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Advancing circular bioeconomy goals, this study addresses the combined dilemma of food 

waste and resource scarcity by converting raspberry pomace, a pectin-rich but underutilized 

processing residue, into functional biopolymers through sustainable extraction. This 

research compares the sustainability and efficiency of microwave-assisted extraction (MAE) 

with traditional hot water extraction (HWE) in combination with natural deep eutectic 

solvents (NADES) to recover pectin from Raspberry Pomace. Six solvents were tested, 

including reagent A, 10% reagent B, 10% reagent C, a non-eutectic mix of reagent C: reagent 

B in molar ratio X, and two NADES (reagent C: reagent B at X and Y molar ratios). MAE 

greatly increased extraction efficiency, saving extraction-phase energy consumption by 17% 

and processing time by 87.5% (shortened compared to extended extraction time for HWE). 

The highest pectin yield was obtained with Mix (X) under MAE (9.52%), whereas NADES 

(X) performed best in HWE (6.39%). Dialysis successfully eliminated low-molecular weight 

impurities though significant yield losses of up to 54.9% were observed. The compositional 

analysis showed that MAE was better at maintaining polymeric pectin, with NADES (X) 

extracts 34.75% saccharides and 58.90% uronic acid (UA). Structural characterization by 

GC-MS and ATR-FTIR showed that acidic NADES (Y) produced linear homogalacturonan 

(HG)-rich pectin (78.12% GalA; Rha/GalA = 0.05), whereas reagent A extracts contained 

branching rhamnogalacturonan-I (RG-I) (29.26% GalA; Rha/GalA = 0.22). UA purity 

(65.89%) and linearity for gelling applications were maximized by NADES-HWE, but MAE 

with Mix (X) favoured higher yields/saccharides (36.03%) appropriate for emulsification. 

This work introduces NADES-MAE as a sustainable platform for biomass valorization by 

offering variable pectin functionality via solvent-driven structural control. 
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1  Introduction 

Food waste is among the most critical sustainability issues faced by the global food system. 

According to an estimation by the Food and Agriculture Organization (FAO) of the UN, 

every year almost one-third of the world’s food production is wasted [1]. During fruit 

processing massive amount of pomace and other by-products (50–55% of fruit weight) is 

generated, which contribute to pollution, greenhouse gas emissions, and resource waste [2]. 

This research addresses this pressing issue by converting raspberry pomace, a nutrient-dense 

but underutilized waste, into high-value pectin, a functional polysaccharide which can be 

used in food, medicines, and biomaterials. Microwave-assisted extraction (MAE) in synergy 

with Natural Deep Eutectic Solvents (NADES) is a novel approach to biomass valorization 

that utilizes the principles of green chemistry to create an energy-efficient and sustainable 

process. This work provides timely solutions for minimizing agro-industrial waste while 

recovering bioactive molecules that are vital in food, and pharmaceutical industries, since 

the need for eco-friendly technologies is driven by regulatory pressures and circular 

economy initiatives [3].  

Previous research validates the potential of pectin derived from fruit waste. While traditional 

acid-based techniques (such as reagent B and HCl) produce pectin, they are environmentally 

harmful, energy-intensive, and time-consuming (more than 4 hours). Emerging extraction 

techniques such as microwave assisted extraction use quick volumetric heating to reduce the 

extraction time and energy [4]. Nevertheless, NADES, which are made up of natural 

compounds such as reagent B and C which replace hazardous substances with biodegradable 

ones. Studies reveal that through hydrogen bonding and electrostatic interactions NADES 

improve extraction selectivity while maintaining the structural integrity of pectin. Most 

research concentrates on apple or citrus pomace, paying little attention to raspberry waste, 

and ignores how NADES and MAE work together to modify the functionality of pectin [5,6].  

The effects of NADES composition (such as reagent C: reagent B molar ratios) and 

extraction techniques (traditional vs. microwave heating) on pectin yield, purity, and 

industrial applicability are still poorly understood. Prior research has not quantified the 

energy efficiency of NADES-MAE vs. NADES-HWE, systematically correlated solvent 
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properties (viscosity, acidity) with pectin structure (linearity, branching), or sufficiently 

evaluated the co-extraction of impurities (polyphenols, proteins) in NADES systems. These 

gaps represent the major limitations that impede the scalable adoption of green extraction 

technologies. 

This thesis includes a literature overview on fruit waste, polysaccharide’s structure, 

properties, applications, and different extraction technologies in chapter 1. In chapter 2 

precise research aims and scope were established. In Chapter 3, the methodology used is 

described. Chapter 4 presents the research findings and a discussion of them. Chapter 5 

concludes the research while providing the conclusions and suggestions for further research.  
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2  Literature Review 

In developing countries, waste management is hindered by limited processing technologies, 

inadequate biomass handling techniques, and high operational costs [7]. Consequently, the 

sustainable management of fruit waste has become a pressing necessity [8]. Fruit waste 

includes useful compounds that can be used to produce fortified food supplements [9]. These 

refined compounds have been found to provide numerous health benefits, including 

antibacterial, antimutagenic, antitumoral, and cardioprotective properties [10]. 

2.1  Fruit waste as a resource: Focus in Raspberry Pomace 

Expanding the subject of global food waste and the difficulties associated with fruit 

processing residues, it is essential to explore specific types of fruit waste that hold promise 

for value-added utilization. Raspberry Pomace, a byproduct generated during juice 

extraction, is one such example that has garnered increasing attention for its nutritional and 

functional potential.  

Raspberry Pomace primarily consists of pulp and seed components, often discarded as 

industrial waste. However, this byproduct can be repurposed as a valuable food ingredient. 

Similar to whole fruit, the dried pomace retains high levels of essential nutrients, including 

fibers, vitamins, proteins, lipids, carbohydrates, natural flavour compounds, and pectin [11]. 

Raspberry Pomace, made up of pulp and seeds, contains a substantial amount of nutritious 

and functional components. It contains dietary fibers: pectin, and phenolic compounds such 

as anthocyanins and ellagitannins that have antioxidants, antibacterial, and anti-

inflammatory properties [11-13]. These properties make Raspberry Pomace an appealing 

ingredient for health-conscious food applications. The antioxidant ability of these 

compounds stems from the presence of hydroxyl groups, which readily donate hydrogen 

atoms to neutralize free radicals [11]. 
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2.2  Polysaccharides Recovered from Agricultural and Plant Biomass 

Following the exploration of fruit waste valorization, understanding the biochemical 

components is essential that such waste is valuable, among them are polysaccharides. These 

macromolecules are found abundantly in various natural sources and possess diverse 

structures and functionalities. 

2.2.1  Sources of Natural Polysaccharides 

Polysaccharides, being the most abundant natural macromolecular polymers, are widely 

distributed across biological systems. They are found in microorganisms (bacteria and 

fungi), mammals, and renewable resources such as plants and algae [14,15] as demonstrated 

in fig1. Many agricultural byproducts, including fruit and vegetable leftovers, contain water-

soluble polysaccharides, each having unique structural and functional features. These natural 

polymers play essential roles in biological and industrial systems, making them extremely 

useful in food, medicinal, and materials science fields. Their abundance, renewability, and 

potential for chemical modification make them ideal candidates for sustainable applications.  

 

Figure 1: Various sources of natural polysaccharides [16]. 
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2.2.2  General Definition and Structure of Polysaccharides 

Polysaccharides are highly complex carbohydrates composed of lengthy chains of 

monosaccharide units joined through glycosidic bonds. They often number between 

hundreds and thousands. Alongside proteins and nucleotides, polysaccharides form an 

integral part of biological systems. They participate in crucial physiological functions such 

as communication between cells, immune system recognition, and cellular adhesion [17]. 

Polysaccharides, as the third fundamental class of biopolymers, contribute significantly to 

processes like cancer metastasis, blood coagulation, fertilization, pathogen defense, 

therapeutic delivery, and immune modulation [18,19]. Polysaccharides not only serve 

biological functions but also give skeletal stability, protective barriers, and sensitivity to 

environmental stimuli. Studies have demonstrated that they have many pharmacological 

effects, including antimicrobial, antioxidant, anti-inflammatory, hypolipidemic, and 

immunoregulatory capabilities [20,21]. The wide diversity in natural sources and structural 

configurations makes polysaccharides highly versatile and suitable for chemical 

modification. As a result, they are used across multiple industries, both medical and non-

medical, including food processing, oil drilling, paper manufacturing, wood treatment, 

textiles, energy production, and fiber development. 

2.2.3  Classification of Plant Polysaccharides 

Plant-derived polysaccharides have long played a key role in traditional medicine because 

of their diverse health benefits. India, often referred to as the "mother of medicine," has a 

deep-rooted history of using various plant parts, including flowers, seeds, fruits, roots, and 

leaves for both internal and external therapeutic applications [22]. In recent decades, plant 

polysaccharides have attracted significant industrial interest, driven by their functional 

versatility and biocompatibility [23]. Plants’ primary cell wall contains three major structural 

polysaccharides: hemicellulose, cellulose, and pectin, along with structural proteins, 

typically glycoproteins [24]. 

Polysaccharides can be categorized according to several factors, such as the kind of 

monosaccharide units, length of the chain, and degree of branching [14]. Structurally, they 

are classified as either linear or branched, based on the complexity and presence of side 
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chains. Based on monosaccharide composition, the two categories of polysaccharides are as 

follows: 

• homopolysaccharides (homoglycans) are composed of a single monosaccharide, like 

cellulose, starch, or glucan; 

• heteropolysaccharides (heteroglycans) are composed of more than two 

monosaccharides, like glucomannan and pectin [25] as shown in fig 2. 

They can also be classified based on their electrochemical behavior as: 

• polyelectrolytes, which carry a net charge, include: 

o polysaccharides with negative charge include alginate, heparin, hyaluronic 

acid, and pectin; 

o polysaccharides with positive charge, such as chitosan; 

• non-polyelectrolytes, which carry no net charge [14]. 

 

Figure 2: Branched and unbranched homo and heteropolysaccharides [26]. 

Having classified plant polysaccharides, the next section focuses on the functional groups 

that give these molecules their wide-ranging properties. 
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2.3  Functional Groups and Functionalities of Polysaccharides  

Polysaccharides have a wide spectrum of reactive functional groups, large molecular weight 

variations, and different chemical compositions, which contribute to their structural 

complexity and functionality. These characteristics enable them to participate in a variety of 

biological, chemical, and industrial applications. 

Most heteropolysaccharides contain polar functional groups including amino (–NH₂), 

hydroxymethyl (–CH₂OH), carboxylate (–COO⁻), sulfonic acid (–SO₃H), hydroxyl (–OH), 

ether (–O–), acetyl (–COCH₃), phosphate (–PO₄³⁻), and substituted amine (–NHCHCH₃) 

groups [26]. These contribute to the hydrophilic, adhesive, gel-forming, and interactive 

properties of polysaccharides. 

Although the most common monosaccharide is D-glucose, found in polysaccharide 

structures, others include D-mannose, D-fructose, D-xylose, D-galactose, L-arabinose, and 

G-galactose [16]. The content and arrangement of these monosaccharide units, as well as 

their functional groups, determine the physical behaviour, solubility, reactivity, and 

bioactivity of polysaccharides. 

The hydroxyl (–OH) group is the most prevalent functional group in polysaccharides, 

playing a central role in their solubility, hydrogen bonding, and reactivity. Polysaccharides 

such as starch, cellulose, glycogen, dextran, dextrin, and inulin all contain these polar groups, 

which facilitate strong hydrogen bonding with water molecules, accounting for their high-

water absorption capacity [27,28]. Furthermore, the hydroxyl groups in agarose and pectin 

promote gel formation via intermolecular hydrogen bonding, resulting in three-dimensional 

networks [29]. Their reactivity also allows for chemical modifications like esterification and 

etherification, which can tailor material properties. 

Carboxyl (–COOH) groups, present in acidic polysaccharides like hyaluronic acid, pectin, 

and alginic acid, enhance their utility in food, pharmaceutical, and cosmetic applications. In 

aqueous environments, these groups ionize to form negatively charged species that interact 

with divalent cations like calcium. This interaction underpins gel formation in alginate, used 

in food texturization and wound dressings [30,31]. The negative charge also contributes to 

their thickening and stabilizing properties by promoting water retention. 
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The amino (–NH₂) groups, primarily found in chitosan, impart cationic properties, setting it 

apart from neutral or anionic polysaccharides. Under acidic environment (pH < 6.5), the 

amino group becomes protonated (–NH₃⁺), enabling electrostatic interactions with surfaces 

that are negatively charged such as bacterial membranes. This mechanism confers broad-

spectrum antimicrobial activity on chitosan [32]. Its cationic nature also supports muco-

adhesion, a valuable feature in drug delivery systems targeting mucosal tissues [33]. 

Furthermore, protonated amino groups interact with anionic polymers like alginate and 

carrageenan to form polyelectrolyte complexes, useful in controlled drug release, wound 

healing, and other biomedical applications [34,35]. 

2.4  Pectin: A Case Study of a Functional Heteropolysaccharide 

The word "pectin" describes a class of structurally related polysaccharides which vary in 

molecular weight, sugar composition, and chemical structure, depending on the plant source. 

These polymers are enriched with galacturonic acid and include major subclasses like, 

rhamnogalacturonan I (RG-I), homogalacturonan (HG), rhamnogalacturonan II (RG-II), and 

xylogalacturonan (XGA) [36]. 

2.4.1  Structural Composition of Pectin 

The complex polymer pectin is found in the cell walls of higher plants, which helps with cell 

adhesion and its structural stability. It has higher structural complexity than other 

polysaccharides like hemicellulose and cellulose [37]. Pectin's multifunctionality and 

numerous applications in food systems are attributed to its complexity, which includes 

regions with changing polarity [38]. Structurally, pectin consists of two primary regions: 

• the “smooth” region, also known as homogalacturonan (HG), is a linear polymer, 

made up of D-galacturonic acid units connected by α-(1→4) bonds that are 

frequently substituted with groups of methyl and acetyl. 

• the "hairy" region, which is a heterogeneous domain comprising xylogalacturonan 

(XGA) and rhamnogalacturonans I and II (RG-I and RG-II) [39] as shown in fig 3. 
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Figure 3: Structure of pectin adapted from [37]. 

The most structurally complicated glycan is Rhamnogalacturonan II (RG-II), which has 21 

different glycosidic bonds and 13 different sugars. The structure is extremely branched and 

functionally diversified, with a backbone based on homogalacturonan and at least twelve 

different monosaccharides [37]. 

2.4.2  Pectins Functionalities Depending on the Plant Source 

Pectin exhibits diverse structural and functional characteristics depending on the plant tissue 

from which it is derived. These variations are closely linked to the tissue’s specific 

physiological roles and polysaccharide composition. 

According to Minjares et al. (2014), fruit peels have a unique heteropolysaccharide profile 

dominated by hemicellulose components, particularly lignified xyloglucan (XG) and 

arabinoxylan (AX). Pectins in these tissues demonstrate distinct structural adaptations, 

including high crosslinking, extensive esterification, and branching, with a notable 

enrichment in rhamnogalacturonan I (RG-I) regions [6]. Functionally, these polymers offer 

moderate to high water binding capacity, structural reinforcement, and prebiotic potential, 

largely due to the diversity of their side chains [40]. In contrast, fruit pulp is often considered 

the pectin-rich portion of fruit, primarily composed of RG-I and homogalacturonan (HG) 
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chains. This composition supports rapid hydration, strong emulsification properties, and 

high gel-forming capacity, especially in the presence of high-methoxy (HM) pectin type 

[41]. Moreover, RG-I’s side chains enhance the fermentability of prebiotics, contributing to 

gut health benefits [42]. 

In seeds, heteropolysaccharides are concentrated in the seed coats, where cellulose is 

embedded within matrices of arabinoxylans and galactomannans (GM) [43]. These 

polysaccharides exhibit excellent water and oil-binding capacities and are highly effective 

in gel formation. The fermentation of AX and GM in the gut also contributes significantly 

to their prebiotic effects [44]. On the other hand, plant stems, though structurally like the 

skin, display increased lignification, which reduces both the pectin content and its solubility. 

Their hemicellulose-dominated profile, mainly arabinoxylans and xyloglucans, provides 

bulk functionality but offers limited gelation ability, viscosity, and prebiotic activity [6]. 

Plant cell walls naturally contain pectin, which is mostly found in the middle lamella and 

intercellular spaces where it is joined by glycosidic linkages [45]. It comprises 

approximately 2% to 35% of the overall makeup of plant cell walls, depending upon the 

plant species [46]. As a bioactive polysaccharide, pectin is commonly recovered as a 

byproduct of food processing.  

Pectin is both nutritionally and economically valuable [47], and it can be obtained from a 

number of agricultural wastes, including sugar beet pulp, watermelon rind, fava bean hulls, 

pomegranate peel, sisal waste, mango, banana, passion fruit, and citrus peels. High levels of 

pectic substances are also found in fruits like blackberries, raspberries, gooseberries, 

cranberries, citrus fruits such as grapes, apples, and plums [48]. Pectin obtained from food 

waste is non-toxic and classified as a heteropolysaccharide [49]. It has found widespread use 

in the culinary, pharmaceutical, and cosmetic sectors.  It acts as an emulsifier, stabilizer, and 

thickener in the food industry [50]. It is used in the cosmetic sector to stabilize formulations, 

and in pharmaceuticals to manage medication delivery and wound healing [51]. 

Functionally, pectin contributes to intercellular adhesion, mechanical strength, and rigidity 

in plant tissues, reinforcing cell walls and maintaining structural integrity [52]. 

To ensure the continued utilization of pectin in these industries, it is critical to recover and 

extract it efficiently from food waste sources [53,54]. 
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2.4.3  Nutritional and Health Benefits of Pectin 

The position of pectin as a main component of a water-soluble fraction of dietary fibre 

provides numerous physiological benefits. It ferments in the human gastrointestinal system 

to result SCFAs, or short-chain fatty acids, include butyrate, propionate, and acetate. These 

small molecular size compounds promote digestive health, regulate variety of gut flora, and 

help avoid gastrointestinal illnesses, metabolic syndrome, and obesity [55]. 

Furthermore, pectin has been found to increase bile acid production while reducing total 

cholesterol and low-density lipoprotein (LDL) values to aid in cholesterol clearance from 

the human body [56,57]. These effects contribute to improved cardiovascular health and 

reduced risk of chronic conditions. Pectin's bioactive structure also provides 

chemoprotective properties. Both natural and modified variants have been shown to suppress 

tumour growth and metastasis in a variety of cancers, including colon, prostate, pancreatic, 

and breast cancer [58-61]. With this wide range of health-promoting functions, pectin is a 

valuable compound for developing functional foods and therapeutic agents, especially when 

recovered from fruit pomace such as raspberry waste. 

2.5  Methods of Polysaccharide (Pectin) Extraction 

The extraction process is considered very important to get pectin with the high yield and 

quality. Sustainable, "green" methods have replaced conventional methods which are 

frequently energy-intensive methods in the field. This section compares these two strategies 

and gives the background information required for the unique strategy (MAE with NADES) 

that is at the subject of this research. 

2.5.1  Traditional Extraction Techniques 

Traditional methods for extracting this type of macromolecules from plant biomass include 

hydro-distillation, maceration, and Soxhlet extraction. These procedures typically involve 

heating and continuous stirring to enhance compound release. One of the most widely used 
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traditional techniques for extracting pectin uses acid-assisted heating to solubilize 

protopectin, with acid acting as a catalyst during hydrolysis [62]. 

The traditional extraction process generally consists of three main steps: 

1. Biomass pretreatment: this includes washing, bleaching, or drying of the raw 

material to ensure stability; pretreatment helps deactivate enzymes and microbial 

activity, thereby preventing the degradation of pectin [63]; 

2. Extraction: this step involves using strong mineral acids, HCl HNO₃, H3PO4 at 

temperature range between 75 and 100°C, for 1–3 hours, to dissolve protopectin and 

release soluble pectin. 

3. Post-extraction: the pectin solution is separated from solid plant residue, e.g. filtered, 

concentrated, and precipitated by adding an excess of alcohol, resulting in solid 

pectin recovery [64]. 

However, traditional methods present several limitations. They often require the use of 

chemicals and solvents, which can be costly and hazardous to the environment, aggressive 

for technological installation, and they typically suffer from low selectivity, prolonged time 

of extraction, and thermal decomposition of heat-sensitive compounds [65]. Moreover, the 

final product may not meet the desired standards for high-quality pectin in terms of both 

yield and functionality.  

These drawbacks have driven the development of newer, more sustainable extraction 

techniques, often referred to as green, clean, or cold extraction methods. These approaches 

aimed to reduce or eradicate the requirement of organic solvents, minimize energy 

consumption, and preserve the bioactivity and structure of the extracted compounds [66]. 

2.5.2  Emerging Extraction Techniques (EETs) 

Emerging extraction technologies (EETs), often referred to as “assisted”, “Sustainable” or 

“green” extraction methods, utilize additional physical phenomena, such as ultrasound, 

microwaves, electric fields, ultra-high pressure, and (bio)chemical one, i.e. enzymes, to 

accelerate the extraction process. These methods aim to enhance efficiency while 

minimizing environmental and health-related impacts [67]. In response to regulatory 
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constraints surrounding the conventional use of mineral acids, including concerns about cost, 

recovery, assessment, registration, and authorization, researchers have explored alternative 

solvents like subcritical fluids, deep eutectic solvents (DESs), and ionic liquids (ILs) [68]. 

According to Azmir et al. (2013), these methods are described as “green” because they offer 

numerous advantages, including: 

• use of renewable feedstocks 

• low-risk chemical synthesis 

• application of safer solvents 

• preservation of compound integrity (e.g., degradation prevention) 

• generation of minimal byproducts 

• reduced Environmental Pollution 

• shorter processing and analysis times [69]. 

The main objectives of developing these extraction techniques are to: 

• increase extraction efficiency 

• enhance heat and mass transfer 

• minimize equipment size 

• improve energy efficiency 

• reduce the number of processing steps [70]. 

These innovations represent a shift toward more sustainable practices in natural compound 

extraction, making them particularly suitable for high-value bioactive molecules like pectin. 

Emerging thermal and non-thermal extraction technologies, along with their combinations, 

have been thoroughly investigated for bioactive chemical extraction [71]. These 

technologies offer a considerable departure from traditional solvent-based extraction, with 

the goal of increasing efficiency, reducing energy usage, and minimizing environmental 

effect. Some of the most promising innovative approaches are: 

• Microwave-assisted extraction, 

• Ultrasound-assisted extraction, 

• Pressurized hot water extraction, 
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• Pressurized liquid extraction, 

• Pulsed electric field-assisted extraction, 

• Ohmic-heating extraction, 

• Pulsed ohmic-heating assisted extraction, 

• Enzyme-assisted extraction, 

• Dielectric barrier discharge plasma extraction, 

• High hydrostatic pressure-assisted extraction [72], 

Many of these techniques are previously established, while others, such as high-pressure 

extraction and pulsed Ohmic-heating extraction, are nearing commercialization [73]. These 

improvements imply a significant transition toward efficient, selective, and environmentally 

friendly extraction technologies, which are consistent with the overall goal of long-term 

recovery of bioactive compounds. These "novel" or "emergent" techniques can reshape and 

transform the bioprocessing sector. As demonstrated in fig 4, in addition to MAE, additional 

novel electro technologies are being investigated for their potential in sustainable extraction. 

These technologies use electric currents to improve biomaterial processing, providing 

alternate heat and mass transfer mechanisms, increased efficiency, and a lower 

environmental effect [74]. 

 

Figure 4: Conventional and innovative extraction technologies to extract pectin [75] 
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2.5.2.1  Microwave Assisted Extraction (MAE) 

Microwave-Assisted Extraction (MAE) is a modern sustainable extraction method which 

uses radiations of microwaves (usually operating at 2.45 GHz) to expedite the process by 

encouraging heat transfer and enhancing the rate of mass transfer inside the sample matrix 

[76,77]. It is frequently employed to extract polysaccharides from several plant sources 

because of its great efficiency. The effectiveness of this method is directly linked to the rapid 

heating of solvent and sample matrix which increase the processes of heat and mass transfer. 

Microwave heating consists of two basic methods: ionic conduction and dipole movement 

[78]. The water in plant cells and other polar molecules constantly realign with the 

fluctuating electromagnetic field through dipole rotation, generating a significant amount of 

frictional heat.   The simultaneous oscillation and collision of dissolved ions produce heat 

by ionic conduction [78,79]. This internal and volumetric heating has two primary effects 

that are critical for the performance of extraction: 

1. rapid temperature increases to decrease the emulsion's viscosity and results in 

biodegradation or mechanical disintegration of the plant cell wall, 

2. significant molecular rotation to enhance the ion movement [68]. 

Microwave heating increases the evaporation of cell moisture which build-up the internal 

pressure, causing the cell rupture that enhance the biological matrix’ porosity and facilitating 

better solvent penetration and release intracellular substances such as polysaccharides [80]. 

One major benefit of MAE is its compatibility with green solvents. The method works so 

well with NADES because they can effectively pair with microwave energy to increase the 

extraction yields of target biomolecules because many of their components are polar. 

Microwave technology has been widely investigated over the last two decades for its 

economic potential in extracting bioactive chemicals from a variety of leftovers as evident 

by [76-82]. Based on their operational design, MAE systems can be divided into the 

following categories: 

• closed vessel (pressurized) MAE method allows extraction to take place above the 

usual boiling point of solvent, which leads to faster kinetics and higher yields. This 

makes it beneficial for thermostable compounds, such as many polysaccharides. 
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• open vessel (atmospheric) MAE approach simplifies the apparatus and works better 

with less stable chemicals because it runs at ambient pressure [79].  

In terms of its use, this technique is classified into two types: 

• solvent-free procedures - usually used for volatile substances, such as essential oils, 

• solvent-based methods - typically used for non-volatile substances like polyphenols 

and pectin [83]. 

MAE efficiency is impacted by various factors, including sample weight, power from 

microwaves, and extraction time. Optimization of these variables can greatly increase 

polysaccharide output [84]. MAE offers multiple advantages, such as:  

• shorter extraction time,  

• reduced consumption of solvents, and  

• increased effectiveness of extraction [68]. 

It also delivers higher yields in shorter timeframes than traditional methods due to the mass 

gradient and heat from the bulk to the walls of the vessel, which is consistent with process 

intensification tactics aimed at recovering valuable compounds effectively [83]. 

Driven by technological advancements and changing socio-economic factors, some of these 

innovative technologies, including MAE, have gained steady interest in research and 

industrial applications. 

2.5.2.2  Green Solvents 

A green solvent, as defined by Winterton et al. (2022) is one that possesses at least one 

environmentally favorable property such as biodegradability, low or no volatility, 

recyclability, non-flammability, and being free from respiratory hazards e.g., non-

carcinogenic and non-toxic [75], fig 5 presented different types of green solvents. Because 

of their diverse chemical and physical properties, green solvents are suitable for various 

modern extraction techniques. Among these, Ionic liquids (ILs) have gained popularity. 

Toledo Hijo et al. (2016) described ILs as organic salt-like compounds made up completely 

of ions with melting temperature below 100°C [85]. They have advantageous 
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thermodynamic properties such as broad miscibility, variable viscosity, heat stability, and 

the ability to dissolve molecules of various polarities [75]. 

 

Figure 5: Types of green solvents [86]. 

Over the past decade, ILs have been widely applied in fields such as organic synthesis, 

biomass pre-treatment, catalysis, carbon capture, and biocatalysis [87]. However, despite 

their versatility, ILs are not ideal for industrial-scale green applications due to several 

drawbacks. These include high viscosity, toxicity, elevated cost, limited biodegradability, 

and even flammability [86,88]. 

DESs are considered a new generation of green solvents due to their favorable properties, 

including: 

• non-flammability 

• low vapor pressure 

• biodegradability 

• water compatibility 

• biocompatibility 

• reduced toxicity [89]. 
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2.5.2.3  Deep Eutectic Solvents 

To overcome the limitations of ILs, researchers developed deep eutectic solvents (DESs), a 

next-generation class of green solvents with similar solvating capabilities but improved 

environmental profiles. Compared to ionic liquids, DESs offer a more environmentally 

sustainable alternative without sacrificing extraction efficiency, making them well-suited for 

applications in food and pharma sectors [90]. 

In 2003, the concept of DESs specifically a combination of choline chloride and urea was 

first introduced by Abbott and his colleagues [91]. DESs, often referred to as mixtures with 

low transition temperatures, have gained popularity in industrial and chemical research over 

the past decade [92]. DESs, unlike ILs, are typically formed from a mixture hydrogen bond 

acceptors (HBAs) and hydrogen bond donors (HBDs). HBAs comprise quaternary 

ammonium salts, while HBDs include carboxylic acids, amides, amines, and polyols. HBAs 

and HBDs interact via hydrogen bonding to form a eutectic combination with a lower 

melting point than the individual components [93,94]. 

According to Hayyan et al. (2016), DESs have low melting temperatures because of 

interactions between the HBA's large asymmetrical ions and the HBD's low crystalline 

energy [95]. Furthermore, hydrogen bonding maintains the liquid phase at ambient 

temperature. A DES's melting point is influenced by its HBD content, as high hydrogen 

bonding with anionic groups results in less interaction with cationic groups [92]. Low lattice 

energy leads to weaker interactions and a lower melting point. 

 

Figure 6: Types of DES [95]. 

According to Smith et al. (2014), DESs are divided into four categories [93], can be seen 

from fig 6. Among them, Type III DESs are the most widely used because they are 

inexpensive and have low ecotoxicity [96]. Reagent C is the most used HBA. It is 
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biodegradable (over 93% within 14 days), affordable, exhibits extremely low acute toxicity, 

and is readily available [97]. It is also used in animal diets as a supplement of vitamin B4 

[93]. 

In recent years, DESs have been created by mixing primary metabolites with bio-renewable 

raw materials like amino acids, sugars, organic acids, and sugar alcohols in different 

amounts. Natural deep eutectic solvents (NADESs) are a new type of DES generated from 

natural components, as reported by Dai et al. (2016) [98]. These solvents are non-toxic, 

recyclable, abundant, and cost-effective, making them suitable for usage in the food, 

cosmetic, and pharmaceutical sectors [99]. 

However, compared to ionic liquids and other molecular solvents, DESs generally have 

lower conductivity and higher viscosity. Tang et al. (2013) and (2015) suggest that the high 

viscosity of DESs stems from a large hydrogen-bonding matrix between molecules, limiting 

free species mobility [92,100]. Most DESs are reported to have viscosities exceeding 100 

cP. Which limits their industrial applications [101]. 

To overcome this limitation, Mbous et al. (2017) suggested strategies such as adding water 

to DESs or modifying their composition [102]. However, Dai et al. (2015) cautioned that 

excessive water addition can weaken the hydrogen bonds that hold the DES components 

together, potentially compromising the system's stability [103]. 

In addition to their environmentally friendly profile, DESs are easily prepared by simple 

mixing, require no purification, and generate no chemical waste. This simplicity and 

sustainability make them highly applicable in electrochemistry, material processing, enzyme 

catalysis, polymer synthesis, and separation techniques [104]. 
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3  Aims of Thesis 

The main aim of this research was to assess the extraction parameters of microwave-assisted 

extraction to recover pectin from raspberry pomace and to compare the physiochemical 

properties of  MAE pectin to that obtained in conventional extraction process.  

The main scientific objective of the planned research was achieved by implementing the 

following research tasks: 

1. Obtaining of pectin-rich  plant extract in the selected conditions: (i) by hot water 

extraction (HWE) and (ii) microwave-assisted extraction (MAE), where each 

extraction process variant was conducted in: reagent A, or in 10%  reagent B, or 

in 10% reagent C, or in a mixture of reagent C/reagent B in ratio (X), or in 

NADES constituted of reagent C/reagent B in ratio (X), or in NADES of reagent 

C/reagent B in the proportion of (Y).  

2. Impurities elimination in each of the extracts obtained in two different extraction 

process variants, by precipitation of alcohol insoluble residues rich in 

saccharides, and separation of macromolecular components by dialysis against 

water.  

3. Chemical characterization of the obtained macromolecular products: 

a. composition analysis to assess in each of them: (i) the amounts of saccharides, (ii) 

with contribution of uronic acids, (iii) the polyphenols quantity, and (iv) proteins 

contamination level; 

b. ATR-FTIR spectroscopy analysis to identify the functional groups for solvent-

interaction analysis; 

c. GC-MS analysis of alditol acetate derivatives to identify types of the obtained pectin.  

4. Correlation of the extraction processes parameters with the resulted pectin 

characteristics, i.e. yield, purity, chemical character, and possible industrial 

applicability, as an introduction to design the optimization of extraction 

processes. 
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4  Material & Methods 

Raspberry Pomace, a food industry by-product of Rubus idaeus L., was used as the raw 

material for pectin separation. The crushed, dried biomass was sourced from the local 

company Frunutex sp. z o.o, Poland. 

The other chemicals, materials and equipment used in this research are presented below in 

table 1, 2, and 3 respectively: 

Table 1: Chemicals used during this research. 

Name of the chemical Purity Supplier 

Reagent B  Stanlab, Lublin, Poland 

Reagent C  Sigma-Aldrich, China 

Reagent D  Stanlab, Lublin, Poland 

Anhydrous glucose  Stanlab, Lublin, Poland 

Phenol ≥99.0% CHEMPUR, Piekary Śląskie, Poland 

Sulfuric acid 96% POCH S.A., Gliwice, Poland 

Folin-Ciocalteu's phenol reagent 2 M acid 

equivalent 

Sigma-Aldrich, Switzerland 

Gallic acid monohydrate ≥98.0% Sigma-Aldrich, China 

Ethanol 96% POL-AURA, Morąg, Poland 

Sodium carbonate anhydrous  EUROCHEM BGD SP. z o.o., Tarnów, 

Poland 

Borax 99.5-

100.5% 

POCH S.A., Gliwice, Poland 

3-Phenylphenol 85% Sigma-Aldrich, Steinheim, Germany 

Sodium hydroxide  Stanlab, Lublin, Poland) 

D-(+)-Galacturonic acid 

monohydrate 

≥97.0% Fluka, Sigma-Aldrich, Slovakia 

Sodium tartrate dihydrate  Polskie Odczynniki Chemiczne, 

Poland 
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Table 1 (Continued) 

Copper (II) sulfate pentahydrate 98.5-101% CHEMPUR, Piekary Śląskie, Poland 

Bovine serum albumin ≥98% Sigma-Aldrich, Steinheim, Germany 

2-(N-morpholino)ethanesulfonic 

acid hydrate 

≥99.5% Sigma-Aldrich, Steinheim, Germany 

Carbodiimide 95% Thermo Scientific, China 

Imidazole ≥99% Carl Roth, Germany 

Sodium borohydride 98% Merck, Steinheim, Germany 

Glacial acetic acid ≥99.5% Polskie Odczynniki Chemiczne, 

Poland 

Ttrifluoroacetic acid 99.5% POCH S.A., Gliwice, Poland 

Ammonia solution 25% Stanlab, Lublin, Poland 

Acetic acid anhydride  POCH S.A., Gliwice, Poland 

Pyridine  POCH S.A., Gliwice, Poland 

Dichloromethane  Stanlab, Lublin, Poland 

Ethylenediaminetetraacetic acid  POCH S.A., Gliwice, Poland 

Table 2: Materials used during this research. 

Name of material Specification Supplier 

Spectra/Por® 4 dialysis 

membrane tubing 

MWCO: 12,000-14,000 Da, flat 

width: 75 mm, diameter: 48 mm 

Repligen, USA 

Cellulose dialysis tubing high retention, seamless; 

average flat width 40 mm; 

66.99% retention 

Sigma-Aldrich, USA 

 

Amberchrom® 50WX8 resin  hydrogen form, 50-100 mesh Sigma-Aldrich, USA 

 

Table 3: Equipments used during this research. 

Name of Equipment Model Software Producer 

Rotary Evaporator RV 10 D S99   IKA Works 

RapidVap vacuum & N2 

evaporation systems 

790000-00  LABCONCO 
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Table 3 (Continued) 

SPECTROstar Nano 

spectrophotometer 

0601B0003A SPECTROstar 

Nano 

BMG Labtech, 

Germany 

Trace GC Ultra system 

coupled to a mass 

spectrometer 

GC Focus series 

coupled to an ITQ 700 

mass spectrometer 

Xcalibur Thermo Scientific, 

USA 

FTIR Spectrometer IRSpirit-T LabSolutions 

IR 

SHIMADZU, 

Corporation, Japan 

Microwave synthesizer Discover® SP  CEM Corporation, 

USA 

All laboratory glassware used during the research work was pre-washed with tap water (with 

the addition of little amounts of diluted detergent in case of heavier contamination), rinsed 

multiple times with distilled water, and then rinsed with acetone to remove residual water. 

It was finally dried. 

4.1  Methodology 

4.1.1  NADES Preparation 

Two NADES systems, consisting of reagent C as HBA and reagent B as HBD, were 

produced in molar ratios of (X) and (Y), with measured amounts of each reagent put into 

corresponding 250 mL round-bottom flasks. A rotary evaporator was used to melt both 

compounds in a proper proportion at about 70 oC and 60-80 rpm. The process was considered 

complete when a viscous colourless liquid was achieved and no changes were observed after 

an hour, even after a test of addition of water. Following the melting process, the flasks were 

sealed with Parafilm until extraction. Each NADES just before the use to extraction was 

dissolved using part of the deionized water measured in a graduated cylinder through a rotary 

evaporator without vacuum (in case it does not dissolve on its own). Once the mixtures were 

dissolved, the prepared NADES were then quantitatively transferred from the flasks to 1 L 
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breakers, where the remaining water was added. Each mixture was then thoroughly mixed 

using a glass rod. A total of 500 mL of water was used during this whole process to achieve 

the mass ratio of NADES to water, ratio Z.  

4.1.2  Hot Water Extraction (HWE) 

Each time in hot water extraction  33.33 g of dry powdered raspberry pomace  was mixed 

with 500 ml of one of the following extraction media: reagent A, 10% reagent B, 10% 

reagent C, mixture of reagent C/reagent B in ratio (X) represented as Mix (X), and two 

NADES of reagent C/reagent B, prepared in the proportion of (X) and (Y), both dissolved 

in reagent A before use in ratio (Z). The proportion of liquid to solid (L/S) was W. Each 

mixture was moved to a reflux device, and extractions were then carried out at 100 oC for 4 

hours, respectively.  

4.1.3  Microwave Assisted Extraction (MAE) 

In MAE, 3.33 g of raspberry pomace was mixed with 50 ml of the following extraction 

media: reagent A, 10% reagent B, 10% reagent C, mixture of reagent C/reagent B in ratio 

(X), NADES of reagent C/reagent B in ratio (X), and (Y), both diluted with water in ratio 

(Z) just before extraction. The biomass was diluted in each extraction medium to achieve a 

liquid/solid (L/S) ratio of W. Each mixture was then transferred to the Discover® SP 

Microwave synthesizer (CEM Corporation, USA) and each of the extraction experiments 

was carried out at 90 oC for 30 min in 200W, respectively [105]. 

4.1.4  Filtration 

Each time after the extraction process is completed, the extract was left to cool to room 

temperature. During this period, the extract was filtered by gravity, and the solid waste was 

discarded. Following the completion of the filtration process, each liquid extract was 

centrifuged at 4500-5000 rpm for 15 minutes, to get rid of the solid particles. Following 

centrifugation, the liquid extract was promptly moved to a beaker and subjected to another 

gravity filtration process to eliminate any remaining suspended particulates. After gravity 
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filtering, the excess water present in the liquid extract was evaporated to reduce the volume 

using the rotary evaporator, at 50-60 oC and 75 rpm. 

4.1.5  Precipitation of Alcohol-Insoluble Residues (AIRs) 

Once the extract condensation was finished, precipitation of highly polar components was 

performed in alcohol, for which 1.5 L of reagent D, poured gradually into each extract in a 

beaker placed over the magnetic stirrer for 2 h, to ensure the complete precipitation of 

alcohol-insoluble residue (AIR). After precipitation, the precipitate was filtered under the 

reduced pressure using a Büchner funnel and thereafter left in the oven overnight at moderate 

heating. Once the AIRs had fully dried, the weight of the solid product derived from each 

extraction medium was measured.  

4.1.6  Dialysis 

For dialysis, Spectra/Por® 4 dialysis membrane tubings were cut to an appropriate length 

and washed with EDTA solution (few grams of EDTA in 1L of distilled water and incubated 

at 60-70 oC for 20 min). After that, these membranes were rinsed with distilled water to wash 

out EDTA. 

Each time after preparing a membrane, a product was dissolved in a little amount of 

deionized water and put into dialysis bag. Following the completion of filling each bag with 

the dissolved product, the bag was suspended in a 5L beaker of deionized water and set over 

the magnetic stirrer. The conductivity of the dialysate water was continuously monitored, 

and water in the beaker was replaced every two hours. The dialysis was considered 

completed when the conductivity of the dialysate water stabilized within the range of 20 to 

40 µS/cm (conductivity of deionized water) for ≥2 hours after water change. The dialysis 

process took about 48 hours for HWE and 24 hours for MAE, respectively. 

Thereafter, each time the dialysis bag was opened after dialysis, and retentate was transferred 

into Labconco RapidVap® borosilicate glass tube by thoroughly washing the dialysis bag 

with deionized water. The retentate was then evaporated to dryness by using the Labconco 

RapidVap® evaporation system. Once all water is evaporated and a solid state of a final 

products is achieved, each product was washed 3 times with methanol to ensure maximum 
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removal of water. Following cooling to room temperature, the mass of the solid product was 

measured. 

4.1.7  Colorimetric Assays of Biomolecules  

All the colorimetric analyses were performed in this study using a SPECTROstar Nano BMG 

Labtech spectrophotometer.  

The phenol-sulphuric method [106], which employed glucose as the reference compound, 

was employed to determine the overall content of saccharides in the tested samples. For this 

analysis, two different calibration curves were made separately for HWE and MAE (refer to 

appendix 2), and the absorbances for each were measured at 490 nm. For this purpose, 

solutions of the pectin extracted with each extraction media from both extraction techniques 

were prepared with concentrations of 10 mg/mL. Thereafter 25 µL (from HWE) and 15 µL 

(from MAE) of each sample prepared earlier were used during the analysis.  

The m-hydroxybiphenyl method [107] was used to estimate the content of uronic acids (UA), 

with galacturonic acid (GalA) serving as the calibration standard. Two different calibration 

curves were plotted independently for HWE and MAE (refer to appendix 2), and the 

absorbance amounts for each were measured at 520 nm. For this purpose, 1 mg/mL solutions 

of pectin extracted using each extraction media from both extraction techniques were 

prepared. Each extracted and purified sample from HWE and MAE was used in two different 

quantities (20 and 30 µL) in this analysis.  

The Folin-Ciocalteu method [108] was used to determine the total polyphenolic content, and 

the results were then translated to gallic acid equivalent (GAE). One calibration curve was 

made for both HWE and MAE (refer to appendix 2), and at 765 nm the absorbance was 

measured. In this analysis, 20 µL of each extracted pectin sample (from HWE) and 10 µL 

(from MAE) with a 1 mg/mL concentration. 

The protein amounts present in the tested samples were determined by the Lowry method 

[109], with bovine serum albumin (BSA) serving as a calibration standard. One calibration 

curve was made for both HWE and MAE (refer to appendix 2), and at 750 nm the absorbance 

was measured. 20 µL of each extracted pectin sample from both HWE and MAE was used 

with 1 mg/mL concentration in this analysis. 
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4.1.8  Structural Characterization by ATR-FTIR 

Attenuated total reflectance Fourier Transform Infrared (ATR-FTIR) was performed using 

a Shimadzu IRSpirit spectrometer (Shimadzu Corporation, Japan) equipped with a QATR-

S single-reflection diamond ATR accessory and an air-cooled Deuterated L-Alanine-doped 

Triglycine Sulphate (DLATGS) detector. With the resolution of 2 cm-1 and 64 scans spectra 

were obtained in % transmittance mode across the infrared band of 4000–400 cm-1. 

Background scans were collected before sample measurements. Samples were applied 

directly in powdered form to the diamond crystal surface with consistent pressure applied 

by the instrument's anvil clamp. The results were analysed using Shimadzu IRsolution 

software.  

4.1.9  Analysis of Monosaccharides Composition by GC-MS 

The samples that contain high content of acidic monosaccharides, like galacturonic acid 

(GalA) and glucuronic acid (GlcA), or specific pentoses, the Debois method underestimates 

the total saccharide content present in those samples because different monosaccharides 

portray colours differently. When glucose is used as the only standard, there are substantial 

inaccuracies introduced [110]. Due to these reasons, the analysis of GC-MS was carried out 

to estimate the accurate amount of neutral and acidic monosaccharides present in the sample.  

The main component of pectin is GalA. Upon hydrolysis of the pectin, GC-MS can identify 

and quantify the GalA as well as other neutral monosaccharides such as rhamnose, arabinose, 

and galactose that are found in the branching regions of pectin (rhamnogalacturonan) [111]. 

By examining the ratios of these monosaccharides, the structural characteristics of pectin, 

including the degree of branching, can be identified. For example, a more branched structure 

is indicated by a higher ratio of rhamnose to galacturonic acid [112]. 

Each sample and its fractions were derivatized to alditol acetates using two methods adapted 

from [113]. In the first method (reduction-C), samples named as C-reagent A and C-10% 

reagent B, etc. (with fractions C1 and C2) were hydrolysed with 2.5 M TFA at 121°C for 5 

h, reduced with NaBH4, and acetylated using acetic acid anhydride in the presence of 

pyridine as a catalyst. The derivatized products then were extracted three times with 

dichloromethane, and the organic fractions were combined and dried out by evaporation. In 
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the second method (reduction-B), samples named B-reagent A and B-10% reagent B, etc. 

(with fractions B1 and B2), an additional reduction step targeting uronic acids (UA) carboxyl 

groups was performed before hydrolysis. After treatment with CDI, samples were reduced 

with NaBH4 in the presence of imidazole as a catalyst. Excess NaBH4 was neutralized with 

glacial acetic acid, and samples were subsequently dialyzed. Thereafter, the reduced 

macromolecules were hydrolysed, reduced, derivatized, and extracted it the same procedure 

as in the first method. Both procedures yielded alditol acetates of monosaccharides. 

Derivatized samples were analysed using a Trace GC Ultra system connecting to an ITQ 700 

mass spectrometer with an ion trap detector (Thermo Scientific, USA). A Restek RTX-2330 

capillary column (30 m × 0.25 mm) served as the stationary phase. Before injection, 1000 µL 

of dichloromethane was used to dissolve each sample. At a flow rate of 1 mL/min helium 

was employed as the carrier gas. Temperature of the oven was set to following: 170–180 °C 

at 2 °C/min, 180–240 °C at 3 °C/min, then isothermal hold for 10 min at 240 °C. The 

obtained GC-MS spectra were analysed using Xcalibur software. The experimental 

workflow is illustrated in fig 7. 

4.2  Energy Consumption Calculation 

Energy consumption for each unit operation was estimated based on the equipment’s rated 

power (per manufacturer specification; refer to appendix 1) and the operating time noted 

during the experiments by using: 

𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑃 ∗ 𝑡 

Where P represents the rated power of equipment (kW) and t is the operating time (h). After 

being standardized to the mass of dry raspberry pomace utilized, the resulting values in kWh 

were translated to MJ/kg using: 

𝐸𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =
𝐸 ∗ 3.6

𝑚
 

Where m is the pomace's dry weight in kilograms and E is the energy calculated from eq.1. 

After the calculations, the results are presented in tables 4 and 5 and rounded to three 

decimals for clarity. 

 

(1) 

(2) 
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Figure 7: Flowchart of extraction and chemical analysis methodology. 
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5  Results & Discussion 

5.1  Comparison of Pectin yield (%) in HWE and MAE Processes  

During HWE, as shown in the fig 8, NADES composed of reagent C/reagent B in ratio (X) 

achieved the highest yield (6.39 %), followed by 10% reagent B (5.27%), 10% reagent C 

(4.90%), mix (X) or mixture of reagent C/ reagent B in ratio (X) (4.52%), and NADES (Y) 

(3.67%), reagent A (3.64%), because of its optimal eutectic qualities.   

 

Figure 8: Comparison of the extraction yield of pectin (%) with proportion of liquid to solid (L/S) W at 100 

oC for 4 hours using HWE under different extraction media. 

 

Figure 9: Comparison of the extraction yield of pectin with proportion of liquid to solid (L/S) W at 90 oC for 

30 minutes using MAE under different extraction media. 
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The dialysis step was proven to be essential for purification, eliminating low molecular 

weight impurities such as mono- and oligosaccharides, glycosides, mineral salts, free acids, 

and other non-polysaccharide impurities from crude pectin extracts in both HWE and MAE. 

This process significantly impacts the ultimate product quality, as evident by the substantial 

yield losses across the majority of solvents, particularly in those with low selectivity, such 

as 10% reagent C and reagent A, where the yield loss exceeded 30% (fig 8 and 9). 

NADES (X) has a stable, strong hydrogen-bonding network and electrostatic interaction, 

which enhances the solubility of pectin by selectively disrupting pectin-cell wall interactions 

[4,98]. Because of balanced acidity (pH~2-7) of NADES (X), it effectively hydrolyses the 

glycosidic linkages while preventing the structure of pectin from severe depolymerization, 

which is caused by the implementation of 10% reagent C (pH~2) [114]. The main reason for 

NADES (Y) having less yield as compared to NADES (X) in HWE (as seen in fig 8) is 

because of higher viscosity coming from excess reagent B, which strengthens the H-bonding 

network, resulting in a denser solvent that reduces the mass transfer [115]. As a result, the 

viscous NADES has limited penetration in the plant matrix that reduces the diffusion of 

extracted components out of cells [102]. Additionally, the high viscosity reduces the thermal 

conductivity, which causes the NADES (Y) to heat slowly and unevenly through convection 

in HWE. While the non-eutectic mixture (X) does not achieve the same solvent efficiency 

as NADES (X) because it lacks a synergistic hydrogen-bonding structure [116], whereas 

10% reagent C lacks adequate acidity for efficient bond cleavage and co-extracts non-pectic 

impurities [117], as shown by its high dialysis loss (54.9%). Thus, NADES (X) maximizes 

the recovery of high-quality pectin in HWE by combining selective extraction, low acidity, 

and thermal stability uniquely. 

However, during MAE process, quite the opposite trend was observed as compared to the 

HWE, which is probably due to the difference in energy delivery mechanism. In MAE, as 

shown in figure 9, reagent C/reagent B mixture (X) outperformed with a yield (9.52%), 

followed by NADES (Y) (7.84%), 10% reagent B (7.12%), 10% reagent C (4.84%), NADES 

(X) (2.913%), and reagent A (1.592%). While in HWE, NADES (X) predominated with a 

yield (6.391%). In MAE, through rapid, selective dielectric heating via microwave 

absorption that promotes solvents with high ionic mobility (such as mixture X) [77]. As seen 

from figure 9. NADES (Y) perform better in MAE because of their high reagent B 

concentration, which facilitates the ionic conduction and quick heating through improved 
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microwave absorption [4,118]. In contrast, the stable hydrogen-bonded network of NADES 

(X) limits its interaction with the microwave, which in turn reduces its extraction yield 

(2.91%) despite its thermal resistance in HWE. This demonstrates that optimal NADES 

formulation is extraction-method-dependent. 

5.2  Effect of Extraction Method on Energy Consumption During Pectin Recovery 

The energy consumption of HWE and MAE was compared. While the overall energy 

consumption was comparable (MAE: 1.175 kWh, HWE: 1.195 kWh), MAE minimized the 

energy consumption in the extraction phase by 17% (MAE: 0.10 kWh vs. HWE: 0.12 kWh) 

and cut the extraction time by 87.5% (MAE: 0.5 h vs. HWE: 4 h) as evident by the table 4 

and 5 below. Mass transfer is accelerated by rapid, volumetric heating, which is consistent 

with MAE's fundamental advantage. For both approaches, downstream operations (such as 

drying at 441.818 MJ/kg) accounted for approximately 75% of the overall energy use, 

negating the extraction gains from MAE.  

Table 4: Energy consumption calculated for each step during HWE. 

 

Operation Equipment 

Operation time 

(h) 

Energy 

(kWh) 

Energy 

(MJ/kg) 

NADES preparation Evaporator 0.50 0.019 20.455 

 reagent B bath 0.50 0.263 287.182 

HWE Extraction 100 mL flask 4.00 0.120 130.909 

Sum (extraction procedure) 5.00 0.402 438.545 

Centrifugation Centrifuge 0.25 0.041 45.000 

Concentration Evaporator 0.50 0.019 20.455 

 Water bath 0.50 0.203 220.909 

Precipitation Pump 0.50 0.050 54.545 

 Agitator 2.00 0.002 2.618 

Dialysis Stirrer 30.00 0.036 39.273 

Drying Evaporator 1.00 0.038 40.909 
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Table 4 (Continued) 

 Water bath 1.00 0.405 441.818 

Total Sum  40.75 1.195 1304.073 

Table 5: Energy consumption calculated for each step during MAE. 

 

Operation Equipment 

Operation time 

(h) 

Energy 

(kWh) 

Energy 

(MJ/kg) 

NADES preparation Evaporator 0.50 0.019 20.455 

 reagent B bath 0.50 0.263 287.182 

Extraction 100 mL flask 0.50 0.100 109.091 

Sum (extraction procedure) 1.50 0.382 416.727 

Centrifugation Centrifuge 0.25 0.041 45.000 

Concentration Evaporator 0.50 0.019 20.455 

 Water bath 0.50 0.203 220.909 

Precipitation Pump 0.50 0.050 54.545 

 Agitator 2.0 0.002 2.618 

Dialysis Stirrer 30.00 0.036 39.273 

Drying Evaporator 1.00 0.038 40.909 

 Water bath 1.00 0.405 441.818 

Total Sum 37.25 1.175 1282.255 

In terms of process efficiency, MAE consistently performed better than HWE by producing 

significantly higher yields of pectin with high purity, consistent with previous findings [119]. 

In addition to this, MAE is 8 times faster than HWE as per this study, greatly reducing energy 

consumption in extraction phase. According to Routary and Orsat [76], this reduction is due 

to faster reaction kinetics and minimizing thermal degradation. Therefore, even though MAE 

provides better product quality and time efficiency, post-extraction procedures still limit 

overall energy savings. 
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5.3  Chemical Characteristics using Colorimetric Methods 

5.3.1  Saccharides Assessment 

According to the results obtained by the phenol-sulphuric method, MAE products have 

higher amounts of saccharides regardless of the type of solvent or extraction media used as 

compared to HWE, with the highest saccharide content in the mixture of reagent C/reagent 

B in ratio (X) (36.03% MAE Vs 24.51% HWE), as shown in fig 10.  

 

Figure 10: Comparison of saccharide content (%) measured by the Dubois method for different extraction 

media in HWE and MAE. 

According to Chan et al. (2016), this improvement is explained by MAE's quick intracellular 

heating, which breaks down cell walls and speeds up mass transfer while reducing the 

amount of time needed for thermal deterioration [120]. On the other side, HWE, particularly 

with acidic solvents, caused significant polysaccharide breakdown due to prolonged 

exposure to heat and low pH [121], as indicated by the poor saccharide yields of 10% reagent 

B (22.05%) and NADES (X) (21.85%) during HWE. 
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5.3.2  Quantitative Analysis of Uronic Acids (UA) 

 

Figure 11: Comparison of uronic acid content (%) measured by the m-hydroxybiphenyl method for different 

extraction media in HWE and MAE. 

Talking about UA content, which is the golden key to pectin identification, present in the 

sample measured by the m-hydroxy biphenyl method. Fig 11 indicates that the uronic acid 

content is solvent-dependent. Interestingly, HWE outperformed MAE in acidic mixtures, 

such as mixture of reagent C/reagent B (X) with a UA content of 65.82%, and NADES (Y) 

with a UA content of 65.89%, despite MAE typically improving yields (e.g., NADES (X) 

with 58.90%, 10% reagent C with 57.73%, and reagent A with 36.14% UA content). This 

apparent discrepancy could be addressed by acid-catalysed depolymerization during 

prolonged HWE, which converts pectin chains into galacturonic acid monomers. According 

to Levigne et al. (2002), these monomers are identified as UA but represent degraded, non-

functional pectin [122]. Therefore, rather than being markers of intact pectin production, the 

elevated UA values in acidic HWE products are byproducts of degradation. On the other 

hand, because MAE's shorter duration restricts hydrolysis, the high UA under MAE (e.g., 

NADES (X): 58.90%; 10% reagent C: 57.73%) indicates effective extraction of polymeric 

pectin [123]. The higher performance of solvents 10% reagent C, and NADESs in MAE is 

consistent with their potential to break hydrogen bonds in pectin-cellulose networks through 

customized polarity and H-bonding capacity [124]. 
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5.3.3  Polyphenol Assessment 

 

Figure 12: Comparison of polyphenolic content (%) measured by the Folin-Ciocalteu method for different 

extraction media in HWE and MAE. 

During pectin isolation, the co-extraction of polyphenols and proteins is considered as 

impurities, which differ significantly based on the type of solvent and extraction method 

used. In comparison to HWE, MAE generally increased polyphenol co-extraction as shown 

in fig 12 (e.g., 10% reagent C MAE: 19.90% vs. HWE: 12.42%), most likely as a result of 

increased cell breakage that released vascular phenolics [125]. On the other hand, NADES 

(X) extracted a lower yield of polyphenol under HWE (3.56%) and MAE (5.45%), which 

can be the result of the solvent mismatched polarity and the effects of acidic pH. Phenolic 

groups may be protonated by the low pH of reagent B, which could alter their interaction 

with the solvent or reduce their solubility, and the hydrophilic nature of the solvent matrix 

may limit the solubility of less polar phenolics. However, the composition of NADES and 

certain phenolic compounds significantly affects this activity [126]. 
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5.3.4  Quantitative Analysis of Proteins 

 

Figure 13: Comparison of protein content (%) measured by the Lowry method for different extraction media 

in HWE and MAE. 

According to fig 13, while protein impurities were reduced in the reagent A extract (MAE 

6.41%), this was probably due to the denaturation. On the other hand, all the other acidic 

solvents, such as 10% reagent C, and both NADESs extract a comparable number of 

proteins. According to reagent C-based solvents, such as NDESs, can stabilize protein 

through the electrostatic interactions between the quaternary ammonium group of reagent C 

and negatively charged protein carboxylate residue [127]. 
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5.4  Characterization of Pectin Products Using ATR-FTIR 

ATR-FTIR analysis was performed to estimate the functional group present in pectin derived 

from both extraction processes under different extraction media. 

 

 

 

 

 

 

 

 

 

Figure 14: Comparison of ATR-FTIR spectra of different extraction media in HWE. 

 

 

Figure 15: Comparison of ATR-FTIR spectra of different extraction media in MAE. 
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The ATR-FTIR spectra of raspberry pomace under different extraction media for HWE and 

MAE (fig 14 and 15) show unique functional group patterns among the solvents examined 

with significant method and solvent-dependent differences while verifying the structural 

stability of the isolated pectin 

Table 6 and 7 shows that spectra revealed several similarities and minor differences. Wide 

bands were visible in all spectra in the frequency range of about 3300 cm-1, which is 

generally associated with the phenolic groups’ stretching vibrations v(O-H) and the hydroxyl 

residues of saccharides [128]. However, due to microwave-induced H-bond breaking, MAE 

spectra show somewhat broader peaks, especially for NADES. In contrast to MAE, reagent 

A shows more noticeable O-H bands in HWE, suggesting that free hydroxyls are thermally 

stabilized during conventional heating. For NADES, the O-H band broadens more under 

MAE than HWE (Y), indicating that the H-bond network is more adaptable to microwave 

energy. 

Spectra from MAE showed two additional low-intensity bands, with minima at 2850 cm-1 

and 2920 cm-1 under each extraction media but in HWE only 10% reagent C showed the 

band at 2849 cm-1. They were obtained through the stretching vibrations v(CH), which are 

commonly found in polyphenolic networks and saccharide rings and are indicative of 

symmetric and anti-symmetric connections, respectively. The bands’ presence at about 1730 

cm-1 confirmed the stretching vibrations of the esterified carboxylic groups' carbonyl groups. 

Their separation from the powerful bands at about 1600 cm-1 was poor. The existence of 

C=C bonds [128] and COO- of uronic acid salts exhibits anti-symmetric stretching 

vibrations, confirmed by the latter method [129]. It was verified that non-esterified 

carboxylic groups were present by symmetric stretching vibration bands of COO- at about 

1418 cm-1 [129]. The presence of a band with a maximum at approximately 1522 cm-1 is 

typical of derivatives of ferulic acid [130], which are typically linked to structures of pectin, 

such as by ester bonds. Still, unfortunately, because of its overlap with the band at 1590 cm-

1, it was not very noticeable. Additionally, around 1285–1230 cm-1, the signals of the 

phenolic structures and the saccharide rings' stretching vibrations v(C-O-C) emerged 

[131,132]. Their polysaccharide nature was revealed by the FT-IR bands, which were formed 

from polysaccharide moieties and were distinctive for the presence of carbohydrates at 

approximately 1100, 1070–1050, and 1030–1000 cm-1 (v(C-O-C), ν(C-OH), and ν(C-C) of 

the saccharide rings [128,133]. However, they were not all the same. Furthermore, signals 
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originating from out-of-plane deformations of β-anomeric glycoside linkage from 890 cm-1. 

Out-of-plane of phenolic C-H bonds deformations in aromatic rings at positions 2 and 5 

range from 805 to 760 cm-1 [134]. 

Characteristic pectin bands were seen in all extracts: glycosidic linkages (890–1144 cm⁻¹), 

carboxylate vibrations (1600–1612 cm⁻¹) from galacturonic acid, and ester carbonyl (1730–

1732 cm⁻¹) showing methylation. NADES-extracted pectin showed the strongest ester 

bands, which was consistent with their high linear homogalacturonan content. While reagent 

A-extracted pectin showed strong aromatic signals (about 1520 cm⁻¹), which is in line with 

branching structures rich in polyphenols. These spectral variations confirmed the molecular 

effects of extraction procedures on functionality of pectin. 
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5.5  GC-MS Analysis of Monosaccharide Composition of Extracted Pectin 

 

Pectin’s basic structure is defined by the two main domains of the polysaccharide. 

Homogalacturonan (HG), the first domain, is mainly composed of galacturonic acid (GalA) 

units that create linear chains and are essential for the gelling properties of pectin. The second 
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domain is rhamnogalacturonan-I (RG-I), which is identified by the backbone of GalA and 

rhamnose (Rha), which exhibits notable branching through side chains made of neutral 

sugars such as arabinose (Ara) and galactose (Gal). Branching complexity is affected by the 

proportion of these neutral sugars, such as galactose (Gal), glucose (Glc), and mannose 

(Man). Higher levels of these sugars suggest that the structure is highly branched, whereas 

lower levels favour a more linear arrangement within the pectin unit. 

The monosaccharide profiles from GC-MS analysis from table 8 give direct evidence that 

the extracted pectin transitions from a branching to a linear structure when solvent acidity 

increases, particularly in NADES solvents. Reagent B-based extractions (HWE and MAE) 

produced pectin with the largest neutral sugar content, particularly rhamnose (Rha: 6.38% 

HWE, 5.68% MAE), galactose (Gal: 37.93% HWE, 38.25% MAE), and arabinose (Ara: 

8.01% HWE, 8.82% MAE), as well as a comparatively low galacturonic acid concentration 

(GalA: 29.26% HWE, 29.37% MAE). These neutral sugars form the side chains (e.g., 

arabinans, galactans) connected to the Rha-GalA backbone of RG-I domains that are 

characteristic of highly branched pectin [24,135]. This profile reveals a highly branched 

rhamnogalacturonan-I (RG-I) rich structure, typical of moderate extraction, conserving 

complex side chains, possibly suited for emulsification.  

All other solvents, on the other hand, gradually enhanced the linear homogalacturonan (HG) 

domain, as seen by the sharp decline in neutral sugars (e.g., Gal dropped to 8.08% (HWE), 

and 9.72% (MAE) with NADES Y) and the sharp rise in GalA content (from 50.27% 

with10% reagent B to 78.12% with NADES (Y) in HWE and from 49.61% to 74.83% 

respectively in MAE). Arabinose was not detected in almost all products except those of 

reagent A and 10% reagent C in HWE, demonstrating the sensitive nature of the arabinan 

side chain to the acidic media [136]. Although arabinose (Ara) is acid-labile, its ability to 

tolerate the effects of microwave-assisted extraction (MAE) with acidic solvents (such as 

10% reagent B and NADES) is ascribed to the combination of solvent-specific protective 

effects and MAE's quick kinetics. Due to the rapid heating mechanism of MAE (minutes Vs 

hours in HWE), Ara can be partially released and preserved before deterioration occurs 

[137]. For example, Ara was not detected in HWE but reached 3.03% in MAE in 10% 

reagent B, but MAE produced 2.58% Ara in NADES (Y) compared to none in HWE. Due 

to the quick disruption of cell walls caused by microwaves, bound Ara monomers are 

released from the arabinan side chains of pectin before they can be broken down by 
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prolonged acid exposure. Reagent C in NADES may also reduce acid accessibility by 

shielding Ara through hydrogen bonding. 

In addition, the rhamnose (Rha) level dropped across the solvents in both extraction methods, 

which indicates the reduction in density of the RG-1 backbone and enhanced linearity in 

acid/NADES extracts [135].  

The most efficient NADES solvents, particularly the (Y) ratio of reagent C/reagent B, is 

suitable for isolation of the lowest amount of neutral saccharides and the biggest amount of 

GalA in the main chain of pectin (78.12% in HWE, and 74.83% in MAE). This superiority 

is explained by the strong hydrogen-bonding ability and low reagent A activity of NADES, 

which minimize co-extraction of branching RG-I regions and related neutral sugars like 

galactan while specifically targeting and solubilizing the linear HG chains [4]. Because of 

its high GalA content and linearity, NADES-extracted pectin should have a higher gelling 

capacity than reagent A-extracted pectin, which has more branching complexity [138]. These 

results show that the choice of solvent significantly influences the structure of pectin, with 

NADES emerging as a very effective, environmentally friendly process for creating linear, 

high-purity pectin. 

The monosaccharide ratios show how the structural properties of extracted pectin vary by 

using different solvents, by comparing the different saccharides ratios such as 

GalA/(Fru+Rha+Ara+Gal+Xyl), Rha/GalA, and (Gal+Ara)/Rha. According to Houben et al. 

(2011), the proportion of acidic saccharides (GalA) to the total neutral sugars (such as 

fructose, rhamnose, arabinose, galactose, and xylose) indicates the linearity of pectin [139]. 

A higher value of this proportion means that the GalA is present in a large proportion relative 

to the neutral sugars, indicating a purer pectin product or more linear homogalacturonan 

(HG)-rich pectin. While a lower value indicates more branched pectin with neutral sugar 

side chains (rhamnogalacturonan I - RG-I).  
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Table 8: Comparison of sugar ratios calculated for different extraction media during HWE and MAE. 

Method Extraction 

media 

GalA/ 

(Fru+Rha+Ara+Gal+Xyl) 

Rha/GalA (Gal+Ara)/Rha 

HWE Reagent-A 0.54 0.22 7.20 

10% Reagent-B 2.31 0.10 3.24 

10% Reagent-C 1.76 0.10 4.52 

Mix (X) 4.45 0.06 2.33 

NADES (X) 2.73 0.06 4.68 

NADES (Y) 5.88 0.05 2.27 

MAE Reagent-A 0.54 0.19 8.29 

10% Reagent-B 1.51 0.08 6.52 

10% Reagent-C 1.58 0.09 5.89 

Mix (X) 2.20 0.06 6.12 

NADES (X) 3.62 0.04 5.27 

NADES (Y) 4.57 0.04 4.25 

 

Table 8 shows that the NADES (Y) yield pectin with a higher value of GalA/neutral sugars 

(5.80 in HWE, and 4.57 in MAE), which means highly linear (HG-rich) pectin, while on the 

other hand, reagent A yield pectin with the lowest ratio (0.54) means that pectin is less linear 

with more extensive neutral sugars side chains (RG-1) and substantial Xylan co-extraction, 

leading to low purity.  

The Rha/GalA ratio estimates the contribution of the Rhamnogalacturonan (RG) region to 

pectin. A higher ratio indicates a higher proportion of RG-I and RG-II structures relative to 

HG, while a lower ratio indicates HG-rich pectin structure. The table 25 demonstrates that 

reagent A extraction yields pectin with the highest Rha/GalA ratio (0.22 in HWE, and 0.19 

in MAE), indicating that pectin is most RG-rich. While all other tested solvents yield pectin 

with much lower ratios, from 0.05 to 0.10, indicating the HG-dominated pectin structure. 

Among these, the NADES (Y) produced pectin with the lowest Rha/GalA ratio (0.05 in 

HWE, and 0.04 in MAE), signifying the highest relative HG content.  

The (Gal+Ara)/Rha ratio indicates how much of the common side chain sugars galactose 

(Gal) and arabinose (Ara) are present in each rhamnose (Rha) residue. This ratio indicates 

the branching density and size of the neutral sugar side chain on RG-I regions. The higher 
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values indicate that there are more or extended neutral sugar side chains (arabinan, galactan, 

and arabinogalactan) attached to each Rha backbone point in RG-I. Smaller values indicate 

that there are shorter or fewer side chains. As shown in the table 9, reagent A extraction 

yields pectin with the highest (Gal+Ara)/Rha ratio (7.20 in HWE, 8.29 in MAE), indicating 

that the most branched neutral side chains are found in RG-I regions. Pectin extracted using 

NADES (X) and NADES (Y) had the lowest ratios in both extraction methods, indicating 

that RG-I regions have shorter/fewer side chains.  
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Conclusions 

This work successfully demonstrates how to extract pectin from food industry waste, on the 

example of raspberry pomace in a sustainable way using NADES in combination with MAE. 

The coupling of MAE technology with NADES systems, particularly the reagent C-reagent 

B formulation, proved to be significantly more effective than traditional HWE in terms of 

yield and process sustainability. This method demonstrates sustainable biorefinery by 

removing the use of hazardous solvents during the extraction stage, turning agro-industrial 

waste into valuable goods, and adhering to the circular economy. Some key findings are: 

1. Extraction of pectin-rich macromolecules 

It was discovered that NADES (X) had the highest pectin recovery (6.39%) using traditional 

HWE because of its mild acidity and balanced hydrogen-bonding network, which disrupted 

bonds between the pectin and the plant cell wall selectively while maintaining structural 

integrity. Conversely, MAE yielded greater yields with the non-eutectic mixture of reagent 

C/reagent B in ratio (X) (9.52%) by using rapid ionic conduction and efficient microwave 

absorption for enhanced mass transfer. Purification in both methods relied heavily on 

dialysis, and significant yield losses (e.g., 54.9% for 10% reagent C in HWE) showed that 

low-molecular-weight impurities, including salts, sugars, and acids, could be successfully 

eliminated, boosting pectin purity despite its decreased mass. 

2. Energy Efficiency & Impurity Removal 

MAE showed notable energy efficiency benefits, reducing energy consumption of the 

extraction phase by 17% (0.10 kWh vs. HWE's 0.12 kWh) and processing time by 87.5% 

(shortened vs. extended extraction time) by rapid volumetric heating, which minimized 

thermal degradation and accelerated mass transfer. However, the majority of energy use 

(about 75% for both approaches) was driven by downstream processes, especially drying, 

which negated the extraction-phase advantages from MAE and revealed a crucial bottleneck 

for net energy reductions. Dialysis efficacy was evaluated through conductivity stabilization 

(20-40 µS/cm) in the dialysate, indicating successful removal of low-MW impurities (such 

as salts, monosaccharides) and assuring the isolation of high-purity pectin despite significant 

yield decreases. 
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3. Analysis of Composition  

MAE consistently outperformed HWE in saccharide recovery across all solvents (e.g., a non-

eutectic mixture of reagent C/reagent B in ratio (X): 36.03% vs. 24.51%), which was 

attributed to tailored microwave energy delivery and reduced thermal degradation resulting 

from shorter processing periods. Although the highest uronic acid (UA) content (65.89%) 

was obtained by NADES (Y)-HWE, this was probably due to acid-catalyzed 

depolymerization into monomers rather than intact pectin; on the other hand, MAE extracts 

(e.g., NADES (X): 58.90% UA) demonstrated superior preservation of polymeric pectin 

because of their quick, controlled extraction. Under MAE, polyphenol co-extraction 

increased (e.g., 10% reagent C: 19.90% vs. 12.42% in HWE) because of increased cell 

disruption, while protein impurities stayed comparable in both extraction processes (about 

13% for reagent C solvents) because of the electrostatic stability of cations of reagent C. 

4. Structural characterization 

According to GC-MS analysis, under both HWE and MAE, NADES (Y) produced highly 

linear homogalacturonan (HG)-rich pectin, as shown by exceptional galacturonic acid 

(GalA) dominance (78.12% and 74.83% respectively) and minimal branching with a lower 

Rha/GalA ratio. In contrast, reagent A extraction produced branched rhamnogalacturonan-I 

(RG-I) pectin with lower GalA content (29.26% and 29.37%, respectively) and higher 

neutral sugars, as indicated by higher Rha/GalA ratios. 

ATR-FTIR analysis confirmed the structural integrity of NADES extracts through prominent 

ester carbonyl bands (∼1730 cm⁻¹) NADES, while MAE-induced hydrogen-bond disruption 

was indicated by broadened O-H stretching peaks (∼3300 cm⁻¹), particularly in NADES 

solvents, reflecting microwave-specific molecular interactions. These structural differences 

highlight how pectin architecture is directly governed by solvent chemistry (NADES 

acidity/H-bonding) and extraction process (HWE vs. MAE), allowing for the targeted 

construction of linear (gelling-optimized) or branching (emulsification-suited) pectin 

fractions. 
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5. Industrial applicability 

For emulsification applications where branching improves functionality, clear trade-offs 

were observed. MAE with Mix (X) increased yield (9.52%) and saccharide content (36.03%) 

at the expense of uronic acid purity (48.32%). NADES (Y)-HWE, on the other hand, 

produced linear homogalacturonan structure and peaked UA (65.89%) at higher energy 

costs, which makes it ideal for high-gelling applications such as food and pharmaceutical 

industries that need pure, linear pectin. The advantage of NADES/MAE synergy was 

highlighted by the universal underperformance of reagent A-based extractions. Importantly, 

solvent performance varied by method: Mix (X)'s ionic mobility improved microwave 

absorption in MAE, while NADES (X) used H-bond disruption in HWE for selective 

extraction, allowing for specific pectin structure by combining solvent chemistry and 

extraction technique. 

6. Future Perspectives  

This study lays the groundwork for DOE-driven RSM optimization to improve functional 

material applications and address extraction trade-offs (such as yield vs. UA purity). 

Promoting structurally specific pectin, branched (RG-I) for emulsion stabilizers or bio 

composites, and linear (HG-rich) for drug delivery systems or edible films will help to 

reconcile the objectives of the circular economy and valorization of food-and agro-waste. 

To test the efficiency of MAE at industrial scale, optimize the viscosity of NADES for scale-

up, and measure the performance of tailored pectin in commercial formulations further 

research needs to be done. 
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Appendix 1: Equipments specification used for Energy 

Consumption Calculations 

Operation Equipment Voltage 

(V) 

Power 

(W)  

Operating Range 

NADES 

preparation 

Evaporator 100-240  75 20-270 RPM (Avg. 120) 

Water bath 220-240   1350 20-180 °C (Avg. 95 °C) 

Extraction 

(HWE) 

Heating mantle 230   100 Max 350 °C 

Extraction 

(MAE) 

Microwave 

Reactor 

230 200 

Centrifugation Centrifuge 230  660 Max 18,000 rpm (used 

~4500 rpm, 15 min) 

Concentration Evaporator 100-240 75 20-270 Rpm (Avg. 120) 

Water bath 220-240 1350 20-180 °C (Avg. 95 °C) 

Precipitation Membrane 

pump 

230 100 Low flow rate used 

 Stirrer 100-240 4 Speed 0-100% (Avg.. 30%) 

Dialysis Stirrer 100-240 4 

Drying Evaporator 100-240 75 20-270 RPM (Avg. 120) 

Water bath 220-240 1350 20-180 oC (Avg. 95 °C) 
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Appendix 2: Calibration Curves and raw data 

The raw data and the calibration curves used to estimate the saccharides, uronic acid, 

phenolic content, and protein present in each extract are shown in the accompanying figures 

and tables. 

Table A1: Data for the standard calibration curve for glucose (HWE). 

Conc. of glucose 

solution 

(µg/ml) Abs. 1 Abs. 2 Abs. 3 Abs. 4 Abs. 5 

Average 

Abs. 

0 0 0 0 0 0 0 

10 0.175 0.181 0.194 0.179 0.15 0.176 

20 0.344 0.366 0.252 0.254 0.284 0.300 

40 0.616 0.704 0.714 0.595 0.689 0.664 

80 0.831 1.401 1.189 1.153 1.182 1.151 

160 2.437 2.543 2.478 2.286 2.428 2.434 

 

Figure A1: Standard calibration curve for glucose (HWE). 
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Table A2: Data for the standard calibration curve for glucose (MAE). 

Conc. of glucose solution 

(µg/ml) Abs. 1 Abs. 2 Abs. 3 

Average 

Abs. 

0 0 0 0 0 

10 0.250 0.250 0.267 0.256 

20 0.460 0.494 0.490 0.481 

40 0.881 0.933 0.775 0.863 

80 1.583 1.654 1.698 1.645 

160 2.913 2.948 2.555 2.805 

 

Figure A2: Standard calibration curve for glucose (MAE). 

Table A3. Data for the standard calibration curve for GalA (HWE). 

Conc. of GalA 

solution 

(µg/ml) Abs. 1 Abs. 2 Abs. 3 Abs. 4 Abs. 5 

Average 

Abs. 

0 0 0 0 0 0 0 

8 0.054 0.062 0.058 0.059 0.065 0.060 

16 0.126 0.105 0.116 0.135 0.122 0.121 

24 0.177 0.154 0.173 0.215 0.203 0.184 

32 0.248 0.231 0.262 0.255 0.271 0.253 

40 0.322 0.262 0.318 0.363 0.283 0.310 

48 0.379 0.358 0.428 0.428 0.412 0.401 

y = 0.0184x

R² = 0.9928
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Figure A3: Standard calibration curve for GalA (HWE). 

Table A4: Data for the standard calibration curve for GalA (MAE). 

Conc. of GalA solution 

(µg/ml) Abs. 1 Abs. 2 Abs. 3 

Average Abs. 

0 0 0 0 0 

8 0.100 0.088 0.103 0.097 

16 0.158 0.157 0.158 0.158 

24 0.195 0.197 0.209 0.200 

32 0.256 0.242 0.272 0.257 

40 0.319 0.325 0.33 0.325 

48 0.366 0.365 0.353 0.361 

 

Figure A4: Standard calibration curve for GalA (MAE). 
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Table A5: Data for the standard calibration curve for gallic acid (HWE+MAE). 

 

 

Figure A5: Standard calibration curve for gallic acid (HWE+MAE). 

Table A6: Data for the standard calibration curve for BSA (HWE+MAE). 

Conc. of BSA solution 

(µg/ml) Abs. 1 Abs. 2 Abs. 3 Abs. 4 Abs. 5 

Average 

Abs. 

0 0 0 0 0 0 0 

2 0.026 0.032 0.044 0.041 0.041 0.037 

4 0.053 0.060 0.085 0.088 0.079 0.073 

6 0.080 0.085 ---  0.127 0.117 0.102 

8 0.099 0.112 0.182 0.165 0.168 0.145 

10 0.129 0.146 0.217 0.208 0.201 0.180 
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R² = 0.997926
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Conc. of gallic acid 

(µg/ml) Abs. 1 Abs. 2 Abs. 3 

Average Abs. 

0 0 0 0 0 

50 0.044 0.039 0.030 0.038 

100 0.089 0.073 0.079 0.080 

150 0.146 0.167 0.126 0.146 

250 0.245 0.227 0.218 0.230 

500 0.423 0.414 0.444 0.427 
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Figure A6: Standard calibration curve for BSA (HWE+MAE). 
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