𝑋1𝑋2 − 13.28 ∗ 𝑋1
2 − 19.73 ∗ 𝑋2

2     

(R2 = 0.7564)  (5.3) 

𝑇𝑃𝐶𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 58.05 + 1.70 ∗ 𝑋1 + 9.75 ∗ 𝑋2 + 5.77 ∗ 𝑋1𝑋2 + 3.44 ∗ 𝑋1
2 + 19.48 ∗ 𝑋2

2 

(R2=0.5333)  (5.4) 

The model term for ethanol was significant (p≤0.05) whereas the term model term for methanol 

was insignificant (p>0.05). Similarly, the coefficient of determination (R2) for ethanol (R2=0.7564) 

was larger than that for methanol (R2=0.5333), indicating that the model for ethanol is a better fit 

for the determination of TPC in MD. However, a larger R2 does not always indicate a sound model 

(Dahmoune et al., 2015). The R2, in a good statistical model, should be in agreement with the 

adjusted R2 value. From Table 5.5, it can be observed that the adjusted R2 for ethanol is in 

reasonable agreement with the model R2 value whereas the adjusted R2 for methanol differs greatly 

from the model R2. Along with agreement between R2 and adjusted R2 values, the lack of fit should 

not be a significant factor to confirm the validity of the model (Dahmoune et al., 2015). As can be 

observed in Table 5.5, the lack of fit is not significant (p>0.05) for both ethanol and methanol.  

For DPPH scavenging activity, the quadratic term X1
2 and the interaction term (X1X2) were 

not significant (p>0.05) factors for ethanol, whereas X1
2 was the only insignificant (p>0.05) term 

for methanol (Table 5.5). Equation 5.5 and Equation 5.6 show the relationship between DPPH 

scavenging activity and the coded factors for ethanol and methanol respectively.  

𝐷𝑃𝑃𝐻𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 83.79 + 11.40 ∗ 𝑋1 + 16.84 ∗ 𝑋2 − 1.03 ∗ 𝑋1𝑋2 − 2.01 ∗ 𝑋1
2 − 26.56 ∗ 𝑋2

2   

(R2=0.9314) (5.5) 



 

 

86 

 

𝐷𝑃𝑃𝐻𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 82.97 + 5.02 ∗ 𝑋1 + 25.73 ∗ 𝑋2 − 4.67 ∗ 𝑋1𝑋2 + 1.25 ∗ 𝑋1
2 − 21.37 ∗ 𝑋2

2  

(R2=0.9783) (5.6) 

The R2 values, for both ethanol and methanol, were high and did not vary greatly from their 

adjusted R2 values, indicating a good correlation in the model for the DPPH response. Also, the 

model terms for ethanol and methanol were both significant (p≤0.05), indicating that the model 

can be used to determine scavenging activity in YEPs during MD. However, the lack of fit, for 

both solvents, was also significant, suggesting that the model is not statistically sound to determine 

antioxidant scavenging activity.   

ANOVA analysis for FRAP activity yielded similar results to that of DPPH in that the 

quadratic term, X1
2, and the interaction term (X1X2) were not significant factors for both ethanol 

and methanol. Equation 5.7 and Equation 5.8 illustrate the response of FRAP activity with respect 

to the coded factors for ethanol and methanol respectively.  

𝐹𝑅𝐴𝑃𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 888.31 + 231.79 ∗ 𝑋1 + 148.26 ∗ 𝑋2 + 98.42 ∗ 𝑋1𝑋2 − 56.15 ∗ 𝑋1
2 − 352.16 ∗

𝑋2
2                                                                                                                           (R2=0.8709) (5.7) 

𝐹𝑅𝐴𝑃𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 1620.18 + 324.83 ∗ 𝑋1 + 353.20 ∗ 𝑋2 + 127.13 ∗ 𝑋1𝑋2 − 25.98 ∗ 𝑋1
2 −

913.45 ∗ 𝑋2
2                                                                                                             (R2=0.8962) (5.8) 

The coefficient of determination for both solvents was reasonably high and within an acceptable 

deviation from their adjusted R2 values. While the model terms were significant for both ethanol 

and methanol, the lack of fit, when using methanol, was significant. Hence, selecting ethanol as 

an extraction solvent is statistically sounder than using methanol when determining FRAP activity. 

Based on the observed results and statistical analyses, the optimum extraction parameters for MD, 

proposed by Design-Expert software, were found to be ethanol at a concentration of 60%, and 

solid to solvent ratio of 0.1 g/mL which yielded a TPC of 58.21 mg GAE/g sample DW, DPPH 

scavenging activity of 85.26% and FRAP activity of 907.48 mg AAE/g sample DW with a 

desirability of 0.802. These optimized parameters were then used for the subsequent MD 

experiments.   
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Table 5.5. ANOVA of MD parameter optimization for ethanol and methanol 

Source TPC 

  

DPPH Scavenging Activity 

  

FRAP  

DF SS F-Ratio p-value DF SS F-Ratio p-value DF SS F-Ratio p-value 

Ethanol              

Model 5 3458.08 6.83 0.0039* 5 7292.96 29.88 <0.0001* 5 1441935.04 14.84 0.0001* 

X1: Ratio 1 0.69 0.00679 0.9358 1 1300.68 26.64 0.0003* 1 537246.33 27.64 0.0003* 

X2: Concentration  1 2.11 0.021 0.8877 1 2836.81 58.11 <0.0001* 1 219811.37 11.31 0.0063* 

X1* X2 1 16.31 0.16 0.6958 1 8.42 0.17 0.6860 1 77491.58 3.99 0.0715 

X1
2 1 534.01 5.27 0.0423* 1 12.24 0.25 0.6265 1 9548.77 0.49 0.4979 

X2
2 1 1179.18 11.65 0.0058* 1 2136.15 43.76 <0.0001* 1 375591.71 19.32 0.0011* 

Lack of Fit  3 385.32 1.41 0.3091 3 431.56 10.91 0.0034* 3 51267.94 0.84 0.5087 

Pure Error 8 728.29   8 105.44   8 162567.25   

R2 0.7564 0.9314 0.8709 

R2 adjusted 0.6457 0.9002 0.8122 

Methanol             

Model 5 2572.27 2.51 0.0941 5 8817.79 99.34 <0.0001* 5 5971022.02 19.00 <0.0001* 

X1: Ratio 1 28.78 0.14 0.7148 1 252.08 14.20 0.0031* 1 1055176.87 16.79 0.0018* 

X2: Concentration  1 949.70 4.64 0.0542 1 6618.34 372.81 <0.0001* 1 1247494.48 19.85 0.0010* 

X1* X2 1 265.92 1.30 0.2785 1 174.33 9.82 0.0095* 1 129301.63 2.06 0.1793 

X1
2 1 35.75 0.17 0.6840 1 4.72 0.27 0.6162 1 2044.01 0.0325 0.8602 

X2
2 1 1149.42 5.62 0.0371* 1 1382.48 77.87 <0.0001* 1 2527039.34 40.21 <0.0001* 

Lack of Fit  3 803.90 1.48 0.2913 3 139.59 6.68 0.0143* 3 679903.16 158.79 <0.0001* 

Pure Error 8 1146.79   8 55.69   8 11418.28   

R2 0.5333 0.9783 0.8962 

R2 adjusted 0.3212 0.9685 0.8491 

* Indicates a significant term at p≤0.05 
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5.3.2 MD process optimization  

5.3.2.1 Extraction temperature evaluation   

Using the optimized extraction parameters from the first MD experiment, the objective of the 

second experiment was to determine the effect of time and temperature on the extraction of 

polyphenolic compounds from YEPs. Along with solvent type and solid-to-solvent ratio, time and 

temperature are also large contributors to the extraction efficiency of MD. Increased temperature, 

during MAE, has been observed to increase the yield of phenolic compounds due to increased 

intermolecular interactions between the solvent and the bio-matrix, and build-up of cellular 

pressure leading to cell rupture (Routray and Orsat, 2012). Also, at higher temperatures, the 

viscosity of the solvent decreases, thereby increasing the mobility and solubility of the compounds 

being extracted (Routray and Orsat, 2012). However, high temperatures may decrease the 

concentration of bioactive compounds extracted since many compounds are heat sensitive in 

nature. Hence, temperatures of 50, 60, and 70°C were chosen for this study. 

The effect of temperature was evaluated on the yield of TPC (Figure 5.4), DPPH 

scavenging activity (Figure 5.5), FRAP activity (Figure 5.6), and concentrations of ascorbic acid, 

neochlorogenic acid, and chlorogenic acid (Figures 5.7 to 5.10) for four genotypes of YEPs. For 

genotypes V97261, V98197, and V95141 it can be observed that with an increase in temperature 

from 50°C to 70°C, there is an increase in TPC (Figure 5.4). With respect to the specific phenolic 

compounds quantified (neo-chlorogenic acid, ascorbic acid, and chlorogenic acid), it can be also 

observed that for V97261 and V98187, neo-chlorogenic acid and chlorogenic acid were present in 

larger concentrations at higher temperatures (Figure 5.7 and 5.9). Similarly, these genotypes also 

exhibited this trend for FRAP activity (Figure 5.6). This observation has also been reported in 

literature during the microwave extraction of antioxidants from tomatoes (Li et al., 2012), and 

polyphenols from Camellia oleifera fruit hull (Zhang et al., 2011). Fang et al. (2015) reported 

similar results in that an increase in extraction temperature from 50°C to 70°C extracted higher 

yields of phenolic compounds during the extraction of phenolic compounds from Eclipta 

prostrata. Thoo et al. (2010) attributed this trend to an increase of solvent diffusion due to 

increased temperatures. 

While phenolic yields were observed to increase with an increase in temperature for 

genotypes V97261, V98197, and V95141, genotype V91074 exhibited the opposite trend in that 



 

89 

 

temperatures lower than 70°C yielded higher TPC. From Figure 5.4, it can be observed that an 

extraction temperature of 50°C resulted in the largest TPC followed by 60°C and 70°C, 

respectively, for V91074. This trend is also visible in the specific compounds quantified, for 

V91074 (Figure 5.8) and V95141 (Figure 5.10), in that neo-chlorogenic acid, ascorbic acid, and 

chlorogenic acid concentrations were greatest at temperatures below 70°C. Similarly, FRAP 

activity for V91074 and V95141 were highest at 60°C followed by 70°C and 50°C. Liyana-

Pathirana and Shahidi (2005) reported similar results in that increasing the extraction temperature 

from 40°C to 60°C resulted in an increase of antioxidant activity, however, a further increase from 

60°C to 80°C resulted in a decrease of activity. Liyana-Pathirana and Shahidi (2005) attributed 

this observation to the mobilization of active compounds at lower temperatures followed by their 

decomposition at higher temperatures. However, Wettasinghe and Shahidi (1999) have suggested 

that higher temperatures mobilize thermally stable antioxidants at a higher rate than the concurrent 

decomposition of compounds which were mobile at lower temperatures. This observation has been 

suggested by genotypes V97261 and V98197 which yielded higher phenolic compounds at higher 

temperatures greater than 60°C. In V91074 and V95141 exhibiting greater phenolic compound 

concentrations at lower temperatures, this may suggest that these genotypes have a greater 

concentration of heat sensitive compounds in comparison to V97261 and V98197, which can be 

expected due to their genotypic variation. All genotypes were found to contain a high concentration 

of neochlorogenic acid, followed by chlorogenic acid, and ascorbic acid. This is consistent with 

other studies which have reported neochlorogenic acid to be the predominant compound found in 

plums (DiNardo et al., 2018; Piga et al., 2003; Slimestad et al., 2009) and other stone fruits 

(Tomás-Barberán et al., 2001).   

With respect to DPPH scavenging activity, all four genotypes were observed to exhibit the 

same trend in that scavenging activity was highest at 70°C, at lower exposure times, followed by 

60°C and 50°C respectively for all exposure times (Figure 5.5). Fan et al. (2015) observed similar 

results for DPPH scavenging activity after the extraction of antioxidants from Asparagus 

officinalis L. residues. The authors observed that as they increased the extraction temperature from 

50°C to 80°C, there was an increase in scavenging activity. They attributed this observation to the 

rate of mass transfer occurring during extraction. At lower temperatures, mass transfer was slower 

resulting in less bioactive compounds being diffused into the solvent, whereas at higher 

temperatures, the solvent viscosity was decreased which allowed for increased diffusion of 
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antioxidants into the solvent (Fan et al., 2015). This phenomenon is evident in this study, as 

outlined above.  

 

Figure 5.4. TPC during MD process optimization for A. Genotype V97261, B. Genotype V91074, 

C. Genotype V98197, and D. Genotype V95141 

 

 

Figure 5.5. DPPH Scavenging activity during MD process optimization for A. Genotype V97261, 

B. Genotype V91074, C. Genotype V98197, and D. Genotype V95141 

0

5

10

15

20

25

30

35

40

45

50

5 min 10 min 15 min 5 min 10 min 15 min 5 min 10 min 15 min

50°C 60°C 70°C

T
o
ta

l 
P

h
en

o
li

c 
C

o
n
te

n
t 

(m
g
 G

A
E

/g
 

D
W

) V97261

V91074

V98197

V95141

0

10

20

30

40

50

60

70

80

90

100

5 min 10 min15 min 5 min 10 min15 min 5 min 10 min15 min

50°C 60°C 70°C

D
P

P
H

 S
ca

v
en

g
in

g
 A

ct
iv

it
y
 (

%
)

V97261

V91074

V98197

V95141



 

91 

 

 

Figure 5.6. FRAP activity during MD process optimization for A. Genotype V97261, B. Genotype 

V91074, C. Genotype V98197, and D. Genotype V95141 

5.3.2.2 Extraction time evaluation  

Many studies have reported that an increase in extraction time further increases extraction yield 

(Bagherian et al., 2011; Karabegović et al., 2013). Longer exposure time has shown to increase 

extraction yields as a longer duration results in a greater system temperature which increases the 

rate of mass transfer (Routray and Orsat, 2013). However, the rate of heating for ethanol and 

methanol is quite high due to their dielectric properties, therefore, prolonged exposure to 

microwaves may increase the solvent and system temperature, leading to degradation of target 

compounds (Routray and Orsat, 2012). Hence, extraction times of 5, 10, and 15 minutes were 

chosen for MD optimization and to minimize degradation of compounds.  

Like temperature, the effect of extraction time was also evaluated on TPC, DPPH 

scavenging activity, FRAP activity, and concentrations of ascorbic acid, chlorogenic acid, and 

neochlorogenic acid for all four genotypes. Figure 5.4 shows that time had a varying effect on TPC 

with respect to each genotype. For all genotypes, a time of 15 minutes resulted in the largest TPC 

at 70°C. Similarly, when extraction occurred at 60°C, optimal TPC was reached after 10 minutes 

by all genotypes. However, when extraction was performed at 50°C, the maximum concentration 
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of bioactive compounds occurred at different times for each genotype. While peak concentration 

was reached after 5 minutes for V97261 and V91074, genotypes V98197 and V95141 reached 

highest phenolic content after 15 minutes and 10 minutes respectively. These same trends can also 

be observed in the specific phenolic compounds identified for each genotype (Figures 5.7 to 5.10). 

Neochlorogenic acid, ascorbic acid, and chlorogenic acid all reach peak concentrations after 15 

minutes at 70°C amongst each genotype. Routray and Orsat (2014) and Singh et al. (2011) also 

reported similar observations in that an increase in microwave power and time resulted in an 

increased concentration of phenolic compounds in blueberry leaves and potato peels, respectively. 

However, a study conducted by Simsek et al. (2012) found that the concentration of phenolic 

compounds increased with an increase in extraction time during MAE of phenols from sour cherry 

pomace to a maximum of 14 minutes, and decreased with a further increase in time over 14 

minutes. This decrease was attributed to overexposure of the sample to microwaves leading to the 

destruction of some compounds. This decrease in concentration trend was not observed in this 

study which may be attributed to the diverse phenolic compounds present in YEPs having a higher 

temperature threshold than those found in sour cherry pomace. Also, this study only studied 

exposure times of 5, 10, and 15 minutes, hence, longer exposure times may have led to this 

observed decrease in phenolic concentration.  

As previously mentioned, DPPH scavenging activity was observed to exhibit the same 

trend amongst all genotypes studied. At 70°C, a time of 5 minutes yielded the highest scavenging 

activity for each genotype. Similarly, at 60°C and 50°C, time was observed to have no significant 

effect on scavenging activity for all genotypes. Haddadi-Guemghar et al. (2014) also reported that 

greater exposure times, during MAE, resulted in decreased scavenging activity in prunes. 

However, for V97261, at 50°C, a time of 5 minutes resulted in the largest scavenging activity 

followed by 10 and 15 minutes respectively. Also, V97261, in comparison to other genotypes 

studied, yielded the lowest scavenging activity. This observation was also reported by DiNardo et 

al. (2018), who stated that V97261 yielded the lowest scavenging activity amongst all other 

genotypes due to its large size.  

As with all other responses studied, FRAP activity amongst each genotype also had varying 

results with respect to time and temperature. Genotypes V91074 and V95141 exhibited no 

significant effect with respect to time. Similarly, V97261 exhibited the same trend at lower 
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temperatures (50 and 60°C) where time had no significant effect on FRAP activity. However, at 

higher temperatures (70°C), less exposure time yielded higher FRAP activity in V97261. Genotype 

V98197 was the only genotype where an increase in exposure time resulted in an increase in FRAP 

activity. Krishnaswamy et al. (2013) attributed this trend to the diffusion of antioxidants from 

solids into the solvent during extraction. When extraction time is increased, the diffusion of 

antioxidants is greater, thus resulting in higher antioxidant activity.  

 

Figure 5.7. Chlorogenic, ascorbic, and neochlorogenic acid content after MD at 50, 60, and 70°C 

for 5, 10, and 15 minutes for V97261 

 

Figure 5.8. Chlorogenic, ascorbic, and neochlorogenic acid content after MD at 50, 60, and 70°C 

for 5, 10, and 15 minutes for V91074 
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Figure 5.9. Chlorogenic, ascorbic, and neochlorogenic acid content after MD at 50, 60, and 70°C 

for 5, 10, and 15 minutes for V98197 

 

Figure 5.10. Chlorogenic, ascorbic, and neochlorogenic acid content after MD at 50, 60, and 70°C 

for 5, 10, and 15 minutes for V95141 
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V98197, and V95141, whereas 57ºC was optimal for genotype V91074. Similarly, shorter 

extraction time (5 minutes) was optimal for genotypes V91074 and V98197, whereas longer 

extraction times were more suitable for genotypes V97261 and V95141.  

Table 5.6. Optimized extraction parameters for each genotype generated by the Design-Expert 

software 

Genotype Time (min) Temperature 

(°C) 

Desirability 

V97261 15 70 0.916 

V91074 5 57 0.543 

V98197 5 70 0.658 

V95141 11 68 0.644 

 

5.3.2.3 Fitting the model  

A face-centered CCD was used for each genotype, to screen the effect of each studied factor (Table 

5.2). The Design-Expert software generated regression equations for each genotype and response. 

The coefficients for the regression equation (Equation (5.2)), for each of the coded factors, can be 

observed in Table 5.7.   

Table 5.7. Regression coefficients of predicted quadratic polynomial models for the response of 

total phenolic content, DPPH, and FRAP activity 

Response Coefficient V97261 V91074 V98197 V95141 

TPC β0 + 7.89 + 27.80 + 19.64 + 22.65 

β1 + 1.30 - 1.21 + 4.62 + 0.2957 

β2 + 2.97 - 1.68 + 4.31 + 0.6473 

β11 + 1.89 + 3.08 + 3.64 - 1.81 

β22 + 2.35 + 0.6833 + 5.59 + 1.79 

β12 + 1.89 + 6.27 - 1.27 + 3.87 

DPPH β0 + 81.16 + 88.94 + 89.29 + 90.94 

β1 - 1.71 - 0.9603 - 0.5266 + 0.1394 

β2 + 13.76 +  1.18 + 1.88 + 2.08 

β11 - 1.07 + 0.3256 + 0.6273 - 1.86 

β22 - 3.07 + 0.6970 + 0.4182 - 0.3485 

β12 + 6.69 - 1.93 - 2.44 - 2.23 

FRAP β0 + 533.21 + 1297.99 + 1207.31 + 1133.40 

β1 + 54.45 + 7.98 + 107.03 - 9.77 

β2 + 203.83 - 40.91 + 55.21 - 21.48 

β11 + 50.19 - 28.17 - 31.82 - 12.20 

β22 + 27.72 - 80.64 - 64.56 - 57.14 

β12 + 56.46 + 1.37 - 77.79 + 34.45 
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As can be observed from ANOVA analysis of TPC (Table 5.8), the generated model for 

each genotype was significant (p≤0.05). However, the lack of fit for V98197 and V95141 were 

also significant, indicating that the model is not sound to predict TPC in these genotypes. The R2 

for genotype V97261 (0.9104) was larger than all other genotypes, signifying that the model is a 

better fit for determination of TPC than the other models. The adjusted R2 for V97261 (0.8656) 

was also in reasonable agreement with the R2, indicating a higher degree of correlation between 

the predicted and observed values for TPC. While every coded factor was significant for V97261, 

only the interaction term, X1X2, was significant for V91074 and V95141. Also, temperature was 

the only significant factor for V98197.   

With respect to DPPH scavenging activity, there was a high degree of variability in the R2 

values, which ranged from 0.5558 to 0.8339. However, the p-value, for the model term, provides 

more insight into the validity of the model over the R2 value. As can be observed in Table 5.8, the 

model was significant for all genotypes, except V91074. While the model term was significant, 

the lack of fit term was also significant for V97261, which is suggestive of an unreliable model. 

While temperature was a significant factor for V97261, V98197 and V95141, the interaction term 

was significant for V91074, V98197 and V95141. Time seemed to have no significant effect on 

DPPH scavenging activity for all genotypes. Similarly, ANOVA analysis of FRAP activity 

determined that there is high variability between the genotypes studied. For instance, the R2 values 

for the genotypes ranged from 0.1759 to 0.7938, indicating poor correlation in the generated 

models. However, the p-value for the model term is more suggestive of model fit, as previously 

stated, The model terms for V97261 and V98197 were significant while the model terms for 

V91074 and V95141 were not. However, the lack of fit was not significant for any of the genotypes 

studied, for FRAP. While temperature (X2) was a significant factor for V97261, V91074, and 

V98197, time was only significant for V98197. Similarly, the interaction term (X1X2) was only 

significant for V98197. No factors were significant in the FRAP response for V95141. Similarly, 

the R2 for V95141 was poor (0.1759) along with the adjusted R2 (-0.2362). Based on these results 

for V95141, a data transform may need to be performed to allow for a better fit, however, is beyond 

the scope of this study.  
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Table 5.8. ANOVA of MD process optimization for V97261, V91074, V98197, and V95141 

Source TPC 

  

DPPH Scavenging Activity 

  

FRAP 

  

DF SS F-Ratio p-value DF SS F-Ratio p-value DF SS F-Ratio p-value 

V97261  

Model 5 173.55 20.33 <0.0001* 5 2691.29 4.39 0.0224* 5 566698.61 5.03 0.0146* 

X1: Time 1 20.36 11.93 0.0062* 1 35.15 0.2866 0.6041 1 35571.32 1.58 0.2375 

X2: Temperature  1 106.06 62.11 <0.0001* 1 2272.84 18.53 0.0015* 1 498546.41 22.13 0.0008* 

X1 X2 1 28.70 16.81 0.0021* 1 358.20 2.92 0.1183 1 25502.08 1.13 0.3124 

X1
2 1 9.57 5.60 0.0395* 1 3.05 0.0248 0.8779 1 6716.60 0.2981 0.5971 

X2
2 1 14.72 8.62 0.0149* 1 25.08 0.2045 0.6608 1 2048.60 0.0909 0.7692 

Lack of Fit 2 3.48 1.02 0.4021 2 774.58 6.86 0.0184* 2 38239.24 2.06 0.1904 

Pure Error 8 13.60   8 451.90   8 18605.97   

R2 0.9104 0.6869 0.7155 

R2 adjusted 0.8656 0.5304 0.5733 

V91074  

Model 5 391.63 6.17 0.0073* 5 58.77 2.50 0.1018 5 38209.79 3.17 0.0567 

X1: Time 1 17.71 1.39 0.2650 1 11.07 2.36 0.1558 1 764.98 0.3177 0.5854 

X2: Temperature  1 33.80 2.66 0.1338 1 16.63 3.54 0.0893 1 20083.46 8.34 0.0162* 

X1 X2 1 314.46 24.76 0.0006* 1 29.75 6.33 0.0306* 1 14.99 0.0062 0.9387 

X1
2 1 25.31 1.99 0.1884 1 0.2822 0.0601 0.8114 1 2116.60 0.8790 0.3706 

X2
2 1 1.25 0.0980 0.7606 1 1.30 0.2758 0.6109 1 17341.35 7.20 0.0229* 

Lack of Fit 2 29.97 1.24 0.3407 2 9.66 1.04 0.3980 2 9713.57 2.70 0.1267 

Pure Error 8 97.01   8 37.31   8 14365.68   

R2 0.7551 0.5558 0.6134 

R2 adjusted 0.6327 0.3336 0.4201 

V98197  

Model 5 584.37 3.84 0.0334* 5 94.62 4.98 0.0151* 5 233872.64 7.70 0.0033* 

X1: Time 1 256.05 8.42 0.0158* 1 3.33 0.8755 0.3715 1 137458.23 22.63 0.0008* 

X2: Temperature  1 222.66 7.32 0.0221* 1 42.50 11.18 0.0074* 1 36571.87 6.02 0.0340* 

X1 X2 1 12.92 0.4246 0.5293 1 47.61 12.53 0.0054* 1 48409.87 7.97 0.0181* 
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X1
2 1 35.41 1.16 0.3060 1 1.05 0.2761 0.6107 1 2700.55 0.4446 0.5200 

X2
2 1 83.22 2.74 0.1292 1 0.4664 0.1227 0.7334 1 11114.16 1.83 0.2060 

Lack of Fit 2 168.35 4.96 0.0398* 2 16.77 3.16 0.0975 2 25836.42 2.96 0.1091 

Pure Error 8 135.87   8 21.24   8 34910.24   

R2 0.6576 0.7134 0.7938 

R2 adjusted 0.4865 0.5701 0.6907 

V95141  

Model 5 151.88 6.78 0.0053* 5 101.55 10.04 0.0012* 5 25024.18 0.4268 0.8201 

X1: Time 1 1.05 0.2341 0.6389 1 0.2332 0.1153 0.7412 1 1145.72 0.0977 0.7610 

X2: Temperature  1 5.03 1.12 0.3144 1 52.08 25.75 0.0005* 1 5537.46 0.4722 0.5076 

X1 X2 1 119.94 26.76 0.0004* 1 39.80 19.67 0.0013* 1 9492.47 0.8094 0.3894 

X1
2 1 8.74 1.95 0.1928 1 9.21 4.55 0.0586 1 397.20 0.0339 0.8577 

X2
2 1 8.51 1.90 0.1983 1 0.3239 0.1601 0.6975 1 8708.02 0.7425 0.4090 

Lack of Fit 2 28.93 7.28 0.0158* 2 1.02 0.2116 0.8137 2 17154.66 0.5312 0.5312 

Pure Error 8 15.89   8 19.21   8 100119.48   

R2 0.7722 0.8339 0.1759 

R2 adjusted 0.6582 0.7508 -0.2362 

* Indicates a significant term at p≤0.05 
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5.3.3 Comparison of MD with conventional extraction   

Many studies have reported that microwaves are able to increase extraction yields, while reducing 

extraction time and solvent volume, in comparison to HRE (Krishnaswamy et al., 2013; Routray 

and Orsat, 2014; Singh et al., 2011). The quantity of TPC, DPPH scavenging activity, and FRAP 

activity, determined in this study, are compared to HRE for four genotypes of YEPs (Figure 5.11). 

Results presented for HRE were performed at 70°C for 90 minutes by DiNardo et al. (2018), 

whereas results for MD were performed at 70°C for 15 minutes and presented previously in this 

paper. It can be observed that the MD method was able to extract a significantly higher TPC and 

DPPH content than HRE. The increase in phenolic and antioxidant activity can be attributed to the 

unique mechanisms of ionic conduction and dipole rotation exhibited by MD. These mechanisms 

lead to increased pressure buildup inside the cell leading to increased cell porosity and mass 

transfer, thereby increasing overall extraction yields (Dahmoune et al., 2015). It can also be 

observed that MD was able to extract bioactive compounds in a reduced amount of time compared 

to HRE. From these observed results, it can be concluded that MD is a viable extraction process 

over the conventional HRE method for the extraction of phenols and antioxidants from plant 

matrices.  

 

Figure 5.11. Comparison of total phenolic yield and DPPH scavenging activity using different 

extraction methods (Adapted from DiNardo et al. (2018)) 
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Conclusions  

Yellow European Plums were demonstrated to be a rich source of phenolic compounds and 

antioxidants, which can be effectively extracted using microwave-assisted digestion (MD). During 

this study, it was found that ethanol at a concentration of 60% and solid-to-solvent ratio of 0.1 

g/mL was able to yield maximum phenolic content and antioxidant activity in YEPs. This study 

also showed that time and temperature were significant factors in the extraction of phenols from 

several genotypes of YEPs. This study also demonstrated that MD is a viable alternative to 

conventional extraction methods, for the extraction of bioactive compounds from YEPs. The 

extraction of these compounds from plums can be utilized by food and nutraceutical industries, 

which are looking to fortify foods and incorporate bioactive ingredients in their products.  

References  

Arion, C.M., Tabart, J., Kevers, C., Niculaua, M., Filimon, R., Beceanu, D., Dommes, J., 2014. 

Antioxidant potential of different plum cultivars during storage. Food Chem. 146, 485–491.  

Bagherian, H., Zokaee Ashtiani, F., Fouladitajar, A., Mohtashamy, M., 2011. Comparisons 

between conventional, microwave- and ultrasound-assisted methods for extraction of pectin 

from grapefruit. Chem. Eng. Process. Process Intensif. 50, 1237–1243.  

Cacace, J.E., Mazza, G., 2003. Mass transfer process during extraction of phenolic compounds 

from milled berries. J. Food Eng. 59, 379–389.  

Chun, O.K., Kim, D.., Moon, H.Y., Kang, H.G., Lee, C.Y., 2003. Contribution of individul 

polyphenolics to total antioxidant capacity of plums. J. Agric. Food Chem. 51, 7240–7245.  

Dahmoune, F., Nayak, B., Moussi, K., Remini, H., Madani, K., 2015. Optimization of microwave-

assisted extraction of polyphenols from Myrtus communis L. leaves. Food Chem. 166, 585–

595.  

Dai, J., Mumper, R.J., 2010. Plant phenolics: Extraction, analysis and their antioxidant and 

anticancer properties. Molecules 15, 7313–7352.  

DiNardo, A., Subramanian, J., Singh, A., 2018. Investigation of Antioxidant Content and Capacity 

in Yellow European Plums. Int. J. Fruit Sci. 18, 99–116.  



 

101 

 

Durling, N.E., Catchpole, O.J., Grey, J.B., Webby, R.F., Mitchell, K.A., Foo, L.Y., Perry, N.B., 

2007. Extraction of phenolics and essential oil from dried sage (Salvia officinalis) using 

ethanol-water mixtures. Food Chem. 101, 1417–1424.  

Fan, R., Yuan, F., Wang, N., Gao, Y., Huang, Y., 2015. Extraction and analysis of antioxidant 

compounds from the residues of Asparagus officinalis L. J. Food Sci. Technol. 52, 2690–

2700.  

Fang, X., Wang, J., Hao, J., Li, X., Guo, N., 2015. Simultaneous extraction, identification and 

quantification of phenolic compounds in Eclipta prostrata using microwave-assisted 

extraction combined with HPLC-DAD-ESI-MS/MS. Food Chem. 188, 527–536.  

Haddadi-Guemghar, H., Janel, N., Dairou, J., Remini, H., Madani, K., 2014. Optimisation of 

microwave-assisted extraction of prune (Prunus domestica) antioxidants by response surface 

methodology. Int. J. Food Sci. Technol. 2158–2166.  

Karabegović, I.T., Stojičević, S.S., Veličković, D.T., Nikolić, N.Č., Lazić, M.L., 2013. 

Optimization of microwave-assisted extraction and characterization of phenolic compounds 

in cherry laurel (Prunus laurocerasus) leaves. Sep. Purif. Technol. 120, 429–436.  

Kim, D., Jeong, S.W., Lee, C.Y., 2003. Antioxidant capacity of phenolic phytochemicals from 

various cultivars of plums. Food Chem. 81, 321–326.  

Kim, S.J., Murthy, H.N., Hahn, E.J., Lee, H.L., Paek, K.Y., 2007. Parameters affecting the 

extraction of ginsenosides from the adventitious roots of ginseng (Panax ginseng C.A. 

Meyer). Sep. Purif. Technol. 56, 401–406.  

Krishnaswamy, K., Orsat, V., Gariepy, Y., Thangavel, K., 2013. Optimization of Microwave-

Assisted Extraction of Phenolic Antioxidants from Grape Seeds (Vitis vinifera). Food 

Bioprocess Technol. 6, 441–455.  

Li, H., Deng, Z., Wu, T., Liu, R., Loewen, S., Tsao, R., 2012. Microwave-assisted extraction of 

phenolics with maximal antioxidant activities in tomatoes. Food Chem. 130, 928–936.  

Liyana-Pathirana, C., Shahidi, F., 2005. Optimization of extraction of phenolic compounds from 

wheat using response surface methodology. Food Chem. 93, 47–56.  



 

 

102 

 

Piga, A., Del Caro, A., Corda, G., 2003. From plums to prunes: Influence of drying parameters on 

polyphenols and antioxidant activity. J. Agric. Food Chem. 51, 3675–3681.  

Pinelo, M., Rubilar, M., Jerez, M., Sineiro, J., Núñez, M.J., 2005. Effect of solvent, temperature, 

and solvent-to-solid ratio on the total phenolic content and antiradical activity of extracts 

from different components of grape pomace. J. Agric. Food Chem. 53, 2111–2117.  

Pinelo, M., Tress, A.G., Pedersen, M., Arnous, A., Meyer, A.S., 2007. Effect of cellulases, solvent 

type and particle size distribution on the extraction of chlorogenic acid and other phenols 

from spent coffee grounds. Am. J. Food Technol. 2, 641–651.  

Pompeu, D.R., Silva, E.M., Rogez, H., 2009. Optimisation of the solvent extraction of phenolic 

antioxidants from fruits of Euterpe oleracea using Response Surface Methodology. 

Bioresour. Technol. 100, 6076–6082.  

Routray, W., Orsat, V., 2014. MAE of phenolic compounds from blueberry leaves and comparison 

with other extraction methods. Ind. Crops Prod. 58, 36–45.  

Routray, W., Orsat, V., 2013. Preparative extraction and separation of phenolic compounds, in: 

Ramawat, K.G., Merillon, J.M. (Ed.), Natural Products. pp. 2013–2045. 

Routray, W., Orsat, V., 2012. Microwave-Assisted Extraction of Flavonoids: A Review. Food 

Bioprocess Technol. 5, 409–424.  

Routray, W., Orsat, V., Gariepy, Y., 2014. Effect of Different Drying Methods on the Microwave 

Extraction of Phenolic Components and Antioxidant Activity of Highbush Blueberry 

Leaves. Dry. Technol. 32, 1888–1904.  

Shi, J., Jun Xue, S., Jiang, Y., Ye, X., 2010. Supercritical-fluid extraction of lycopene from 

tomatoes, in: Rizvi, S.S.H. (Ed.), Separation, Extraction and Concentration Processes in the 

Food, Beverage and Nutraceutical Industries. Woodhead Publishing, pp. 619–645.  

Simsek, M., Sumnu, G., Sahin, S., 2012. Microwave Assisted Extraction of Phenolic Compounds 

from Sour Cherry Pomace. Sep. Sci. Technol. 47, 1248–1254.  

Singh, A., 2010. Optimization of microwave-assisted extraction of antioxidants from potato peels, 

MSc Thesis, McGill University, Ste Anne De Bellevue, Quebec.   



 

103 

 

Singh, A., Nair, G., Liplap, P., Gariepy, Y., Orsat, V., Raghavan, V., 2014. Effect of Dielectric 

Properties of a Solvent-Water Mixture Used in Microwave-Assisted Extraction of 

Antioxidants from Potato Peels. Antioxidants 3, 99–113.  

Singh, A., Orsat, V., 2015. Key Considerations in the Selection of Ingredients and Processing 

Technologies for Functional Foods and Nutraceutical Products, in: Boye, J.I. (Ed.), 

Nutraceutical and Functional Food Processing Technology. Wiley Online Library, pp. 79–

111.  

Singh, A., Sabally, K., Kubow, S., Donnelly, D.J., Gariepy, Y., Orsat, V., Raghavan, G.S. V, 2011. 

Microwave-assisted extraction of phenolic antioxidants from potato peels. Molecules 16, 

2218–2232.  

Slimestad, R., Vangdal, E., Brede, C., 2009. Analysis of phenolic compounds in six norwegian 

plum cultivars (Prunus domestica L.). J. Agric. Food Chem. 57, 11370–11375.  

Spigno, G., Tramelli, L., De Faveri, D.M., 2007. Effects of extraction time, temperature and 

solvent on concentration and antioxidant activity of grape marc phenolics. J. Food Eng. 81, 

200–208.  

Thoo, Y.Y., Ho, S.K., Liang, J.Y., Ho, C.W., Tan, C.P., 2010. Effects of binary solvent extraction 

system, extraction time and extraction temperature on phenolic antioxidants and antioxidant 

capacity from mengkudu (Morinda citrifolia). Food Chem. 120, 290–295.  

Tomás-Barberán, F.A., Gil, M.I., Cremin, P., Waterhouse, A.L., Hess-Pierce, B., Kader, A. A., 

2001. HPLC-DAD-ESIMS analysis of phenolic compounds in nectarines, peaches, and 

plums. J. Agric. Food Chem. 49, 4748–4760.  

Wettasinghe, M., Shahidi, F., 1999. Evening primrose meal: A source of natural antioxidants and 

scavenger of hydrogen peroxide and oxygen-derived free radicals. J. Agric. Food Chem. 47, 

1801–1812.  

Zhang, L., Wang, Y., Wu, D., Xu, M., Chen, J., 2011. Microwave-assisted extraction of 

polyphenols from camellia oleifera fruit hull. Molecules 16, 4428–4437.  

 



 

 

104 

 

CHAPTER 6 

SUMMARY, CONCLUSION AND FUTURE WORK 

6.1 Summary and conclusion  

The current increasing age of the global population, along with consumer awareness for nutritious 

and fortified foods, has caused food scientists and engineers to seek solutions for development of 

functional foods and nutraceuticals. Secondary plant metabolites (SPM) are abundant in nature as 

they are highly concentrated in fruits and vegetables. Extraction of these nutrients is a viable option 

for use in natural products. While conventional methods are simple and inexpensive, they result in 

decreased yields of extracted compounds due to their extraneous operating parameters. Novel 

extraction methods have been used as alternatives to conventional methods to reduce extraction 

time and temperature while increasing yields. While many fruits and vegetables contain beneficial 

phenolic compounds, Yellow European Plums (YEPs) are a commonly consumed fruit and contain 

higher concentrations of polyphenols than apples. YEPs are one fruit which can be used for the 

extraction of vitamins and antioxidants for use in nutrient dense products.  

 The first objective of this research was to determine the phenolic profile of five genotypes 

of YEPs using conventional heat reflux extraction (HRE). Fresh and freeze dried genotypes were 

subjected to a water bath at 50°C, 60°C, and 70°C for 90 minutes, using methanol as the extraction 

solvent. The effect of temperature on total phenolic content, DPPH scavenging activity, and FRAP 

activity was determined. It was observed that freeze dried genotypes yielded higher phenolic 

content than fresh genotypes as freeze drying creates a porous sample, thus increasing the 

bioavailability of the compound for extraction. Extraction at 60°C resulted in the highest amount 

of total phenolic and antioxidant activity over 50°C and 70°C. From the specific phenols 

quantified, neochlorogenic was present in the highest concentration followed by ascorbic acid and 

chlorogenic acid respectively. After the nutrient profile and temperature sensitivity of YEPs was 

determined, comparison of results with novel extraction methods was the next step.  

 The second objective of this research was to improve extraction yield, while creating a 

safer extraction process, by applying process intensification principles to conventional extraction 

methods. Microwave-assisted extraction (MAE) and ultrasound-assisted extraction (UAE) were 

selected as process intensification tools to improve the HRE process. Intensification of the 

extraction process was based on total phenolic content, DPPH scavenging activity, and FRAP 
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activity. Similarly, individual phenolic compounds including neochlorogenic acid, ascorbic acid, 

and chlorogenic acid were also quantified using HPLC. HRE extraction was conducted at three 

different temperatures, 50°C, 60°C, and 70°C using two solvents, water and methanol. While using 

water and methanol resulted in no significant difference of phenolic content, water was selected 

for subsequent experiments to adhere to the process intensification objectives. The effect of MAE 

time (4, 8, 12 minutes) and power level (10, 20, 30%) on extraction yields were determined. It was 

observed that a microwave power level of 30% for 4 minutes, with water as the solvent, resulted 

in the highest concentration of phenols and antioxidant activity. Finally, the effect of time (30, 45, 

and 60 minutes) on UAE was determined. It was observed that time had no significant effect on 

the yield of bioactives from YEPs. When comparing HRE, MAE, and UAE on the basis of 

extraction efficiency, process duration, energy, toxicity, and cost and feasibility, MAE was the 

clear front runner. MAE not only resulted in the largest extraction yield, but it also resulted in a 

safer process for the environment and the population in comparison to HRE. From these results, 

the MAE process was further optimized in the final study.  

 The third objective of this research was to determine the optimal solvent, solvent 

concentration, time and temperature for extraction of polyphenols using microwave-assisted 

digestion (MD). The first portion of the experiment looked to optimize MD extraction parameters 

such as solvent concentration (20, 60, 100%) and solid-to-solvent ratio (0.05, 0.1, and 0.15 g/mL) 

of two solvents, ethanol and methanol, on the yield of total phenolic content, DPPH scavenging 

activity, and FRAP activity. Using a response surface methodology, it was determined that 60% 

ethanol at a concentration of 0.1 g/mL resulted in the optimal phenolic content. Using the 

optimized parameters, a second MD experiment was performed optimizing time (5, 10, and 15 

minutes) and temperature (50, 60, 70°C) for four genotypes of YEPs. Due to their genetic 

variability, there was not one time or temperature which resulted in the optimal phenolic 

concentration for all genotypes. However, time and temperature had a significant effect on all 

genotypes.   

6.2 Future work  

The work performed in this study is only a small step towards the development of novel food 

products using extracted bioactives. While this study only quantified three phenolic predominant 

compounds, neochlorogenic acid, chlorogenic acid, and ascorbic acid, future work should aim at 
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quantifying other predominant phytochemicals in YEPs including anthocyanins. Similarly, this 

study only optimized the extraction of phenolic compounds. Future work will need to be conducted 

to separate the extracted compounds from the solvent and encapsulate them for use in products. 

This study may also be extended to determine the feasibility of these compounds in food products, 

and their role in the physiochemical properties of such natural food products.   
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Appendix  

Supplementary Tables 

Table S1. Summary of results obtained from ANOVA for the effect of genotype and temperature on phenolic content, DPPH scavenging 

activity, and FRAP of fresh YEPs 

Source 

Total Phenolics (mg GAE/g fw) 

R2 = 0.7140 

R2 adjusted = 0.5531  

DPPH Scavenging Activity (%) 

R2 = 0.8264 

R2 adjusted = 0.7223   

FRAP (mg AAE/g fw) 

R2 = 0.7476 

R2 adjusted = 0.6340  

DF SS F-Ratio p-value DF SS F-Ratio p-value DF SS F-Ratio p-value 

Model 9 37.48 4.44 0.0047* 9 3733.62 7.93 0.0003* 9 48545.1 6.58 0.0002* 

A: Genotype 4 34.90 9.30 0.0004* 4 3235.61 15.47 <.0001* 4 47474.14 14.48 <.0001* 

B: Temperature 1 1.86 1.98 0.1781 1 344.35 6.58 0.0215* 1 3.40 0.0042 0.9488 

A*B 4 0.57 0.15 0.9590 4 71.05 0.34 0.8469 4 1067.56 0.33 0.8573 

Total Error 16 15.02   15 784.24   20 16383.25   

Corrected Total 

Error 

25 52.50   24 4517.86   29 64928.35   

*indicates term is significant  

Table S2. Summary of results obtained from ANOVA for the effect of genotype and temperature on phenolic content, DPPH scavenging 

activity, and FRAP of freeze dried YEPs  

Source 

Total Phenolics (mg GAE/g fw) 

R2 = 0.9100 

R2 adjusted = 0.8680  

DPPH Scavenging Activity (%) 

R2 = 0.9798 

R2 adjusted = 0.9649   

FRAP (mg AAE/g fw) 

R2 = 0.9458 

R2 adjusted = 0.9206  

DF SS F-Ratio p-value DF SS F-Ratio p-value DF SS F-Ratio p-value 

Model 14 5589.87 21.66 <.0001* 14 4532.85 65.78 <.0001* 14 2275629.6 37.42 <.0001* 

A: Genotype 4 4981.84 67.57 <.0001* 4 1428.80 72.57 <.0001* 4 923956.9 53.16 <.0001* 

B: Temperature 2 125.22 3.40 0.0468* 2 604.24 61.38 <.0001* 2 164258.2 18.91 <.0001* 

A*B 8 482.81 3.27 0.0084* 8 2872.48 72.95 <.0001* 8 1187414.5 34.17 <.0001* 

Total Error 30 552.94   19 93.52   30 130321.5   

Corrected Total 

Error 

44 6142.81   33 4626.37   44 2405951.1   

*indicates term is significant  
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Table S3. ANOVA for HRE 

Source 

Total Phenolics (mg GAE/g FW) 

R2 = 0.8577 

R2 adjusted = 0.7391   

DPPH Scavenging Activity (%) 

R2 = 0.9617 

R2 adjusted = 0.9297   

FRAP (mg AAE/g FW) 

R2 = 0.9577 

R2 adjusted = 0.9225   

DF SS F-Ratio p-value DF SS F-Ratio p-value DF SS F-Ratio p-value 

Model 5 1254.27 7.23 0.0160* 5 8269.22 30.09 0.0004* 5 248558.80 27.18 0.0005* 

A: Solvent 1 298.48 8.61 0.0262* 1 7077.70 128.79 <.0001* 1 170162.94 93.09 <.0001* 

B: Temperature 2 678.41 9.78 0.0129* 2 874.80 7.96 0.0205* 2 14343.25 3.91 0.0819 

A*B 2 277.38 4.00 0.0788 2 316.72 2.88 0.1327 2 64052.61 17.51 0.0031* 

Total Error 6 208.10   6 329.74   6 10977.11   

Corrected Total 

Error 

11 1462.37   11 8598.96   11 259535.91   

Values with the superscript * are significant 

 

Table S4. ANOVA for MAE 

Source 

Total Phenolics (mg GAE/g FW) 

R2 = 0.7861 

R2 adjusted = 0.7096   

DPPH Scavenging Activity (%) 

R2 = 0.4053 

R2 adjusted = 0.1930   

FRAP (mg AAE/g FW) 

R2 = 0.7352 

R2 adjusted = 0.6406   

DF SS F-Ratio p-value DF SS F-Ratio p-value DF SS F-Ratio p-value 

Model 5 285.34 10.29 0.0003* 5 1540.56 1.91 0.1566 5 853484.20 7.77 0.0011* 

A: Power Level 1 102.20 18.43 0.0007* 1 133.07 0.82 0.3793 1 13325.33 0.61 0.4490 

B: Time 1 62.02 11.18 0.0048* 1 226.20 1.40 0.2562 1 168490.41 7.67 0.0150* 

A*B 1 119.20 21.49 0.0004* 1 167.17 1.04 0.3261 1 49305.85 2.25 0.1562 

A2 1 1.81 0.33 0.5766 1 1011.07 6.26 0.0253* 1 551544.59 25.11 0.0002* 

B2 1 0.013 0.0024 0.9618 1 49.31 0.31 0.5892 1 19214.85 0.8749 0.3655 

Total Error 14 77.65   14 2260.05   14 307467.20   

Corrected Total 

Error 

19 362.99   19 3800.61   19 1160951.40   

Values with the superscript * are significant 
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Table S5. ANOVA for UAE 

Source 

Total Phenolics (mg GAE/g FW) 

R2 = 0.6275 

R2 adjusted = 0.3792   

DPPH Scavenging Activity (%) 

R2 = 0.4985 

R2 adjusted = 0.1641   

FRAP (mg AAE/g FW) 

R2 = 0.9639 

R2 adjusted = 0.9397   

DF SS F-Ratio p-value DF SS F-Ratio p-value DF SS F-Ratio p-value 

Model 2 9.56 2.53 0.2273 2 41.24 1.49 0.3552 2 24220.89 40.19 0.0068* 

Time 2 9.56 2.53 0.2273 2 41.24 1.49 0.3552 2 24220.89 40.19 0.0068* 

Total Error 3 5.68   3 41.49   3 904.08   

Corrected Total 

Error 

5 15.24   5 82.74   5 25124.97   

Values with the superscript * are significant 
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Supplementary Figures 

 

Figure A. Genotype V97261 

  

Figure B. Genotype V94021 
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Figure C. Genotype V91074 

 

Figure D. Genotype V98197 
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Figure E. Genotype V95141 


