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Abstract 

Agro-industrial waste represents significant potential for the production of biofuels and 

value-added chemicals, supporting sustainable waste management and resource 

sustainability. The rising environmental concerns and resource depletion are driving a 

surge in technologies focused on the conversion of organic waste into economically 

viable and ecologically beneficial products. Food processing byproducts are 

particularly abundant in beneficial compounds, including carbohydrates, lipids, 

proteins, vitamins, polyphenols, and various bioactive substances. Passion fruit 

(Passiflora edulis), a tropical fruit predominantly grown for nutritive juice production, 

produces over 60% of its weight as byproducts, comprising peel, seeds, and bagasse. 

This underutilised waste is rich in bioactive compounds, including polyphenols, 

anthocyanins, vitamins, lipids, carbohydrates, and alkaloids, which possess therapeutic 

properties such as anti-inflammatory, antitumor, antihypertensive, antioxidant, and 

anticancer effects. Natural antioxidants extracted from passion fruit waste can serve as 

efficient stabilisers for edible oils, improving oxidative stability and prolonging shelf 

life. Simultaneously, the carbohydrate component can be utilised for the production of 

second-generation biofuels. Northeast India, endowed with two global biodiversity 

hotspots, cultivates passion fruit on a small scale, with the associated waste being 

disposed of without valorisation. This study focuses on investigating the antioxidant 

properties of yellow passion fruit rind from Northeast India and its prospective 

application in nutraceuticals, food, and biofuels, thereby promoting the sustainable use 

of agro-industrial waste. 

The introductory part of the thesis highlights the importance of passion fruit and its by-

products, which are abundant in various bioactive compounds with potential uses in the 

food and beverage industry, pharmaceutical, and nutraceutical sectors. A 

comprehensive literature analysis has been presented, outlining diverse extraction 

methods utilised for the recovery of these beneficial components. Green extraction 

methods, including ultrasound-assisted extraction and supercritical fluid extraction, 

have gained significant attention for their efficiency and reduced environmental impact 

relative to conventional procedures. The following chapters discuss the prospective 

uses of the extracted antioxidants and fermentable sugars in sustainable biofuel 

production. 
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Phenolic and flavonoid compounds from yellow passion fruit rind (YPFR) sourced 

from Assam, India, were extracted utilising green methods, specifically ultrasound-

assisted extraction (UAE) and supercritical fluid extraction (SFE). Ethanol-water was 

used as the solvent for UAE, instead of SFE, which utilised CO2 with 10% ethanol as a 

co-solvent (SC-ET). Each extraction technique was assessed under different operational 

parameters—temperature, sonication duration, solid-to-liquid ratio, and solvent 

concentration for UAE; and pressure, temperature, and solvent flow rate for SFE. The 

optimisation of these parameters was conducted by Central Composite Design (CCD)-

based Response Surface Methodology (RSM). The statistical analysis (p < 0.05) 

validated substantial correlations between the process variables and extraction 

efficiency, facilitating the determination of optimal operating conditions for 

maximising total phenolic and flavonoid yields. 

A comparative study of extracts obtained under optimised conditions from SC-ET and 

UAE demonstrated significant concentrations of phenolics, flavonoids, and 

carotenoids, which contributed to their enhanced antioxidant activity. SC-ET extracts 

showed higher flavonoids and carotenoids, whereas UE extracts exhibited higher total 

phenolic content. Gas chromatography-mass spectroscopy identified 75 components in 

the UE extracts and 47 in SC-ET extracts, signifying a broader extraction range for 

UAE. High-performance liquid chromatography profiling revealed increased specific 

quantities of phenolics and flavonoids in SC-ET, indicating its enhanced selectivity. 

Both extracts demonstrated significant antibacterial activity. Thus, it highlights the 

potential of YPFR as a sustainable source of bioactive compounds for food, medicinal, 

and cosmetic uses. 

YPFR extracts exhibited significant antioxidant activity, supporting their viability as 

natural substitutes for synthetic antioxidants to improve the oxidative stability of edible 

oils. Carotenoids were extracted from YPFR utilising sunflower seed oil (SFO) and 

soybean oil (SBO) as eco-friendly solvents through UAE, with parameters optimised 

via RSM. The carotenoid-enriched oils exhibited markedly increased phenolic and 

flavonoid levels, thereby enhancing antioxidant activity. The extract-enriched oils 

demonstrated increased resistance to lipid oxidation (29.53 - 46.44%) with an 

enhancement in induction time at 140 °C. Infusion of extracts into oils subsequently 

improved thermal stability; however, the structural integrity of the oils was preserved. 

These findings endorse the utilisation of natural antioxidants from YPFR to enhance 

the shelf life and stability of edible oils. 
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Following UAE extraction of bioactives from YPFR utilising edible oils, the remaining 

spent passion fruit rind (SPFR) exhibited a significant carbohydrate content (41.3%), 

suggesting its potential for bioethanol production. This research optimised the dilute 

sulphuric acid pretreatment of SPFR by RSM to enhance xylose release and reduce 

fermentation inhibitors. Under optimal conditions (110 °C, 10 min, 0.2 M H2SO4), 

121.8 mg/g db of xylose and 2.3 mg/g db of furfural were obtained from dry biomass. 

Subsequent detoxification through the overliming process of the hydrolysate reduced 

inhibitors by 10–30%, thus improving fermentability. The fermentation of the 

detoxified hydrolysate using Pichia (Scheffersomyces) stipitis yielded 9.7 g/L of 

ethanol, demonstrating efficient application of SPFR hemicellulose in the synthesis of 

second-generation bioethanol. 

The residual biomass obtained following dilute acid pretreatment (PUH-PFR) further 

contained 40.53% cellulose and 28.46% lignin. To improve cellulose accessibility for 

enzymatic hydrolysis, NaOH treatment facilitates delignification by cleaving ester 

linkages between lignin and hemicellulose, thus improving cellulose hydrolysis. 2% 

NaOH treatment in PUH-PFR removed 92.35% lignin with negligible cellulose loss 

(7.33%). On further enzymatic saccharification of the cellulosic fraction utilising 

commercial cellulase, 67.19 g/L of glucose was released, achieving a saccharification 

efficiency of 87.42%. The subsequent fermentation utilising Saccharomyces cerevisiae 

yielded 30.12 g/L of ethanol. This approach illustrates the possibilities of utilising 

passion fruit rind waste for sustainable bioethanol production and environmental 

sustainability. 
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µg/mL - - Microgram Per Millilitre 

μL – Microlitre 

nm - Nanometer 

ppm – Part Per Million 

rpm – Rotation Per Minute 

Wh/kg – Watt-Hours Per Kilogram 

W/kg - Watt Per Kilogram 

wt% – Weight Percentage 

w/w – Weight by Weight 

w/v – Weight by Volume 

vol% – Volume Percentage 
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Introduction and Literature Review 

 

This chapter explores the present scenario of agro-industrial waste valorisation and its 

role in the bio-based economy. This study investigates passion fruit rind as a viable 

feedstock for the extraction of natural antioxidants and their applications in several 

industries, such as food, cosmetics, pharmaceuticals, and biofuel production. The 

rationale behind the study has been discussed and offers an outline of significant 

concerns related to energy security and the current situation of food waste 

management. Besides, a thorough analysis of the literature is presented. 

 

Introduction 

Background 

The rising concern over environmental degradation and the depletion of fossil resources 

has accelerated the shift towards a bio-based economy. Through the integration of 

innovation, conservation, and economic growth across agriculture, forestry, and 

biotechnology, the bio-economy has emerged as a possible solution to address global 

concerns such as resource shortages, environmental degradation, and climate change 

[1]. Agro-industrial waste offers tremendous potential for creating valuable chemicals 

and biofuels, supporting sustainable waste management. The agriculture industry, 

which includes the production, processing, and marketing of forestry and agricultural 

goods, substantially contributes to the world economy. According to the World Bank 

2020, industry and agriculture together contribute roughly 28% and 4% of the global 

GDP, respectively [2]. Nevertheless, these operations need a lot of energy, water, and 

soil, and produce a lot of liquid, solid, and gaseous waste. This is especially true in the 

food industry, where there is a lot of organic waste and environmental pollutants 

produced daily. Sharma et al. [3] reported that every year, India burns 92 million tons 

of agricultural waste (18.4%), which emits greenhouse gases, pollutes the ecosystem, 

and poses health hazards. The development of modern technologies that support agro-

industrial waste valorisation, converting wastes into useful goods, and promoting 

sustainable waste management solutions, has resulted from the growing concern over 

these problems. 
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The agro-industrial waste includes items produced by agricultural operations and 

associated industries, such as residual crops, animal by-products, and fruit and 

vegetable waste. Agro-industries, particularly the food sector, generate significant 

amounts of organic waste from processing, treatment, and disposal activities. These 

food-processing wastes are usually rich in carbohydrates, lipids, oils, proteins, 

vitamins, polyphenols and other bioactive compounds [4]. Passiflora edulis (Passion 

fruit) is a typical example of such a crop, which is primarily cultivated for juice 

processing. Belonging to the Passifloraceae family, passion fruit is a tropical and 

subtropical vine that yields nutritious fruits. The Passiflora genus contains more than 

600 species, though the main edible varieties are granadilla (Passiflora quadrangularis 

L.), purple passion fruit (Passiflora edulis Sims), yellow passion fruit (Passiflora edulis 

f. flavicarpa Deg.), and sweet granadilla (Passiflora ligularis) [5]. Brazil leads the 

world in both production and consumption of passion fruit, followed by several other 

countries such as Colombia, Indonesia, Portugal, Malaysia, Australia, China, and India 

[5–10]. A survey conducted by Stafne et al. [11] on the passion fruit industry in the 

United States revealed that the crop is primarily cultivated for commercial purposes 

(Figure. 1.1). Its demand continues to grow because of its high-quality fruits, favorable 

yield, and consumers’ demand in both domestic and international markets. It is 

extensively utilised in producing various food items such as cakes, ice cream, sauces, 

drinks, jams, and jellies [12]. Apart from its economic importance, passion fruit is 

highly valued for its nutrient profile and therapeutic benefits; it has long been utilised 

as an anti-inflammatory, antitumor, antihypertensive, antioxidant, and anticancer agent 

[5]. Bioactive components, such as carbohydrates, polyphenols, vitamins, lipids, and 

antioxidants, are present in passion fruit leaves and by-products (such as peel, seed, and 

bagasse), which enhances their potential for medicinal use [13]. However, the fruit peel, 

which makes up 62% of the fruit overall, has a lot of potential for value-added uses and 

industrial development [14]. Different parts of passion fruit are mentioned in Figure 

1.2. The need for food has surged due to the exponential growth in the world's 

population, which has fuelled the flourishing of the food processing industry. However, 

the manufacturing of food items like juice, jam, and wine produces a lot of by-products 

(such as peel, pulp, and seed), which contribute to environmental pollution and financial 

strain because they pile up excessively. Passion fruit juice processing industries face 

similar challenges with by-product accumulation. Significant efforts are being made to 

repurpose waste materials such as peel, pomace, and seeds for the development of 
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value-added products, aiming to improve the nutritional and functional properties of 

new food products, medicinal formulations, cosmetics, and bioenergy products. The 

valorisation of such waste through sustainable extraction and bioconversion processes 

helps minimise waste generation and adds economic value. 

 

Figure 1.1. Distribution of interest in growing passion fruit throughout tropical and 

subtropical regions of the United States [11] 

Although wastes are a significant secondary carbon resource, it is mostly disposed of 

by incineration or landfilling in a linear economy, which results in a loss of carbon 

resources and contributes to social, environmental, and climate problems [15]. The 

recycling of organic waste as a potential natural resource is in the exploratory stage. 

Processing passion fruit juice results in a large quantity of waste; more than 60% of the 

fruit’s weight is discarded, accounting for over 1.05 million tons per year [5]. Therefore, 

the valorisation of passion fruit rind through the extraction of bioactive compounds and 

biofuel production provides a dual advantage, it minimises generated waste and 

produces valuable products, while further contributing to tackling the present fossil fuel 

crisis issues. This study supports international efforts to achieve sustainable 

development by producing functional food supplements along with renewable energy 

while managing waste sustainably. By substituting fossil fuels with organic waste as a 

secondary feedstock, a circular carbon economy seeks to improve environmental 

protection, conserve resources, and lessen reliance on imported fossil fuels. 

TH-3830_196151004



Chapter I                                                                                                                      Introduction 

 

6   Valorisation of Passion Fruit Rind  

 

Figure 1.2. Overview of different parts of passion fruit. (a) Passion Fruit Vine, (b) 

Passion Fruit Leave, (c) Passion Fruit Flower, (d) Passion Fruit, (b) Passion Fruit Juice, 

(b) Passion Fruit Seeds 

Passion fruit in North-East India 

The species of the Passifloraceae family was first discovered in the 16th century as 

wild in Latin American rain forests, and currently serves as a key component of the 

world's economy and agriculture in many countries such as Brazil, Colombia, China, 

and India [16]. Among its 500–600 species found in tropical and subtropical areas, a 

few species are commonly cultivated, such as the P. edulis Sims, P. edulis var. 

flavicarpa, P. ligularis Juss., P. alata Dryander, P. mixta L., P. cumbalensis (Karst.) 

Harms, P. maliformis L., P. pinnatistipula (Cav.) DC., P. quadranugularis L., P. 

antioquensis Karst., P. tripartite (Juss.) Poir, and P. serrulata Jacq., P. popenovii Killip 

[17]. These fruits require particular temperatures, amounts of rainfall, and altitudes for 

optimal growth in a variety of agroclimatic situations. It favors moderate sandy loamy 

or sandy clay-loam soils containing a pH of 6.5 to 7.5, and they survive in environments 

with 60–80% humidity and 1000–2500 mm of yearly rainfall. The ideal circumstances 

for growth for each species are as follows: P. ligularis Juss. prefers 15–23°C and 1,800–

2,600 MASL (meter above sea level); P. alata Curtis develops at 25–26°C and 100–

700 MASL; P. edulis sims. f. edulis grows at 12–22°C and 1,600–2,800 MASL; P. 

mollisima Kunth needs 13–16°C and 1,800–3,200 MASL; and P. edulis Sims. edulis 
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needs 15–22°C during the day and 12–14°C at night. These plants require at least 7 to 

8 h of sunlight per day to grow and bloom, as cloudy conditions impede development 

[18,19]. 

In the 1800s, passion fruit spread to Europe and Asia, and through Sri Lanka, it reached 

India in the early 20th century [20,21]. In India, the Northeastern provinces i.e. Manipur, 

Mizoram, Nagaland, and Sikkim, as well as portions of southern India like Kerala, 

Tamil Nadu (Kodaikanal and Nilgiri Hills), and Karnataka (Coorg), are the main 

locations for passion fruit production. It covers 19.01 thousand hectares, and the annual 

production is 123.94 thousand tons, with Manipur and Nagaland accounting for 93% 

of that total, as shown in the figure. 1.3 [22]. 

 

Figure 1.3. Production of PF in India in 2014-15 according to National Horticulture 

Board [22] 

Passion fruit in India is mainly cultivated for its nutritious juice, and it is also used to 

make other food products such as squash, jams, and jellies. However, compared to fruits 

like oranges, pineapples, and mangos, its market attractiveness is still limited, even if 

it is a high-value crop. A few processing facilities have emerged, primarily in the 

Northeastern states. There are two passion fruit processing plants (Exotic Juices and a 

new facility) located in Manipur, whilst Nagaland has three: a now-closed site in 

Lungnak, a privatised plant in Dimapur, and a new one in Mokokchung. Additionally, 

Mizoram has a new processing facility. One notable product is the juice drink "Pasip," 

produced by Exotic Juices Ltd. in Manipur, with an annual capacity of 1.5 million litres. 

It is sold by EcoVerse in major Indian cities and is destined for export [22]. 

Nevertheless, despite these developments, the passion fruit business faces obstacles to 
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growth, including poor post-harvest techniques, logistical difficulties, and restricted 

market accessibility as compared to other fruits. 

In India, passion fruit comes in two main edible varieties: purple (Passiflora edulis 

Sims), indigenous to tropical America; and yellow (Passiflora edulis f. flavicarpa 

Deg.), a natural cross with another similar species or a variant of the purple form. 

Additionally, Giant granadilla (P. quadrangularis L.) is found in some hot, humid 

regions on a small scale. Furthermore, the wild species P. foetida L. is renowned for its 

precocity, quick maturity, and tiny fruits. In India, the Northeastern states tend to grow 

purple and yellow variants, whereas the southern states choose to grow the hybrid 

variety “Kaveri,” which is a cross between purple and yellow developed by the Indian 

Institute of Horticultural Research and gives high yield [22]. 

Historically, different portions of passion fruit have been used for many years to treat a 

variety of illnesses. In Nagaland, dehydrated passion leaves are used to cure 

hypertension and diarrhoea, while the blossoms are traditionally used to make a tea that 

relieves pain [23]. Certain types, including P. incarnata, have long been used in 

medicine to treat morphine addiction, hypertension, and pain. Dhawan and his team 

examined the pharmacological characteristics of the aerial portions of P. incarnata, 

such as leaves, stems, and flowers, in vivo research, and revealed the plant's aphrodisiac 

effects, bronchospasm-relieving qualities, antitussive potential, and anxiolytic activity 

[24–29]. 

The Indian passion fruit industry confronts several obstacles, such as limited market 

access, poor transportation infrastructure, and ineffective post-harvest practices, despite 

the fruit's potential for nutrition and medicine. Compared to other fruit sectors, these 

obstacles restrict its potential for growth. To tackle these problems, the Passion Fruit 

Growers Association (PFGA) was founded in Manipur in 2004, with the goal of 

improving the financial status of cultivators and entrepreneurs via passion fruit farming 

[30]. To encourage grassroots economic growth and improve market participation, the 

association has incorporated the local rural people into its activities. 

Apart from its food production applications, such as making beverages, jams, and 

jellies, Indian researchers are currently investigating the potential of passion fruit 

biomass for developing goods with additional value. For possible use in pharmaceutical 

and dietary applications, this involves extracting dyes, phytochemicals, and 

antioxidants. The passion fruit sector has the potential to grow sustainably as these 
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projects move forward, so long as marketing and post-harvest management issues are 

successfully resolved. 

1.1. Literature Review 

1.1.1. Assessment of Nutritional and Phytochemical Properties of Passion Fruit 

The tropical and subtropical fruit, Passion fruit (Passiflora edulis), is recognised for its 

distinctive aroma and flavour, additionally for its remarkable nutritional and 

phytochemical composition. It is extensively consumed fresh and employed in 

commercial processes, such as for the manufacture of juice, jelly, and ice cream [22]. 

Despite being originally an indigenous fruit, passion fruit cultivation has become more 

and more popular because of its delicious and nutrient-dense juice. The global yearly 

production of passion fruit is estimated at 0.85 million tonnes, with Brazil accounting 

for around 60% of the total output, followed by Indonesia at 10%, India at 9%, and 

Colombia at 5% (Figure 1.4) [31]. FAOSTAT 2017 reported that the economic worth 

of Brazil’s passion fruit sector exceeds US$340 million, propelled by the cultivation of 

fresh fruit and juice goods [32]. 

 

Figure 1.4. Global contribution of leading countries to Passion fruit Production. The 

map illustrates the distribution of passion fruit cultivation around the world, showing 

the top-producing countries, based on the information reported by [32]. 

Industrial processing produces merely 36% juice, with 51% being rind and 11% 

consisting of seeds, as illustrated in Figure 1.5 [12]. A minor portion of this by-product 

is utilised as cow feed, while the remainder is disposed of, leading to considerable 

environmental challenges. The high moisture and organic composition of these wastes 

result in greenhouse gas emissions, bacterial growth, and environmental deterioration 
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[33]. The increasing quantity of by-products, propelled by the increasing demand for 

passion fruit, offers an opportunity to investigate alternative applications across many 

industries. Employing these by-products provides a sustainable approach to 

diminishing waste, tackling environmental issues, and augmenting economic value, in 

accordance with global sustainability and waste reduction agendas. 

 

Figure 1.5. Distribution of components of Passion fruit. The graph highlights the 

quantity of passion fruit parts by showing the proportionate contribution of fruit parts 

like pulp, peels, and seeds [12]. 

Numerous studies have found that passion fruit by-products are a significant source of 

vital nutrients, notably dietary fibre, vitamins, and minerals, as well as phytochemicals, 

including phenolic acids, flavonoids, and carotenoids. The antioxidant capacities of 

these bioactive substances help neutralise free radicals, thus mitigating oxidative stress. 

These molecules have shown promise in diverse applications, ranging from functional 

food to food preservative development. Historically, passion fruit leaves, juice, and 

seeds were utilised in herbal remedies for numerous diseases, despite a lack of 

comprehensive understanding of their composition. Recent studies on phytochemical 

analysis of passion fruit by-products have shown a variety of beneficial chemicals and 

investigated many extraction methods along with solvent systems to effectively 

separate these chemicals from the plant matrix. 

1.1.2. Nutritional composition of Passion Fruit 

Studies found various essential nutrients, including dietary fibre, vitamins (particularly 

vitamin C and provitamin A), and minerals such as potassium, magnesium, and iron in 

passion fruit by-products. Fonseca et al. [34] reported that carbohydrates constitute the 

majority of passion fruit parts (peel, pulp, and seed), accounting for around 69.9-89.4% 
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on a dry weight basis, apart from the moisture content (45.9-87.0%). The seeds possess 

the highest protein content (13.2% DW) and fat content (14.9% DW); however, peels 

have the greatest fibre content (61.7% DW). The pulp and juice of passion fruit are 

abundant in vitamin C and could supply up to 40.0% and 93.2% of the Recommended 

Daily Intake (RDI) per 100 g fresh weight, respectively [35]. The vitamin C content in 

passion fruit varies by temperature and species, exhibiting notable variances among the 

types. The leaves of yellow passion fruit contain up to 292.5 mg/100 g of vitamin C, 

influenced by plant age and agronomic factors [36]. Moreover, according to the Food 

Composition Database of the US Department of Agriculture, passion fruit is abundant 

in vitamins A (717–943 IU) and vitamin B [37]. However, the peels and seeds contain 

substantial amounts of other minerals like potassium, copper, magnesium, zinc, and 

iron [35]. Minerals are essential for metabolism and are required in minimal amounts 

in the body. This offers passion fruit to be considered as a significant component of a 

nutritious diet [36]. Ramaiya et al. [38] revealed that the daily intake of 275 g of it 

serves micronutrient needs. However, a cup of PF juice fulfils 3–6% of the daily sodium 

requirement. Apart from that, organic acids are prevalently present in passion fruits. 

Song et al. [39] reported that P. foetida contained citric acid (50.00%) and oxalic acid 

(29.17%), accounting for 79.17% of the total acids. The high citric acid concentration 

facilitates its application as a food additive and in cosmetic formulations [36]. 

Additionally, passion fruit is abundant in amino acids [40], with 17 identified in 

Passiflora, particularly glutamic acid and arginine [41]. Essential amino acids constitute 

26.07% of total amino acids, exceeding human dietary needs [36]. The chemical 

composition of various passion fruit species is affected by factors like breed, 

environment, and farming technique, resulting in considerable heterogeneity even 

among the same species. Additionally, the absence of standardised analytical 

methodologies and variable units in quantitative studies contributes to variations in 

outcomes [35]. 

Hu et al. [42] reported that phytochemicals undergo liberation, absorption, metabolism, 

and excretion within the human body. Their physiological effects are reliant upon three 

principal factors: bioaccessibility refers to the portion liberated from the food matrix 

that is accessible for absorption, bioavailability refers to the proportion that is absorbed 

into the bloodstream and available to tissues, and bioactivity is the degree to which they 

enhance advantageous impacts on health at specific locations. The parameters are 

TH-3830_196151004



Chapter I                                                                                                                      Introduction 

 

12   Valorisation of Passion Fruit Rind  

affected by the food matrix, processing techniques, and the chemical characteristics of 

the phytochemical. Lipids frequently improve solubility and absorption, but dietary 

fibres may obstruct or occasionally facilitate release. Processing can deteriorate 

compounds (e.g., heat treatment) or enhance accessibility (e.g., ultrasound, microwave, 

or nonthermal techniques such as freeze-drying, high pressure, pulsed electric field). 

1.1.3. Phytochemical Properties of Passion Fruit 

In addition to its nutritional content, passion fruit by-products are abundant in 

phytochemicals such as phenolic acids, flavonoids, and carotenoids. These secondary 

metabolites are mostly recognised for their bioactivity and utilised in conventional 

healthcare, the pharmaceutical sector, and nutritional supplementation for humans [35]. 

A bibliometric analysis of 161 references detailing the bioactive components in passion 

fruit by-products was performed using VOS viewer. The software depicted co-

occurrence networks of keywords that appeared a minimum of 10 times, with the size 

of circles and labels representing keyword frequency, while closeness indicated co-

occurrence. Figure 1.6 illustrates that commonly recurrent phrases encompass 

“flavonoids,” “anthocyanins,” “phenolics,” and “antioxidants,” emphasising PF by-

products as abundant sources of secondary metabolites with significant antioxidant 

properties. 
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Figure 1.6. A co-occurrence assessment of keywords that appear a minimum of 10 times 

in research articles addressing the composition of passion fruit from the year 2020 to 

2025, performed using VOSviewer (version 1.6.20), with data obtained from Scopus. 

Passion fruit species are abundant in polyphenols, comprising phenolic acids, 

flavonoids, and stilbenes, with total phenolic content varying from 0.36 to 305.8 mg 

GAE/g [16,43–51]. Principal phenolic acids comprise coumaryl quinic acid derivatives, 

chlorogenic acid, rosmarinic acid, and syringic acid [16,41]. Shanmugam et al. [52] 

extracted 24 polyphenolic compounds from P. leschenaultia, including caffeic acid, 

cinnamic acid, and vanillic acid. Flavonoids, such as isoorientin (30.11-75.14 mg/kg), 

quercetin (20.00 mg/g), and rutin, recognised for their antioxidant and antibacterial 

characteristics, are prevalently found in PF by products [43,53]. Anthocyanins, 

including cyanidin-3-O-glucoside (639.36 mg/g), cyanidin-3-O-rutinoside (40.49 

mg/g), and peonidin-3-O-rutinoside (30.55 mg/g), have been identified in P. edulis 

epicarp ethanolic extracts [54]. 

Stilbenes, such as scirpusin B and piceatannol, were extracted from purple passion fruit 

seeds utilising chromatography and liquid extraction methods [55]. Purohit et al. [56] 

isolate 1.97 mg/g of scirpusin B from yellow passion fruit seed. A triterpene, Squalene 

(0.91 mg/g), and carotenoid, β-carotene (38.64 mg/kg) were recovered from the by-

products of P. edulis Sims [57]. dos Reis et al. [58] found the orange peel PF exhibiting 

the highest carotenoid concentration (25.52 mg/100 g) compared to purple and yellow. 

PF seed oil, obtained using supercritical fluid extraction, comprises 1.68% α-tocopherol 

[59]. Other discovered substances comprise flavones (chrysoeriol derivatives), 

flavanones (pinocembrin), terpenes (limonene, β-caryophyllene), and stilbenes (trans- 

and cis-resveratrol), underscoring the bioactive potential of passion fruit by-products 

for nutraceutical and industrial uses [16,48,52]. 

1.1.4. Extraction Techniques for Bioactive Compounds from Passion Fruit 

The extraction of bioactive compounds from passion fruit and its by-products, including 

the rind, seeds, and pulp residues, has gained significant research attention due to their 

abundance of antioxidants, phenolics, flavonoids, alkaloids, and other bioactive 

substances with nutritional benefits and commercial uses. Various techniques have 

been used to isolate these phytochemicals (Table 1.1), each possessing distinct 

processes, efficiencies, and environmental impacts. The efficiency and efficacy of 

extraction techniques are essential for optimising yield and maintaining the biological 
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activity of these substances. Although, conventional techniques, like maceration, 

Soxhlet extraction, and hydrodistillation are widely used; however, they have 

constraints regarding poor process efficiency, high energy, and time requirements, the 

use of hazardous solvents, the thermal destruction of compounds, a detrimental effect 

on the environment, and the production of extracts of subpar quality [60]. As a result, 

a variety of approaches to the sustainable extraction of phytochemicals from biowaste 

have been developed in order to satisfy the needs of a concerned society. The increasing 

concentration of targeted molecules and the development of bioassays with high 

selectivity and sensitivity make the advanced methods more popular [61]. These 

methods include ultrasound, microwave, supercritical fluid, pressurised liquid 

extraction, and others. A summary of the application of different extraction methods to 

extract polyphenols from passion fruit by-products has been listed in Table 1.2. In 

recent years, extensive research has been done on ultrasound-assisted extraction (UAE) 

of valuable chemicals from plant waste. UAE is based on the use of ultrasonic energy 

(sound waves with frequencies more than 20 kHz), which makes it easier for a solvent 

to extract analytes from a solid sample. The formation, growth, and collapse of 

microbubbles inside a liquid phase cause the rupture of cell walls. This improves the 

contact of the solvent with the available extractable cellular material and speeds up 

diffusion, thus increasing the extraction efficiency [62]. UAE has benefits over the 

traditional approach, including selectivity, low energy consumption, a shorter 

extraction time, less solvent use, and less consumption of dangerous chemicals [63]. 

The application of environment-friendly solvents, such as supercritical fluid, made 

room for the food industry as a potential area of application. The properties of these 

fluids are intermediate between gases and liquids under supercritical conditions, which 

makes compound extraction easier. With high diffusivities and low viscosities, SFE has 

a number of benefits for extracting natural substances, including essential oils, lipids, 

tocopherols, and carotenoids from plants and biomass. To increase the rate of extraction 

and yield, these qualities can be changed by altering the temperature and pressure [64]. 

A supercritical fluid, carbon dioxide (CO2), due to its stability and safety, is frequently 

used in the food business and is also tasteless, odourless, and non-toxic [65]. In this 

process, the mixture of solvent (supercritical carbon dioxide) and extracted compounds 

is transferred and separated by depressurising the system, leaving the pure form of the 

extracted compounds. The lipophilic nature of the CO2, which normally helps to 

recover non-polar and moderately polar molecules, is the basic restriction on SFE. 
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Addition of co-solvents/ modifiers/ entrainers alters the polarity of the solvent system, 

increasing the capacity of solvating and boosting its affinity for polar molecules [66]. 

Ethanol is frequently used to entrain or modify supercritical CO2. Ethanol is categorised 

as a generally recognised as safe (GRAS) solvent in accordance with the Sustainable 

Development Goals for good health and well-being established by the United Nations 

[65]. Table 1.1. demonstrated the advantage of UAE and SFE over conventional 

methods. Thus, the UAE and SFE are advanced extraction methods that improve 

efficiency, quality, and sustainability in the extraction of bioactives from passion fruit 

by-products. The UAE provides high yield, uses minimal solvent, and has a scope of 

scale-up, making it ideal for phenolics and flavonoids. Supercritical fluid extraction 

(SFE), devoid of hazardous solvents, demonstrates superior purity, selectivity, and 

efficacy in extracting lipophilic chemicals such as carotenoids, yielding high-quality 

extracts for medicinal, nutraceutical, and cosmetic applications. Both approaches 

maintain bioactivity under mild processing settings, conforming to sustainability 

objectives and providing diverse applications in harnessing the nutraceutical and 

functional potential of passion fruit. The schematic of the UAE and SFE setup has been 

depicted in Figure 1.7. 

Table 1.1. Comparison of UAE and SFE with other conventional extraction methods 

 Conventional 

methods 

UAE SFE 

Selectivity Moderate High Low 

Solvent usage High Less less 

Process duration Long short moderate 

Temperature 

sensitivity 

Suitable for 

thermolabile 

compounds 

Suitable for 

thermolabile 

compounds 

Poor 

Environmental 

impact 

Eco-friendly Eco-friendly High solvent 

wastage 

Cost Moderate High (equipment 

cost) 

Low 
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Figure 1.7. The experimental setup for a) UAE and b) SFE 

Table 1.2. A summary of the application of different extraction methods to extract 

polyphenols from passion fruit by-products 

Species 

used 

Extraction 

method 

Solvent used Extracted 

phenolic 

compounds 

References 

Passion fruit 

peels 

Ultrasonic 

and 

microwave 

extraction 

Ethanol:water:acetone TPC = 17.47-

38.52 mg 

GAE/g, TFC 

=8.72-26.08 

mg RE/g 

[67] 

P. edulis 

Leaf  

Pressurised 

liquid 

extraction 

70% ethanol TPC = 30.0-

43.2 mg 

GAE/g, TFC = 

30.0-58.8 mg 

QE/g 

[68] 

P. edulis 

Sims peel 

Water bath DES TPC = 9.68 

mg GAE/g 

[69] 

P. ligularis 

Juss peel 

Pressurised 

liquid 

extraction 

and CO2-

expanded 

ethanol 

ethanol and CO2 TPC = 1.5-3.0 

mg GAE/g 

[70] 

Passion fruit 

rinds 

Ultrasound-

Assisted 

Pressurised 

Liquid 

Extraction 

70% ethanol TPC = 2.07 

mg GAE/g 

[71] 

P. edulis  Maceration 70% ethanol and 70% 

methanol 

TPC = 5.29-

9.25mg GAE/g 

[72] 
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seed 

P. edulis 

Sims by-

products 

Supercritical 

fluid 

extraction 

CO2 TCC = 22.30-

38.64 mg β-

carotene 

equivalent/kg, 

TT = 698.51-

1019.12 

mg/kg, 

Squalene = 

485.62-913 

mg/kg 

[57] 

P. 

cincinnata 

Mast., P. 

edulis Sims 

liquid-liquid 

extraction 

ethyl acetate TPC = 365-

476.1 mg/kg, 

TCC = 0.9-

18.7 mg/kg 

equivalent to 

β-carotene, 

Vitamin C = 

176.1-264.2 

mg/kg 

[16] 

Yellow and 

purple 

passion fruit 

Soxhlet ethyl acetate, acetone, 

methanol and water 

TPC = 26.67-

66.53 mg 

GAE/g, TFC = 

29.25-73.39 

mg QUE/g 

[73] 

P. foedita Maceration ethyl acetate, 

methanol, methanol-

water (80%), and 

water 

TPC = 39.61-

21.30 mg 

GAE/g, 

TFC = 50.11-

3.22 mg RE/g 

[74] 

Leaves, 

flowers, 

stems and 

roots of P. 

caerulea L. 

Maceration Water, MeOH:water 

containing NaF, 

methanol, ethanol and 

acetone 

10.83-19.77 

mg eq GA/g 

[75] 

TPC = total phenolic content, TFC = total flavonoid content, TCC = total corenoid content, 

TT = Total Tocols (mg/kg extract) 

1.1.5. Application of passion fruit by-products 

The by-products of passion fruit, such as its peel, seeds, and pulp leftovers, have 

attracted notable attention due to multiple uses in the food, pharmaceutical, 

nutraceutical, and cosmetic sectors. These by-products, frequently seen as waste, are 
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abundant in vital minerals, phytochemicals, and bioactive substances that present 

significant opportunities for valorisation. Recycling them not only decreases 

environmental damage but also conforms to sustainable waste management standards, 

fostering a circular bio-economy. 

1.1.5.1.Food Industry: 

Passion fruit has 36% edible content (Figure 1.5). However, its peel and seeds constitute 

nearly two-thirds of the fruit's waste, presenting opportunities for nutritional and 

commercial uses in the food sector [76]. Passion fruit-based functional beverages, like 

kefir, provide improved microbial viability, consistent acidity, and low ethanol levels, 

positioning them as innovative contributions to the beverage industry [77]. The lactic 

acid bacteria fermented milk containing 1% (w/v) passion fruit pulp was able to 

suppress the proliferation of Staphylococcus spp. and Listeria monocytogenes, promote 

probiotic viability, and extended shelf life and safety [78]. The yoghurt enriched with 

passion fruit peel, seed, and pericarp flour showed enhanced nutritional, sensory, and 

rheological characteristics, as well as being rich in fibre and pectin,  regulates lactic 

acid levels and enhances probiotic viability [79–81]. The peel, utilised as a fermentable 

carbohydrate source, markedly increases folate production in soy-based fermented 

products [82]. Passion fruit peel has been utilised to produce fiber-rich candies that 

enhance health and mitigate environmental pollution [83]. A combination of P. edulis 

epicarp and green banana biomass improved the flexibility and moisture content of 

chicken hamburgers [84]. P. edulis flour functions as a stabilising, emulsifying, and 

thickening agent in goods like nectar, mayonnaise, and ice cream syrups, offering 

superior stabilisation relative to guar gum and improved viscosity in syrups [85]. 

However, passion fruit extracts have been employed as preservatives to improve food’s 

nutritional value and technological characteristics. Costa et al. [86] revealed that semi-

purified P. cincinnata Mast. extracts inhibited Listeria, S. aureus, and multidrug-

resistant S. aureus in traditional Brazilian cheese (coalho), emphasising its antibacterial 

efficacy. Aqueous and ethanolic extracts enhanced oxidative stability and delayed the 

decolourization of beef patties by as much as nine days [87]. Although PF by-products 

have nutritional, dietary, and technological advantages, additional research on their 

safety and toxicity is essential to fully comprehend their potential. 
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1.1.5.2.Pharmacology Industry: 

The bioactive components in passion fruit by-products make them particularly valuable 

for pharmaceutical and nutraceutical compositions. Various parts of passion fruit have 

been utilised as traditional medicine for an extended period without a comprehensive 

knowledge of their chemical composition [88]. Recent investigations highlighted the 

pharmacological potential of passion fruit extracts, demonstrating diverse applications. 

The sub-acute toxicity test of Passiflora edulis Sims f. edulis (Gulupa) leaves aqueous 

extract performed by Rodriguez-Usaquen et al. [89] revealed that the extracts (1000 

mg/kg/day) were well-tolerated in Wistar rats, though minor histopathological 

alterations in the liver and kidneys were observed. They observed there was a slight rise 

in the frequency of focal periportal lymphocytic infiltration in the liver and focal 

corticomedullary nephrocalcinosis in the kidney due to the extract. Further, P. tenuifila 

extracts, comprising 19 phenolic components, displayed anxiolytic and anticonvulsant 

effects without acute toxicity in murine models [90]. The Scirpusin B isolated from 

yellow passion fruit seeds showed strong antioxidant, antidiabetic (inhibited α-amylase 

and α-glucosidase), antibacterial (against different gram-positive and gram-negative 

bacteria), and anti-oral cancer (reduced up to 95% SAS oral-cancer cell growth) 

properties [91]. Ramos et al. [92] revealed that the ethanolic extract of PF leaves 

dramatically decreased triglycerides (by up to 35% at 24 h) and cholesterol, perhaps 

suppressing critical enzymes associated with colorectal cancer. Similarly, da Silva et 

al. [93] found that soluble dietary fibre from yellow passion fruit protected against 

gastrointestinal mucositis, reversing oxidative stress and inflammation induced by 5-

FU chemotherapy. Venkatachalamoorthi et al. [94] reported that 30% P edulis extract 

combined with 17% EDTA demonstrated low erosion and significant efficiency in root 

canal disinfection. Dewi et al. [95] indicated that 10% seed extract cream significantly 

reduced acne vulgaris, decreasing lesion counts by more than 70% after eight weeks. 

Khongrum et al. [96] discovered that daily intake of passion fruit juice markedly 

benefited lipid profiles in dyslipidemic individuals by decreasing LDL-C and 

triglycerides, presumably due to improved oxidative stress regulation and decreased 

inflammation. Although passion fruit exhibits potential therapeutic applications such as 

antibacterial, anti-inflammatory, anxiolytic, and antidiabetic properties, additional 

research and clinical trials are necessary to confirm its medicinal efficacy and ensure 

safety for wider use. 
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1.1.5.3.Cosmetic Industry: 

Protecting skin from adverse external factors, including UV radiation, pigmentation, 

and photoaging, is a crucial issue. The plant-derived polyphenols help it progressively 

due to their skin-rejuvenating qualities and, thus, grab interest in the cosmetic 

industries. Passiflora edulis extracts have exhibited considerable dermatological 

advantages. P. edulis f. edulis ethanolic seed extract showed significant antiaging 

potential without toxicity and promoted cell viability [97]. Nazliniwaty et al. [98] 

similarly documented the anti-aging properties of ethanolic peel extracts (purple, red, 

yellow), with the purple peel exhibiting enhanced wrinkle repair and melanin reduction. 

The seed extract exhibited anti-hyaluronidase efficacy with an IC50 value of 122.70 ± 

6.35 µg/ml, thus suggesting its potential for skin hydration [99]. Additionally, passion 

fruit extracts are effective against photoaging caused by UV radiation. The sunscreen 

concealer mousse, incorporated with passion fruit seed extracts, achieved SPF values 

up to 18.99 without irritation [100]. Maruki-Uchida et al. [101] demonstrated the anti-

UVB potential of piceatannol and scirpusin B extracted from passion fruit seeds for 

keratinocytes, which increased glutathione levels by 77% at 25 µg/ml, reduced ROS by 

58% at 22 µg/ml and suppressed MMP1, positioning them as promising anti-UV agents. 

Furthermore, Jusuf et al. [102] reported the antibacterial activity of passion fruit seed 

extract (5%), with comparable ZOI to clindamycin, suggesting applications in anti-acne 

products. Furthermore, nano-emulsions developed using seed oil from P. setacea, P. 

cincinnata, P. tenuifila, and P. alata enhanced HaCaT keratinocyte proliferation, 

supporting skin tissue rejuvenation due to omega-6 and omega-9 fatty acids [103]. 

Passion fruit-derived bioactives provide sustainable, multifunctional solutions for the 

cosmetic industry, aligning with the growing demand for eco-friendly, high-

performance beauty products. 

1.1.5.4.Renewable energy: 

A green approach to waste management that contributes to both the global carbon-

neutral goals and the goals for sustainable development is the conversion of P. edulis 

solid waste to bioenergy. Passion fruit residues have been investigated for the 

production of biogas, bioethanol, biodiesel, and activated carbon (AC) due to their high 

carbon, cellulose, and nutritional composition. 

Biogas production: 
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Silva et al. [104] documented a 66% methane yield from P. edulis peel (3% substrate, 

1.243 U/ml cellulase activity) using Aspergillus japonicus URM5620 over a 30-day 

period. The low lignin content (9.5%) of P. coerulea waste contributed to higher 

biomethane output (194.8 mL/g VS in 36 days) than that of litchi, avocado, and cherry 

residues, attributable to its low lignin content (9.5%) [105]. The considerably high 

carbon-to-nitrogen ratio (51.6) and cellulose content (25.4%) made passion fruit peel 

an ideal substrate for anaerobic digestion. dos Santos et al. [106] attained biogas and 

methane yields of 264 NmL/g VS and 115 NmL CH4/g VS, respectively, utilising PF 

peel in conjunction with industrial sludge. 

Passion fruit peel with a high value of carbon to nitrogen ratio (C/N= 51.6) and high 

cellulose content (25.4%) is an ideal substrate for anaerobic digestion. The biogas 

generation potential of PF peel with industrial sludge was 264 NmL/g VS (volatile 

solids), and methane was 115 NmL CH4/g VS [106]. 

Bioethanol production: 

Passiflora peel possesses significant potential for the synthesis of second-generation 

bioethanol due to its significant carbohydrate content. Megawati et al. [107] generated 

8.9% bioethanol from passion fruit peel with a glucose concentration of 66 g/l following 

enzymatic hydrolysis and fermentation. 

Biodiesel production: 

The synthesis of biodiesel has demonstrated promise using PF oil (with 85.8% 

unsaturation). Pantoja et al. [108] generated biodiesel from it, whereas Tippayawong 

and Chumjai [109] exhibited its commendable engine performance relative to 

conventional diesel. Jain et al. [110] employed P. edulis var. flavicarpa seed extract 

(200 ppm) as a natural antioxidant to enhance the stability of biodiesel to comply with 

EU and Indian biodiesel regulations. 

Activated Carbon for energy storage: 

Passion fruit by-products are a suitable raw material for the manufacture of activated 

carbon for energy applications. The activated carbons synthesised from P. ligularis 

seeds utilising H3PO4, achieving a yield of 35-38% [111]. Fu et al. [112] synthesised 

MnO2-impregnated activated carbon from passion fruit peel, with a high energy and 

power density of 42.8 Wh/kg at 499.7 W/kg. A mixture of P. edulis shells with 
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optoelectronic sludge to generate biochar improved combustion efficiency with a 

calorific value of 17.11 MJ/kg [113].  

Passion fruit waste-derived biofuels and materials facilitate clean energy generation, 

minimise greenhouse gas emissions, and promote efficient waste valorisation, so 

promoting sustainable and low-carbon progression. 

1.1.5.5.Nanotechnology: 

Phytochemicals extracted from passion fruit by-products can be utilised to produce 

nanoparticles, providing a sustainable and cost-effective alternative for tissue 

engineering, medication delivery, composite materials, and emulsion stabilisation. 

Passiflora sp. peel extracts have been used to produce a variety of nanoparticles, 

including Ag, Au, and ZnO. These nanoparticles exhibit potent antibacterial effects 

against E. coli, B. subtilis, and S. aureus, as well as effective dye degradation 

capabilities, achieving over 90% removal efficiency for methylene blue and rhodamine 

B dyes [114,115], Santhoshkumar et al. [116] synthesised silver nanoparticles from P. 

caerulea leaves, which decreased hatching rates in zebrafish and suppressed 

Trichophyton rubrum, indicating possible use in the cosmetic industry. Rivas et al. 

[117] employed spray drying with maltodextrin and inulin to encapsulate carotenoids, 

phenolics, and vitamin C from mango and passion fruit pulp, obtaining a preserving 

stability for 90 days. Aerogels infused with piceatannol-enriched bagasse showed 

significant loading efficiency and potential for bioavailability [118]. However, 

cellulose nanofibers produced from P. edulis Sims stalks immobilised 67% trypsin and 

maintained 44%, indicating their effectiveness in enzyme immobilisation applications 

[119]. Lipid carriers (NLCs) formulated with PF seed oil exhibited a high encapsulation 

effectiveness of 94.91%, enhanced skin penetration (average 68.63 μm), and stability 

(for over a year at 4°C and 25°C), indicating their potential application in cosmetic 

formulations [9]. 

By-products of passion fruit exhibit a great potential in environmental nanotechnology 

for restoration, drug delivery, enzyme immobilisation, and biomarker applications, and 

require additional research to understand their full potential. 
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1.1.5.6.Bioremediation: 

Environmental pollution, caused by air, water, and agricultural waste, requires an 

appropriate solution. Passiflora sp. by-products have demonstrated potential as an 

economical and sustainable resource for bioremediation. 

Removal of Dyes and Water Purification: 

P. edulis peel has been employed for the removal of dyes and the reduction of water 

hardness. Gan & Cheok [120] illustrated the effectiveness of both raw and NaOH-

treated peel in adsorbing methylene blue and reducing water hardness from 198.75 mg 

CaCO₃/L to acceptable levels at a dosage of 1.8 g. In a similar manner, Nhung et al. 

[121] decreased 97.9% Rhodamine B dye at a dosage of 1.5 g, showing the efficacy of 

PF peel as an adsorbent. 

 

Adsorption of Heavy Metals: 

The functional groups (-OH, -COOH) in passion fruit peels could efficiently remove 

heavy metals through ion exchange, adsorption, and micro-precipitation. Chao & 

Chang [122] documented a cation exchange capacity of 26.9 meq/100 g, facilitating the 

extraction of Cu, Cd, Ni, and Pb from aqueous solutions at pH 5. Souza et al. [123] 

discovered that these waste adsorbed Ni2+ at a rate of 14.98–46.84 mg/g, which is 

equivalent to that of commercial activated carbon. Zhao et al. [124] documented the 

selective removal of Cr(VI) utilising amino-rich passion fruit peel, decreasing 1 mg/L 

Cr(VI) to 0.05 mg/L after 90 min. 

Passion fruit waste functions as an effective, environmentally sustainable adsorbent for 

the elimination of dyes, heavy metals, and water pollutants. Their application 

exemplifies a sustainable method for waste valorisation and environmental 

preservation, presenting opportunities in bioremediation and pollution management. 

1.1.6. Effectiveness of Natural Antioxidants in Extending Shelf Life of Edible Oils 

Edible oils derived from several plant species, including coconut, palm, soybean, and 

sunflower, are widely used across several industries, including medicinal products, 

food items, and beauty products. Yohannes et al. [125] reported that the demand for 

vegetable oils has consistently increased, with an expected annual growth rate of 5.14% 

from 2020 to 2025. It constitutes more than 75% of global lipid consumption, is a 
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critical source of fatty acids, provides energy, regulates body temperature, safeguards 

tissues, and facilitates the movement of fat-soluble vitamins [126]. These 

macromolecules, with 9 kcal/g, represent the most concentrated energy source among 

dietary categories. The Codex Alimentarius suggests that 25 - 30% of energy intake 

should be derived from oils and fats for a healthy diet [127]. 

1.1.6.1.Oxidative stability of edible oils 

Crude edible oils, mostly consisting of triacylglycerols and several other secondary 

components such as free fatty acids, phospholipids, phytoconstituents, oxidative by-

products, waxes, gums, pesticide residues, and metal ions, are unsuitable for direct 

consumption due to their undesirable color and odor. Refining is essential to eliminate 

these undesired elements; however, this process also unintentionally removes 

advantageous substances (antioxidants) and may produce detrimental by-products such 

as esters that are carcinogenic, nephrogenic, etc. [127]. Furthermore, lipid oxidation is 

the main cause of the deterioration of the chemical, sensory, and nutritional qualities of 

oil during storage and heating, which can lead to health hazards like ageing, harm to 

the membranes, cardiovascular disease, and cancer [128]. 

1.1.6.2.Role of antioxidants 

Addition of antioxidants, synthetic or natural, is essential to improve oxidative stability 

and shelf life of edible oil, ensuring their quality and safety. Antioxidants are 

compounds that prevent oxidation by neutralising free radicals or binding metal ions 

that promote oxidative processes. They are primarily classified into two categories: 

synthetic antioxidants and natural antioxidants. 

Synthetic antioxidants: 

The edible oil industry often utilises artificial antioxidants such as butylated-

hydroxyanisole (BHA), tert-butyl hydroquinone (TBHQ), butylated-hydroxytoluene 

(BHT), and propyl gallate (PG), because of their low cost and antioxidative efficacy; 

nevertheless, these substances present health risks, including coagulation dysfunction, 

mutagenesis potential, and carcinogenic risk [129].  

Natural antioxidants: 

Natural antioxidants are being investigated extensively as a preferable substitute, 

following customer demands for additives that are naturally sourced and non-toxic. 
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However, using natural plant-based antioxidants, e.g., green tea, sesame waste, and 

olive waste [130], especially those made from agro-industrial byproducts, additionally 

promotes the ideas of waste valorisation and sustainable development. 

1.1.6.3.Mechanisms of Action 

The oxidative stability of oils can be enhanced with the addition of antioxidants, which 

hinder oxidation via one or other processes, such as scavenging free radicals, 

inactivating peroxides, chelating metal ions, quenching secondary oxidation products, 

and blocking pro-oxidative enzymes [128]. Based on these modes, Mishra et al. [131] 

classified antioxidants as primary, which neutralise free radicals and disrupt oxidation 

chain processes, or secondary, which inhibit oxidation promoters such as metal ions 

and singlet oxygen. Molecules like tocopherols, carotenoids, flavonoids, phenolic 

acids, polyphenols, and lignans have demonstrated efficacy in improving oil stability. 

Antioxidant efficiency is influenced by factors such as molecular structure, 

concentration, temperature, pro-oxidants, and interactions with other antioxidants in 

edible oils [132]. The factors that affect the edible oil oxidative stability have been 

described in Figure 1.8. 

 

Figure 1.8. Factors involved in the oxidative stability of the edible oil. 
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1.1.6.4.Applications of natural antioxidants in edible oils 

Numerous studies have shown the efficacy of plant-derived antioxidants in improving 

peroxide value (PV), anisidine value (AnV), and oil stability index (OSI) during 

storage. Natural antioxidants from olive leaf [133], sea buckthorn [134], and rosemary 

[135] have been added to edible oils in some studies to increase shelf life. 

The addition of 2 g/kg rosemary extract into sunflower, corn, and soybean oils exhibited 

its stability at frying temperatures, as analysed by thermogravimetric analysis. 

Oxidative stability studies demonstrated that rosemary extract provided greater 

protective efficacy than the synthetic antioxidant TBHQ, underscoring its potential as 

an effective natural antioxidant for edible oils [135]. Refined sunflower oil, cold-

pressed sunflower oil, and extra virgin olive oil infused with carotenoids from 

Hippophae rhamnoides by-products exhibited higher oxidative stability, determined by 

reduced peroxide values, and improved thermal stability. The incorporation of 

carotenoids lowered oil lightness while enhancing redness and yellowness [134]. To 

mitigate oxidation and enhance stability, antioxidants are frequently extracted using 

ethanol and freeze-drying techniques, then incorporated into oils. Environmental 

variables such as light, heat, pH, and oxygen can deteriorate free-form natural 

antioxidants, diminishing their antioxidative efficacy, especially at high temperatures 

[129]. Consequently, the direct integration of natural antioxidants into the oil addresses 

these constraints. Goula et al. [136] and Chutia et al. [137] had successfully extracted 

carotenoids from pomegranate peel and passion fruit peel using vegetable oil as a 

solvent. Thus, edible oil can be utilised as a solvent for the direct extraction of plant-

based natural antioxidants, hence improving oil shelf life and satisfying customer 

demand. 

1.1.7. Utilisation of lignocellulosic waste biomass for bioethanol production 

The increasing global energy demand and the reduction in crude oil reserves (expected 

to decline crude oil reserves from 25 billion to 5 billion barrels) pose a significant issue 

[138]. Moreover, the combustion of fossil fuels substantially contributes to global 

warming via greenhouse gas (GHG) emissions. Renewable and environmentally 

sustainable energy options, such as biofuels, have arisen as feasible answers to the 

energy dilemma. Biofuels, originating from biologically fixed carbon in biomass, 

function as sustainable alternatives to fossil fuels, simultaneously reducing carbon 
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dioxide emissions and addressing petroleum resource depletion [139]. Organic waste, 

comprising significant amount of carbohydrates, proteins, and minerals, poses 

environmental and health concern due to inadequate management, leading to methane 

emissions, and leachate-induced pollution of soil and water resources. Waste-to-energy 

technologies, including microbial fermentation, provide sustainable solutions by 

transforming organic waste into biofuels, mitigating pollution, and improving resource 

valorisation [140]. Bioethanol, derived from hexose (C6) and pentose (C5) sugars, 

serves as a sustainable substitute for transportation fuels, emitting 12–25% less carbon 

monoxide in E10 blended compared to conventional gasoline [138]. The fuel properties 

of different types of fuel have been mentioned in Table 1.3. Although food crops such 

as corn (USA) and sugarcane molasses (Brazil) predominate in bioethanol production, 

there is an increasing interest in utilising carbohydrate-rich waste as a feedstock to 

address food security issues [141]. According to the Renewable Fuels Association, in 

2021, the USA was the world’s major contributor to ethanol, with 55% of total 

production, followed by Brazil (Figure 1.9). 

 

Figure 1.9. Global ethanol production by country in 2021 (Source: Renewable Fuel’s 

Association) 10.07.23 [Renewable Fuel’s Association https://ethanolrfa.org/markets-and-

statistics/annual-ethanol-production.] 

Table 1.3. Comparison of different types of fuel properties 

 Gasoline Ethanol Butanol Methane Hydrogen 

Molecular Formula C8H18 C₂H₆O C₄H₈O CH₄ H2 
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Molecular Weight (g/mol) 100.2 46.08 74.121 16.04 2.016 

Energy Density (MJ/Kg) 46.4 27 ~22 55.6 ~120 

Viscosity at 25 °C (mPa.s) 0.4–0.8 1.040 2.6 0.01 0.009 

Boiling point (°C) 37-205 78.37 117.7 -161.6 -252.9 

Autoignition temperature 

(°C) 

247–280 365 314 537 584.85 

Flash point (°C) −43 13 29 −188 Flammable gas 

HHV (KJ/g) 46.4 29.7 37.3 55.5 141.8 

Octane value 87-94 113 96 120 >130 

1.1.7.1.Feedstock for Bioethanol Production 

Plant-based resources act as feedstock for bioethanol synthesis, with substrate selection 

determined by considerations such as crop accessibility (growth problems, geographic 

locations) and other applications. (including feed or nourishment). Based on the 

biomass sources, bioethanol can be divided into several categories mentioned in the 

Figure. 1.10(a). First-generation biomass, such as starch and sugar, predominates in 

production, with corn comprising 95% of bioethanol in the United States, but food and 

beverage waste contribute insignificantly. According to the USDA's Economic 

Research Service (ERS), 38% of cultivated corn was used to manufacture bioethanol in 

2016, a threefold increase compared to 2006. Only eight ethanol plants, which use food 

and alcohol waste as raw biomass, which use food and alcohol waste as raw biomass, 

produce about 78 million gallons annually, representing roughly 1% of total production 

[142]. However, reliance on agricultural crops raises concerns about food security. 

Consequently, second-generation feedstocks derived from lignocellulosic materials—

such as agricultural residues and industrial waste—offer a sustainable, non-food 

alternative that also reduces carbon emissions. Despite challenges in sugar extraction 
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and production efficiency, lignocellulosic bioethanol provides benefits such as 

sustainability and reduced competition with food resources. 

 

Figure 1.10. a) Classification of bioethanol based on the biomass sources and b) 

Category of organic waste used as feedstock 

1.1.7.2.Effects of Feedstock Composition 

Ethanol production from sustainable waste requires an optimal free sugar concentration 

of 20–30% to avoid fermentation inhibition, along with a balanced carbohydrate-to-

protein ratio to maximise yield [143,144]. An optimal C/N ratio of 35.2 was 

documented by Manikandan and Viruthagiri [145], producing up to 8.85 g/L of ethanol. 

Lipids such as lecithin and palmitic acid improve yeast ethanol tolerance from 13% to 

14% at modest concentrations; moreover, they become inhibitory in excessive amounts 

[146]. Macronutrients, vitamins, and minerals, particularly Mg²⁺, Zn²⁺, and Mn²⁺, are 

essential for promoting cellular development, improving ethanol tolerance, and 

activating crucial enzymes such as pyruvate carboxylase [147]. 

1.1.7.3.Microbes used for Ethanol Production 

Saccharomyces cerevisiae is the primarily used as yeast for ethanol synthesis from 

glucose, xylose, fructose, and lactose, however other yeasts such as Kluyveromyces, 

Pichia, and Candida oleophila are employed for other carbon sources (such as lactose 

source, pentose sugar) and have inhibitor (including furfural, 5-hydroxymethylfurfural 

(HMF), acetic acid) resistance. K. marxianus attained a 14% yield enhancement from 

lactose-rich waste [148], while P. guilliermondii and C. oleophila have shown efficacy 

with xylose [149]. Genetically modified strains such as Rubisco-based E. coli transform 

CO2 into 100% pure ethanol in 60 h [150]. Thermophilic bacteria, such as Clostridium, 
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Thermoanaerobacter, and Zymomonas mobilis, metabolise starch and carbohydrates to 

produce ethanol [151,152]. Synergistic microbial consortia enhance fermentation 

efficiency for complicated sugar-rich feedstocks. 

1.1.7.4.Mechanism of Ethanol Production 

Microorganisms, including yeasts, bacteria, and fungi, effectively convert carbohydrate 

monomers (hexose and pentose) into ethanol. Aerobacter, Bacillus, and Klebsiella 

bacteria, along with yeasts such as Candida shehatae, Pichia stipitis, and fungi like 

Fusarium, Rhizopus, ferment xylose through glycolytic and pentose phosphate 

pathways, whereas gram-negative bacteria, including Pseudomonas, and Z. mobilis 

(facultative anaerobe), employ the Entner-Doudoroff pathway [153]. Yeasts synthesise 

ethanol both anaerobically and aerobically. Under aerobic conditions, yeast metabolises 

ethanol for growing colony volume and producing CO2 and acetate. During anaerobic 

xylose fermentation, the TCA cycle is impaired, transforming glucose into pyruvate, 

acetaldehyde, and CO2, yielding merely two ATP molecules per glucose molecule 

[153]. Further, pyruvate decarboxylase (PDC) transforms pyruvate into acetaldehyde 

and carbon dioxide, subsequently followed by alcohol dehydrogenase, which reduces 

acetaldehyde to ethanol. E. coli has a gene for pyruvateformatelyase rather than 

pyruvate [154]. Bioethanol production necessitates the pre-treatment of lignin-dense 

biomass to liberate fermentable sugars, succeeded by microbial fermentation and 

ethanol extraction. Several companies engaged in biowaste management have 

established small-scale ethanol production facilities; however, none operate 

independent biorefineries. The processes in the commercial manufacture of ethanol 

encompass raw material preparation, pretreatment, microbial inoculum development, 

fermentation, and ethanol recovery (Figure 1.11). 
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Figure 1.11. Schematic of flow for fermentation process with sustainable waste as 

feedstock 

1.1.7.5.Sample Preparation and Pretreatment 

Corn, sugarcane, and sugar beets are the primary substrates for commercial ethanol 

production, with corn starch acting as the predominant carbon source. Milling lowers 

particle size to enhance surface area, thus accelerating enzymatic reactions. Organic 

waste particles must not surpass 2 mm for efficient conversion. Lignocellulosic biomass 

(LCB) serves as an alternate substrate, consisting of roughly 40% cellulose, 30% 

hemicellulose, and 15% lignin, with variances determined by species, temperature, and 

soil conditions [155]. Enzymatic hydrolysis is the most economical and 

environmentally sustainable process for turning lignocellulosic biomass into 

bioethanol. Pretreatment processes, such as physical, chemical, physico-chemical, 

biological, or electrical, improve enzymatic digestibility by decrystallising and 

depolymerising cellulose, solubilising hemicellulose and lignin, and reducing 

inhibitory chemicals, while minimising sugar loss and operational expenses [156]. The 

appropriateness of pretreatment is dependent upon the kind of biomass, the presence of 

inhibitors, and the use of pentose sugars in bioethanol production. 
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1.1.7.6.Hydrolysis and fermentation 

Lignocellulosic biomass (LCB) serves as a viable substrate for biofuel generation, with 

ethanol being the most extensively employed type. The U.S. National Petroleum 

Council estimates that second-generation bioethanol would be a crucial transportation 

energy source by 2050 [157]. Nonetheless, its economic feasibility relies on effective 

hydrolysis, fermentation, and ethanol distillation. Enzymatic hydrolysis is favoured 

over acid hydrolysis because it consumes less energy and has a reduced environmental 

impact; nonetheless, it encounters obstacles such as enzyme inhibition caused by lignin, 

pseudo-lignin, and by-products [158]. A major obstacle to large-scale LCB bioethanol 

production is the scarcity of microorganisms that can efficiently ferment both hexose 

and pentose carbohydrates. Saccharomyces cerevisiae, the most prevalent yeast, 

demonstrates significant ethanol production and tolerance; yet, it is incapable of 

fermenting pentose carbohydrates. Genetic engineering represents a viable method to 

surmount this constraint. 

A variety of techniques have been established for the generation of ethanol from 

lignocellulosic biomass (LCB), including: 

Separate hydrolysis and fermentation (SHF): A twofold process in which complex 

carbohydrates are hydrolysed into monomeric units and subsequently fermented. 

Excess sugar, however, impedes enzymes, hence diminishing ethanol output. 

Simultaneous saccharification and fermentation (SSF): A unified process that integrates 

hydrolysis and fermentation, resulting in increased ethanol production and reduced 

wastewater generation. There are risks of contamination [140]. 

Simultaneous Saccharification and Co-Fermentation (SSCF): An integrated process 

that ferments hexose and pentose sugars, resulting in reduced capital expenditures and 

enhanced ethanol yield. Hexose-fermenting bacteria exhibit a more rapid metabolic rate 

than pentose-fermenting bacteria [152]. 

Consolidated bioprocessing (CBP): A singular technology employing genetically 

modified microbes to hydrolyse and ferment lignocellulosic biomass without 

supplementary enzymes. Notwithstanding its potential, industrial application 

encounters obstacles including limited productivity, difficulty in gene co-expression, 

and elevated prices [159]. 

Simultaneous Saccharification, Filtration, and Fermentation (SSFF): Entails hydrolysis 

within a reactor integrated with cross-flow filtration to recirculate sugar-laden filtrate 
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for fermentation. Ishola et al. [160] attained 85% of the predicted ethanol yield utilising 

this method with a flocculating S. cerevisiae strain. 

Every approach possesses benefits and drawbacks, with the possibility of future 

advancements enhancing bioethanol production and sustainability. The efficiency of 

ethanol production from different biowastes is presented in Table 1.4. 
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Table 1.4. Reported Studies of Bioethanol Production from Various Wastes 

Waste Type Microbe used Pretreatment Method Fermentation 

Time (h) 

Ethanol 

Output 

References 

Sugarcane trash S. cerevisiae Microwave acidic glycerolysis ~180 78.7 g/L [161] 

Corn stover hydrolysate Z. mobilis - 24 6.99 g/L [162] 

Sugarcane bagasse, rice straw, corncob 

and sweet sorghum bagasse 

C. tropicalis Distilled water or calcium 

hydroxide solution 

24 15.3 g/L [163] 

Sugarcane molasses M. caribbica Concentrated sulfuric acid 72 56 g/L [164] 

Bamboo S. cerevisiae Deep eutectic solvent 24 0.128 g/g [165] 

Food waste P. kudriavzevii Thermochemical/enzymatic 

pretreatment 

72 83.30 g/L [166] 

Corncob M. thermophila Without any additional cellulases or 

pretreatment of the substrate 

30 39.8 g/L  [167] 

Sargassum wightii L. 

phytofermentans 

Alkali pretreatment 96 13.75 g/L [168] 

Fruit waste of banana, apple, 

pineapple, mango, and melon 

Wickerhamomyce

s 

Mechanical agitation 9 21.63 g/L [169] 

Rice straw S. cerevisiae Alkaline pretreatment 12 4.44 g/L [170] 

Waste office paper (OP) and 

newspaper (NP) 

S. cerevisiae Chemical pretreatment 48 OP 11.15 g/L  

NP 6.65 g/L 

[171] 

Pineapple fruit peel S. cerevisiae Alkaline pretreatment 48 5.98 g/L [172] 
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Black tea waste Immobilised Z. 

bailii 

Alkaline pretreatment 168 11.5 g/L [173] 

Rice waste S. cerevisiae Alkali with Acidified sodium 

chlorite and sodium bicarbonate 

Pretreatment 

48 8.85 g/L [174] 

Waste paper P. stipitis Dilute acid 24 3.73 g/L [175] 
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1.2.Research Gap 

Despite growing awareness of sustainable waste management and the transition toward 

a bio-based economy, significant challenges remain in the efficient utilisation of agro-

industrial waste. In processing, large quantities of passion fruit rind are generated, 

which are often discarded, contributing to environmental pollution. While fruit wastes 

are known to contain bioactive compounds such as phenolics, flavonoids, and 

carotenoids, there is limited literature on the systematic extraction of multiple value-

added products, such as specialty chemicals, bioethanol, and antioxidants, from a single 

waste stream, particularly using yellow passion fruit (Passiflora edulis f. flavicarpa) 

waste sourced from Northeast India. The primary challenges of the sustainable 

utilisation of the yellow passion fruit by-products are outlined below: 

1. Limited research on optimising integrated extraction processes using modern, 

green technologies such as ultrasound-assisted extraction (UAE) and 

supercritical fluid extraction (SFE) from passion fruit waste collected from 

Northeast India. 

2. Inadequate information on comparative analysis between UAE and SFE for 

extracting bioactive compounds from passion fruit rind and their impact on 

phytocomponents, antioxidant activity, and antibacterial properties. 

3. No studies have reported the utilisation of natural antioxidants derived from the 

rind of yellow passion fruit for improving the quality of vegetable oil. 

4. The potential of discarded passion fruit biomass from these processes for 

biofuel production has been largely overlooked, resulting in the underutilisation 

of valuable cellulose and hemicellulose fractions. 

 

1.3.Objectives 

Based on the literature review and research gap, the following primary objectives have 

been established for this Ph.D. thesis with the title “Integrated biorefinery approach 

towards production of sustainable chemicals and fuel from passion fruit rind”. 

1. Optimisation of the extraction of phytochemicals from the Yellow Passion fruit 

Rind using Ultrasound-assisted and Supercritical fluid extraction. 

2. Comparative analysis of ultrasound-assisted and supercritical fluid extraction of 

bioactive compounds from Passion fruit rinds: phytochemical, functional, and 

analytical insights. 
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3. Application of natural antioxidants from yellow passion fruit rind on vegetable 

oil to improve the quality. 

4. Valorisation of hemicellulosic residue from spent passion fruit rind: process 

optimisation and fermentation using Pichia stipites. 

5. Delignification and enzymatic hydrolysis of cellulose fraction from Passion 

fruit rind residue. 

 

1.4.Organisation of thesis  

The content of the doctoral thesis is divided into eight chapters. 

Chapter 1: This chapter explores the present scenario of agro-industrial waste 

valorisation and its role in the bio-based economy. This study investigates passion fruit 

rind as a viable feedstock for the extraction of natural antioxidants and their applications 

in several industries, such as food, cosmetics, pharmaceuticals, and biofuel production. 

The rationale behind the study has been discussed and offers an outline of significant 

concerns related to energy security and the current situation of food waste management. 

Besides, a thorough analysis of the literature is presented. This chapter offers extensive 

insights into the conceptualisation of this Ph.D. research. 

Chapter 2: This chapter provides a detailed summary of the materials and procedures 

utilised in this investigation. The document outlines the experimental design and 

technique employed to optimise extraction conditions for bioactive compounds and 

sugar recovery to increase desired products. The research framework is fundamentally 

based on a comprehensive literature review. Standardisation, process optimisation, 

statistical analysis, and confirmatory evaluations were performed in compliance with 

experimental specifications. 

Chapter 3: This chapter systematically optimises the extraction of phenolic and 

flavonoid contents from yellow passion fruit rind sourced from Assam, India, 

employing ultrasound-assisted extraction (UAE) and supercritical fluid extraction 

(SFE). Ethanol-water was used as the solvent for UAE, while SFE utilised CO2 with 

10% ethanol as a co-solvent (SC-ET). This study illustrates the impact of different 

independent parameters on the extraction yield. Statistical validation by ANOVA and 

regression analysis supports the determination of the model's significance. The Design-

Expert software was used to predict the optimal conditions for maximal phenolic and 
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flavonoid yield. This chapter revealed the efficacy of Ultrasound-assisted Extraction 

(UAE) and Supercritical Fluid Extraction (SFE) as environmentally friendly methods 

for the recovery of polyphenolics from YPFR. 

Chapter 4: This study covers the systematic analysis of extracted bioactive compounds 

from the yellow passion fruit rind (YPFR) in Chapter 3, with therapeutic properties like 

antibacterial and antioxidant activity. The extracts obtained at optimised conditions 

from supercritical fluid extraction with CO2 and 10% ethanol as co-solvent (SC-ET), 

and ultrasound extraction (UAE) with 65% ethanol were compared for extraction yield, 

phytocomponents, antioxidant, and antibacterial activity. The Global Antioxidant Score 

(GAS) was computed to rank the antioxidant ability of the extracts when correlating 

the outcomes of antioxidant activity tests with their phytochemical concentration. GC-

MS and HPLC profiling of the extracts were performed to identify compounds present 

in the extracts. In addition to that, antibacterial study findings revealed the potential of 

using passion fruit peel extract for the food, pharmaceutical, and cosmetic industries, 

promoting sustainable waste management and resource recovery. 

Chapter 5: This chapter addresses the efficacy of passion fruit extracts as sustainable 

substitutes for synthetic antioxidants in preventing/ delaying the oxidative degradation 

of edible oils. Carotenoid extraction from passion fruit rind was optimised by 

ultrasound-assisted extraction, utilising sunflower seed oil and soybean oil as eco-

friendly solvents. The carotenoid-enriched oils were assessed for alterations in peroxide 

and acid values. Additionally, the phenolic and flavonoid concentrations, as well as the 

antioxidant capacity of the extract-enriched oils, were compared with those of the pure 

oils. The oxidative and thermal stability of the oil samples was assessed using 

PetroOxy, differential scanning calorimetry, and thermogravimetric analysis. The 

structural integrity of the oils after the addition of extracts was evaluated. Further, the 

research findings highlight the efficacy of natural antioxidants in improving the 

stability and shelf life of edible oils. 

Chapter 6: This study investigates the potential of the underutilised hemicellulose in 

spent passion fruit rind (SPFR) residue, generated after bioactive component extraction, 

for bioethanol production. The study included compositional analysis of the SPFR and 

dilute sulfuric acid pretreatment of SPFR to hydrolyse the hemicellulose component. 

The pretreatment procedure was statistically optimised with RSM to reduce furfural 
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and increase hemicellulose contents. Furthermore, the resulting prehydrolysate was 

detoxified using Ca(OH)2 to enable fermentation with Pichia stipitis for bioethanol 

production. 

Chapter 7: This study investigates the complete valorisation of passion fruit rind, using 

a two-step process of delignification and fermentation to produce bioethanol. Post-

ultrasound-assisted extraction, the passion fruit rind was subjected to delignification 

using NaOH to enhance cellulose accessibility. The characterisation of delignified 

passion fruit rind via morphology and crystallinity analysis to determine the lignin 

removal. The delignified cellulose was subsequently hydrolysed using commercial 

cellulase, followed by fermentation. The lignin was effectively removed by the 

improved procedure, thereby increasing the amount of cellulose available for enzymatic 

hydrolysis. The potential of agro-industrial waste valorisation in the manufacture of 

sustainable bioethanol is highlighted by this work. 

Chapter 8: In this chapter, the overall conclusions and scope for future work are 

summarised. 
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Figure 1.12. Flow chart of PhD thesis 
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CHAPTER 2 

Materials and Methods 

 

This chapter presents a comprehensive overview of the materials and methods used in 

the investigation. It describes the experimental design and techniques employed to 

optimise extraction conditions for bioactive compounds and sugar recovery, aiming to 

maximise the yield of desired products. The research framework is grounded in an 

extensive literature review, with standardisation, process optimisation, statistical 

analysis, and confirmatory evaluations conducted in accordance with experimental 

protocols. 

 

2.1. Materials 

2.1.1. Raw materials and chemicals 

Raw material: The raw materials contain fully ripened fresh fruit samples of Passiflora 

edulis Var. flavicarpa (yellow passion fruit) was obtained from the local market of 

Karbi Anglong, India, in September 2021. The healthy cleaned fruits were diced into 

separate parts, such as rind and seed, and dried at 40 ± 5 °C in an oven for 3-5 days. 

The dried rinds were powdered (sieved through BSS 72 mesh) and kept in a firmly 

sealed Borosil glass bottle.  

Chemicals used: All chemicals and reagents employed in this investigation were of 

analytical grade and utilised in their pure form for their respective applications. 

Chemicals used in the extraction of bioactive compounds and bioactivity study, such as 

BF3-methanol, Supelco 37, BHA, BHT, absolute ethanol, folin-Ciocalteu, methanol, n-

hexane, glacial acetic acid, acetonitrile, phosphoric acid, and DMSO, were purchased 

from Merck India Pvt. Ltd.; and gallic acid, quercetin, β-carotene, p-coumaric, caffeic 

acid, ferulic acid, myricetin, kaempferol, aluminum nitrate, sodium carbonate, 

potassium persulfate, and potassium acetate from Himedia; and DPPH, ABTS procured 

from Sigma Aldrich. 

While, chemicals used in the fermentation of biomass to produce bioethanol, such as, 

absolute ethanol, formic acid, acetic acid, and urea were procured from Merck India 

Pvt. Ltd. Xylose, glucose, xylobiose, cellobiose, furfural, 5HMF, gallic acid, citric acid, 
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calcium hydroxide, sodium hydroxide, yeast extract, peptone, agar, and yeast nitrogen 

base, were purchased from Himedia. Sulfuric acid and malt extract were purchased 

from Finar and Loba Chemie, respectively. Celluclast 1.5L® was purchased from 

Sigma-Aldrich. 

2.1.2. Microbial cultures used for various studies 

The extract’s antibacterial activity was tested against eight gram-positive and gram-

negative bacterial strains, which were acquired from the Institute of Microbial 

Technology in Chandigarh, India. The details of the bacterial strains are listed in Table 

2.1. The strains were reactivated and cultured using suitable broth and/or agar substrate. 

Glycerol stocks were created to preserve bacterial cultures and ensure their integrity for 

future use. For fermentation of biomass, Pichia stipitis NCIM 3497 and Saccharomyces 

cerevisiae NCIM 3090 strains as active slant was procured from the National Collection 

of Industrial Microorganisms (NCIM), Pune, India. 

Table 2.1. The gram-positive and gram-negative bacterial strains used in antibacterial 

activity studies 

Gram Postive bacterial strains Gram Negative bacterial strains 

Bacillus subtilis (MTCC 1133) Escherichia coli (MTCC 1687) 

Micrococcus luteus (MTCC 2848) Enterobacter aerogenes (MTCC 8558) 

Staphylococcus epidermidis (MTCC 

9040) 

Pseudomonas aeruginosa (MTCC 8727) 

Staphylococcus aureus (MTCC 9886) Klebsiella pneumoniae (MTCC 4030) 

Gram-positive and Gram-negative bacteria basically vary in their cell wall structure, 

which additionally impacts their staining characteristics, physiological properties, and 

antibiotic susceptibility. Gram-positive bacteria possess a substantial peptidoglycan 

layer containing teichoic acids, retain crystal violet after Gram staining, and do not have 

an outer membrane. Gram-negative bacteria feature a slender peptidoglycan layer, an 

outer membrane containing lipopolysaccharides (LPS), and exhibit a pink/red 

colouration from safranin absorption, alongside a periplasm abundant in enzymes and 

transport proteins. 
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2.1.3. Microbial cultures preparation 

2.1.3.1. Bacterial culture preparation: A single colony of each bacterial strain was 

aseptically introduced into 5 mL of broth and cultured. Subsequently, 100 µL of this 

culture was inoculated into 10 mL of new broth and cultured under ambient conditions 

until the optical density at 600 nm (OD600) attained 0.5. Upon reaching an OD600 of 

0.5, repeated dilutions (up to 10⁻⁵) were conducted for each strain. 

2.1.3.2. Pichia stipitis culture preparation: Pichia (Scheffersomyces) stipitis 

NCIM 3497 strain as an active slant was procured from the National Collection of 

Industrial Microorganisms (NCIM), Pune, India. This strain has the ability to produce 

ethanol from D-Xylose. P. stipitis was maintained in the medium containing (g/L): 3 

Malt extract, 3 yeast extract, 5 peptone; 10 glucose, and 20 agar; pH adjusted to 6.4–

6.8. For suspension culture of yeast, sterilised YPDX (yeast extract, peptone, dextrose, 

xylose) media was prepared, including (g/L): 10 yeast extract, 20 peptone, 5 glucose, 

15 xylose, 20 agar, and incubated for 48 h at 30 °C. A single colony from the plate was 

transferred to a 100 mL YPDX liquid growth medium (autoclave sterilised), which was 

incubated for 18 h at 30 °C and shaken at 150 rpm. The YPDX medium was kept at a 

pH of 6. 

2.1.3.3. Saccharomyces cerevisiae culture preparation: For the fermentation of 

biomass, Pichia stipitis NCIM 3497 and Saccharomyces cerevisiae NCIM 3090 strains 

as active slant was procured from the National Collection of Industrial Microorganisms 

(NCIM), Pune, India. Pichia stipitis NCIM 3497 strain has the ability to produce 

ethanol from D-Xylose. P. stipitis was maintained on the medium containing (g/L): 3 

Malt extract, 3 yeast extract, 5 peptone; 10 glucose, and 20 agar; pH adjusted to 6.4–

6.8. whereas Saccharomyces cerevisiae strain was supplied on MGYP agar slants, 

which contained (g/L): 3, Malt extract; 10, Glucose; 3, Yeast extract; 5, peptone; and 

20, agar; and 6.4–6.8 pH. For suspension culture of Pichia stipitis, sterilised YPDX 

(yeast extract, peptone, dextrose, xylose) media was prepared including (g/L): 10 yeast 

extract, 20 peptone, 5 glucose, 15 xylose, 20 agar; and incubated for 48 h at 30 °C. S. 

cerevisiae was sub-cultured on YPD agar plates which contains (g/L): 10, yeast extract; 

20, peptone; 20, glucose and 20, agar. The yeast strain was incubated at 30 °C for 48 h. 

A colony from the plate was separately inoculated into 100 mL of autoclave-sterilised 

YPD liquid growth medium and incubated in a shaking incubator with an agitation 

speed of 140 rpm at 30 °C for 18 h, and the medium pH 6 was maintained. A single 
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colony from the plates was transferred to a 100 mL YPDX and YPD liquid growth 

medium, which was incubated at 150 rpm for 18h at 30 °C. Both medium was kept at 

a pH of 6. 

2.2. Extraction of bioactive compounds from yellow passion fruit rind 

2.2.1. Ultrasound-assisted extraction using ethanol-water 

The extraction of bioactive compounds from YPFR was performed using bath sonicator 

(Ultrasonic cleaner, Aczet) at an operating frequency (40kHz) and ultrasonic Power 

(50W). The different ratios of sample and solvent (1:15, 1:25, 1:35) were taken in an 

Erlenmeyer flask and kept in the bath sonicator. The process factors used during the 

experimentation were temperature, time, solvent concentration and L/S ratio. After 

each extraction, the sample was filtered to eliminate any residue with Whatman filter 

paper and concentrated under vacuum at 40°C using a rotary evaporator. The 

concentrated samples were stored in firmly capped amber glass bottles in a deep freezer 

(-20°C) until further use. 

2.2.2. Supercritical carbon-dioxide extraction 

The extraction was carried out using a Supercritical fluid extraction unit (SFE 500, 

Supercritical fluid Technology, Waters, USA) which contains a CO2 pump (Waters, 

USA), an approximately 500 mL extraction cell (stainless-steel), a solvent pump 

(Waters, USA), chiller (Accel 500LC, Thermo-Scientific, USA), a separation vessel, 

and back pressure regulator (Waters, USA). A small quantity of glass beads was added 

with 20g of samples in each extraction cell to avoid the clogging effects of the system. 

Ten per cent ethanol (co-solvent) was pumped to combine it at high pressure with 

supercritical CO2 and heated the mixture before entering the extraction cell with a heat 

exchanger (Waters, USA). With the co-solvent making up 10% of the flow of CO2, the 

extractions were carried out using CO2 at a rate of 10-20 g/min. After the experiment, 

the mixture was depressurised in a separator at ambient pressure. The extract was then 

taken out of the separator and stored in airtight amber bottles in a freezer (-20 °C) for 

further analysis. The extraction time was maintained at 120 min for each trial. 

2.2.3. Ultrasound-assisted extraction using edible oil 

Bioactive compounds from YPFR using UAE have been extracted following the 

method described by [136] with a few modifications. The powdered YPFR and solvents 
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(SFO and SBO) were taken at different ratios (1:10 - 3:10) and kept in an Erlenmeyer 

flask inside an ultrasonic bath (Aczet, CUB 5). The experiments were conducted with 

varied process variables: temperature (30-60 °C), treatment time (20-50 min), and S/L 

ratio (10-30 g/100 mL). Following subsequent extraction, the oil-rich phytochemicals 

undergo filtering to remove any leftover material using Whatman filter paper, and then 

it was stored at -20 °C until further analysis. Additionally, the synthetic antioxidants 

BHA and BHT were added at the maximum approved concentration of 200 mg/L, as 

specified by the Food Safety and Standards Authority India, 2011 [129]. 

2.2.3. Experimental designs for extraction process optimisation 

2.2.3.1. Ultrasound extraction: The phytochemicals from the passion rind were 

extracted using a bath sonicator (Aczet Ultrasonic Cleaner) with an ultrasonic power of 

50W and an operating frequency of 40kHz, following the protocol described by dos 

Santos et al. [44]. The schematic of the ultrasonic extraction set-up is shown in Figure 

2.1. An Erlenmeyer flask containing the various sample and solvent ratios was placed 

in the bath sonicator. A central composite design (CCD) based response surface 

methodology (RSM) was used to optimise the extraction parameters, such as 

temperature (°C), time (min), solvent concentration (%), and L/S ratio (mL/g). Table 

2.2 displays the independent variables together with their corresponding levels. To 

examine the impact of these independent factors on the yields of flavonoids and 

phenolic compounds. Regression analysis was used to examine the experimental results 

using Design-Expert® software 13 (Stat-Ease, Inc., USA). The solvents were then 

removed by rotary evaporator after each extraction, and the concentrated samples were 

stored at -20°C. 

Table 2.2. The values of independent factors for the ultrasound extraction process 

Variables used  Levels 

-1 0 1 

Temperature (°C) 35  52.50 70  

Ethanol: Water Concentration (%) 50 65 80 

Extraction Time (min) 15 27.50 40 

Feed Ratio (mL/g) 15 25 35 

The system that expresses the outcome as a function of independent factors is the 

second-order polynomial model (equation 2.1). 
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Y = β0 + ∑   βaXa 

n

a=1

+ ∑   βaaXa
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n

a=1
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a=1,a<b

∑   βabXaXb 

n

a=1,a≤b

 + €                     2. 1 

The experimental error is represented by the symbol €, where Y is the predicted 

response factor and Xa and Xb are the uncoded independent variables of the experiment. 

β0 is the constant, the coefficients of the linear term are denoted by βa, the quadratic 

term by βaa, and the interaction term by βab. There are three integer variables: a, b, and 

n. βab denotes the interaction effects between the variables Xa and Xb when a<b. Fisher’s 

Satirical test (F-test) and an ANOVA test with a probability value (p<0.05) were used 

to determine the statistical significance of the model. The degree to which the model 

fits the experimental data is shown by the regression coefficient or r2 value. 

 

Figure 2.1. Schematic of the ultrasound assisted extraction setup 

2.2.1.2. Supercritical carbon-dioxide extraction: Variable levels were determined using 

the preliminary experimental results obtained by altering one variable at a time while 

keeping the others constant. On the basis of published literature, a range of three 

potential parameters has been selected for the optimisation of Supercritical Carbon 

dioxide (SCO2) extraction. Response Surface Methodology (RSM) based on Central 

Composite Design (CCD) was applied to analyse the effects of the selected independent 

variables: temperature, pressure, and flow rate on the phenolic yield. Table 2.3 shows 

the experimental parameter range for SCO2 extraction. Design-Expert® software 

version 13.0 (Stat-Ease, Inc., Minneapolis, USA) was used to analyse the experimental 

outcomes using regression analysis. The supercritical fluid extraction schematic 

diagram is illustrated in Figure 2.2. 

Table 2.3. Real and Coded values for the independent parameters for the SCO2 

extraction 
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Variables Coded level 

-1 0 1 

Pressure (bar) 180 265 350 

Temperature (°C) 45 55 65 

Flow rate (g/min) 10 15 20 

Each experimental run was carried out in triplicate to assess reproducibility. The 

second-order polynomial model expresses (equation 2.2) the system that depicts the 

response as a function of the independent variables. 

Y = β0 + ∑   βiXi 
n
i=1 + ∑   βiiXi

2 
n

i=1
+ ∑   n

i=1,i<j ∑   βijXiXj 
n

j=1,i≤j
 + €                   2.2 

Where Y - the predicted response parameter, β0 - the constant intercept, βi- coefficient 

of the linear term, βii- coefficient of the quadratic term, βij- coefficient of the interaction 

term, Xi and Xj- uncoded independent variable of the experiment, the symbol € stands 

for the experimental error. Integer variables i, j, and n are used. When i<j is used, βij 

refers to the interaction effects between Xi and Xj variables. Fisher’s Satirical test (F-

test) and ANOVA test with probability value (p<0.05) were performed to determine the 

model's statistical significance. The r2 value (regression coefficient) indicates that the 

model fits well with the experimental data. 

 

Figure 2.2. Supercritical fluid extraction schematic diagram 
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2.2.2.3. Ultrasound-assisted extraction using edible oil: The parameter range was 

established from initial experimental findings (Figure A1) acquired by changing a 

single factor at a time while holding the remaining at a fixed value. The variables were 

selected following a careful review of the literature. The impacts of the chosen 

parameters, including temperature, treatment time, and S/L ratio, on the yield of 

carotenoids were examined using a CCD-based RSM design at (−1, 0, +1) levels. The 

experiment results were analysed graphically and via regression using Design-Expert® 

software trial version 13 (Stat-Ease, USA). A second-order model (equation 2.3) 

represents the expression of independent variables. 

𝑌 = 𝛽0 + ∑   𝛽𝑖𝑋𝑖  

𝑛

𝑖=1

+ ∑   𝛽𝑖𝑖𝑋𝑖
2 

𝑛

𝑖=1

+ ∑   

𝑛

𝑖=1,𝑖<𝑗

∑   𝛽𝑖𝑗𝑋𝑖𝑋𝑗 

𝑛

𝑗=1,𝑖≤𝑗

 + €                                   2. 3 

Where, Y - the predicted response parameter, β0 - the constant intercept, βi- coefficient 

of the linear term, βii- coefficient of the quadratic term, βij- coefficient of the interaction 

term, Xi and Xj- uncoded independent variable of the experiment, € represents the 

experimental error. The variables i, j, and n are integers. When i<j, βij represents the 

interaction effects of the variables Xi and Xj. The ANOVA test with probability value 

(p<0.05 and Fisher’s Satirical test (F-test) was performed to determine the statistical 

significance of the model. The r2 value (coefficient of regression) signifies the degree 

of correlation between the expected and experimental responses match together. 

2.3. Analytical methods 

2.3.1. Phytochemical analysis and antioxidant activity of the extracts 

2.3.1.1. Total phenolic content (TPC): The total phenolic content of the extracts was 

ascertained using the modified Folin-Ciocalteu (FC) method [176]. In each test tube, 

an aliquot of 500 μl of YPEP extract was mixed with 2.5 ml of 10% FC reagent. After 

5 min, 2 mL of 2% Na2CO3 was mixed with the sample and incubated under dark 

conditions. As a blank, the reagent mixture was prepared without any sample. The 

absorbance was recorded at 765 nm using a UV-spectrophotometer (Orion Aquamate 

8000, Thermo Scientific, India). The TPC was calculated using a gallic acid calibration 

curve as mg GAE/g. 

2.3.1.2. Total flavonoid content (TFC): Flavonoid content was determined using the 

spectrophotometric method explained by Sen et al. [177]. An aliquot of 250 μl of YPEP 
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extract in methanol was mixed with 50 μl of 10% aluminium nitrate, 50 μl of potassium 

acetate (1 M), and 2.15 ml of 80% ethanol. The mixer was incubated for 45 min, and 

UV-spectrophotometric optical density was measured at 415 nm. The reagent mixture 

without a sample was used as a blank. The TFC was calculated as mg QE/g using a 

quercetin calibration curve. 

2.3.1.3. Total carotenoid content (TCC): Carotenoid content was calculated using the 

spectrophotometric method described by Jiao et al. [178]. The extract (1 g) was added 

to 1 mL of n-hexane and vortexed for 30 s, and the absorbance was measured at 460 

nm. The hexane was used as a reference for the analysis. A calibration curve was plotted 

with β-carotene in hexane; thus, the carotenoids were expressed as β-carotene 

equivalents. 

2.3.1.3. Antioxidant activity: The extracts’ antioxidant activity was determined by 

DPPH [179] and ABTS assays [180]. The proportion of scavenged extracts was used 

to calculate their antioxidant activity using equation 2.4. The percentage IC50 value of 

the sample was determined using the graph showing the percentage of scavenged vs 

extract concentration. The values were calculated using the control, the mixture of 

reagents (DPPH or ABTS) with methanol. Methanol was used as a blank in both the 

tests. The volume of the extract needed to scavenge 50% of radicals in vitro is known 

as IC50 per cent. Pure ascorbic acid was used to compare the IC50 per cent values for 

both DPPH and ABTS assays. A brief description of the DPPH and ABTS analysis is 

performed using the equation (2.4). 

Percentage scavanged (%) = (1 −
ASample

AControl
) ∗ 100                                                 2. 4 

Where, Asample is the absorbance of the sample (at 517 nm for DPPH, 734 nm for 

ABTS), and Acontrol is the absorbance of the control. 

DPPH assay: The DPPH assay was carry out using the technique described by Patial 

et al. [179]. Different quantities of the extract solution (3 mL) was properly mixed with 

1 mL of the DPPH reagent (0.1 mM) and incubated in dark for 30 min. The absorbance 

was recorded at 517 nm. 

ABTS assay: The ABTS assay was conducted following the method described by 

Moges et al. [180]. ABTS (7 mM) and 2.45 mM potassium persulfate solutions were 
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mixed in a 1:1 ratio to produce the ABTS free radical. The ABTS solution was diluted 

after 12 to 16 h of dark incubation so that the absorbance at 734 nm was approximately 

0.7 ± 0.05. The absorbance of a 2.5 mL mixture of ABTS solution and varied 

concentrations of 0.5 mL sample was measured after 20 min of incubation.  

2.3.1.4. Global antioxidant score: The GAS value was calculated using the T-score 

method [181]. T-score is computed using equation 2.5 

T − score =
X − Xmin

Xmax − Xmin
                                                                                                   2. 5 

where Xmin and Xmax indicate the minimum and maximum values of X within the 

analysed sample, the GAS value was calculated using total phenolics, carotenoids, 

flavonoids, and IC50 of extracts (DPPH and ABTS). 

2.3.2. Quantification of phenolic and flavonoid compounds in the extracts 

The HPLC analysis (Shimadzu Corporation, Kyoto, Japan) of all extracts was carried 

out using a C18 column (250 9 4.6 ID) and a PDA detector. For the measurements of 

phenolic acids and flavonoids, the mobile phases employed were, respectively, 63 

water: 37 acetonitrile with 1% phosphoric acid at a flow of 1 mL/min and 45 water: 40 

methanol: 15 acetonitrile with 1% glacial acetic acid at a flow of 0.5 mL/min. 

Quercetin, rutin, kaempferol, and myricetin were detected at 368 nm. In contrast, P-

coumaric acid was measured at 310 nm, ferulic acid and caffeic acid at 296 nm, and 

gallic acid was detected at 280 nm. The diluted standards were filtered through a 0.2 

µm filter (AXIVA). Twenty microlitres of standards were injected at various doses (20–

100 µg/mL) to obtain a standard curve. Each extract was injected at a concentration of 

1 mg/mL for analysis after filtration through a 0.2 µm filter (AXIVA) with a run time 

of 60 min. The polyphenol concentrations in the calibration plot were quantified by 

analysing the retention time of individual peaks. 

2.3.3. Phytochemical screening of the extracts using GCMS 

The SC-ET and UAE extracts dissolved in n-Hexane were used for GC-MS (GC 9000 

and MS 5977B, Agilent Technologies, USA) using a DB-5MS capillary column (30 m 

X 250 μm i.d. X 0.25 μm film thickness) in split-less mode for phytochemicals 

screening. The injector temperature was maintained at 300 °C and the oven temperature 

was initially held at 40 °C for 2 min, then increased to 120 °C at a rate of 10 ºC/min, 
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held for 10 min, then the second ramp was increased at the rate of 10 °C/min up to 180 

°C and was held for 10 min. The third ramp was raised by 10 °C increments until it 

reached 250 °C, and then it was raised by 10 °C/min increments to 280 °C and was 

maintained for 5 min. The carrier gas and helium gas flow rates were maintained at 1 

mL/min for a run time of 60 min. The data was acquired with the electron ionisation 

mode at 70 eV. In the mass range of m/z 50–1050, full scan mass spectra were collected 

with an initial solvent delay of 6 min. Using Agilent Mass Hunter Workstation 

Qualitative Analysis Software, version 10.0, the peaks obtained by GC-MS were 

identified based on their NIST Mass Spectral library mass spectra. 

2.3.4. Antibacterial activities of the extracts 

2.3.4.1. Minimum inhibitory concentration (MIC): The MIC against eight bacterial 

strains was calculated using the method explained by Sarker et al. [182].  The MIC 

study was conducted on a few foodborne infectious gram-positive and gram-negative 

bacterial strains: B. subtilis, E. aerogenes, M. luteus, and P. aeruginosa; E. coli, K. 

pneumonia, S. aureus and S. epidermidis.  The bacterial strains were collected from the 

Institute of Microbial Technology (Chandigarh, India) to enable the assessment of 

antibacterial properties of the extracts. Before the experiment, the bacterial strains were 

inoculated in the appropriate growth media and revived at room temperature. The YFPR 

extracts were dissolved in 10% DMSO to perform the activity test and further diluted 

serially from 1000 mg/mL to 0.98 mg/mL. The samples were sterilised using a 0.22 µm 

Millipore filter. Then, in an aseptic environment, the sample, 3.3X broth media, and the 

bacteria were mixed in a ratio of 5:3:1 into the 96-well plate. The bacterial suspension, 

media, and 10% DMSO were used as the positive control, while 10% DMSO and media 

were used as the negative control. Resazurin indicator (0.01 mL, concentration 1 

mg/mL) was added to each well after incubating for 12–14 h at the ambient temperature 

(30 °C and 37 °C) for bacterial growth. The final bacterial concentration in each well 

was 5×10-5 CFU/mL. In the wells, a pink-red colouration indicated bacterial growth; 

however, the MIC value was determined by measuring the lowest extract concentration 

in the absence of this colouration. 

2.3.4.2. Zone of inhibition (ZoI): The ZoI was carried out using the agar well diffusion 

method described by Moges et al. [180]. This study used the gram-positive and gram-

negative bacterial strains mentioned in section 4.5.1. On the surface of the solidified 
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agar, 100 µL of bacterial culture (0.1 mL of 103 CFU/mL) was swabbed. Three holes 

of 0.5 mm were punctured into the agar's surface after the culture had been absorbed. 

The holes were filled with 50 µL (1 mg/mL) of sterilised extracts. To ensure that the 

solution was evenly distributed throughout the solidified agar, the plate was left in the 

laminar flow for 45 min. After 12–14 h of incubation, a clear inhibition zone was 

observed, and the diameter was determined using a geometric ruler. 

2.3.5. Oil composition analysis 

The fatty acid composition of the sunflower seed and soybean oil (pure and with 

extract) was analysed by converting the fatty acids into fatty acid methyl esters 

(FAMEs) and then using gas chromatography (GC) [183]. BF3-methanol solution (1 

mL) was added to 14–16 mg of the sample and heated to 90 °C for 30 min. To recover 

the FAME, the solution was mixed with 2 mL of hexane and water, and the upper phase 

was separated. The esters were evaporated under a nitrogen stream, and the volume was 

made up of chromatography-grade hexane. PerkinElmer Clarus 590 GC-FID was used 

to analyse the FAME compositions. A BPX-70 (0.25 mm × 50 m × 0.22 mm) was 

installed in the GC-FID, and hydrogen (at 2 mL/min) was utilised as the carrier gas in 

split mode. At the beginning, the column temperature increased progressively from 100 

°C to 240 °C at a rate of 3 °C/min for 10 min. The FID and injector temperatures were 

both set to 250 °C. The Supelco 37 component FAME mixture was used as the FAME 

standard to quantify the Fatty acid composition of the oil samples. 

2.3.6. Phytochemical analysis of the oil samples 

2.3.6.1. Total phenolic content (TPC): Following certain modifications, the phenolic 

content of the sample was measured using the Folin-Ciocalteu method [180]. An aliquot 

of methanolic oil solution (0.5 mL) was combined with 2.5 mL of diluted Folin-

Ciocalteu reagent in every test tube after adding 2 mL of Na2CO3 (2%). The solution 

was then incubated for 30 min in the dark conditions. The UV-spectrophotometer 

(Thermo Scientific, Orion Aquamate 8000) measured the absorbance at 765 nm, and a 

calibration curve for gallic acid was used to quantify total phenols. 

2.3.6.2. Total flavonoid content (TFC): Using the aluminium nitrate and method 

described by Zarate et al. [184], the flavonoid content (TFC) was estimated. A mixture 

of 0.25 L of hydro-methanolic oil solution, 0.05 L of Al(NO3)3 (10%), 0.05 L of 

TH-3830_196151004



Materials and Methods                                                                                                  Chapter II 

 

Valorisation of Passion Fruit Rind       55 

CH3CO2K (1 M), and 0.002 L of C2H6O (80%) was incubated for 45 min. The optical 

density was measured at 415 nm, and TFC was determined using a quercetin calibration 

curve. 

2.3.6.3. Total carotenoid content (TCC): The spectrophotometric approach described 

by Xu et al. [185] was used to determine the carotenoid concentration with few 

modifications. After adding 1 g of oil sample to 500 µL of 5% NaCl, the mixture was 

vortexed for 30 s. The mixture was centrifuged (Eltek, TC 4100 F) at 4500 rpm for 10 

min. Then, the supernatant was diluted with hexane, and the absorbance was measured 

at 460 nm. The carotenoids were expressed as β-carotene equivalents, comparing the 

absorbance with a β-carotene standard curve. 

2.3.6.4. Antioxidant activity: Passion fruits possess different bioactive molecules that 

enhance their antioxidant capabilities, complicating the assessment of the antioxidant 

properties of each molecule individually. Various methodologies have been established 

to evaluate the antioxidant efficacy of plant extracts. In this study, the evaluation of the 

antioxidant activity of treated and pure oils was performed using DPPH and ABTS 

assays. These methods are widely recognised for their sensitivity, repeatability, and 

suitability for both lipophilic and hydrophilic antioxidants. They effectively measure 

free radical scavenging capacity and strongly correlate with total phenolic, flavonoid, 

and carotenoid content [186,187]. Alternative assays such as ORAC, FRAP, and metal 

chelation were excluded due to their specific requirements and non-specific reactions. 

Further, they could be considered in future studies for a more comprehensive 

antioxidant assessment [188]. 

This study assessed quantitatively the antioxidant capacity of the extracts using their 

IC50 values in DPPH and ABTS assays. The IC50 percentage denotes the quantity of 

extract necessary to neutralise 50% of radicals in vitro. The DPPH assay measures the 

percentage of DPPH radicals scavenged by a oil sample [189]. The oil-methanol 

mixture (3 mL) at different concentrations was mixed with 1 mL of 0.1 mM DPPH 

reagent, vortexed, and incubated for 30 min in the dark. The absorbance was measured 

at 517 nm. Whereas the ABTS assay was performed by following the procedure 

described by Sarkis et al. [190]. Mixing 7 mM ABTS with 2.45 mM potassium 

persulfate (1:1), the stock solution was generated and stored in the dark for 12 h. The 

mixture was subsequently diluted to an absorbance of roughly 0.7 at 734 nm. The 
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diluted ABTS solution was combined with 10-50 mg of oil per mL of methanol; 

absorbance was measured after 20 min. Ascorbic acid was used as a reference for both 

DPPH and ABTS assays. In both DPPH and ABTS assays, the percentage scavenged 

was analysed using equation 2. The plot percentage scavenged vs. extract concentration 

was further used to determine each oil sample’s percentage of IC50 value. 

2.3.7. Characterisation of oil 

The characterisation of both sunflower and soybean oil samples (with and without 

extracts) was carried out using the standard methods. Acid values (Te 1a-64) and 

peroxide values (Cd 8b-90) were measured following AOCS (American Oil Chemists’ 

Society) methods [191]. 

2.3.7.1. Colour parameter: Colour is essential for consumer acceptability of food 

products. The colour of both pure and extract-enriched oils was assessed utilising a 

colourimeter (Datacolor 550, USA) following the procedure described by Goswami et 

al. [192]. The parameters: L* (0–100, black to white), a* (negative-green, positive-red), 

and b* (negative-blue, positive-yellow) values were quantified to evaluate treatment-

induced changes in the oil samples. 

2.3.8. Oxidative stability study 

The oil samples' induction period (IP) was determined using an oxidation stability tester 

(PetroOxy, Anton Paar, P/N 184396). The samples used for analysis were pure oil, oil 

enriched with extract, and oil with synthetic antioxidants (BHA and BHT), and the 

standard ASTM D7545 test procedure was followed [110,193]. The oil with synthetic 

antioxidants was prepared by mixing the oil with synthetic antioxidants at a 200 

mg/1000 mL concentration. For the analysis, 5 mL of the sample was added to the cell 

and charged with oxygen. The samples were examined at temperatures ranging from 

100-140 °C. 

2.3.9. Thermal degradation analysis of oil 

2.3.9.1. Differential scanning calorimetry (DSC): Using a DSC analyser (NETZSCH, 

DSC 3500 Sirius), the thermal stability of oils with and without antioxidants was 

determined. A reference crucible and a 10 mg test oil sample were stored in a crucible 

inside the DSC apparatus. With certain adjustments, the offset point was established 

following the procedure described by Borugadda and Goud [194]. The temperature was 
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initially increased to 50 °C at a rate of 2 °C/min and held for 5 min. It was then lowered 

to 30 °C at the same rate, followed by a return to 50 °C for another 5 min. Next, the 

temperature was decreased to 30 °C at 2 °C/min and held for 5 min. Subsequently, it 

was raised to 30 °C at 2 °C/min, then reduced from 30 °C to −30 °C, and finally cycled 

once more from 30 °C to −30 °C. The onset point was determined by extrapolating the 

DSC curves. 

2.3.9.2. Thermo-gravimetric analysis (TGA): The heat stability and deterioration 

characteristics of the test samples were determined using a TGA analyser (Perkin 

Elmer, TGA 4000) [195]. The experiment was conducted in a non-isothermal condition 

in the N2 atmosphere with increasing heating rates at 10 °C/min up to 600 °C. Plotting 

the TG curves and their corresponding derivative curves (DTG) allowed for 

determining the samples’ mass loss percentage and onset temperature. The onset 

temperature was determined by taking a horizontal line from the TG curve and joining 

its intercept with the tangent representing the onset temperature. 

2.3.10. Structural analysis of oil 

FTIR analysis was performed for all test oil samples, both with and without 

antioxidants, in the range of 4000 cm-1 to 400 cm-1 using an FTIR spectrometer (Parkin 

Elmer, L1600300 Spectrum TWO LiTa) as it involves the most relevant modes of 

vibration for the identification and analysis of organic compounds, including oils and 

bioactive constituents [196]. A resolution of 2 cm⁻¹ was used, with 30 scans recorded 

per spectrum, following the previously established method [197]. For the analysis, an 

oil sample of approximately 3–5 mL was introduced into the apparatus. 

2.3.11. Composition analysis of the passion fruit rind 

The passion fruit rind biomass was analysed for its chemical composition following the 

National Renewable Energy Laboratory (NREL) analytical modified procedure [198]. 

For the removal of extractives such as impurities, nitrates, proteins, chlorophyll, and 

waxes, the raw passion fruit rind (RPFR) was subjected to Soxhlet extraction using 

water followed by ethanol for 24 h [199]. In order to quantify the extractives, both the 

water and ethanolic extracts were separated by a rotary evaporator (Buchi, R-210, 

Switzerland) and then dried at 45°C in a vacuum oven. Following the NREL technique 

(NREL/TP-510-42618), the structural carbohydrates and lignin contents of the 
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extractive-free RPFR and SPFR were examined. The biomass (0.3 g) was initially 

mixed with 0.3 L of 72% (v/v) sulfuric acid and incubated at 30 °C for 1 h. The mixture 

was then diluted to a final acid concentration of 4% using distilled water and subjected 

to hydrolysis in an autoclave at 121 °C for 1 h. Following hydrolysis, the mixture was 

neutralised with calcium carbonate and filtered through a 0.2 μm Axiva nylon syringe 

filter and analysed using HPLC. 

2.3.11.1. Proximate analysis: This approach is frequently employed to analyse solid 

and liquid fuels by measuring moisture (MC), ash content (AC), volatile matter (VM), 

and fixed carbon content (FC). Crucibles were dried at specific temperatures: 105 ± 1°C 

for MC (24 h), 575 ± 5°C for AC (4 h), and 910 ± 5°C for VM (10 min), and 

subsequently kept in a desiccator prior to measuring the weights. 

2.3.11.2. Ultimate analysis: The elemental composition (C, H, N, S, and O) of the 

lignocellulosic biomasses (raw and spent passion fruit) was analysed using a CHNS 

analyser (Vario Macro Cube, Germany). Approximately 50 mg of the material was 

combusted in pure oxygen, and the resultant gases (CO2, H2O, N2, SO2) were analysed. 

The oxygen content was determined by the equation 2.6. 

O = 100 − (C + H + N + S)                                                                                                              

(2.2.6) 

2.3.11.3. Calorific value analysis: Calorific value of biomass was determined using a 

Toshniwal bomb calorimeter (IS 1350-1, India) [200]. One-gram biomass pellets were 

burned using a platinum wire and cotton thread in an oxygen environment at 20 bar 

pressure. The bomb was situated in 1 L of Millipore water, with the calorimeter jacket 

regulated at 25 °C. The ignition energy was determined using voltage variations across 

a 1256 or 2900 μF capacitor during discharge. 

2.3.12. Acid pretreatment 

The The fully-grown fresh fruit samples of P. edulis f. flavicarpa were obtained from 

near the vicinity of Guwahati, Assam, India (North-East part of India). The fruits were 

carefully cleaned and air-dried in the sunlight. The dried rinds were crushed into a fine 

powder and subjected to ultrasound-assisted extraction (UAE) using vegetable oil as 

the solvent to extract the bioactive compounds (section 2.2.3). The resulting mixture 

was subsequently filtered using Whatman No. 1 filter paper to separate the solid residue 
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and oil. For further analysis, the solid residue was cleaned with hexane to remove any 

oil traces. After drying at 45°C, the residue was termed as spent passion fruit rind 

(SPFR). This spent biomass is subjected to bioethanol production in this study. The 

biomass samples were pretreated with diluted sulfuric acid in a domestic microwave 

oven (Samsung, CE2877 N, Korea) following the method described by Binod et al. 

[201]. As microwave treatment accelerates processes over conventional techniques, it 

is commonly used for heating biomass [202]. Based on the preliminary test, range of 

temperature, reaction duration, and acid concentration were investigated for the 

optimum sugar yield. Dilute sulfuric acid pretreatment was conducted in a reagent 

bottle with a solid loading of 8% (w/v) with different concentrations (0.1-0.4 M) of 

sulfuric acid. Each mixture was hydrolysed for 1-30 min at distinct temperatures 

ranging from 80-160 °C (due to instrumental constraints, the reaction at 160 °C was 

conducted in open reagent bottles). Once the desired time was achieved, the reaction 

was stopped to enable it to cool to ambient temperature. Then, 100 µL of the reaction 

mixture was removed, and sugars and fermentation inhibitors were measured using 

high-performance liquid chromatography (HPLC, Shimadzu Corporation, Kyoto, 

Japan). The liquid and solid fractions after pretreatment conditions were filtered 

through a nylon membrane filter with a pore size of 0.2 μm. Then, the solid fraction 

was neutralised with distilled water and dried for 48 h at 45 ± 3 °C. However, the liquid 

fraction was stored in an air-tight glass container at -20 °C until further analysis. 

Table 2.4. The values of independent factors for the acid pretreatment process 

Variables used Levels 

-1 0 1  

Experimental Temperature (°C) 80 120 160 

Reaction Time (min) 1 15.50 30 

Sulfuric Acid Concentration (M) 0.1 0.25 0.4 

 

2.3.12.1. Experimental design for optimisation of pretreatment process: Employing 

Design-Expert software (version 13; State-Ease, Minneapolis, USA), a statistical model 

was designed with CCD-based RSM for the process optimisation and experimental 

design of the acid pretreatment. Twenty distinct experiments were conducted, including 

6 centre points, considering three variables: temperature, reaction time, and sulfuric 

acid concentration. A thorough analysis of the available literature and preliminary 

testing was used to identify the limits for these variables. Table 2.4 illustrates the 
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labelling of the selected variables, which were temperature: 80 and 160 °C, reaction 

time: 1 and 30 min, and acid concentration: 0.1-0.4 M. A second-order polynomial 

model was obtained, based on how these variables affect the expected reactions to 

xylose and furfural; represented by the equation 2.7. 

Y = α0 + ∑   αbPb 

n

b=1

+ ∑   αbbPb
2 

n

b=1

+ ∑   

n

b=1,b<c

∑   αbcPbPc 

n

b=1,b≤c

 + €                           2. 7 

In the model, the response is represented by Y. The intercept, linear, quadratic, and 

interaction effects are represented by the regression coefficients α0, αb, αbb, and αbc, 

respectively. Pb and Pc are the codes for the independent variables. A multiple 

regression analysis was used to determine the coefficients utilising the experimental 

data, and the F-test of an ANOVA analysis was used to assess the statistical significance 

of the model. € represents experimental error. 

2.3.13. Detoxification of the prehydrolysate via overliming 

The prehydrolysate was treated and detoxified by overliming to achieve a pH of 6 and 

11, following the method described by Kordala et al. [203] with a few modifications. 

The procedure included increasing the temperature of the prehydrolysate to 50 °C for 

fifteen min, followed by gradually adding Ca(OH)2 while agitating for about thirty min. 

After that, the resulting overlimed hydrolysates were centrifuged to remove the calcium 

sulfate (CaSO4) sludge, and 10N sulfuric acid was used to reduce the pH of the 

supernatant to 6. This was termed conditioned hydrolysates. This conditioned 

hydrolysate was subsequently filter-sterilised for the synthesis of bioethanol. 

2.3.14. Delignification of passion fruit rind 

Although dilute H2SO4 hydrolysis slightly reduces the lignin content (section 2.3.12), 

additional treatment is necessary to enhance cellulose accessibility for enzymatic 

hydrolysis. The NaOH treatment of lignocellulosic biomass induces delignification by 

cleaving ester linkages between lignin and hemicellulose, thus improving biomass 

permeability [204]. This study utilised different doses of NaOH as delignifying agents, 

demonstrating a synergistic effect on the delignification of pretreated biomass. The 

residual biomass obtained from the acid pretreatment was subjected to an additional 

treatment using a NaOH solution at 120°C with experiments at 10% solid loads for 20 

min, varying NaOH concentrations from 1–5%. The samples were filtered, thoroughly 
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washed until reaching neutral pH, and then oven-dried at 45°C for 24 h. Following 

filtration, the solid fractions were used for enzymatic hydrolysis. The percentages of 

lignin, xylan, and cellulose loss computed using equation 2.8. 

Percentage Loss (%) =
wafter treatment − wbefore treatment

wbefore treatment
× 100                      2. 8 

Where, wbefore-treatment is the mass of the cellulose/xylan/lignin present in the pretreated 

residue and wafter-treatment stands for the residual amount of polymer present in the alkali-

treated residue. 

2.3.15. Enzymatic Saccharification 

Following the delignification procedure, the remaining solid fraction was hydrolysed 

using cellulase (Celluclast 1.5L®) at a concentration of 30 mg/g of cellulose [205]. The 

cellulase hydrolysis was conducted at 50 ºC for 72 h at 140 rpm using 0.5 mM citrate 

buffer, with 10% solid loading to assess the hydrolysis efficiency. An aliquot of 1 mL 

was taken from the reaction mixture, properly diluted, and then heated for 10 min to 

deactivate the enzyme. To find the glucose yield, further samples were examined using 

HPLC. Following the hydrolysis process, the resulting liquid and solid portions were 

separated using a vacuum filter with a 0.2 μm nylon membrane. After drying, the weight 

of the solid portion was recorded for mass. Following drying, the amount of the solid 

portion was measured for mass balance analysis. 

2.3.16. Characterisation of Delignified Passion Fruit Rind 

2.3.16.1. XRD X-Ray Diffractometer (XRD) Analysis: The crystalline structure of 

untreated and treated passion fruit rind was analysed using a powder X-ray 

diffractometer (Smart Lab, Rigaku, Japan) [206]. Scanning was conducted using a 

CuKα filter with X-ray source wavelength 0.154 nm. The study was conducted in 

continuous mode in a 2θ range of 10°–30°, with a scanning speed of 2.0 °/min and a 

step size of 0.05°. The crystallinity index was determined by using equation 2.9. 

Crystallinity Index (%) =
Icrystalline−Iamorphous

Icrystalline
× 100                                           2.9 

Where, Icrystalline is the peak intensity of cellulose at 2θ = 22.4°, and Iamorphous is the 

amorphous peak intensity at 2θ = 15.6°. 
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2.3.16.2. Field-emission scanning electron microscopy analysis: The surface 

morphology of biomass (SPFR, PUH-PFR, RPFR, PH-PFR) was analysed using Field-

emission scanning electron microscopy (FE-SEM, Carl Zeiss, Model-Gemini 300) 

[207]. The samples were prepared on carbon tape and placed over the stub surface. A 

double gold coating of the sample was performed on a prepared stub and kept in the 

vacuum chamber before imaging by FE-SEM. 

2.3.16.3. Fourier transform infrared spectroscopic analysis: FTIR-ATR analysis was 

performed on all NaOH-treated and raw biomasses in the range of 4000 cm-1 to 400 cm-

1 using an FTIR spectrometer (Parkin Elmer, L1600300 Spectrum TWO LiTa). The 

resolution was taken 2 cm-1 and 30 scans per spectra, following the prior technique 

[197]. For each analysis, a sample of about 0.100 mg was introduced to the apparatus. 

2.3.16.4. Thermal degradation of Delignified biomass: The changes in physical 

properties of raw and spent passion fruit rind and delignified PUH-PFR and PH-RPFR 

were measured by observing the change in temperature, by the thermogravimetric 

analysis (TGA) [208]. TGA and differential thermogravimetric analysis (DTG) of 

Delignified biomass were performed by using a TGA analyser (Perkin Elmer, TGA 

4000). For the analysis, 10 mg of powdered samples was taken in an alumina crucible 

and heated from ambient temperature to 900 °C at a rate of 10 °C min−1, and the nitrogen 

gas was purged at a flow rate of 60 mL/min. 

2.3.17. Microbial fermentation process 

2.3.17.1. Fermentation acid prehydrolysate using P. stipitis: The hydrolysates were 

concentrated under reduced pressure to double their sugar concentration. Further, they 

were filter-sterilised for subsequent fermentation. A 50 mL Erlenmeyer flask with 20 

mL of fermentation media was used to accomplish the xylose fermentation [209]. The 

fermentation media comprised 0.4 mL of a 50X concentrated nutritional solution 

(consisting of 1.7 g yeast nitrogen base, 1 g urea, and 6.56 g peptone in 20 mL water) 

was maintained at pH 6. This was followed by the addition of 1 mL of inoculum with 

a cell concentration of 1.5 g/L (dry cell weight). Later, an adequate quantity of 

hydrolysate was added to attain the required volume, then the flask was agitated at 200 

rpm and incubated at 30 °C. At predetermined time intervals, samples were collected 

and analysed by HPLC. 
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2.3.17.2. Fermentation enzymatic hydrolysate using S. cerevisiae: Fermentation 

experiments were carried out in 250 mL Erlenmeyer flasks [205], containing 100 mL 

of fermentation medium (cellulosic hydrolysates), 4 mL of 25X YP (10 g of yeast 

extract and 20 g of peptone in 40 mL of distilled water) nutrient solution, and 6 mL of 

S. cerevisiae (which gives initial concentration of 2.1 g/L on cell dry weight basis). The 

initial pH of the fermentation broth was maintained at 5.5 and incubated at 30 °C, 150 

rpm, and 30 h. All fermentation samples were taken periodically for HPLC analysis. 

2.3.17.3. Analytical methods: The optical density results at 600 nm measured using a 

UV-Vis spectrophotometer (Thermo Scientific, Orion Aquamate 8000) were used to 

quantify the biomass concentration in the reactor. Further, the OD was correlated with 

the dry cell weight. The high-performance liquid chromatography (HPLC, Shimadzu 

Corporation, Japan) unit equipped with a refractive index detector maintained at 50 °C 

was used to quantify sugars, ethanol, and fermentative inhibitors. The separation was 

carried out using a Bio-Rad Aminex HPX-87H column (300 x 7.8 mm). The mobile 

phase, 5 mM sulfuric acid, was added at a flow rate of 0.5 mL/min, while the column 

oven maintained its temperature at 60 °C. Folin-Ciocalteu technique was employed 

with gallic acid as the standard to determine the phenolic acid content in the samples 

[210]. 

2.3.17.3. Kinetic parameters calculation for fermentation process: The sugar/inhibitor 

concentration, bioethanol yield, and fermentation efficiency were calculated using 

equations. (2.10-2.13), respectively, as follows: 

Sugar/inhibitor concentration (mg/g) =
Sugar/inhibitor concentration (by HPLC)×Dilution factor ×Total volume of  hydrolysate

Initial weight of biomass
              2.10 

Sugar or inhibitor concentration (
g

L
)

= Sugar or inhibitor concentration (by HPLC)
× Dilution factor                                                                                          2. 11 

Bioethanol Yield (g/g) =
Experimental Bioethanol Produced (g/L)

Sugar Consumed (g/L)
                2. 12 

𝐹𝑒𝑟𝑛𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐵𝑖𝑜𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑌𝑖𝑒𝑙𝑑 (𝑔/𝐿)

𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝐵𝑖𝑜𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑌𝑖𝑒𝑙𝑑 (𝑔/𝐿)
            2. 13 
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3. CHAPTER 3 

Optimisation of the extraction of phytochemicals from yellow passion 

fruit rind using ultrasound extraction and supercritical fluid 

extraction 
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CHAPTER 3 

Optimisation of the extraction of phytochemicals from yellow passion 

fruit rind using ultrasound extraction and supercritical fluid 

extraction 

 

This study systematically optimises the extraction of phenolic and flavonoid contents 

from yellow passion fruit rind (YPFR) sourced from Assam, India, employing 

ultrasound-assisted extraction (UAE) and supercritical fluid extraction (SFE) 

techniques. Ethanol-water was used as the solvent for UAE, instead SFE utilised CO₂ 

with 10% ethanol as a co-solvent (SC-ET). Response Surface Methodology (RSM) 

utilising a Central Composite Design (CCD) optimised independent parameters: 

temperature, sonication duration, solid-to-liquid ratio, and solvent concentration for 

Ultrasound-assisted Extraction (UAE); and pressure, temperature, and flow rate for 

Supercritical Fluid Extraction (SFE). Statistical validation by ANOVA (p<0.05) and 

regression analysis (R²) supports the model's significance. Interaction effects were 

analysed by 3D response plots, and Design-Expert software predicted optimal 

conditions for maximal phenolic and flavonoid yield. The findings highlight the efficacy 

of Ultrasound-assisted Extraction (UAE) and Supercritical Fluid Extraction (SFE) as 

environmentally friendly methods for the recovery of polyphenolics from YPFR. The 

systematic analysis of the extracts obtained at the optimised condition can be envisaged 

in a future study. 

 

3.1. Selection of process variables 

The selection of process variables for ultrasound-assisted extraction (UAE) and 

supercritical fluid extraction (SFE) was determined by their established impact on 

extraction efficiency, solubility of bioactive chemicals, and mass transfer rates. 

Literature research and pre-optimisation testing facilitated the identification of the key 

factors to enhance the recovery of phenolic and flavonoid compounds from yellow 

passion fruit rind. Some process factors exhibit substantial effects, whereas others may 

not significantly influence the extraction efficiency. This study optimised Ultrasound-

Assisted Extraction (UAE) by varying four critical variables: extraction temperature 
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(°C), ethanol-water concentration (% v/v), extraction duration (min), and solid-to-

solvent ratio (g/mL). The parameters were chosen for their substantial impact on the 

solubility, diffusion, and stability of polyphenolic compounds, as well as their 

appropriateness for optimisation through Response Surface Methodology (RSM). 

Temperature influences solute transport and cavitation efficacy, whereas ethanol 

content impacts solvent polarity and the solubility of phytochemicals. The duration of 

extraction affects ultrasonic exposure and the possible destruction of thermolabile 

chemicals, while the solid-to-solvent ratio determines the concentration gradient and 

extraction efficacy. In Supercritical Fluid Extraction (SFE), temperature (°C), pressure 

(bar), and solvent flow rate (mL/min) were identified as critical factors because of their 

influence on the density, solvating capacity, and mass transfer dynamics of supercritical 

CO2. The incorporation of 10% ethanol as a cosolvent increased the extraction of polar 

chemicals, including phenolics and flavonoids, which exhibit limited solubility in 

nonpolar CO2, thus enhancing extraction yield and efficiency. 

3.2. RSM optimisation of process variables 

3.2.1. ANOVA and model validation 

ANOVA and model validation were conducted to evaluate the statistical significance 

and reliability of the extraction models for ultrasound-assisted extraction (UAE) and 

supercritical fluid extraction (SFE) of polyphenolic compounds from the rind of 

Passiflora edulis f. flavicarpa. A second-order quadratic model based on response 

surface methodology (RSM) with a central composite design (CCD) was employed to 

investigate the interaction, linear, and quadratic impacts of the chosen independent 

variables. The model’s fitness was assessed by the coefficient of determination (R2) and 

the lack-of-fit test. In the UAE, ANOVA analysis (Table 3.2) validated the model’s 

validity (p < 0.0001), indicating that the feed ratio exhibited the most significant effect 

on phenolic yield (F = 48.46, p < 0.0001), whereas extraction duration affected 

flavonoid yield (F = 55.11, p < 0.0001). All quadratic terms were statistically significant 

(p < 0.0001), and the high lack-of-fit p-value (> 0.05) validated the model’s 

appropriateness. The adjusted R2 values (0.97 for phenolics and 0.96 for flavonoids) 

and regression coefficients (R2 = 0.99 for phenolics, 0.98 for flavonoids) demonstrated 

significant model correlation, accompanied by a low coefficient of variation (CV = 

1.55% and 1.08%, respectively), ensuring precision (Table 3.1) and dependability. 
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Similarly, ANOVA (Table 3.4) indicated model significance for SC-ET (p < 0.0001), 

with flow rate showing the most influence on phenolic yield (F = 224.49, p < 0.0001), 

followed by pressure and temperature (F = 74.65 and 9.36, respectively). Pressure 

demonstrated the highest impact on flavonoid extraction (F = 39.03, p < 0.0001). All 

quadratic variables were statistically significant (p < 0.001), however, the interaction 

effects of pressure and temperature (p = 0.0008), pressure and flow rate (p = 0.0011) 

were significant for phenolics and flavonoids, respectively. The lack-of-fit test (p > 

0.05) confirmed the model’s reliability. The adjusted R2 values were near the regression 

coefficients (R2 approaching 1), and the predicted R2 values (> 0.90) confirmed the 

model’s predictive efficacy. The low coefficient of variation (1.41% for phenolics and 

0.76% for flavonoids) confirmed experimental accuracy (Table 3.3). Consequently, 

both the UAE and SC-ET models demonstrated substantial statistical significance, 

dependability, and appropriateness for enhancing the extraction of phenolics and 

flavonoids. The quadratic polynomial equations fitted with all the experimental data 

provided an explanation for the impact of parameters on the response. Equations 3.1 

and 3.2 indicate coded factors for total phenolic content and flavonoid content extracted 

using UAE, while equations 3.3 and 3.4 correspond to those extracted using SC-ET. 

Y1 = 42.10 + 0.31a + 0.54b + 0.46c − 0.80d + 0.41ab − 0.37ac − 0.35ad + 0.27bc −
0.97bd + 0.76cd − 0.94a2 − 1.97b2 − 2.18c2 − 2.06d2                                                   3.1 

𝑌2 = 34.74 + 0.19𝑎 − 0.46𝑏 + 0.52𝑐 + 0.34𝑑 − 0.11𝑎𝑏 − 0.15𝑎𝑐 − 0.023𝑎𝑑
+ 0.53𝑏𝑐 + 0.57𝑏𝑑 − 0.27𝑐𝑑 − 0.90𝑎2 − 0.89𝑏2 − 1.01𝑐2

− 0.89𝑑2                                                                                                               3. 2 

𝑌1 = 36.16 + 1.05𝑢 − 0.37𝑣 + 1.82𝑥 + 0.76𝑢𝑣 + 0.26𝑢𝑥 − 0.15𝑣𝑥 − 3.58𝑢2

−  1.50𝑣2 − 1.42𝑥2                                                                                          3. 3 

Y2 = 45.67 + 0.56u + 0.48v + 0.12x + 0.11uv + 0.53ux − 0.40vx − 1.23u2 − 0.97v2

− 0.90x2                                                                                            3. 4 

In coded terms, Y1 - Total phenolic content, Y2 - Total flavonoid content, a - 

temperature (°C), b – ethanol-water concentration (%), c – extraction time (min), and d 

- feed ratio (mL/g) were parameters used for ultrasound extraction. While u-pressure 

(bar), v-temperature (°C), and x-flow rate (g/min) were independent variables used for 

SC-ET. 
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Table 3.1. CCD analysis and results obtained for phenolic and flavonoid content using UAE 

Sl. No. Temperature 

(°C) 

Ethanol: 

water 

Concentration 

(%) 

Extraction 

Time 

(min) 

Feed 

Ratio 

(mL/g) 

Total Phenolic 

content  

(mg GAE/g) 

Total 

Flavonoid 

content  

(mg QE/g) 

1 35 5 15 15 34.26 ± 0.80 31.23 ± 0.72 

2 70 50 15 15 35.41 ± 0.75 31.62 ± 0.29 

3 35 80 15 15 36.22 ± 0.27 28.05 ± 1.02 

4 70 80 15 15 38.09 ± 0.88 28.86 ± 1.34 

5  35 50 40 15 33.38 ± 0.75  31.62 ± 0.62 

6 70 50 40 15 33.65 ± 1.03 32.69 ± 1.14 

7 35 80 40 15 36.58 ± 0.52 31.07 ± 0.29 

8 70 80 40 15 37.98 ± 0.55 31.03 ± 0.33 

9 35 50 15 35 33.35 ± 0.60 30.93 ± 0.70 

10 70 50 15 35 33.10 ± 0.92 32.05 ± 0.32 

11 35 80 15 35 30.97 ± 1.52 30.08 ± 1.2 

12 70 8 15 3 33.43 ± 0.37 31.04 ± 0.75 

13 35 5 40 35 36.58 ± 0.29 30.73 ± 0.45 

14 70 50 40 35 34.05 ± 0.71 31.06 ± 0.78 

15 35 8 40 35 33.95 ± 0.88 32.57 ± 0.66 

16 7 80 40 35 34.76 ± 1.09 32.04 ± 0.85 

17 17.5 65 27.5 25 37.94 ± 1.00 31.09 ± 0.77 

18 87.5 65 27.5 25 39.46 ± 0.60 31.28 ± 0.15 

19 52.5 35 27.5 25 33.71 ± 0.66 32.20 ± 0.87 

20 52.5 9 27.5 25 35.41 ± 1.46 30.22 ± 0.36 

21 52.5 65 2.5 25 32.64 ± 0.85 29.83 ± 0.33 

22 52.5 65 52.5 25 34.82 ± 1.80 31.63 ± 0.75 

23 52.5 65 27.5 5 35.50 ± 0.44 30.22 ± 0.22 

24 52.5 65 27.5 45 32.92 ± 1.01 32.18 ± 0.25 

25 52.5 65 27.5 25 42.38 ± 0.87 35.14 ± 1.13 

26 52.5 65 27.5 25 42.53 ± 1.65 34.96 ± 1.71 
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27 52.5 65 27.5 25 41.86 ± 1.04 34.58 ± 0.16 

28 52.5 65 27.5 25 42.26 ± 1.16 34.97 ± 0.92 

29 52.5 65 27.5 25 42.01 ± 1.01 34.45 ± 0.51 

30 52.5 65 27.5 25 41.55 ± 0.56 34.36 ± 1.54 

 

Table 3.2. Experimental data obtained from CCD analysis for phenolic and flavonoid extraction using UAE 

 Phenolics Flavonoids 

Source Sum of 

Squares 

Df Mean 

Square 

F Value p-value Sum of 

Squares 

Df Mean 

Square 

F Value  p-value 

Model 338.71 14 24.19 76.43 < 1.00 × 10-4 92.45 14 6.6 55.53 < 1.00 × 10-4 

A-Temperature 2.37 1 2.37 7.49 1.53 × 10-2 0.8459 1 0.8459 7.11 0.02 

B-Ethanol-

water 

concentration 

6.99 1 6.99 22.06 < 3.00 × 10-4 5.17 1 5.17 43.5 < 1.00 × 10-4 

C-Extraction 

time 

5.16 1 5.16 16.28 < 1.10 × 10-3 6.55 1 6.55 55.11 < 1.00 × 10-4 

D- Feed Ratio 15.34 1 15.34 48.46 < 1.00 × 10-4 2.84 1 2.84 23.86 2.00 × 10-4 

AB 2.68 1 2.68 8.46 1.08 × 10-2 0.1823 1 0.1823 1.53 0.23 

AC 2.21 1 2.21 6.97 1.85 × 10-2 0.3783 1 0.3783 3.18 9.47 × 10-2 

AD 1.91 1 1.91 6.03 2.67 × 10-2 0.0082 1 0.0082 0.0692 0.80 

BC 1.19 1 1.19 3.77 7.12 × 10-2 4.42 1 4.42 37.19 < 1.00 × 10-4 

BD 15.00 1 15.00 47.40 < 1.00 × 10-4 5.19 1 5.19 43.66 < 1.00 × 10-4 

CD 9.31 1 9.31 29.42 < 1.00 × 10-4 1.18 1 1.18 9.95 6.60 × 10-3 

A2 24.05 1 24.05 75.96 < 1.00 × 10-4 22.05 1 22.05 185.43 < 1.00 × 10-4 

B2 106.54 1 106.54 336.53 < 1.00 × 10-4 21.71 1 21.71 182.57 < 1.00 × 10-4 

C2 130.26 1 130.26 411.46 < 1.00 × 10-4 27.98 1 27.98 235.28 < 1.00 × 10-4 

D2 116.23 1 116.23 367.16 < 1.00 × 10-4 21.88 1 21.88 183.98 < 1.00 × 10-4 

Residual 4.75 15 0.32   1.78 15 0.1189    

Lack of Fit  4.09 10 0.41 3.12 0.11 1.27 10 0.1266 1.22 0.44 

R2 0.99     0.98     

Radj
2 0.97     0.96     
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Rprep
2 0.93     0.91     

CV% 1.55     1.08     

 

Table 3.3. Experimental data obtained from CCD analysis for phenolic and flavonoid extraction using SC-ET  

Sl.No. Pressure (bar) Temperature (°C) Flow rate 

(g/min) 

Total Phenolic content  

(mg GAE/g) 

Total Flavonoid content  

(mg QE/g) 

1 180.00 45.00 10.00 28.19 ± 1.06 41.80 ± 0.95 

2 350.00 45.00 10.00 27.94 ± 0.15 41.61 ± 0.54 

3 180.00 65.00 10.00 26.09 ± 0.90 43.38 ± 1.28 

4 350.00 65.00 10.00 28.95 ± 0.11 43.67 ± 2.04 

5 180.00 45.00 20.00 31.7 ± 1.36 41.59 ± 0.53 

6 350.00 45.00 20.00 32.6 ± 0.22 43.54 ± 1.33 

7 180.00 65.00 20.00 29.07 ± 1.24 41.61 ± 1.46 

8 350.00 65.00 20.00 32.91 ± 1.00 43.97 ± 1.05 

9 122.05 55.00 15.00 23.93 ± 0.22 41.11 ± 0.64 

10 407.95 55.00 15.00 28.08 ± 1.84 43.00 ± 0.96 

11 265.00 38.18 15.00 32.37 ± 0.36 42.08 ± 0.46 

12 265.00 71.82 15.00 31.39 ± 1.49 43.50 ± 1.49 

13 265.00 55.00 6.59 29.22 ± 1.04 42.58 ± 0.97 

14 265.00 55.00 23.41 35.00 ± 0.09 43.39 ± 1.57 

15 265.00 55.00 15.00 35.42 ± 0.85 46.46 ± 1.38 

16 265.00 55.00 15.00 36.15 ± 0.24 45.56 ± 0.44 

17 265.00 55.00 15.00 36.35 ± 0.57 45.46 ± 0.54 

18 265.00 55.00 15.00 35.86 ± 0.64 45.52 ± 0.78 

19 265.00 55.00 15.00 37.08 ± 0.55 45.49 ± 0.50 

20 265.00 55.00 15.00 36.12 ± 0.11 45.57 ± 1.09 
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Table 3.4. Experimental data obtained from CCD analysis for phenolic and flavonoid extraction using SC-ET  

 Phenolics Flavonoids 

Source Sum of 

Squares 

Df Mean 

Square 

F Value p-value Sum of 

Squares 

Df Mean 

Square 

F Value  p-value 

Model 284.80 9 31.64 157.37 < 1.00 × 10-4 50.85 9 5.65 52.25 < 1.00 × 10-4 

A-Pressure 15.01 1 15.01 74.65 < 1.00 × 10-4 4.22 1 4.22 39.03 < 1.00 × 10-4 

B-Temperature 1.88 1 1.88 9.36 0.01 3.10 1 3.10 28.68 3.00 × 10-4 

C-Flow Rate 45.14 1 45.14 224.49 < 1.00 × 10-4 0.19 1 0.19 1.75 21.50 × 10-2 

AB 4.56 1 4.56 22.69 8.00 × 10-4 0.10 1 0.10 0.89 36.74 × 10-2 

AC 0.56 1 0.56 2.79 0.13 2.21 1 2.21 20.46 1.10 × 10-3 

BC 0.19 1 0.19 0.93 0.36 1.28 1 1.28 11.86 6.30 × 10-3 

A2 184.75 1 184.75 918.77 < 1.00 × 10-4 21.91 1 21.91 202.61 < 1.00 × 10-4 

B2 32.50 1 32.50 161.63 < 1.00 × 10-4 13.66 1 13.66 126.27 < 1.00 × 10-4 

C2 29.10 1 29.10 144.70 < 1.00 × 10-4 11.79 1 11.79 109.01 < 1.00 × 10-4 

Residual 2.01 10 0.20   1.08 10 0.11   

Lack of Fit  0.50 5 0.10 0.33 0.88 0.33 5 0.07 0.44 0.81 

R2 0.99     0.98     

Radj
2 0.99     0.96     

Rprep
2 0.98     0.93     

CV% 1.41     0.76     
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3.2.2. Interaction effects of the independent variables on the response 

3.2.2.1. Ultrasound-assisted extraction 

Three-dimensional response surface plots are used to illustrate the dynamic impacts of 

parameters on the response. Figure 3.1 showed that all the chosen parameters had 

significantly impacted TPC and TFC yield. Figure 3.1(a, b, c, g, h, i) reveals that the 

increasing extraction temperature improves the polyphenols’ yield with a p-value <0.05 

up to 55°C. The solvent viscosity and surface tension are reduced as the temperature 

increases, improving the solvent's ability to penetrate the matrix and boosting the 

effectiveness of the extraction [211]. In this approach, the conditions were created to 

encourage the release of bound phenolics from plant material and to disrupt the integrity 

of the cell wall, which intensified solubility and coefficients of diffusion [212]. The 

adverse effect of temperature, however, indicates that overheating has the opposite 

effect. The temperature above 55°C might degrade the polyphenols [191]. 

Under various extraction conditions, utilising 65% ethanol in an aqueous medium as 

the extractant led to the best performance in terms of total polyphenols, as shown in 

Figure 3.1(a, d, e, g, j, k). Although the most polar solvent of all is pure water, a higher 

water percentage did not produce the best results in terms of extract and total phenolic 

and flavonoid content. This might be explained by the fact that water has a higher 

viscosity than other solvents, which is a mass transfer issue [213]. Increasing the 

ethanol concentration lowers the viscosity and has the ability to change the structure of 

the plant by swelling the matrix, thus increasing the yield of the extract and the 

polyphenolic content with increasing permeability of the solvent [214]. The water 

serves as the agent that causes plants to swell, whereas ethanol is thought to cause the 

connection between the solvents and the plant matrix to break. Thus, the combination 

of water and ethanol as a solvent agent had the best performance in extracting 

polyphenols and makes it suitable for use in the food industry. Another possibility is 

that water has a high dielectric constant, which causes an increase in the polarity indices 

of aqueous ethanol [213]. Whereas the denaturation of cell membrane proteins caused 

by greater ethanol concentrations slowed the diffusion rate of polyphenols into the 

solvent [215]. This might cause a decrease in the yield of the TPC and TFC after 

increasing the ethanol concentration beyond 65 percent. 
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From Figure 3.1(b, d, f, h, j, l), it was observed that sonication duration highly 

influences the yield of phenolics and flavonoids with a p-value <0.001. Initially, in the 

UE, soluble components on the surfaces of the plant matrix dissolve, and then the solute 

molecules start to be transferred from the plant matrix into the solvent through osmotic 

and diffusional processes. However, prolonged sonication led to low extraction yield 

and breakdown of polyphenolic compounds  [216]. As a result, the range of 10 to 20 

min was chosen as the ideal extraction period for the RSM study. 

The feed ratio had a significant impact (p <0.001) on both phenolics and flavonoids 

extraction yield by UE. The UE yield increased as the solid-to-liquid ratio increased up 

to a specific threshold, after which it decreased. From the interaction plot of the feed 

ratio displayed in Figure 3.1(c, e, f, i, k, l), the yield of both the phenolics and flavonoids 

increases up to 25 mL/g. When the solvent becomes very viscous at a high feed ratio, 

cavitation becomes difficult in the rarefaction cycle, as a greater cohesive force in the 

more viscous solvent must be overcome by the negative pressure. However, at the low 

feed ratio, the concentration difference increases the diffusivity of the solute and 

dissolves it more readily in the solvent that penetrates the cell. Additionally, the greater 

contact area between the solute and solvent contributed to the extraction yield. A very 

concentrated solute in the solution intensifies the cavitation effect that degrades the 

targeted molecules [217]. Thus, the extraction yield of phenolics and flavonoids in the 

UE process is greatly influenced by the feed ratio, with an F value of 48.46. 

The perturbation plot (Figure 3.2a, b) assessed the impact of each independent variable 

on the response, with all other parameters held at their optimal levels within the design 

space. This figure enables a direct evaluation of the relative impact of each component 

on the response. A more pronounced curvature in the perturbation curve signifies an 

increased sensitivity of the reaction to variations in that factor. Figure 3.2 demonstrates 

that the phenolic yield is most sensitive to the solid-to-solvent feed ratio, while the 

flavonoid yield is predominantly affected by the extraction period, indicating that both 

parameters are crucial for optimising their respective outputs. 
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Figure 3.1. 3D Response surface plot of interaction effects of 1.a) Ethanol concentration 

(%) and Temperature (°C); 1.b) Extraction time (min) and Temperature (°C); 1.c) 

Temperature (°C) and Feed ratio (mL/g); 1.d) Ethanol concentration (%) and Extraction 

time (min); 1.e) Ethanol concentration (%) and Feed ratio (mL/g); and 1.f) Extraction 

time (min) and Feed ratio (mL/g) on total phenolic yield; however, 2.a) Ethanol 

concentration (%) and Temperature (°C); 2.b) Extraction time (min) and Temperature 

(°C); 2.c) Temperature (°C) and Feed ratio (mL/g); 2.d) Ethanol concentration (%) and 

Extraction time (min); 2.e) Ethanol concentration (%) and Feed ratio (mL/g); and 2.f) 

Extraction time (min) and Feed ratio (mL/g) on total flavonoid yield using UAE. 
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Figure 3.2. Perturbation plot for a) phenolic and b) flavonoid yield using UAE method 

3.2.2.2. Supercritical fluid extraction with 10% ethanol 

The extraction yield was significantly (With a p-value below 0.05) influenced by the 

individual factors and their quadratic components chosen in SC-ET extraction. With a 

probability value <0.001, the interaction between pressure and temperature had a 

significant impact on the rate of extraction shown in Figure 3.3(a, d). A rapid rise in 

pressure to 280 bar resulted in a progressive increase in the extraction yield of 

polyphenolic components. At constant temperature, the viscosity of supercritical 

carbon dioxide reduces as pressure rises, enhancing the solubility of the substance. By 

reducing intermolecular distances, reduced viscosity increases the interaction of 

analytes with carbon dioxide and improves extraction yield [218]. Beyond 280 bar, a 

pronounced decrease in both phenolic and flavonoid yields was observed. According 

to Bimakr et al. [219], at elevated pressures within the supercritical fluid medium, a 

reduction in the rate of solute diffusion was observed, likely due to increased fluid 

density and reduced mass transfer efficiency. At lower temperatures, increasing the 

pressure can hinder solute dissolution and solubility by reducing SC-CO₂ diffusivity, 

initiating solid matrix compaction, decreasing the void fraction, and limiting solvent 

penetration into the matrix pores. 

Figure 3.3(b, e) exhibited the 3D response graphic showing the effect of pressure on 

flow rate. The yield increased with temperature up to 55 °C, after which further 

temperature elevation did not result in a statistically significant improvement. On 
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increasing the rate of flow of carbon dioxide from 10 to 20 g/min, the response output 

increased up to 15g/min before stabilising. This could be because the high flow rate 

drives the solvent through the sample, only passing around the matrix of the sample and 

not diffusing through the pores, preventing carbon dioxide from moving into and out 

of the sample. Due to intra-particle diffusion resistance, lower flow rates enhance the 

trapping of analytes and improve extraction efficiency by promoting mass transfer and 

extending the contact time between the solvent and target solutes. As a result, the fluid's 

sluggish movement allows for deeper intrusion into the solute matrix while also 

lowering the linear velocity, resulting in excellent efficiency of extraction [218]. 

Figure 3.3(c, f) conveyed the combined impact of temperature and flow rate on the 

response while keeping the pressure constant. In the initial phase, the response yield 

increased rapidly at a flow rate of 18 g/min, followed by a slight decline. The effect of 

temperature on the extraction yield had a similar impact to that of pressure. The output 

increased while increasing the temperature up to 54°C; beyond that, the phenolic yield 

reduced due to the thermal sensitivity of extracted compounds. Also, at constant 

pressure, increasing temperature decreases the solvent strength by lowering the density 

of carbon dioxide. Near the critical pressure, the fluid density depends on the 

temperature. Therefore, the extraction yield fluctuated over a temperature range of 45-

65°C. A moderate increase in temperature can significantly reduce the solvent’s 

solubility by lowering its density. An increasing temperature improves the mass transfer 

from solute to solvent and increases extraction efficiency [219]. 
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Figure 3.3. 3D Response surface plot of interaction effects of a) Pressure (bar) and 

Temperature (°C); b) Pressure (bar) and Flow rate (g/ min); c) Temperature (°C) and 

Flow rate (g/ min); on total phenolic yield; however, d) Pressure (bar) and Temperature 

(°C); e) Pressure (bar) and Flow rate (g/ min); f) Temperature (°C) and Flow rate (g/ 

min); on total flavonoid yield using SC-ET. 

The perturbation plot (Figure 3.4a, b) demonstrates the influence of individual variables 

on the response, maintaining all other parameters at their optimal levels within the 

experimental design space. This graphic facilitates a clear depiction of the relative 

impact of each component on the response variable. A more pronounced slope or 

increased curvature in the graph signifies a more substantial influence of that variable 

on the response. Figure 3.4 illustrates that the phenolic yield was most sensitive to 

changes in flow rate, followed by pressure and temperature. The yield of flavonoids 

was mostly influenced by pressure and temperature, suggesting that these parameters 

are crucial for optimising flavonoid extraction under the specified conditions. 

TH-3830_196151004



Chapter III                                Optimisation of the Ultrasound and Supercritical Fluid Extraction 

 

80   Valorisation of Passion Fruit Rind 

 

Figure 3.4 Perturbation plot for a) phenolic and b) flavonoid yield using SC-ET method 

3.2.3. Optimisation of process variables for both UAE and SC-ET methods: 

The optimum extraction conditions for both UAE and SC-ET were established using 

the desirability function of Design-Expert software to optimise the yield of phenolics 

and flavonoids listed in Table 3.5. The optimal yield for the UAE was predicted at 54.4 

°C, with an ethanol concentration of 64.9%, an extraction period of 29.5 min, and a 

feed ratio of 24.7 mL/g, resulting in a desirability value of 0.96. Under these conditions, 

the expected phenolic and flavonoid concentrations were 42.15 mg GAE/g and 34.80 

mg QE/g, respectively, whereas the experimental validation produced 41.48 ± 0.38 mg 

GAE/g and 34.41 ± 2.72 mg QE/g, thereby affirming the model’s precision, where 

percentage error range within 1.13-1.62%. For SC-ET, the optimal parameters were 

determined to be a pressure of 284.6 bar, a temperature of 55.9 °C, and a flow rate of 

carbon dioxide of 16.5 g/min, yielding a desirability value of 0.914. The predicted 

yields were 36.66 mg GAE/g for phenolics and 45.75 mg QE/g for flavonoids. 

Experiments conducted under these conditions resulted in phenolic and flavonoid yields 

of 36.04 ± 2.15 mg GAE/g and 45.59 ± 1.79 mg QE/g, respectively, exhibiting a strong 

correlation with the model’s expected values, with a percentage error of 1.72% and 

0.35%, respectively. The agreement between predicted and experimental results for 

both approaches validates the reliability of the quadratic model in improving the 

extraction process within the specified parameter range. 
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Table 3.5. Optimisation table for phenolic and flavonoid extraction using UAE and SC-

ET 

Ultrasound-assisted Extraction Supercritical fluid extraction with 10% 

ethanol 

Temperature (°C) 54.4 Pressure (bar) 284.6 

Ethanol: water 

Concentration (%) 

64.9 Temperature (°C) 55.9 

Extraction Time (min) 29.5 Flow rate of carbon dioxide 

(g/min) 

16.5 

Feed Ratio (mL/g) 24.7 - - 

TPC (mg GAE/g) 42.15 TPC (mg GAE/g) 36.66 

TFC (mg QE/g) 34.80 TFC (mg QE/g) 45.75 

Desirability 0.959 Desirability 0.914 

 

The results of the present study are consistent with previous research on the extraction 

of polyphenolic compounds from passion fruit and other agro-industrial wastes using 

various extraction methods (Table 3.6). Vo et al. [220] confirmed the extraction of 

26.02 mg RE/g dry basis (db) of flavonoids and 38.27 mg GAE/g db of phenolics from 

passion fruit peel using ethanol, water, and acetone as solvents in combination with 

ultrasound-assisted extraction. Similarly, Wang et al. [221] utilised ultrasonic-assisted 

polyphenol extraction, optimised via response surface methodology, resulting in 21.03 

mg GAE/g of total polyphenols. In another study, Pereira et al. [222] employed 

ultrasound-assisted pressured liquid extraction with 70% ethanol, yielding a total 

phenolic content of 2.07 ± 0.05 mg GAE/g extract. 

Conversely, Huo et al. [69] employed deep eutectic solvents (DESs) to extract 

polyphenols from passion fruit rind, achieving a yield of 9.68 mg GAE/g dry weight, 

whereas an extraction utilising methanol/water and acetone/water mixtures from P. 

edulis f. flavicarpa peel flour resulted in phenolic content of 5.54 ± 2.47 mg GAE/100 

g [223]. These differences highlight the significance of solvent polarity and process 

factors in ascertaining extraction efficiency. 

Green extraction methods, including supercritical fluid extraction and ultrasound-

assisted extraction, have demonstrated potential. Oliveira et al. [224] isolated phenolics 

from passion fruit seed cake by supercritical fluid extraction with 5% ethanol as a co-

solvent, yielding 17.9 mg GAE/g extract. Liu et al. [225] utilised ultrasound-assisted 
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supercritical CO2 extraction on Iberis amara seeds, yielding 2.34 g RE/100 g dry mass 

of flavonoids, demonstrating the efficacy of hybrid methodologies. Pereira et al. [226] 

demonstrated that pressurised liquid extraction (at 10 MPa and 90°C) produced 3.2 mg 

GAE/g dry residue of phenolics from passion fruit rind. 

Traditional techniques, such as Soxhlet extraction and maceration, typically produce 

reduced yield. Lee et al. [227] employed 40% ethanol in a standard extraction, yielding 

merely 15.84 μg GAE/g from passion fruit peel powder. These findings highlight the 

constraints of conventional extraction methods, which frequently entail prolonged 

extraction durations, increased solvent usage, and diminished selectivity [222].  

Conversely, advanced extraction technologies like UE and SFE have numerous 

benefits, including reduced solvent consumption, expedited extraction duration, 

enhanced selectivity, and improved preservation of thermolabile bioactive chemicals. 

This work validates the effectiveness and sustainability of innovative technologies, 

particularly ultrasound-assisted extraction, as a viable strategy for valorising agro-

industrial leftovers like passion fruit rind. 
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Table 3.6. Comparison of phenolic and flavonoid content extracted using different extraction methods from plant-based feed sources 

Feed Sources Solvent and technique used Extracted Bioactive compounds Reference 

Chaenomelis Fructus peel 60% ethanol, UAE 216.27 mg/g (TPC) [228] 

Passiflora edulis sp. rind 70% ethanol; UAPLE 119 mg GAE/L extract (TPC) [222] 

Opuntia ficus-indica flower 36% ethanol, UAE 24.4 mg GAE/g (TPC) [229] 

Purple passion fruit pulp  80% methanol; UAE 351.9 mg/100g solids GAE (TPC) [230] 

Passion Fruit Peel 70% ethanol; UE 382.86–428.71 µg GAE/g DM 

(TPC) 

[231] 

Wheat bran 70% ethanol, UAE 1.95-2.15 mg GAE/g (TPC) [232] 

Passiflora edulis Simsa and 

Passiflora cincinnata Mastb 

ethyl acetate; liquid-liquid extraction 476.1 mg kg−1 GAEa and 365 mg 

kg−1 GAEb (TPC) 

[233] 

Passiflora edulis f. edulis Sims. 

seed 

acidified ethanol (96%), ultrasonic-

assisted maceration 

0.32 g GA/g extract (TPC) [97] 

Passiflora edulis var. flavicarpa 

seed 

Methanol extraction; Soxhlet extraction 74.9 mgGAE/g (TPC) [110] 

Olive pomace 50% ethanol, UAE 14.70 mg/g (phenols), 2.48 mg/g 

(Flavonoids) 

[234] 

Jujube By-Product 50.16% ethanol, UAE 23.83 mg GAE/g (TPC), 4.86 mg 

QE/g (TFC) 

[235] 

Mango peels ethanol–acetone (6:4), UAE 14.93 mg GAE/g (TPC) [236] 

Passion fruit seed cake CO2; SFE 17.9 mgGAE/g extract (TPC) [237] 
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3.3. Conclusion 

This study successfully demonstrated the valorisation of yellow passion fruit rind 

(YPFR), an agro-industrial byproduct, by optimising two eco-friendly extraction 

methods, ultrasound-assisted extraction (UAE) and supercritical fluid extraction (SFE), 

to recover high-value polyphenolic compounds. The UAE process was optimised using 

response surface methodology (RSM) to assess the effects of temperature, ethanol–

water concentration, extraction time, and feed ratio. Analysis of variance (ANOVA) 

indicated that all process factors had a significant influence on the extraction yield. 

Under the optimal conditions of 54.44 °C, 64.95% ethanol–water concentration, a feed 

ratio of 24.69 mL/g, and an extraction time of 29.52 min, the predicted UAE yields 

were 42.15 mg GAE/g for total phenolics and 34.80 mg QE/g for total flavonoids, with 

a high desirability value of 0.959. The SFE method employed supercritical CO₂ 

combined with 10% ethanol as a co-solvent, with temperature, pressure, and solvent 

flow rate as the independent variables. The model identified solvent flow rate as the 

most influential parameter, followed by pressure and temperature. The optimal SFE 

parameters—278.48 bar, 53.84 °C, and a flow rate of 18.3 g/min—produced phenolic 

and flavonoid yields of 36.87 mg GAE/g and 45.75 mg QE/g, respectively, achieving 

a desirability value of 0.984. These findings highlight the effectiveness of both UAE 

and SFE as sustainable extraction techniques for obtaining antioxidant-rich bioactive 

compounds from passion fruit rind. The polyphenol-rich extracts derived from these 

green processes can be employed in functional foods, nutraceuticals, and 

cosmeceuticals, thereby enhancing the circular bioeconomy, promoting sustainable 

waste management, and facilitating the creation of value-added goods from agro-

industrial byproducts. 
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CHAPTER 4 

Comparative analysis of ultrasound-assisted and supercritical fluid 

extraction of bioactive compounds from passion fruit rinds: 

phytochemical, functional, and analytical insights 

 

This study presents a systematic analysis of bioactive compounds extracted from yellow 

passion fruit rind (YPFR), as detailed in Chapter 3, highlighting their therapeutic 

properties, including antibacterial and antioxidant activities. The extracts obtained at 

optimised conditions from supercritical fluid extraction with CO2 and 10% ethanol as 

co-solvent (SC-ET), and ultrasound-assisted extraction (UAE) with 65% ethanol were 

compared for extraction yield, phytocomponents, antioxidant, and antibacterial 

activity. Phytochemical analysis showed significant phenolic, flavonoid, and 

carotenoid contents in the extracts, contributing to their increased antioxidant 

activities. SC-ET exhibited higher flavonoid and carotenoid concentrations; however, 

UAE yielded higher phenolics. These support higher antioxidant capacity in SC-ET 

compared to the UAE during the Global Antioxidant Score (GAS). GC-MS identified 

75 compounds in UAE extracts and 47 in SC-ET extracts, whilst HPLC profiling 

indicated higher phenolic and flavonoid contents in SC-ET extracts, demonstrating 

SFE’s selectivity, and GC-MS findings showed UAE’s broader compound extraction 

range. Both extracts showed significant antibacterial activity, with SC-ET being more 

potent. These findings revealed the potential of using passion fruit rind to extract 

bioactive compounds for the food, pharmaceutical, and cosmetic industries, promoting 

sustainable waste management and resource recovery. 

 

4.1. Bioactive compound analysis of the extracts 

Ultrasound-assisted extraction (UAE) and supercritical fluid extraction (SFE) 

techniques were used to extract the phytochemicals from the yellow passion fruit rind 

(YPFR). Both extraction procedures have been systematically optimised for their 

chosen parameters using CCD-based Response Surface Methodology (RSM) to 

maximise yields of phenolic and flavonoid compounds. The parameters for UAE were 

temperature, time, feed ratio, and solvent concentration, whereas for SFE were 
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pressure, temperature, and flow rate. RSM, a statistical tool widely used for process 

optimisation, facilitated the identification of optimal parameter combinations for each 

method. The extracts in this study were procured under optimised conditions, ensuring 

they represent the maximum potential yields attainable using SFE [238] and UAE for 

passion fruit rind. The solvents used for supercritical fluid extraction were CO2 with 

10% ethanol as a co-solvent (SC-ET) and for UAE, 65% ethanol. This approach 

enhanced the recovery of bioactive compounds and established a robust foundation for 

ensuring the reproducibility and scalability of extraction protocols. 

The results showed that UAE yields higher extracts (51.39%) than SFE (2.67%). This 

higher yield might be attributed to the ultrasonic waves, which effectively disrupt the 

plant cell walls, improving solvent penetration and extraction effectiveness. However, 

the selectivity and specificity of SFE might limit its extraction yield [239]. Further, the 

phenolic (TPC), flavonoid (TFC), and carotenoid (TCC) content of the extracts were 

evaluated using the spectrophotometry method and expressed in mg GAE/g, mg QE/g, 

and µg β-carotene/g, respectively (Figure 4.1), with their corresponding standard curves 

are shown in Figure A1. For comparison analysis, the data from this study were 

compared with a prior investigation conducted by the same group, which confirmed 

phenolic (66.53 ± 4.36 mg GAE/g) and flavonoid (73.39 ± 2.04 mg QE/g) 

concentrations in the methanolic extract using the Soxhlet method, as illustrated in 

Table 4.1. Although the UAE showed higher TPC in the extracts, it was discovered that 

the extracts produced by SC-ET had the highest TFC and TCC. The supercritical carbon 

dioxide (SC) extract without co-solvent exhibited a low TPC and TFC; nevertheless, it 

had a considerably high carotenoid content. For flavonoid content, the SC-ET extract 

exhibited a maximum concentration of 45.59 ± 1.79 mg QE/g. This was followed by 

UAE (34.41 ± 2.70 mg QE/g) and SC extracts (23.24 ± 2.29 mg QE/g). A similar pattern 

was seen in the carotenoid content, with SC-ET demonstrating the most significant 

amount, followed by SC extract and UAE extract. The low polarity of supercritical 

carbon dioxide makes it an ideal solvent for carotenoids, thereby enabling efficient 

extraction [239]. However, as ethanol is polar, more polar molecules, like flavonoids 

and phenolics, dissolve more readily in supercritical carbon dioxide. Consequently, the 

SC-ET extracts exhibited higher flavonoid and phenolic contents than the SC extracts, 

owing to the addition of ethanol as a co-solvent. This result is consistent with a study 

by Setyopratomo [240], which showed that ethanol had a high extraction efficiency for 
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phenolics. Therefore, supercritical carbon dioxide and ethanol in SC-ET can extract 

both polar and non-polar bioactive compounds, whereas UAE with ethanol is successful 

for phenolic extraction. These findings corroborate a study by dos Santos et al. [44], 

which reported that the hydroethanolic (20:80) extract of yellow passion fruit seed 

waste with UAE methods contained 548.70 mg.GAE/100 g seeds phenolic content and 

80.78 mg RUE/100 g seed of flavonoid content. Similarly, de Souza et al. [87] extracted 

phytochemicals from the yellow passion fruit peel using ethanol and water as solvents 

with the maceration technique. They obtained 39.94 mg GAE/g and 11.91 mg GAE/g 

of phenolics in ethanol and water extracts, respectively. Furthermore, Vigano et al. 

[241], demonstrated that the carotenoid content in passion fruit bagasse produced by 

Soxhlet extraction with n-hexane as the solvent (56.19 μg/g) was comparable to that 

obtained by supercritical carbon dioxide extraction (53.39 μg/g). dos Santos et al. [242], 

found that supercritical carbon dioxide extracts produced a higher carotenoid yield 

(38.64 mg β-carotene equivalent/kg) than Soxhlet extracts using petroleum ether as the 

solvent. These polyphenolic secondary metabolites serve a crucial role in oxidative 

stress defense and antioxidant activity due to their reactive hydroxyl molecules [243]. 

Table 4.1. Yield of total phenolic, flavonoid, and carotenoid from different extracts of 

YPFR and their In vitro antioxidant activities 

Samples TPCa TFCb TCCc IC50 value 

DPPHd ABTSd 

UAE 41.48 ± 0.38 34.41 ± 2.70 2.57 ± 0.61 56.03 ± 1.32 75.60 ± 0.55 

SC-ET 36.04 ± 2.15 45.59 ± 1.76 20.44 ± 

0.77 

48.74 ± 0.67 67.57 ± 0.82 

SC 9.88 ± 1.54 23.21 ± 2.29 15.28 ± 

0.80 

61.80 ± 1.22 76.49 ± 0.66 

ME 66.53 ± 

4.36α 

73.39 ± 

2.04α 

2.58 ± 0.52 44.05 ± 1.41α 62.11 ± 

3.89α 

a is mg GAE/g extract 

b is mg QE/g extract 

c is mg β-carotene/g extract 

d is µg/mL 

YPFR: yellow passion fruit rind, TPC: total phenolic content, TFC: total flavonoid content, TCC: 

total carotenoid content. UAE: ultrasound-assisted extract, SC-ET: supercritical carbon dioxide with 

10% ethanol extract, SC: supercritical carbon dioxide extract, ME: methanolic extract. αPurohit et 

al. [73]. Antioxidant activity (DPPH and ABTS) of different YPFR extracts were expressed in terms 

of IC50 values (µg/mL). All results were mean + standard deviation of experiments in triplicate. 
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4.2. Antioxidant Activity and global antioxidant score (GAS) of the extracts 

Numerous bioactive substances in passion fruits contribute to antioxidant properties, 

challenging the assessment of each molecule. In this study, the antioxidant efficacy of 

the extracts was assessed by comparing the IC50 (concentration needed to scavenge 50% 

of the free radical) of the extracts in DPPH and ABTS assays. Each extract showed 

considerable antioxidant activity, which was then compared to ascorbic acid values 

(IC50 2.84 ± 0.48 µg/mL DPPH, 26.67 ± 0.51 µg/mL ABTS). The results in Table 4.1 

show a significant impact (p < 0.05) of DPPH and ABTS IC50 values for both extracts 

and standards. The UAE extract exhibited a higher IC50 value (56.03 ± 2.73 µg/mL), 

indicating lower antioxidant activity in the DPPH assay compared to SC-ET extracts 

(48.74 ± 1.22 µg/mL). A similar outcome was observed in ABTS; the IC50 value of SC-

ET extracts was 67.57 ± 1.42 µg/mL, whereas 75.60 ± 0.95 µg/mL in the UAE extract. 

Hence, SC-ET exhibits maximum antioxidant activity, possibly due to higher TCC 

levels and a considerably higher flavonoid content than UAE extracts. The enhanced 

antioxidant activity of these extracts corresponds to the presence of carotenoids and 

polyphenolics, which may efficiently scavenge DPPH free radicals and donate 

hydrogen atoms [244,245]. Similar antioxidant activity was demonstrated by the 

methanolic rind extracts of yellow passion fruit reported by Purohit et al. [246], with 

IC50 values of 44.05 ± 1.41 µg/mL in the DPPH assay and 62.11 ± 3.89 µg/mL in the 

ABTS assay. Conversely, the DPPH IC50 value of the SC extracts was 61.80 ± 2.11 

µg/mL. 

While 40% ethanolic extract of passion fruit peel revealed the TPC content of 15.84 mg 

GAE/g with moderate antioxidant activity for DPPH and ABTS with a value >500 

µg/mL of extract concentration to scavenge 50% of DPPH [227]. Cao et al. [247], 

investigated the antioxidant activity of 70% ethanolic extracts of purple hybrid passion 

fruit (P. edulis x. “Tai-Nung No. 1”) peel. They measured the extract concentration 

required to scavenge 50% of the DPPH radicals as 29.6 ± 1.7 mg/g, whereas for ABTS 

as 10.3 ± 1.4 mg/g. Other studies reported similar findings, showing a strong correlation 

between the extract’s phenolic content and its antioxidant capacity as measured by 

various assays. The study also indicates that the phenolic and flavonoid content of the 

extracts is likely the primary contributor to their antioxidant activity. Polyphenols are 

abundant in passion fruit by-products and act synergistically to inhibit the generation 

of free radicals and the development of oxyradical-mediated degenerative diseases in 
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humans [248]. According to Ohikhena et al. [249], the hydroxyl groups in the aromatic 

ring of polyphenols serve as hydrogen donors, favouring lower IC50 percent in DPPH 

and ABTS assays. Hence, due to their redox characteristic, phenolic and flavonoid 

compounds serve as reducing agents and radical scavengers. 

The GAS was computed to rank the antioxidant ability of the extracts when correlating 

the outcomes of antioxidant activity tests with their phytochemical concentration. It 

assists in resolving the challenge of selecting the extract based on antioxidant capacity. 

The best extract between SC-ET and UAE samples was calculated using the global 

antioxidant score (GAS). The GAS value in the present analysis was calculated by 

adding the two T-scores for each variable (Table A1). The calculated scores implied 

that the SC-ET extract (GAS=3.91) has a higher total antioxidant capacity than the UAE 

(GAS=1.61). Although the UAE showed a higher phenolic content, the carotenoid 

content was limited compared to the SC-ET extract. Additionally, the flavonoid content 

of the SC-ET extract was higher than that of the UAE extract. These phytochemicals 

are good natural antioxidant agents. Analysing several antioxidant assays using a 

statistical model has become a novel technique to offer new possibilities for expressing 

the antioxidant capacity of foods and beverages. The GAS score serves as a ranking 

tool that could benefit both consumers and professionals in science and business. 

4.4. Quantification of phenolic and flavonoid compounds using HPLC 

HPLC quantification of phenolic and flavonoid compounds of YPFR extracts is 

detailed in Table 4.2, and the corresponding chromatograms are shown in Figure A2. 

In addition to flavonoids like kaempferol, myricetin, isorhamnetin, catechin, 

isoorientin, isovitexin, and quercetin, this study quantitatively examined phenolic acids, 

including gallic acid, p-coumaric acid, cinnamic acid, and ferulic acid. Purohit et al. 

[246] reported the notable presence of the aforementioned polyphenols in methanol and 

acetone extracts of the yellow passion fruit rind of Northeast India. In this work, three 

major phenolic compounds, namely ferulic acid, gallic acid, and p-coumaric acid in 

both SC-ET and UAE extracts, were identified at nearly identical retention time as the 

standards. Table 4.2 revealed a gallic acid concentration ~47 times higher in the SC-ET 

compared to UAE extracts. Isovitexin was present in the highest concentration in SC-

ET extracts (90.78 mg/g), followed by ferulic acid (31.08 mg/g) and p-coumaric acid 

(24.74 mg/g). Similarly, in the UAE extracts, isovitexin was the predominant 
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compound, whereas caffeic acid was absent in both extracts. A previous study by 

Francischini et al. [250] showed the extraction of flavonoids from passion fruit waste 

using UAE employing an ethanol-water solvent, resulting in isoorientin (0.68 mg/g) 

and isovitexin (0.17 mg/g). However, ultrasonic extraction using 80% ethanol from 

banana passion fruit pulp (Passiflora tripartita var. mollissima) identified 

hydroxycinnamic acid derivatives, including dicaffeoylquinic acid (1.45 mg/g), and 

flavonoids such as myricetin derivative (0.05 mg/g), kaempferol-methoxy-methyl ether 

(0.67 mg/100 g), isoquercitrin (0.98 mg/100 g), isorhamnetin-O-dihexoside (0.01 

mg/g), catechin (0.10 mg/g), and caffeic acid (0.01 mg/g) [251]. Aqueous extracts of 

passion fruit using UAE contained caffeic acid (12.2 µg/g), rutin (1.4 µg/g), and 

chlorogenic acid (164.7 µg/g) [221]. The HPLC profiling of SFE and UAE extracts in 

this study showed that the former had more significant quantities of specific phenolic 

and flavonoid components. This implies that SFE is more efficient at selectively 

extracting these bioactive chemicals, even though its yield is lower. 

In passion fruit and its by-products, isovitexin and isorhamnetin are the most notable 

flavonoids, whereas phenolic compounds (such as gallic acid) have potent antioxidant 

and free radical scavenging capabilities due to their high degree of hydroxylation. The 

flavonoids and phenolics have synergistically worked to inhibit microbial growth. 

Moreover, flavonoids (like quercetin) dramatically reduced bacterial motility [252]. 

Therefore, these synergisms between naturally occurring polyphenolic compounds may 

account for remarkable antioxidant, anticancer, antimicrobial, antiinflammatory, and 

cardioprotective activities. 

Table 4.2. Quantification of phenolics and flavonoids using HPLC 

Phytochemicals Standards UAE SC-ET 

Phenolics Gallic acid 7.42 13.99 

Ferulic acid 2.38 31.08 

p-Coumaric acid 0.86 24.74 

Cinnamic acid ND 0.18 

Caffeic acid ND ND 

Flavonoids Quercetin 1.96 3.05 

Kaempherol 1.75 2.25 
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Isorhmnetin 0.39 7.40 

Myricetin 1.21 0.40 

Catechin ND 2.40 

Isovitexin 31.14 90.78 

Isoorientin 3.60 1.03 

Data are displayed in mg/g of DW. UAE: ultrasound-assisted extract, SC-ET: supercritical carbon 

dioxide with 10% ethanol extract. ND: not detected. 

4.5. GC-MS profiling of the extracts 

GC-MS analysis, recognised for accuracy and precision, was employed in the current 

study for profiling phytochemical components of the UAE and SC-ET extracts of 

YPFR. Associated chromatograms are displayed in Figure A2 and Figure A3, and the 

identified compounds, including their retention time, molecular weight, and peak area 

per cent (the amount of compound present), are listed in Tables A2 and A3. The major 

phytoconstituents present in UAE extract were: Myo-Inositol, 6TMS derivative 

(58.44%), Palmitic Acid, TMS derivative (2.83%), di-t-butyl-phenol (1.76%), 

Hexadecane, 2,6,10,14- tetramethyl (1.41%), and Quinoline Derivative (0.95%). In SC-

ET extracts, the significant compounds were, Tris(2,4-di-tert-butylphenyl) phosphate 

(6.56%), di-t-butyl-phenol (4.62%), Arsenous acid, tris(trimethylsilyl) ester (2.64%), 

Hexadecane, 2,6,10,14- tetramethyl (2.12%), 1,2,4-Triazine, 2-oxide (1.85%), and Iron, 

tricarbonyl [N- (phenyl-2- pyridinylmethylene) benzenamine-N,N']- (1.83%). These 

identified phytochemicals shows various physiological properties such as Piperidine 

hydrochloride (anticancer, antimicrobial, antifungal, antihypertension, anti-

inflammatory, anti-Alzheimer, anticoagulant agents [253]); Chizo-Inositol 6TMS 

derivative (anti-depression, liver problems, panic disorders and diabetes [254]); di-t-

butyl-phenol (Antioxidant [255]); Quinoline Derivative (antioxidant, antimicrobial, 

anti-inflammatory, anticancer, cardiovascular, anticonvulsant, anthelmintic, CNS 

effects, analgesic, and miscellaneous activities [256]); Butylated hydroxytoluene 

(Antioxidant, food additive [257]); and Iron, tricarbonyl[N- (phenyl-2- 

pyridinylmethylene)benzenamine-N,N']- (antifungicidal acitivity [258]), etc. The 

finding proved that the extracts have substantial nutritional and therapeutic potential.  

Previous investigations have revealed various beneficial components in varieties of 

passion fruit. The ultrasonic extraction of banana passion fruit (Passiflora tripartita 
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var. mollissima) pulp using 80% ethanol identified 82 components, comprising 

phenolic acids, flavan-3-ols, and flavones [251]. The methanolic extraction of banana 

passion fruit peel identified 31 phenolic compounds [259]. The UHPLC-QqQ-MS/MS 

analysis of the extract obtained from Passiflora leschenaultii DC observed 24 phenolic 

components, such as daidzein, epicatechin, and artepillin C. HS-SPME/GC-MS aroma 

profiling revealed 67 volatiles, including terpenes, alcohols, esters, ketones, and 

phenolic acids [260]. In this study, the GC-MS analysis identified a wide variety of 

chemical components: 47 compounds in the SC-ET extract and 75 in the UAE extract. 

Alkaloids, steroids, glycosides, carbohydrates, and flavonoids were among the many 

chemicals found in the UAE extract, demonstrating the process’s efficacy and capacity 

to potentially extract a wide range of advantageous compounds. 

4.6. Antibacterial Activity study 

Both the UAE and SC-ET extracts were selected to perform the bactericidal activity 

test using minimum inhibitory concentration (MIC) (Figure A2) and zone of inhibition 

assay (ZoI) (Table A2) against various gram-positive and gram-negative bacterial 

strains. The results of the MIC study (Table 4.3) reveal that both the extracts showed 

effective inhibitory activity against all four Gram-positive bacteria, ranging from 40 

mg/mL to 2.5 mg/mL. Both the extracts demonstrated antibacterial efficacy against E. 

coli and K. pneumonia at 40 mg/mL; and against P. aeruginosa at 80 mg/mL. Similarly, 

aqueous extracts of yellow passion fruit reported no antimicrobial activity; however, 

100% ethanolic extracts showed moderate activity with a MIC of 128 µg/mL for E. coli 

and P. aeruginosa; whereas 256 µg/mL for S. aureus [87]. The extract’s efficacy 

against all bacterial species was further assessed qualitatively using an inhibition zone 

study. Both extracts showed moderate antibacterial activity against Staphylococcus 

epidermidis (UAE: 12.67 mm, SC-ET: 12 mm) at 50 mg/mL; however, against 

Staphylococcus aureus, the activity was limited (5 mm). 

The finding of MIC and ZOI revealed that YPFR extracts are more effective against 

gram-positive bacteria than gram-negative bacteria due to the presence of a complex 

permeability barrier in gram-negative bacteria that hinders the entry of antibacterial 

compounds [261]. Additionally, Oliveira et al. [224] reported that the SFE extracts of 

passion fruit seed and seed cake were more effective against gram-positive bacteria. 

Mehmood et al. [243] reported that flavonoids demonstrate potent antibacterial 
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properties by hindering nucleic acid production and metabolic functions in microbes, 

compromising membrane permeability. Furthermore, phenolic compounds inhibit 

bacterial development via their C3 side chain, limiting oxidation levels, while their 

partial hydrophobicity enhances microbial lethality by blocking protease activity and 

interacting with proteins and carbohydrates. Thus, the presence of polyphenolics and 

carotenoids in YPRF extract contributes to its potent antibacterial activity. This study 

aimed to address the knowledge gap on the use of passion fruit waste products as 

antimicrobial agents by examining raw material type, preparation, and extraction 

methods for assessing antibacterial activity. However, further research involving 

diverse microbes and practical applications, such as in food systems, is still needed. 

Table 4.3. Minimum inhibitory concentration (MIC) of the extracts at optimised 

conditions 

 Gram-negative bacteria Gram-positive bacteria 

EA PA EC KP SA BS SE ML 

UAE 80 80 40 40 20 40 5 5 

SC-ET 40 40 40 80 10 20 2.5 5 

All the values are displayed as extract concentration in mg/mL. UAE: Ultrasound-assisted extract, 

SC-ET: Supercritical carbon dioxide with 10% ethanol extract. EA: E. aerogenes, PA: P. 

aeruginosa, EC: E. coli, KP: K. pneumoniae, SA: S. aureus, BS: B. subtilis, SE: S. epidermidis, and 

ML: M. luteus. 
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Figure 4.1. Agar well diffusion method for the zone of inhibition. Antibacterial effect of 

ultrasound-assisted P. edulis f. flavicarpa rind extract against gram-negative bacteria- E. 

aerogenes (EA), and P. aeruginosa (PA), E. coli (EC), K. pneumoniae (KP) is represented by 

(a-d); whereas (e-h) represents against gram-positive bacteria- S. aureus (SA), B. subtilis (BS), 

S. epidermidis (SE), and M. luteus (ML). Similarly, (i-p) represents the antibacterial effect of 

Supercritical carbon dioxide with 10% ethanol extract against the same bacterial strains 

respectively. 

4.7. Comparison of UAE and SFE extractions in terms of environmental and 

economic aspects: 

The food sector is promoting a circular, sustainable economy by minimising waste and 

producing valuable by-products. Recycling agro-industrial waste into valuable 

compounds needs a comprehensive evaluation of economics and sustainability in the 

selection of extraction technology [262]. Environmental and economic considerations 

are essential for large-scale phytochemical extraction. Table A5 presents a comparative 

analysis of the environmental and economic impacts of UAE and SFE, and their 

limitations are explained in section A6. UAE is energy-efficient and economical, 
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characterised by lower temperatures, reduced solvent consumption, and shorter 

extraction times, aligning with sustainable processing principles. Conversely, SFE 

offers enhanced selectivity and product quality but involves higher initial capital costs 

for equipment and increased operating expenses due to the use of pressurised CO₂ and 

10% ethanol as a co-solvent. Nevertheless, SFE mitigates environmental consequences 

by reducing the use of substantial quantities of organic solvents and generating high-

purity extracts with low post-processing requirements. Considering these aspects, the 

UAE is beneficial for large-scale, cost-sensitive applications, whereas SFE is preferred 

for high-value products where purity and quality are critical. When optimised, these 

technologies provide sustainable phytochemical extraction from agro-industrial waste, 

minimising environmental impacts and improving economic viability. In a case study, 

a 0.5 m³ industrial SFE facility with CO2/ethanol could produce extracts with a phenolic 

content of about 23 g/kg from grape bagasse at the production cost of $133.16/kg was 

found to be feasible based on economic analysis [263]. Lopeda-Correa et al. [264] 

performed phenolic extraction from A. floribunda stems using ultrasonic treatment and 

estimated the manufacturing cost for a 300 L unit, finding it to be $3.86 per flask—

54.9% lower than the cost of Soxhlet extraction. According to Carlqvist et al. [264], 

ethanol poses notable sustainability challenges because it largely remains in the residual 

byproduct after extraction, necessitating new production. However, if recovery can be 

achieved with low energy input, its use could be advantageous. 

4.8. Conclusions 

This study evaluated the potential of supercritical fluid extraction (SFE) and 

ultrasound-assisted extraction (UAE) for recovering beneficial bioactive compounds 

from passion fruit rind, an agro-industrial waste. Owing to ultrasonic vibrations and 

cell wall disruption, UAE achieved a higher extraction efficiency (51.39%) than SFE 

(2.67%). Although less productive in yield, SFE demonstrated high selectivity, 

effectively isolating specific flavonoids and carotenoids, as confirmed by HPLC 

analysis. The strong antioxidant activity of UAE extracts was linked to their higher total 

phenolic content, including gallic acid (7.42 mg/g DW), ferulic acid (2.38 mg/g DW), 

and p-coumaric acid (0.86 mg/g DW). In contrast, SFE extracts contained greater 

amounts of carotenoids and flavonoids such as isovitexin (90.78 mg/g DW), isoorientin 

(1.03 mg/g DW), kaempferol (2.25 mg/g DW), and quercetin (3.05 mg/g DW), known 

for their potent anti-inflammatory and antioxidant properties. Both UAE and SFE 
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extracts exhibited substantial antibacterial activity against gram-positive and gram-

negative bacteria, effectively inhibiting growth at low concentrations in MIC and ZOI 

tests. While SFE extracts showed limited activity against Staphylococcus aureus, UAE 

extracts displayed broad-spectrum antibacterial effects, likely due to their strong 

phenolic-driven antioxidant and antimicrobial properties. By addressing a research gap 

in the characterisation of passion fruit rind extracts in India, this work supports resource 

efficiency and sustainable waste management. However, challenges remain regarding 

scalability, cost-effectiveness, and environmental impact. Future improvements could 

be achieved through process optimisation, life-cycle assessment, and advanced 

compound characterisation to enhance sustainability and industrial viability. 
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CHAPTER 5 

Application of natural antioxidants from yellow passion fruit rind on 

vegetable oil to improve the quality 

 

With growing concerns over oxidative degradation of edible oils and the need for 

sustainable alternatives to synthetic antioxidants, this study aimed to enhance oil 

stability through the incorporation of natural antioxidants. The previous chapter 

demonstrated the efficacy of ultrasound-assisted extraction (UAE) for extracting a 

broad spectrum of bioactive chemicals with significant yield. This study utilises the 

UAE with edible oil as a green solvent to extract bioactive components, intending to 

improve extraction efficiency and the functional quality of the oil. In the present study, 

carotenoid extraction from passion fruit rind using sunflower seed oil (SFO) and 

soybean oil (SBO) as solvents through UAE was optimised statistically. The resulting 

carotenoid-rich oil exhibited significantly enhanced phenolic and flavonoid content (p 

< 0.05), thus improving antioxidant capabilities. Oxidative stability studies revealed a 

29.53 - 46.44% increase in induction time at 140 °C, demonstrating improved 

resistance to degradation in treated oils. Differential scanning calorimetry (DSC) and 

thermogravimetric analysis confirmed thermal stability with treated-SFO (-12.34 °C) 

showing a lower DSC onset temperature than treated-SBO (-9.59 °C), likely due to its 

increased saturated fatty acid composition. Additionally, the structural integrity of the 

oil remained unaffected by the extract. This study highlights the potential of natural 

antioxidants for stabilising edible oils. 

 

5.1. Fatty Acid Profile of Oil: 

Edible oils are prone to lipid peroxidation due to their unsaturated fatty acid 

composition, negatively affecting their nutritional quality and shelf stability. Fatty acids 

containing two double bonds oxidise 10-40 times more rapidly than those with a single 

double bond [265], resulting in adverse sensory attributes, nutritional deterioration, and 

alterations in texture and colour, which pose significant challenges for the food sector. 

Oxidised oils produce harmful chemicals, such as free radicals and aldehydes, leading 

to oxidative stress and significant health hazards. Antioxidants, including polyphenols, 
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tocopherols, and carotenoids; neutralise free radicals and limit oxidation chain reactions 

to reduce these effects [265]. 

SFO and SBO fatty acid profiles (Table A6) showed that SFO has a higher saturated 

fatty acid (SFA) content (65.88%) compared to SBO (53.08%). In contrast, SBO has 

slightly higher concentrations of monounsaturated (MUFA) and polyunsaturated fatty 

acids (PUFA), with respective levels of 33.04% and 13.87%, in comparison to SFO’s 

22.60% and 11.52%, supporting the findings of Kozlowska and Gruczynska [266]. 

According to Gilmore et al. [267], SFAs can increase levels of low-density lipoprotein 

and plasma cholesterol, additionally improving the oxidative stability of edible oils. 

Table A6 further highlights that the predominant SFA in both oils is palmitic acid, with 

SFO exhibiting a slightly higher concentration (14.86%) than SBO (14.33%). Oleic 

acid is the predominant monounsaturated fatty acid, whereas linoleic and linolenic acids 

are the primary polyunsaturated fatty acids in both oils. SFO is more prone to oxidation 

due to its high unsaturated fatty acid content, particularly linoleic acid. This sensitivity 

emphasises the importance of including antioxidants in these oils as a precautionary 

strategy against oxidation. The variation in fatty acid composition between SFO and 

SBO is mostly due to variations in plant varieties and ecological variables, including 

temperature, water availability, and overall agricultural circumstances [266]. 

5.2. Optimisation of Carotenoid Extraction 

The dried YPFR samples were soaked in solvent-edible oils (SFO and SBO) prior to 

the conduction of ultrasonic extraction (UAE) of carotenoids. To maximise carotenoid 

output from YPFR, the UAE process was optimised using a central composite design 

using RSM. This study primarily focuses on optimising extraction parameters to 

maximise carotenoid yield (section A1.1), as edible oils are primarily non-polar, 

facilitating the effective solubility of lipophilic compounds such as carotenoids [268]. 

Temperature, treatment time, and S/L ratio were chosen as the independent parameters 

in this study. Their effects were assessed, showing a significant impact on the 

carotenoid concentration in the resulting oil, with a p-value of <0.05. 

An ANOVA F-test was performed to evaluate the influence of chosen parameters on 

carotenoid yield using UAE with SFO and SBO. The findings demonstrated a strong 

correlation between experimental and predicted carotenoid outputs. The model’s 

relevance and its variables were assessed using the F-value and p-value; the greater the 
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F-value, the lower the “Prob > F” value. ANOVA analysis (Table 5.1) indicated that 

the quadratic models for both oils were very significant (p < 0.0001), with F-values of 

205 for SFO and 332.04 for SBO. The most significant factor for SFO was the S/L ratio 

(F-value 252.00), which was followed by temperature and time. In SBO, temperature 

emerged as the most significant factor (F-value 83.1), followed by S/L ratio and time. 

Lack-of-fit tests indicated no evidence of inadequate model fit for both SFO and SBO 

with p > 0.05. High regression coefficients (r2 = 0.995 for SFO; 0.997 for SBO) and 

adjusted coefficients (r2
adj = 0.99) validated the model's suitability. Minimal 

coefficients of variation (CV = 1.48% for SFO; 1.34% for SBO) underscored 

experimental precision. The quadratic model produced polynomial equations (5.1, 5.2) 

for both oils, exhibiting strong prediction performance. 

Total carotenoid content (SFO)  
= 561.95 − 17.60A − 5.17B − 30.22C − 22.89AB − 1.75AC + 5.93BC
− 46.00A2 − 51.43B2 − 31.05C2                                            5. 1 

Total carotenoid content (SBO)  
= 653.24 − 17.50A − 6.60B + 10.74C + 2.88AB − 6.73AC − 10.57BC
− 42.81A2 − 64.55B2 − 75.42C2                                         5. 2 

Where A-temperature (°C), B-time (min), and C-S/L ratio (g/100 mL) were the 

parameters of coded terms. 
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Table 5.1. ANOVA table for quadratic model for optimisation of carotenoid yield using SFO and SBO 

 SFO SBO 

Source Sum of 

Squares 

DF Mean 

Square 

F 

Value 

P-

value 

Prob 

> F 

 Sum of 

Squares 

DF Mean 

Square 

F 

Value 

P-

value 

Prob 

> F 

 

Model 91294.96 9 10143.88 205 < 

0.0001 

significant 1.50×105 9 16708.25 332.04 < 

0.0001 

significant 

A-

Temperature 

4232.62 1 4232.62 85.54 < 

0.0001 

 4181.74 1 4181.74 83.1 < 

0.0001 

 

B-Time 365.25 1 365.25 7.38 0.0217  594.95 1 594.95 11.82 0.0063  

C-S/L ratio 12469.64 1 12469.64 252 < 

0.0001 

 1576.67 1 1576.67 31.33 0.0002  

AB 4191.99 1 4191.99 84.72 < 

0.0001 

 66.47 1 66.47 1.32 0.2772  

AC 24.6 1 24.6 0.4971 0.4969  361.87 1 361.87 7.19 0.023  

BC 281.6 1 281.6 5.69 0.0382  893.6 1 893.6 17.76 0.0018  

A2 30493.38 1 30493.38 616.24 < 

0.0001 

 26405.46 1 26405.46 524.74 < 

0.0001 

 

B2 38125.07 1 38125.07 770.47 < 

0.0001 

 60039.18 1 60039.18 1193.13 < 

0.0001 

 

C2 13896.45 1 13896.45 280.83 < 

0.0001 

 81964.63 1 81964.63 1628.84 < 

0.0001 

 

Residual 494.83 10 49.48    503.21 10 50.32    
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Lack of Fit 30.32 5 6.06 0.0653 0.9953 not 

significant 

385.05 5 77.01 3.26 0.1104 not 

significant 

R2 0.995      0.997      
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5.2.1. Interaction Effects of the Independent Variable on the Carotenoid Yield 

The study shows that the chosen independent variables, viz., temperature, time, and S/L 

ratio, significantly affect the rate of extraction of carotenoids with p <0.05. The 

concentration of carotenoids increases initially up to 40 °C and 45 °C during the 

extraction with SBO (Figure 5.1d, e) and SFO (Figure 5.1a, b), respectively. This 

increase is attributed to lower oil viscosity at high temperatures, which enhances 

substrate penetration and improves extraction efficacy [269]. However, at high 

temperatures, thermolabile compounds could degrade, leading to a decrease in their 

concentrations [191]. At high temperatures, ultrasound attenuation also occurs due to 

decreased bubble surface tension and increased vapour pressure [269], which reduces 

extraction efficiency. Carotenoid recovery from YPFR is significantly impacted by the 

treatment time. Ultrasonication initially enhances carotenoid output; however, extended 

exposure decreases it for SFO (Figure 5.1a, c) and SBO (Figure 5.1d, f). This emerges 

due to the time required for equilibrium between intracellular and extracellular 

carotenoid concentrations, and prolonged ultrasound exposure could deteriorate 

carotenoids [269]. A comparable trend was observed in the extraction from 

pomegranate peel by Goula et al. [136]. The effect of the S/L ratio on carotenoid yield 

in SFO and SBO is depicted in the 3D response graphic (Figure 5.1b, e). In SFO, yields 

increased to 15 g/100 mL, whereas SBO yields surged to 20 g/100 mL. Increased 

solvent viscosity at high solid-to-liquid ratios reduces cavitation efficiency; 

nonetheless, it enhances solvent-solute interaction and improves extraction until an 

appropriate threshold is reached [217]. An analogous effect observed by Ordonez-

Santos et al. [270], on the extraction of carotenoids from peach peel, UAE yield rose 

with an S/L ratio up to a certain threshold before decreasing. 
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Figure 5.1. Response surface plot of effects of (a, d) Temperature (°C) and time (min); 

(b, e) Temperature (°C) and S/L ratio (g/100 mL); (c, f) S/L ratio (g/100 mL) and time 

(min) for SFO and SBO. 

5.2.2. Optimisation of Process Variables and Validation 

The optimal conditions for maximising carotenoid yield were predicted using the 

desirability function tool in the Design-Expert software. Table 5.2. displays the 

predicted optimal parameters, indicating that SFO extracts an expected 570.90 μg β-

carotene equivalent/100 g, whilst SBO yields 655.77 μg β-carotene equivalent/100 g. 

Experimental outcomes closely aligned with predictions (percentage error within 0.20-

0.66%), resulting in 574.69 ± 9.01 μg/100 g (SFO) and 657.11 ± 26.16 μg/100 g (SBO). 

Chutia and Mahanta [137] reported analogous results, extracting 1185.45 μg/100 g of 

dry peel carotenoid from purple passion fruit with SFO. However, Goula et al. [136] 

recovered 0.67 and 0.61 mg carotenoids/100 g of dry pomegranate peel using soy and 

sunflower seed oils, respectively. The results supported the application of edible oil as 

an eco-friendly solvent for carotenoid extraction in the UAE. SBO exhibited higher 

extraction efficacy compared to SFO, attributed to its lower viscosity, which facilitates 

solvent fluidity and penetration, thereby improving carotenoid extraction [269,271]. 
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The utilisation of vegetable oils as solvents is beneficial for food, cosmetic, and 

pharmaceutical applications, as it eliminates the necessity for carotenoid-solvent 

separation [272]. 

Table 5.2. Optimisation table for carotenoid extraction using UAE with edible as a 

solvent 

Solvent Temperature Time S/L 

ratio 

Total carotenoid 

content 

Desirability 

SFO 42.42 34.41 15.14 570.90 0.98 

SBO 41.80 34.07 20.85 655.77 0.98 

Temperature expressed as °C, 

Time expressed as min, 

S/L ratio expressed as g/100 mL, 

Total carotenoid content expressed as μg β-carotene equivalent/100g dry weight. 

5.3. Characterisation of the Oil 

Ultrasonic treatment of edible oils might result in oxidation and composition alterations 

[273]. To assess these effects, the quality indicators of oils treated with extracts were 

compared to those of untreated oils, as listed in Table 5.3. The peroxide value (PV), a 

measure of oxidation in oils, increased for both SFOE (SFO + Extract) and SBOE (SBO 

+ Extract). Correspondingly, the acid value (AV), indicative of hydrolytic reactions, 

varied from 0.3 to 0.41 mg KOH/g oil. The Codex Alimentarius Commission and the 

Food and Agriculture Organisation of the United Nations(FAO) stipulate that 

acceptable limits for edible oils include an AV of less than 6.0 mg KOH/g oil and a PV 

of less than 10 meq O2/kg oil [274]. Despite the observed rise in PV and AV post-

treatment, the values remained within the permissible limits. Goula et al. [136] observed 

a similar trend of an increase in PV after ultrasonic therapy. This is probably attributed 

to lipid oxidation and degradation mediated by ultrasound cavitation. Additionally, 

naturally available metals such as copper, in conjunction with cavitation, might 

facilitate the production of oxyradical molecules [275]. 

A comparison analysis of pure and ultrasound-treated oil under optimal conditions was 

performed to investigate the significant variations in their fatty acid composition due to 

ultrasound treatment. The saturated fatty acid composition (Table A6) of SFO and SBO 

remained predominantly unaltered during ultrasound-assisted extraction, presumably 
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due to the low-frequency condition (40 kHz). A minor decrease in PUFA content was 

noted, likely due to hydrolytic rancidity, wherein triglycerides and free fatty acids 

oxidise, resulting in the production of volatile chemicals that contribute to odour and 

non-volatile molecules that affect flavour [276]. 

Prior investigation indicated that YPFR possesses significant quantities of carotenoids, 

phenolics, and flavonoids [277]. Extraction using UAE with ethanol yielded a phenolic 

content of 41.48 ± 0.20 mg GAE/g, a flavonoid content of 34.41 ± 2.70 mg QE/g, and 

a carotenoid content of 2.57 ± 1.50 µg β-carotene/g of extract. The present study 

revealed that ultrasound extraction with edible oil as solvent exhibited significant 

phytochemical integration (p <0.05) to the oil samples. Carotenoid concentrations in 

SFO and SBO attained 98.1 ± 3.93 µg β-carotene/100 g of oil and 149.08 ± 12.36 µg 

β-carotene/100 g of oil, respectively (Table 5.2), signifying a 1.22- and 1.27-fold 

enhancement following UAE treatment. The UAE additionally enhanced the TPC and 

TFC in oils, resulting in a threefold increase in TPC for both oils. TFC increased by 

2.67 times in SFO and 2.0 times in SBO, indicating efficient extraction of carotenoids, 

phenolics, and flavonoids from YPFR without significant degradation of the oils. 

Additionally, the antioxidant activity was enhanced, as demonstrated by the IC50 values 

of DPPH for SBOE (94.08 ± 1.25 µg/mL) and SFOE (115.93 ± 1.69 µg/mL). 

Correspondingly, the ABTS IC50 values were 114.88 ±1.18 µg/mL for SBOE and 

147.16 ± 1.29 µg/mL for SFOE. The IC50 values were calculated from the percentage 

scavenging plot for each sample (Figure A7). The results validate the effective 

phytochemical extraction from YPFR using UAE. The potential correlations among 

these biochemical parameters (carotenoids, phenolics and flavonoids) associated with 

antioxidant activity in the oil samples (before and after treatment) were analysed with 

Pearson correlation analysis (Table A7). The findings indicated that TPC values had 

significant positive relationships with TFC (r = 0.999) and TCC (r = 0.891), whereas 

demonstrating negative correlations with DPPH (r = -0.995) and ABTS assays (r = -

0.891). A comparable negative correlation was discovered between TFC and TCC with 

DPPH and ABTS. The findings indicate that phenolic and flavonoid components in the 

oils have a more pronounced influence on enhancing antioxidant activity than 

carotenoids. The negative correlations between TPC, TFC, and TCC with DPPH and 

ABTS experiments demonstrated that samples with higher levels of bioactive chemicals 

had a lower IC50 value, indicating enhanced antioxidant activity. Additionally, a strong 
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correlation between TFC and TPC is observed due to flavonoids constituting a 

subgroup of phenolic compounds [278]. Ku et al. [279] reported a similar positive 

correlation between TFC and TPC. 

The colour analysis of pure and treated oil samples (SFO and SBO) displayed high a* 

and b* values and a slight reduction in L* value (Table 5.3), indicating a darker colour 

with more redness and a minor inclination towards yellow relative to pure oil. Likewise, 

Barragan-Martinez et al. [280] observed that increased β-carotene levels result in 

intense colour, resulting in greater redness in canola oil/beeswax oleogel. 
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Table 5.3. Different quality parameters of oil samples before and after treatment. 

 SFO SFOE SBO SBOE P values 

(Paired t-

test*) 

Peroxide Value (meq O2/kg) 2.00 ± 0.09 2.71 ± 0.09 2.40 ± 0.03 3.09 ± 0.08 < 0.001 

Acid Value (mg KOH/g) 0.08 ± 0.01 0.12 ± 0.01 0.39 ± 0.01 0.47 ± 0.02 0.004 

Phenolic Content (mg GAE/ 100 

g of oil) 

2.45 ± 0.03 9.83 ± 0.18 2.81 ± 0.20 10.63 ± 0.22 < 0.001 

Flavonoid Content (mg QE/ 100 

g of oil) 

3.33 ± 0.02 11.44 ± 0.28 4.21 ± 0.05 12.25 ± 0.24 < 0.001 

Carotenoid Content (µg β-

carotene/ 100 g of oil) 

44.27 ± 0.99 98.10 ± 3.93 65.55 ± 2.57 149.08 ± 12.36 < 0.001 

IC50 value DPPH (µg/mL) 334.09 ± 3.29 115.93 ± 1.69 313.41 ± 7.15 94.08 ± 1.25 < 0.001 

IC50 value ABTS (µg/mL) 348.57 ± 8.60 147.16 ± 1.29 357.77 ± 8.32 114.88 ±1.18 < 0.001 

L* 32.51 ± 0.15 28.43 ± 3.08 32.17 ± 0.51 30.44 ± 1.10 0.030 

a* -0.06 ± 0.02 0.16 ± 0.06 -0.04 ± 0.01 0.47 ± 0.02 < 0.001 

b* 1.17 ± 0.12 2.91 ± 0.73 2.61 ± 0.38 4.07 ± 0.14 0.005 

SFO: Sunflower oil, SFOE: Sunflower oil with YPFR extract SBO: Soybean oil, SBOE: Soybean oil with YPFR extract, Values are means ± standard 

deviation of three determinations. 

*Paired t-test are comparison between oil samples before and after treatment. 

TH-3830_196151004



Chapter V                                                  Application of Natural Antioxidants on Vegetable Oil 

 

112          Valorisation of Passion Fruit Rind 

5.4. Effect of Antioxidants on Oxidative Stability of Oil: 

The oxidative stability of oils is essential in evaluating their shelf life and resistance to 

deterioration. However, assessing the oxidative stability of oils at ambient temperature 

is tedious, requiring accelerated trials at high temperatures for expedited outcomes. 

These experiments accelerate lipid oxidation by subjecting oils to high temperatures in 

the presence of excess air or oxygen. In this study, the PetroOxy test was employed to 

assess the oxidation stability of oil samples over an isothermal temperature range of 

100-140 °C, quantifying the induction period (IP) to the stability endpoint. The 

Rancimat test is an established procedure that is accepted globally to determine 

oxidative stability. Therefore, the IP data from the PetroOxy test were transformed into 

Rancimat values using equation A1 [281]. The evaluation examined the stability of 

sunflower seed oil (SFO) and soybean oil (SBO) before and after incorporating YPFR 

extracts and compared the data with oil with synthetic antioxidants BHA and BHT. 

Figure 5.2. demonstrates the oxidative stability data of the assessed oil samples, 

indicated as induction periods, determined by the Rancimat techniques at five distinct 

isothermal temperatures (100, 110, 120, 130, and 140 °C). Additionally, the induction 

period at 25 °C was calculated by interpolating the data derived from the PetroOxy test, 

included in Figure 5.2. However, the PetroOxy IP values were reported in Table A8. 

The results demonstrated that oils fortified with YPFR extracts displayed significantly 

extended induction durations (p < 0.05), indicating improved oxidative resistance. 

SFOE oil exhibited a 46.44% increase in induction time, whilst SBOE demonstrated a 

29.53% increase at 140 °C. The increased resistance in SFO might be ascribed to its 

reduced linoleate content, high oleate levels, and reduced maximum unsaturation (UFA 

34.12%), which minimises vulnerability to oxidation. Oils with high polyunsaturated 

fatty acid (PUFA) levels exhibited reduced IP, aligning with evidence that PUFA 

oxidises up to 50 times more rapidly than monounsaturated fatty acids (MUFA) [282]. 

Both natural (YPFR extract) and synthetic antioxidants (BHA, BHT at 200 mg/1000 

mL) enhanced the oxidative stability of the oils, with synthetic antioxidants (at 200 

mg/1000 mL) having marginally lower IP values compared to the YPFR extract-added 

oil. However, SFO with BHT showed a higher IP value than the others. Increasing 

YPFR extract concentrations might further improve resistance to oxidative degradation. 

The YPFR extract, abundant in phenolic, flavonoid, and carotenoid components [246], 

has the potential as a natural antioxidant substitute for synthetic alternatives, thereby 
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avoiding associated negative effects. Shahidi and Zhong [128] reported that phenolic 

compounds (such as flavonoids, phenolic acids, and polyphenols), due to their 

hydrogen-donating nature, demonstrate potent antioxidant properties, such as free 

radical scavengers, metal chelators, and reducing agents. Whereas carotenoids reduce 

oil oxidation by filtering light, quenching singlet oxygen, inactivating photosensitisers, 

and scavenging free radicals. Research on β-carotene, lycopene, and astaxanthin 

highlights their effectiveness in improving oxidative stability [283]. Mishra et al. [131] 

reported that 20 ppm β-carotene significantly enhances stability in the absence of pro-

oxidants. Moreover, myricetin (100 ppm) showed greater antioxidant efficacy than 

BHT (200 ppm) in refined sunflower oil [284]. Koketsu & Satoh [285] discovered that 

tea polyphenols exhibited superior antioxidative properties in soybean oil compared to 

α-tocopherol. Extracts from leafy vegetables markedly improved the oxidative stability 

of refined sunflower and groundnut oil during heating and storage [286]. Abdelazim et 

al. [287] similarly showed that sesame cake extract had higher antioxidant activity than 

BHT and BHA. Furthermore, section A3.2. elaborates on the specific process by which 

the addition of antioxidants improves the oxidative stability of oil. The antioxidant and 

phytochemical analyses suggest that the YPFR extract possesses the potential to 

enhance the stability of edible oils. However, since the fatty acid composition varies 

among different oils, the extent of this stability enhancement may differ accordingly 

[288]. 
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Figure 5.2. Induction periods (IPs) of oil samples by Rancimat method at (a) different 

isothermal temperatures (100-140 °C), and (b) 25 °C. SFO: Sunflower oil, SFOE: 

Sunflower oil with YPFR extract, SFO+BHA: Sunflower oil with BHA, SFO+BHT: 

Sunflower oil with BHT, SBO: Soybean oil, SBOE: Soybean oil with YPFR extract, 

SBO+BHA: Soybean oil with BHA, SBO+BHT: Soybean oil with BHT. The IPs for 

Rancimat method were calculated utilising PetroOxy IPs in equation A1. The IPs at 

25 °C were interpolated from the PetroOxy data. Values are means ± standard 

deviation of three determinations. The distinct letters represent significant differences 

(p < 0.05) among individual antioxidants with each oil, as assessed by Tukey’s HSD 

test. 

5.5. Thermal Analysis of Oil: 

During heating, fats and oils experience thermal oxidation, resulting in the formation 

of peroxides that decompose into aldehydes, ketones, epoxides, dimers, and polymers, 

hence deteriorating food quality. The food sector employs antioxidants to minimise 

these effects. Antioxidants have the capability to prevent oxidative damage and 

maintain food quality by avoiding flavour degradation, rancidity, and discolouration 

[289]. Assessing the thermal stability of oil infused with antioxidants is essential for 

food preservation. In the present study, thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) are performed to evaluate the effect of 

antioxidants on the shelf life, thermal stability, and quality of edible oil samples (pure 
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and antioxidant-infused) as a function of temperature. TGA technique evaluates mass 

and thermal variations; however, DSC determines phase transitions or chemical 

reactions while heat absorption or release with variation in temperature on oils [289]. 

5.5.1. Thermo-Gravimetric Analysis (TGA): 

Figure 5.3 shows the thermal degradation patterns of pure and antioxidant-blended oil 

in a nitrogen environment. It shows that there was a single mass loss event, and thermal 

decomposition occurs between 300 and 600 °C. The oxidation of both saturated and 

unsaturated fatty acids explains this phenomenon [290]. The onset temperature of 

thermal degradation (tON) was employed to assess and compare the stability of several 

samples precisely. Table A10 lists the tON values derived from the extrapolation of the 

TGA curves for both treated and untreated oil samples, where a higher tON value 

indicates enhanced thermal oxidation resistance [291]. SBO and SFO subjected to 

YPFR extracts showed enhanced thermal stability (SBOE 383.90 °C, SFOE 374.61 °C) 

in contrast to untreated oils (SBO 366.79 °C, SFO 362.14 °C) and oils treated with 

synthetic antioxidants (Table A10). The fluctuations in stability are mostly related to 

the chemical makeup of oils and the existence of bioactive substances in the extracts. 

All three oil systems (pure oil, oil with YPFR extracts, and oil with synthetic 

antioxidants) showed comparable thermal behaviour (Figure 5.3 a-b), with only slight 

variations in their thermogravimetric profiles due to the presence of the extracts. This 

indicates that YPFR extracts may interact with the oils, affecting their thermodynamic 

stability. The findings indicate that YPFR extracts enhance the oxidative stability of 

oils, thereby improving their thermal properties and making them suitable for a wide 

range of processing and cooking applications. These extracts seem to assimilate 

effectively within the oil matrix, enhancing thermal stability and mitigating as well as 

preventing unwanted alterations. 
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Figure 5.3. Thermogravimetric analytical curves of treated and untreated oil samples in 

nitrogen atmosphere. a) TGA curves of treated and untreated soybean oil, b) TGA 

curves of treated and untreated sunflower oil. SFO: Sunflower oil, SFOE: Sunflower 

oil with YPFR extract, SFO+BHA: Sunflower oil with BHA, SFO+BHT: Sunflower oil 

with BHT, SBO: Soybean oil, SBOE: Soybean oil with YPFR extract, SBO+BHA: 

Soybean oil with BHA, SBO+BHT: Soybean oil with BHT. 

5.5.2. Differential Scanning Calorimetry (DSC): 

The non-isothermal oxidation of SBO and SFO samples, both with and without YPFR 

extracts, was evaluated using DSC exotherms at 2 °C/min heating rate, as illustrated in 

Figure 5.4. Although all oxidation profiles exhibited the same pattern, the presence of 

YPFR extracts displaced the curves to low temperatures, signifying improved low-

temperature stability. The appearance of peaks in the DSC exotherms indicates the 

commencement of oxidation in the samples. According to Litwinienko and Guttman 

[292], both the onset and peak temperatures correlate with the formation of initial 

oxidation byproducts and the decomposition of subsequent oxidation products. The 

onset temperature (tON) is considered as a crucial parameter for non-isothermal lipid 

oxidation, as it directly indicates the generation of peroxides [293]. For every sample, 

Table A9 shows the extrapolated onset temperature (tON), which signifies the start of 

the exothermic reaction. A lower pour point is generally associated with higher 

oxidative stability [294]. Despite the presence of YPFR extracts, the comparison study 

showed that SFO samples had lower tON values than SBO samples. This tendency 

indicates that SBO may be more susceptible to oxidation, probably because of a reduced 

concentration of saturated fatty acids. The incorporation of YPFR extracts reduced the 

tON values for both oils, thereby diminishing oxidation. Both the SBOE (-9.59 °C) and 

SFOE (-12.34 °C) samples showed significantly lower tON values than synthetic 
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antioxidant-treated or extract-free oils at a heating rate of 2 °C/min. According to the 

findings, YPFR extracts, which are rich in phenolic compounds and carotenoids, 

considerably increase the oxidative stability of SBO and SFO oils [266]. This 

improvement suggests that YPFR extracts could offer important protection against lipid 

oxidation, extending the edible oils' shelf life and thermal stability. 

 

Figure 5.4. DSC heating thermogram of oil samples. a) DSC curves of treated and 

untreated sunflower oil, b) DSC curves of treated and untreated soybean oil. SFO: 

Sunflower oil, SFOE: Sunflower oil with YPFR extract, SFO+BHA: Sunflower oil with 

BHA, SFO+BHT: Sunflower oil with BHT, SBO: Soybean oil, SBOE: Soybean oil with 

YPFR extract, SBO+BHA: Soybean oil with BHA, SBO+BHT: Soybean oil with BHT. 

5.6. Structural Analysis: 

Fourier Transform Infrared Spectroscopy (FTIR) analysis is an effective technique for 

analysing oil oxidation, facilitating both qualitative and quantitative evaluations of 

quality indices via absorbance variations [295]. Shang et al., (2018) effectively 

employed FTIR to measure PV by analysing the absorbance of -OH bonds in 

hydroperoxides. In the present study, the structural analysis of oil samples using FTIR 

in the 4000-400 cm-1 range at room temperature, both before and after the addition of 

YPFR extracts, is shown in Figure 5.5. The obtained spectra demonstrated significant 

similarities, with distinctive absorption peaks of typical triglycerides, the key 

components of edible lipids and oils. A significant peak at 3009 cm-1 is associated 

with the stretching vibration of =C-H. Prominent absorption bands, attributed to C-H 

stretching vibrations, were seen in the 3000-2800 cm-1 region. Methylene (-CH2-) and 

methyl (-CH3) groups exhibited stretching vibrations at frequencies of 2923 and 2854 

cm-1, respectively. These groups also demonstrated bending vibrations at 1464 cm-1 

and 1378 cm-1. The prominent peak at 1740 cm-1 corresponds to the C=O stretching 
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vibration of the triglyceride ester moiety. Peaks in the 1500–650 cm-1 range originate 

from the stretching vibrations of C-O bonds and the bending of C-H bonds. Rohman 

& Che Man, (2012) noted that the variations among the oil samples were minimal and 

confined to specific spectral regions, especially regarding peak intensities in the 

fingerprint regions (1500-650 cm-1) and at 3008-3009 cm-1. The C-O stretching 

vibration is shown by the peak at 1159 cm-1 [133]. The peak at 720 cm-1 signifies the 

rocking vibrations of fatty acids, particularly (CH2)n [298]. Sahin et al. [133] reported 

that due to the low concentrations, such as 200 ppm, being below the detection 

threshold of FTIR spectroscopy, the enriched and pure oils exhibited similar spectral 

patterns. As a result, even after the addition of molecules containing -OH functional 

groups, no peaks were detected at 3500 cm-1, which is associated with the -OH 

stretching area. Although triglycerides with specific fatty acids dominate the 

composition of oils, the FTIR spectra of SBO and SFO exhibited notable similarities 

[299]. 

 

Figure 5.5. Comparative results of Fourier transform spectroscopy for a) treated and 

untreated Soybean oil, and b) treated and untreated soybean oil. SFO: Sunflower oil, 

SFOE: Sunflower oil with YPFR extract, SFO+BHA: Sunflower oil with BHA, 

SFO+BHT: Sunflower oil with BHT, SBO: Soybean oil, SBOE: Soybean oil with 

YPFR extract, SBO+BHA: Soybean oil with BHA, SBO+BHT: Soybean oil with BHT. 

5.7. Conclusion: 

The oxidative stability of edible oils, due to their unsaturated fatty acids, is challenged 

by degradation, resulting in rancidity and nutrient loss. Natural bioactive molecules 

emerged as healthy alternatives to synthetic antioxidants to improve oil stability. The 

bioactive compounds from passion fruit rinds were extracted using sunflower seed and 

soybean oil, and directly added to improve their stability. The ultrasound extraction 
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method significantly improved carotenoid, phenolic, and flavonoid content in 

sunflower seed oil (SFO) and soybean oil (SBO), resulting in an increase in antioxidant 

activities (p<0.05) in extract-enriched oils compared to pure oils. Although the extract-

infused oil showed a darker colour with more redness due to the presence of high β-

carotene, the structural analysis demonstrated no alteration in the essential structure of 

the oils. The oil enriched with extracts showed improved oxidative and thermal 

stability. The induction periods of SFO and SBO increased by 46.44% and 29.53% at 

140 °C, respectively. The differential scanning spectroscopy showed a lower onset 

temperature in SFO samples than in SBO samples, which could be due to the lower 

saturated fatty acid concentration in SBO, making it more susceptible to oxidation. This 

approach facilitates the valorisation of agro-industrial waste, thus promoting a circular 

economy. Further studies might focus on enhancing the scalability of these extraction 

techniques, in vitro cytotoxicity effects, and flavour and sensory attributes of oil 

enriched with extracts. 
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6. CHAPTER 6 

Valorisation of hemicellulosic residue from spent passion fruit rind: 

process optimisation and fermentation using Pichia stipites 

 

 

 

 

 

 

 

 

 

 

 

 

This work has been communicated as Kakali Borah, Vaibhav V Goud, 2025. 

Bioconversion of spent passion fruit rind to ethanol: Integrating hemi-cellulose 

hydrolysis and detoxification. Bioresour. Technol. Reports 31, 102193. DOI: 
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CHAPTER 6 

Valorisation of hemicellulosic residue from spent passion fruit rind: 

process optimisation and fermentation using Pichia stipites 

 

Effective fermentation of the hemicellulosic fraction, which constitutes approximately 

one-third of lignocellulosic biomass, is essential for the advancement of second-

generation bioethanol production. The residue derived from the extraction of bioactive 

compounds in the previous chapter retained a significant amount of structural 

polysaccharides, such as cellulose and hemicellulose, as well as lignin, suggesting its 

potential for further valorisation via bioconversion processes. This study optimises the 

dilute sulfuric acid pretreatment by response surface methodology (RSM) to increase 

xylose release and minimise fermentation inhibitors from spent passion fruit rind 

(SPFR) residue. The optimised parameters (114 °C, 9.8 min, and 0.2 M H2SO4) yielded 

a xylose concentration of 121.8 mg/g db, accompanied by 2.3 mg/g db furfural 

production. Detoxification with overliming (Ca(OH)2, pH 11) further reduced 

inhibitory chemicals by 12–23%, improving fermentative compatibility. Subsequent 

fermentation of detoxified hydrolysate using Pichia (Scheffersomyces) stipitis produced 

an ethanol concentration of 9.7 g/L, achieving a yield of 0.42 g/g. The batch 

fermentation of SPFR-derived xylose-rich hydrolysate demonstrates effective 

bioethanol production from the hemicellulosic fraction, supporting its potential use in 

second-generation bioethanol. 

 

6.1. Composition analysis of the spent passion fruit rind 

The comparative assessment of raw and spent passion fruit rind (RPFR and SPFR) 

demonstrates slight variations in their proximate, ultimate, and chemical contents, as 

mentioned in Table 6.1. Both RPFR and SPFR demonstrate similar volatile matter 

concentration (76.9-77.2%) and carbon contents (~44.5-45.2%), signifying their 

appropriateness for thermochemical and biochemical conversion processes. The SPFR 

shows a slightly elevated carbon and hydrogen content, likely due to the extraction 

process that removes polar molecules, which in turn causes a slight reduction in 

hemicellulose, cellulose, and lignin levels. In comparison to other fruit residues such as 
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jackfruit, orange, pineapple, and sugar apple peels [300–302], RPFR and SPFR exhibit 

moderate lignocellulosic content, with RPFR including 23.4% hemicellulose and 

22.5% cellulose. Although SPFR has a lower lignin percentage of 4.12% compared to 

RPFR (5.16%), RPFR has a slightly greater carbohydrate content than the spent 

substrate. This suggests that the UAE procedure during bioactive compound extraction 

degrades the lignin and carbohydrates in the biomass due to its cavitation effect [303]. 

Food waste exhibits a significant nitrogen concentration of 3.9%, potentially 

complicating combustion processes [304]. In contrast, citrus peels, including those 

from oranges and pineapples, include high volatile matter and less ash, thus enhancing 

the prospects for bio-oil or biochemical recovery. RPFR and SPFR exhibit a balanced 

composition appropriate for integrated biorefinery applications, merging the extraction 

of high-value chemicals with biofuel production from residual lignocellulosic 

materials. 

Table 6.1. Comparison of chemical composition of Passion fruit rind 

 RPFR SPFR 

Proximate analysis (wt%)   

Moisture 10.9 10.0 

Volatile matter 76.9 77.2 

Ash content 7.5 7.4 

Fixed Carbon 15.6 15.4 

Ultimate analysis (wt%)   

C 44.5 45.2 

H 5.5 5.9 

O 48 47.4 

N 1.8 1.2 

S 0.1 0.2 

O/C ratio 1.1 1.0 

H/C ratio 0.1 0.1 

Calorific value (MJ/kg) 15.1 15.0 

Chemical analysis (wt %)   

Extractives (%) 41.4 46.7 

TH-3830_196151004



Fermentation using Pichia stipites                                                                               Chapter VI 

 

Valorisation of Passion Fruit Rind       125 

Total Carbohydrate 45.8 41.3 

Glucan (%) 22.5 19.9 

Xylan (%) 23.4 21.4 

Arabinan (%) ND ND 

Acid-insoluble lignin (%) 4.8 3.2 

Acid-soluble lignin (%) 0.4 0.9 

ND: Not detected. RPFR: raw passion fruit rind, SPFR: spent passion fruit rind. 

6.2. Optimisation of acid hydrolysis 

The acid pretreatment of SPFR with diluted H2SO4 was optimised using Response 

Surface Methodology (RSM). This study aimed to optimise the yield of xylose whilst 

reducing the synthesis of chemicals that inhibit it, including furfural, using the Central 

Composite Design (CCD) based RSM model. The impact of pretreatment temperature, 

duration, and acid concentration on pentose sugar and furfural production during the 

acid pretreatments was examined in this work. This acid pretreatment method is 

efficient for converting lignocellulosic biomass into fermentable sugars. This approach 

is valuable for converting lignocellulosic biomass into fermentable sugars and 

optimising their process parameters and the formation of value-added products. The 

experimental results of the acid pretreatments are listed in Table 6.2. 

6.2.1. ANOVA results for optimisation 

An Analysis of Variance (ANOVA) was performed primarily to confirm the validity of 

the model developed by RSM and the configurations that were found optimal. Table 

6.3 summarises the ANOVA results for both the pentose sugar and furfural produced. 

A quadratic model was designed to assess the correlation between the pre-treatment 

parameters (acid concentration, temperature, and duration) and response yield in RSM. 

The models were fitted to the experimental data, and ANOVA was performed to 

evaluate their significance. The quadratic regression models for both pentose sugar and 

furfural yield were statistically significant (p < 0.0001), as per the ANOVA findings, 

and the high F-values suggest that the model terms considerably influence the variation 

in xylose production. The most significant variables were determined to be temperature 

and acid concentration, followed by time in the case of xylose yield. Additionally, the 

xylose and furfural yields are substantially influenced by the quadratic terms, 

emphasising the significance of non-linear influences in the optimisation process. The 
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regression coefficients (r2) 0.97 and 0.96 for xylose and furfural yield, respectively, 

indicate the reliability of the RSM technique and the validation of the quadratic model 

in optimising pre-treatment configurations is validated by this thorough investigation. 

The subsequent equations (6.1 and 6.2) represent the regression models, derived from 

the ANOVA test in terms of coded components for output factors: 

Xylose yield = 125.89 + 8.05α + 1.53β + 4.71γ − 0.89αβ + 1.23αγ − 0.44βγ
− 13.47α2 − 7.06β2 − 6.06γ2                                                                       6. 1 

𝐹𝑢𝑟𝑓𝑢𝑟𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
= 2.51 + 0.57𝛼 + 0.23𝛽 + 0.29𝛾 − 0.01𝛼𝛽 + 0.17𝛼𝛾 + 0.04𝛽𝛾
+ 0.15𝛼2 − 0.09𝛽2 − 0.08𝛾2                                                                   6. 2 

The parameters employed for the dilute acid pretreatment process were α - temperature 

(°C), β - duration (min), and γ - acid concentration (M), all expressed in coded terms. 
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Table 6.2. The experimental design matrix for xylose and furfural content (mg/g db) derived in acid prehydrolysate from the CCD model 

Temperature (°C) Time (min) Acid Concentration (M) Xylose yield (mg/g db) Furfural concentration (mg/g db) 

Experimental Predicted Experimental Predicted 

80 1 0.1 86.8 ± 1.8 84.93 1.7 ± 0.2 1.6 

160 1 0.1 99.1 ± 1.8 100.35 2.3 ± 0.2 2.42 

80 30 0.1 89.4 ± 0.9 90.62 2.0 ± 0.0 2 

160 30 0.1 104.8 ± 1.6 102.5 2.8 ± 0.2 2.78 

80 1 0.4 91.4 ± 2.3 92.76 1.8 ± 0.1 1.75 

160 1 0.4 115.3 ± 2.7 113.09 3.2 ± 0.3 3.27 

80 30 0.4 98.9 ± 2.2 96.71 2.4 ± 0.2 2.31 

160 30 0.4 112.6 ± 0.7 113.5 3.7 ± 0.2 3.79 

80 15.5 0.25 102.9 ± 2.9 104.37 1.9 ± 0.0 2.08 

160 15.5 0.25 117.8 ± 2.6 120.48 3.4 ± 0.3 3.23 

120 1 0.25 115.8 ± 3.2 117.31 2.2 ± 0.3 2.19 

120 30 0.25 118.1 ± 1.0 120.36 2.6 ± 0.3 2.65 

120 15.5 0.1 113.5 ± 1.9 115.13 2.2 ± 0.3 2.14 

120 15.5 0.4 122.4 ± 1.3 124.54 2.7 ± 0.1 2.72 

120 15.5 0.25 126.6 ± 1.6 125.89 2.6 ± 0.4 2.51 

120 15.5 0.25 128.5 ± 1.4 125.89 2.3 ± 0.1 2.51 
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120 15.5 0.25 129.8 ± 0.9 125.89 2.5 ± 0.1 2.51 

120 15.5 0.25 122.8 ± 1.2 125.89 2.7 ± 0.1 2.51 

120 15.5 0.25 129.9 ± 1.1 125.89 2.6 ± 0.1 2.51 

120 15.5 0.25 125.3 ± 1.8 125.89 2.3 ± 0.2 2.51 

Xylose and Furfural content expressed as mg/g db (db: dry biomass) 
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Table 6.3. The quadratic model’s ANOVA analysis for optimisation of Pentose sugar and Furfural concentration during dilute sulfuric acid 

pretreatment on spent passion fruit rind 

Response 1: Xylose yield Response 2: Furfural concentration 

Source Sum of 

Squares 

df Mean 

Square 

F-

value 

p-value  Sum of 

Squares 

df Mean 

Square 

F-

value 

p-

value 

 

Model 3570.0 9 396.7 41.4 < 1.0 × 

10-4 

significant 5.0 9 0.6 28.4 < 1 × 

10-4 

significant 

A-

Temperature 

648.4 1 648.3 67.6 < 1.0 × 

10-4 

 3.3 1 3.3 168.5 < 1 × 

10-4 

 

B-Time 23.3 1 23.3 2.4 0.2  0.5 1 0.5 27.3 4 × 

10-4 

 

C-Acid 

concentration 

221.6 1 221.6 23.1 7.0 × 

10-4 

 0.8 1 0.8 42.7 < 1 × 

10-4 

 

AB 6.3 1 6.3 0.7 0.4  8.0 × 

10-4 

1 8.0 × 

10-4 

4.1 × 

10-2 

0.8  

AC 12.1 1 12.0 1.3 0.9  0.2 1 0.2 12.3 5.6 × 

10-3 

 

BC 1.5 1 1.5 0.2 0.7  1.3 × 

10-2 

1 1.3 × 

10-2 

0.7 0.4  

A2 499.1 1 499.0 52.1 < 1.0 × 

10-4 

 6.1 × 

10-2 

1 6.1 × 

10-2 

3.1 0.1  

B2 136.9 1 136.9 14.3 3.6 × 

10-3 

 2.3 × 

10-2 

1 2.3 × 

10-2 

1.2 0.3  
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C2 101.0 1 101.0 10.5 8.8 × 

10-3 

 2.0 × 

10-2 

1 1.6 × 

10-2 

0.8 0.4  

Residual 95.9 10 9.6    0.2 10 2.0 × 

10-2 

   

Lack of Fit 57.0 5 11.4 1.5 0.3 not 

significant 

0.1 5 1.8 × 

10-2 

0.9 0.6 not 

significant 

Pure Error 39.0 5 7.8    0.1 5 2.1 × 

10-2 

   

Cor Total 3665.9 19     5.2 19     

R2 0.97      0.96      

Adjusted R2 0.95      0.93      

C.V. % 2.8      5.6      
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6.2.2. Interaction effects of the pretreatment parameters on the response 

Response Surface Methodology (RSM) was employed to evaluate the interaction 

effects of acid concentration, temperature, and time on pentose sugar and furfural 

yields, with the aim of optimising the pre-treatment parameters for passion fruit rind. 

Thus, to maximise xylose extraction and reduce the production of by-products, it is 

essential to analyse these correlations, which are illustrated in Figure 6.1, a 3D plot. 

The following graphs demonstrate the significant impact of the process parameters on 

the outcomes by changing two of the parameters while maintaining the other at a fixed 

value. 

6.2.2.1. Effect of parameters on xylose yield: The temperature and acid concentration 

had a significant effect on xylose yield, with p<0.001 as compared to the exposure time 

(Table 6.3). The outcomes of xylose release throughout the pretreatment procedure are 

displayed in Figure 6.1. Xylose release peaked at approximately 140 °C and declined 

with further increases in temperature and heating duration. This decrease could possibly 

be the result of xylose degrading into furfural at high temperatures and long residence 

period (Figure 6.1a). These results are consistent with the available report in the 

literature on microwave pretreatment of sugarcane bagasse using sulfuric acid [305]. 

Xylose release increased with rising temperature and acid concentration, reaching a 

maximum at 140 °C and 0.3 M, respectively (Figure 6.1b). Beyond these limits, the 

yield of xylose decreased with additional increases of inhibitory compounds. This trend 

is most likely the result of a hydrolysis reaction during the acid pretreatment procedure, 

which breaks down the carbohydrate component into inhibitory compounds under rigid 

conditions [306]. This result is corroborated by the release of sugars and byproducts, 

which accumulate in the liquid fraction [307]. The sugar content was greatly increased 

by raising the sulfuric acid concentration and increasing the reaction time; at 0.3 M 

sulfuric acid concentration and 15 min of reaction time, the highest sugar concentration 

was 129.97 mg/g (Figure 6.1c). Elevated sulfuric acid concentrations and extended 

reaction times during acid pretreatment enhance biomass digestion and increase the 

total sugar content of the hydrolysate. Nevertheless, the amount of total sugar decreased 

as sulfuric acid content and reaction time increased further. The quantities of sugars in 

the hydrolysate can be decreased by secondary sugar breakdown into by-products, 

including formic acid, levulinic acid, and hydroxymethyl furfural, which can be brought 
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on by extended microwave exposure and high acid concentrations [308]. Dilute acid 

pretreatment, usually utilising low acid concentrations at high temperatures, efficiently 

hydrolyses glycosidic linkages between cellulose and hemicellulose. Among frequently 

utilised acids, sulfuric acid is predominantly preferred for its economical nature and 

superior efficacy [309]. Park et al. [310] investigated the influence of different 

temperatures (120–180 °C), solid-to-liquid ratios (5–15% w/v), and sulfuric acid 

concentrations (0.5–1.5% w/w) on the hydrolysis of Gelidium amansii, concluding that 

0.5% H2SO4 at 121 °C is ideal for operational efficiency. In spite of its efficacy, acid 

pretreatment frequently results in the generation of inhibitory by-products, including 

furans (0.03–8.23 g/L), acetic acid (2.61–7.70 g/L), and 5-HMF (0.09–1.59 g/L), which 

can substantially impede microbial metabolism and subsequent fermentation by 

disrupting multiple cellular pathways [311,312]. Therefore, in this study, the 

pretreatment conditions have been optimised for obtaining the maximum sugar with 

minimal release of furfural. As xylose degradation at high temperature produces 

furfural. 

 

Figure 6.1. 3D contour plots of interaction effects of the different independent variables 

on pentose sugar yield (a) time and temperature; (b) acid concentration and 

temperature; and (c) acid concentration and time. 

6.2.2.2. Effect of parameters on furfural release: While pretreatment increases 

the concentration of reducing sugars, it also results in the formation of inhibitors, as 
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noted in previous studies [313]. Acetic acid, furfural, and 5-HMF as the primary 

inhibitors present in the acid-treated SPFR prehydrolysate [314]. In this study, the 

process was optimised to obtain the minimal concentration of furfural, which is a by-

product produced from xylose degradation, using RSM. The ANOVA finding revealed 

that all the parameters (temperature, time, and acid concentration) show a significant 

effect on the furfural yield with p<0.001, as depicted in Figure 6.2. Furfural, which 

inhibits ethanologenic organisms essential for effective fermentation, is generated at 

higher temperatures and with prolonged heat exposure during dilute-acid pretreatment 

[305]. A high acid concentration and prolonged residence time can lead to a slight 

reduction in furfural content (Figure 6.2c). Furfural is prone to degradation when 

exposed to strong acidic conditions; therefore, this reduction might be caused by further 

degradation of furfural into formic acid throughout the prolonged reaction period [199]. 

Initially, the C5 hemicelluloses are first depolymerised into xylose, which is then 

transformed into furfural. The decomposition of furfural yields formic acid and succinic 

acid [315]. 

 

Figure 6.2. 3D contour plots of interaction effects of the different independent variables 

on furfural concentration (a) time and temperature; (b) acid concentration and 

temperature; and (c) acid concentration and time. 

6.2.3. Optimisation and validation of pre-treatment conditions 

The Design-Expert software predicted that the optimum temperature, time, and 

concentration of acids were 113.95 °C, 9.84 min, and 0.227 M, respectively, to 

maximise the pentose sugar production meanwhile limiting the furfural level. The 

expected results at the conditions mentioned above were 2.28 mg/g for furfural and 
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121.78 mg/g for xylose. These hypotheses were validated experimentally (at 110 °C, 

10 min, 0.2 M H2SO4), with measured amounts of 2.11 mg/g for furfural and 122.02 

mg/g for pentose sugars. The close agreement between the experimental data and the 

model (with a percentage error of 0.20% for xylose) demonstrates its precision and 

feasibility for maximising hemicellulose hydrolysis in SPFR, yielding significant 

pentose sugars while minimising furfural formation. A high hemicellulose content, 

especially xylose, and low levels of fermentative inhibitory compounds can improve 

the effectiveness of fermentation, which is beneficial for the formation of biofuels and 

value-added chemicals. This investigation offers significant perspectives in developing 

cost-efficient and productive processes for processing lignocellulosic biomass into 

fermentable sugars in the context of biorefineries. This study focused on xylose yield, 

the predominant pentose released during the dilute acid pretreatment of SPFR. HPLC 

analysis identified xylose as the primary sugar, with arabinose undetected, indicating 

its negligible presence, consistent with reported compositional profiles in Table 6.1. 

Oligomers were evaluated by quantifying xylobiose under optimal conditions, yielding 

low levels (1.2–1.6 g/L), indicating effective hemicellulose depolymerisation into 

monomeric xylose, the desired sugar for further fermentation with Pichia stipitis. 

Additionally, another experiment was conducted employing acid pre-treatment on raw 

passion fruit rind under the same conditions to analyse the effectiveness of processes 

and validate the optimised pre-treatment parameters. The findings demonstrated that 

the pre-treatment produced a xylose concentration of 127.81 mg/g from the RPFR. The 

relative efficacy of the pretreatment technique was demonstrated by comparing this 

yield to that of SPFR obtained under optimal conditions. Consequently, the results 

showed that xylose from the lignocellulosic biomass could be efficiently extracted 

through diluted sulfuric acid, and this might be employed to produce bioethanol. 

6.3. Detoxification of the prehydrolysate 

The detoxification of the prehydrolysate is a crucial stage in the synthesis of bioethanol 

to mitigate the adverse consequences of fermentative inhibitors and other toxic 

compounds that form during the feedstock pretreatment process. Furfural, formic acid, 

and various other by-products are examples of inhibitors that severely hinder the 

fermentation process, decreasing the effectiveness of ethanol generation. As a result, 

high fermentation efficiency and yield depend on efficient detoxification. Promta et al. 

[316] proved that the overliming method was a cost-effective procedure that has shown 
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great efficacy in eliminating inhibitors, especially furan compounds, by precipitating 

harmful chemicals at high pH levels. In this study, the acidity of the hydrolysate 

obtained at the optimised pretreatment condition was neutralised to pH 6 with calcium 

hydroxide [Ca(OH)2]. However, a fraction of the prehydrolysate was treated with 

Ca(OH)2 to a pH of 11, which makes it easier to neutralise acids like phenolic acid. The 

outcomes revealed that after detoxification, there was a substantial drop in the amounts 

of phenolic acid, formic acid, and furfural. In SPFR, conditioning led to a 22% and 

17.39% reduction in phenolic acid content and furfural concentration, respectively. 

Additionally, there was a considerable 15.42% loss in xylose content following the 

conditioning of the hydrolysate. Similar to this, the RPFR-over limed hydrolysate 

showed a notable decrease in inhibitors simultaneously with a commensurate loss of 

carbohydrates. Figure 6.3 shows the percentage of sugar and other inhibitory substances 

lost in the SPFR and RPFR-over limed hydrolysate. The paired sample t-test performed 

on both SPFR and RPFR hydrolysate (as shown in Table A10) revealed that overliming 

significantly reduced (two-sided p-value <0.05) the concentration of furfural and 

phenolic acid, which enhances the fermentation process. However, there was 

additionally a noticeable decrease in sugar content as a result of this treatment. The 

decreases in HMF, formic acid, and acetic acid, on the contrary, were not statistically 

significant, indicating that the conditioning procedure had minimal impact on these 

substances. This may suggest that to maximise the decrease of these inhibitors and 

maintain sugars for the generation of bioethanol, additional optimisation or different 

detoxification techniques may be required. 

Promta et al. [316] reported that optimum conditions, overliming effectively removed 

38.37% of total furans and 50.02% of total phenolics; additionally, it resulted in a 

37.81% sugar loss in the sugarcane bagasse acid hydrolysate. This sugar loss 

corresponds to the hydroxide degradation from Ca(OH)2 that occurs during 

detoxification and can transform carbohydrates into nonfermentable substances such as 

formic, acetic acids. It was observed that the overliming process removed 16.6% of 

furfural, 13% of 5-HMF, 7.3% of acetic acid, and 6.3% of formic acid, in addition to 

an average total sugar loss of 10% in the Sorghum brown midrib hydrolysate [199]. Liu 

et al. [317] reported that despite offering a cost-effective detoxification procedure, 

excessive liming with Ca(OH)2 resulted in a substantial sugar loss of 29.74% relative 
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to the undetoxified control. This decrease is related to hydroxide-catalysed sugar 

breakdown and the generation of unfermentable chemicals in alkaline conditions. 

 

Figure 6.3. Percentage of sugars and fermentative inhibitors after conditioning 

6.4. Fermentation of the hydrolysate 

In this study, the hydrolysate obtained from spent and raw passion fruit rind was 

neutralised and fermented using Pichia (Scheffersomyces) stipites NCIM 3497. The 

sugar concentration, ethanol output, and fermentation efficiency were analysed during 

the fermentation process, and the findings are presented in Table 6.4. After 24 h of 

fermentation in SPFR after detoxification, 7.5 ± 0.3 g/L glucose and 23.1 ± 1.0 g/L 

xylose yielded a maximum bioethanol concentration of 9.7 g/L. However, the amounts 

of xylobiose in the hydrolysate were minimal (1.2–1.6 g/L), indicating a negligible 

impact on overall ethanol production. Additionally, Table 6.4 stated that the overlimed 

hydrolysate outperformed the hydrolysate without overliming, with higher ethanol 

yield and conversion efficiency. The hydrolysates that were not detoxified 

demonstrated reduced ethanol productivity compared to detoxified hydrolysates. 

Additionally, they needed to ferment for an extended period of 30 hours to achieve the 

highest amount of ethanol production. Conversely, the maximum ethanol production 

for detoxified hydrolysates was achieved within 24 hours, with enhanced productivity 

of 0.40 ± 0.01 g/L/h (for both SPFR and RPFR). Despite an average 13% sugar loss, 

this improvement is probably the result of the elimination of fermentative inhibitors 

during detoxification, as evidenced by the elimination of ~15% organic acids (furfural, 

5-HMF), 22.97% acetic acid, and 22.11% formic acid. As per the result, detoxification 
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increased the fermentation efficiency, but non-detoxified hydrolysates with higher 

inhibitor concentrations hindered microbial metabolism, reducing bioethanol 

production [318]. Additionally, the result showed that the SPFR could effectively 

produce ethanol with very close ethanol productivity to RPFR. 

Table 6.4. Fermentation profile of overlimed and without overlimed passion fruit rind 

hydrolysates 
 SPFR hydrolysate RPFR hydrolysate 

 Overlimed Without 

Overlimed 

Overlimed Without 

Overlimed 

Glucose (g/L) 7.5 ± 0.3 8.1 ± 0.6 6.8 ± 0.1 7.7 ± 1.0 

Xylose (g/L) 23.1 ± 1.0 26.9 ± 1.3 22.1 ± 1.1 26.0 ± 1.6 

Xylobiose (g/L) 2.9 ± 0.4 2.6 ± 0.2 3.0 ± 0.5 2.5 ± 0.1 

Ethanol (g/L) 9.6 10.7 9.7 10.6 

Ethanol yield 

(gP/gS) 

0.42 ± 0.01 0.40 ± 0.01 0.44 ± 0.01 0.41 ± 0.01 

Fermentation 

efficiency (%) 

81.9 77.9 85.9 79.6 

Figures 6.4(a-d) illustrate bioethanol production gradually increasing initially, 

attributable to the yeast’s lag phase, a common feature of newly inoculated cultures. 

However, hereafter, substrate utilisation and product synthesis proceed fast, signifying 

rapid yeast acclimatisation. The increased sugar concentration and minimal inhibitor 

levels in the fermentation medium promote cellular proliferation and effective substrate 

utilisation [169]. It was observed that following the full consumption of glucose during 

the first 6 h of fermentation, the utilisation of xylose started as P. stipitis prefers 

glucose, which results in the inhibition of xylose uptake caused by glucose [209]. The 

findings correspond with prior investigations (Table 6.5) about bioethanol synthesis 

from different biomasses after detoxification. Thus, the result showed that the SPFR 

could effectively be used to produce ethanol. Additionally, following acid pretreatment 

under optimal conditions, 33.19 g of residual biomass was derived from 100 g of SPFR, 

consisting of 40.53% cellulose and 28.46% acid-insoluble residue. This cellulose-rich 

residue possesses potential for further ethanol production by enzymatic 

saccharification. 
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Figure 6.4. Sugar and ethanol profile of a) RPFR without conditioning, b) RPFR after 

conditioning, c) SPFR without conditioning, d) SPFR after conditioning. 

Our results align with previous studies demonstrating improved ethanol production 

following detoxification. Nouri et al. [319] found that overliming detoxification of 

sugarcane bagasse hydrolysate improved the fermentability of concentrated hydrolysate 

by wild Barnettozyma californica, increasing ethanol output from 1.23 g/L to 3.80 g/L. 

A study investigated the effects of overliming on improving sugar retention and 

decreasing inhibitors in dilute-acid hydrolysate derived from olive stones. 

Detoxification at pH 10, 25 °C for 30 min considerably enhanced yeast viability while 

reducing furans and polyphenols, whereas pH 12 resulted in sugar depletion and the 

generation of new toxic chemicals [320]. The detoxification of waste potato peel 

hydrolysates with Fe3O4 nanoparticles demonstrated significant removal rates of 

furfural (40%), HMF (24%), acetic acid (69%), phenol (49%), and formaldehyde 

(35%), while retaining sugar content. This technique significantly enhanced 

saccharification efficiency (88.95%) and bioethanol yield (0.504 g/g) [321]. 
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Table 6.5. Ethanol yield and productivity of different biomasses after detoxification 

Biomass Species Detoxification method Ethanol 

titre (g/L) 

Ethanol 

yield 

(gp/gs) 

Productivity Time 

(h) 

Reference 

Raw passion 

fruit rind 

P. stipites 

NCIM 3497 

Overliming 9.7 0.44 ± 

0.01 

0.40 ± 0.01 

g/L/h 

24 This study 

Raw passion 

fruit rind 

P. stipites 

NCIM 3497 

Without overliming 10.6 0.41 ± 

0.01 

0.35 ± 0.01 

g/L/h 

30 This study 

Spent passion 

fruit rind 

P. stipites 

NCIM 3497 

Overliming 9.6 0.42 ± 

0.01 

0.40 ± 0.01 

g/L/h 

24 This study 

Spent passion 

fruit rind 

P. stipites 

NCIM 3497 

Without overliming 10.7 0.40 ± 

0.01 

0.36 ± 0.01 

g/L/h 

30 This study 

Sugarcane 

bagasse 

Pichia stipites 

(TISTR 5806) 

Overliming 11.6 0.30 0.19 g/L/h 84 [316] 

Sorghum Stalks P. stipites 

NCIM 3498 

Overliming 11.6 0.46 0.47 g/L/h 24 [209] 

Sugar beet pulp P. stipites NRRL 

Y-7124 

Commercial activated 

charcoal with overliming, 

activated charcoal 

obtained from sugar beet 

pulp with overliming and 

fly ash treatment 

10.8-12.2 0.13-0.44 0.12–0.29 

g/L/h 

50-121 [322] 

Saccharum 

spontaneum 

P. stipites 

NCIM3498 
Overliming 13.1 0.44 0.18 g/L/h 72 [323] 

Sugarcane 

Bagasse 

P. stipitis DSM 

3651 

Active charcoal 6.1 0.30 0.13 g/L/h 48 [318] 
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Sugarcane 

Bagasse 

S. cerevisiae 

ATCC 96581 

Overliming 11.5 0.35 0.26 g/g/h 24 [324] 
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6.5. Conclusion 

This work supports the valorisation of spent passion fruit rind (SPFR), obtained post-

bioactive compound extraction, as a viable feedstock for bioethanol production. 

Composition analysis confirmed the presence of significant fermentable carbohydrates, 

consisting of approximately 22% hemicellulose and 19% cellulose. The hemicellulosic 

fraction showed significant potential for hydrolysis under optimal dilute acid 

pretreatment conditions, producing 122.02 mg/g db of xylose with negligible furfural 

production of 2.11 mg/g db. The software predicted that the optimum temperature, time, 

and concentration of acids were 113.95 °C, 9.84 min, and 0.227 M, respectively, to 

obtain maximum pentose sugar while limiting furfural level. The subsequent 

detoxification with calcium hydroxide significantly reduced phenolic and furfural 

concentration by 22 % and 17.39 %, respectively. Despite a 13% reduction in sugar, 

the fermentation efficiency (81.97%) improved in SPFR hydrolysate after 

detoxification (81.97%) compared to without detoxification (77.90%). The 

fermentation of the detoxified hydrolysate using Pichia (Scheffersomyces) stipitis 

yielded 9.7 g/L of bioethanol, indicating the viability of SPFR as an alternative 

lignocellulosic substrate for ethanol production. Despite the relatively low ethanol titers 

observed in this study, findings highlight the underexploited potential of the 

hemicellulosic (xylose-rich) component of SPFR. Future studies should investigate the 

use of the residual cellulose-rich fraction after acid pretreatment to improve overall 

process efficiency. 
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7. CHAPTER 7 

Delignification and enzymatic hydrolysis of cellulose fraction from 

passion fruit rind residue 
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CHAPTER 7 

Delignification and enzymatic hydrolysis of cellulose fraction from 

passion fruit rind residue 

 

Spent passion fruit rind (SPFR), an agro-industrial byproduct, was investigated as a 

potential lignocellulosic feedstock for sustainable bioethanol production. The residual 

biomass obtained following dilute acid pretreatment (PUH-PFR) in Chapter 6 

comprised a significant cellulose content of 40.53%, in addition to 28.46% lignin. To 

improve cellulose accessibility for enzymatic hydrolysis, alkali delignification was 

performed with varying concentrations of sodium hydroxide (1-5%). The 2% NaOH 

treatment resulted in a maximum 92.35% lignin removal with negligible cellulose loss 

(7.33%). The effectiveness of delignification was confirmed by an increase in the 

crystallinity index compared to SPFR, as determined by X-ray diffraction. The 

formation of a porous surface with an increased specific surface area, as evidenced by 

morphological analysis, indicated the removal of lignin and hemicellulose. Following 

enzymatic saccharification with commercial cellulase, a yield of 67.19 g/L of glucose 

was achieved, resulting in a saccharification efficiency of 87.42%. The hydrolysate was 

fermented using S. cerevisiae, yielding 30.12 g/L of ethanol. 

 

7.1. Composition analysis of PUH-PFR 

The spent passion fruit rind (SPFR), obtained post-extraction of bioactive compounds 

via ultrasonic extraction with vegetable oil as the solvent (chapter 5), was subjected to 

a dilute sulphuric acid pretreatment to eliminate the xylan component of the biomass 

(chapter 6). Nonetheless, a significant quantity of cellulose and lignin persists in the 

residual biomass (331.04 g). NREL/TP-510-42618 structural carbohydrate and lignin 

estimation method indicated that the passion fruit rind residue obtained from post-

ultrasound-assisted extraction and sulphuric acid treatment (PUH-PFR) comprises 

134.17 g of cellulose (40.53% w/w) and 94.22 g of lignin (28.46% w/w), as mentioned 

in Table 7.1. Furthermore, the raw passion fruit rind (RPFR) residue (residual biomass 

388.47 g) after H2SO4 hydrolysis (PH-RPFR) contains 169.38 g of cellulose (43.60% 

w/w) and 113.69 g of lignin (29.27% w/w). Similarly, Chen et al. [325] obtained a 
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maximum holocellulose yield of 56.95% from the passion fruit peel. Passion fruit stalks 

were found to comprise 36.7% cellulose, 29.1% xylan, and 13.7% lignin [119], 

signifying a substantial carbohydrate content and moderate lignin concentration, thus 

presenting a viable option for saccharification procedures with appropriate 

pretreatment. Conversely, the analysis of passion fruit peels by Silva et al. [104] 

revealed a low cellulose (25.4%) and xylan (11.8%), with a significantly low lignin 

content of 4.9%, thereby diminishing the intensity of pretreatment necessary but 

possibly constraining overall sugar recovery. In contrast, Wijaya et al. [326] reported 

peel samples containing 28.58% cellulose, 23.01% xylan, and a substantially high 

lignin concentration of 36.18%, emphasising the heterogeneity in lignocellulosic 

composition based on geographical origin, cultivar, and harvest maturity. The increased 

lignin in this sample highlights the necessity of an efficient delignification approach 

before enzymatic saccharification. 

Table 7.1. Composition of the Passion fruit by-products 

 Cellulose 

(% w/w) 

Xylan 

(% w/w) 

Lignin 

(% w/w) 

RPFR 22.45 23.37 11.65a 

PH-RPFR* 43.60 25.08 29.27a 

SPFR 19.93 21.39 10.65a 

PUH-PFR# 40.53 26.46 28.46 a 

*Calculation based on residual biomass 388.47 g, #Calculation based on residual biomass 331.94 g. 
aAcid insoluble residue. RPFR: raw passion fruit rind, PH-RPFR: raw passion fruit rind residue after 

H2SO4 hydrolysis, SPFR: spent passion fruit rind (SPFR), PUH-PFR: passion fruit rind residue 

obtained from post-ultrasound-assisted extraction and sulphuric acid treatment. 

7.2. Delignification PFR residue 

Increasing NaOH concentration (1–5%, w/v) improved the delignification of pretreated 

PUH-PFR from 78.95-96.57%, accompanied by cellulose loss ranging from 2.72-

24.93% (Figure 7.1). During delignification, lignin solubility attained 78.95% and 

92.35% at NaOH concentrations of 1% and 2%, respectively, reflecting a 16.97% 

enhancement between these levels. Subsequent increases in NaOH concentration to 3%, 

4%, and 5% yielded lignin removal of 94.06%, 95.41%, and 96.57%, respectively. At 

high NaOH concentrations (3–5%), an increase in lignin solubility was minimal, 

indicating enhancements of ≤ 2% per increment. This pattern demonstrates that the 
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majority of lignin, predominantly surrounding cellulose, is efficiently solubilised at 

reduced NaOH concentrations; however, the remaining lignin integrated inside the 

cellulose polymer necessitates a gradual solubilisation of cellulose for its extraction 

[327]. Data from Figure 7.1 suggests that 19.60% to 11.55% of xylan persisted in the 

delignified biomass, presumably protected by cellulose. In general, lignin and 

hemicellulose exhibited greater solubility compared to cellulose. The results of Zhang 

et al. [328] showed that low NaOH concentrations are unable to infiltrate the tightly 

packed crystalline domains of cellulose (~10 Å intersheet distance, ~10 nm crystalline 

diameter). Incremental cellulose loss (20%) at NaOH concentrations of 10–30% 

contrasts with a mere 5% rise in lignin solubility, emphasising the trade-off. Optimal 

delignification (91%) with little cellulose loss (8%) was attained using 10% NaOH. 

Thus, the residual xylan and lignin post-delignification might be shielded by the 

cellulose polymer. Figure 7.1 indicates that an increase in NaOH concentration from 

2% to 5% resulted in an 18% rise in cellulose loss, whereas lignin solubility improved 

by only 4%. Consequently, the experimental findings indicated that the highest lignin 

removal (92.35%) was attained with negligible cellulose loss (7.33%) at 2% NaOH. 

The PH-RPFR was delignified using a 2% NaOH treatment, which resulted in 79.34% 

lignin removal with a 10.72% loss of cellulose. 
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Figure 7.1. Percentage loss of (a) glucose, (b) hemicellulose, (c) lignin concentration 

during delignification of PUH-PFR process at varying NaOH concentration (1-5%). 

PUH-PFR: passion fruit rind residue obtained from post-ultrasound-assisted extraction 

and sulphuric acid treatment. 

7.3. Characterisation of Delignified PFR residue 

7.3.1. Morphology analysis of Delignified PFR residue using Field Emission 

Scanning Electron Microscopy (FESEM): 

Morphological properties of untreated and delignified biomass were examined via 

FESEM to investigate structural alterations resulting from the delignification step. 

Figures 7.3 (a-d) represent the FESEM images of untreated and delignified raw and 

spent passion fruit rind biomass at 5000 magnification. Figures 7.2 (a, c) illustrate 

untreated RPFR and SPFR biomasses, exhibiting a smooth and compact surface 

structure characterised by tightly aggregated fibre bundles surrounded by lignin. 

However, Figures 7.2 (b, d) show that NaOH delignified biomasses and developed 

pores in the matrix due to biomass disintegration and fractionation; and efficient 

elimination of lignin and other contaminants [329,330]. By increasing the surface area, 

these morphological alterations promote saccharification and make it more accessible 
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for the cellulase enzyme to penetrate. Tharunkumar et al. [331] reported comparable 

results, noting structural alterations in 2% NaOH-treated paddy straw and sugarcane 

bagasse, which suggested lignin removal and cellulose liberation resulting from the 

interaction of NaOH with ester bonds in the biomass. Gao et al. [332] further showed 

that increasing alkali concentration enhances surface roughness in wheat straw, due to 

the removal of hemicellulose and lignin. 

 

Figure 7.2. FESEM images of 1a) Untreated RPFR, 1b) NaOH-treated PH-RPFR, 2a) 

Untreated SPFR, 1b) NaOH-treated PUH-PFR. RPFR: raw passion fruit Rind, PH-

RPFR: raw passion fruit Rind residue after H2SO4 hydrolysis, SPFR: spent passion fruit 

rind, PUH-PFR: post ultrasound-assisted extraction and sulphuric acid treatment. 

7.3.2. Brunauer-Emmett-Teller analysis and elemental composition 

The BET analysis revealed significant changes in the specific surface area and pore 

volume of both untreated (RPFR, SPFR) and treated (PH-RPFR, PUH-PFR) biomass 

(Table A11). The specific surface area for both PH-RPFR, PUH-PFR was increased ~5-

fold compared to untreated biomasses. However, pore volume increased from 0.013-

0.065 m3/g for the NaOH-treated SPFR, indicating a significant improvement in surface 

area and pore volume post-treatment. A similar enhancement in pore volume was noted 

for RPFR and PH-RPFR samples, as shown in Table A11. The enhancement of surface 

area results from delignification and the extraction of the hemicellulosic component 
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from the raw material during NaOH treatment, thus enhancing enzymatic 

saccharification efficiency, as previously reported by Maibam and Goyal [333]. 

Additionally, CHNS elemental composition analysis indicated the following for SPFR: 

C: 45.2%, H: 5.9%, N: 1.2%, S: 0.2%, and O: 47.4%, whereas the CHNS composition 

for PUH-PFR exhibited C: 43.16%, H: 5.27%, and O: 54.77% (Table A11). A 

comparable trend was observed for RPFR and PH-RPFR samples, as displayed in Table 

A11. The absence of sulphur and nitrogen in the NaOH-treated biomass confirmed the 

elimination of protein content and lignin cross-linkages, as reported by Khaire et al. 

[334]. 

7.3.3. XRD analysis of Delignified PFR residue 

X-ray diffraction (XRD) analysis was conducted to examine the crystalline structure of 

cellulose in NaOH-untreated and treated RPFR and SPFR biomass. The crystallinity of 

cellulose significantly influences its enzymatic hydrolysis, with crystalline parts 

exhibiting greater resistance to enzymatic degradation compared to amorphous regions. 

The crystallinity index (CI) for raw and treated biomass samples was determined using 

Equation 2.9, with intensity data collected between the 2θ ranges of 21.91°–22.04° and 

15.91°–16.04° with Origin 9.0 software. The findings (Figure.7.3) revealed that the 

mild alkali treatment modifies the crystallinity of passion fruit rind, as indicated by an 

increase in CI from 64.33% (SPFR) to 72.80% (PUH-PFR) and from 61.91% (RPFR) 

to 76.14% (PH-RPFR). This increase correlates with the elimination of lignin and 

hemicellulose, possibly resulting from the positioning of cellulose along a specific axis. 

Comparable trends in CI increase have been described for other lignocellulosic 

biomass, including rice straw [335], bamboo [336], sugarcane tops [334], etc. The rise 

in CI post-delignification indicates a decrease in amorphous lignin and hemicellulose, 

and a corresponding enhancement in crystalline cellulose [337]. 
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Figure 7.3. X-Ray Diffractogram of NaOH untreated and treated biomasses. 

7.3.4. Functional group analysis of Delignified PFR residue 

FTIR spectroscopy analysis was carried out on both untreated (RPFR, SPFR) and 

delignified (PH-RPFR, PUH-PFR) biomass, and the results are illustrated in Figure 7.4. 

The spectra of untreated biomass (RPFR, SPFR) exhibited distinct peaks at 1232-1238 

cm-1 and 1710-1726 cm-1, corresponding to the lignin and hemicellulose components, 

respectively. Comparable peaks at 1265 cm-1 and 1749 cm-1 for lignin and 

hemicellulose were reported in sugarcane bagasse biomass by Nath et al. [338]. 

However, the delignified biomass (PH-RPFR, PUH-PFR) displayed reduced intensities 

at these wavenumbers, signifying the effective elimination of lignin and hemicellulose 

subsequent to NaOH treatment of the passion fruit rind. The wavenumber range of 

3350-2900 cm-1, linked to C–H and/or O–H bond stretching vibrations, was detected in 

NaOH-treated biomass, supporting prior research [339]. The stretching vibration at 

2865 cm-1, associated with C–H bonds, indicates the total hydrocarbon content in both 

raw and treated passion fruit rind biomass [208]. The peak at 1320 cm-1 was detected 

in the PH-RPFR and PUH-PFR spectra, ascribed to CH2 bond vibrations in cellulose, 

which was not present in the untreated biomass (RPFR, SPFR). A comparable 

observation was noted in alkali-treated sugarcane tops by Khaire et al. [334]. The peak 

at 1421 cm-1 in the untreated passion fruit rind, indicative of C = C bond stretching in 

lignin's phenolic ring, was reduced in the treated samples, confirming lignin elimination 

[340]. A prominent peak at 1028-1024 cm-1 in PH-RPFR and PUH-PFR was seen, 

associated with C-O vibrations, signifying enhanced cellulose exposure following 
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NaOH treatment relative to untreated biomass [334]. The band at 1633 cm-1, linked to 

C = C and C = O conjugated carbonyl stretching in lignin aromatic subunit side chains 

[334], was reduced in the treated PFR, hence further correlated to lignin removal. The 

wavenumber range of 1315–1941 cm−1, indicative of lignin and related to the C–H 

bond of syringyl linkages among lignin, cellulose, and hemicellulose [341], 

demonstrated a pronounced decrease in peak intensity post-treatment, signifying the 

disruption of lignin's aromatic ring. The results indicate that NaOH treatment efficiently 

reveals the cellulosic fibres by eliminating lignin and hemicellulose. 

 

Figure 7.4. FTIR spectra of untreated and delignified passion fruit rinds. RPFR: raw 

passion fruit Rind, PH-RPFR: raw passion fruit Rind residue after H2SO4 hydrolysis, 

SPFR: spent passion fruit rind, PUH-PFR: post ultrasound-assisted extraction and 

sulphuric acid treatment. 

7.3.5. TGA analysis of Delignified PFR residue 

The primary structural components of lignocellulosic biomass, viz., cellulose, 

hemicellulose, and lignin, determine its thermal behaviour. The change in the thermal 

characteristics of NaOH-treated versus untreated biomasses emphasises the impact of 

NaOH treatment on biomass. Figure 7.5 illustrates the TGA analysis of untreated and 

delignified passion fruit rinds. The early phase (upto 150 °C) mass loss (~10%) depicted 

in Figure 7.5 corresponds to the evaporation of moisture, demonstrating comparable 

behaviour across all samples, indicating a uniform initial moisture content [342]. The 

second stage (200–400 °C) involves significant weight loss due to the decomposition 

of hemicellulose (200–300 °C) and cellulose (300–400 °C). Delignified biomass (PUH-

PFR and PH-RPFR) exhibited a more prominent weight loss in this range, signifying 

increased cellulose content and reduced hemicellulose and lignin levels compared to 
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the untreated passion fruit rind. The thermal cellulose decomposition occurred due to 

decarboxylation, depolymerisation, and glycosidic bond degradation that led to char 

production [343]. Furthermore, the DTG peaks of cellulose degradation of NaOH-

treated samples (Figure 7.5b) shift to higher temperatures relative to their unprocessed 

samples. The presence of hemicellulose, which degrades at lower temperatures and 

consequently decreases cellulose stability, might cause the reduced thermal stability of 

samples. The presence of hemicellulose impedes hydrolysis efficiency, restricting the 

removal of amorphous cellulose, which is more susceptible to destruction [343]. The 

final step (above 450 °C) signifies the gradual degradation of lignin across a broad 

temperature range due to its complex thermostable nature. Lignin degradation (150–

360 °C) might take place due to carbohydrate contaminants, as observed in both 

untreated and processed biomass [344]. 

 

Figure 7.5. a) TGA and b) DTG Thermograms of NaOH-treated and untreated passion 

fruit rind samples. RPFR: raw passion fruit Rind, PH-RPFR: raw passion fruit rind 

residue after H2SO4 hydrolysis, SPFR: spent passion fruit rind, PUH-PFR: post 

ultrasound-assisted extraction and sulphuric acid treatment. 

7.4. Enzymatic Hydrolysis 

The efficiency of cellulose conversion on enzymatic saccharification determines the 

significance of delignification. The delignified substrate (PUH-PFR and PH-RPFR) 

obtained with 2% NaOH was used for the saccharification process, utilising 30 mg of 

cellulase protein per gram of cellulose (Figure A9). With 10% solid loading, the PUH-

PFR exhibited 87.42% cellulose hydrolysis after 72 h. Conversely, the PH-RPFR 

exhibited a cellulose conversion rate of 79.61%, which was influenced by the presence 

of residual lignin (~8.59%) in the NaOH-treated substrate, which hinders cellulose 
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degradation. Furthermore, delignification and biomass crystallinity are two critical 

parameters affecting hydrolysis efficiency. Delignification of approximately 92.81% 

was achieved with 2% NaOH treatment in PUH-PFR, while the crystallinity index was 

72.80%, in contrast to 76.14% for PH-RPFR (Figure 7.2). As a result, PUH-PFR 

demonstrated approximately a 15.31% enhancement in hydrolysis compared to PH-

RPFR. Insufficient hydrolysis at 30 mg/g enzyme loading in PH-RPFR shows the 

requirement for increased enzyme concentrations to attain total cellulose conversion. A 

study conducted by NREL (NREL/TP-5100–61563) indicated a hydrolysis rate of 80–

86.5% with enzyme loading of 19–33 mg/g. A prior investigation on sorghum stalks 

treated with 2% NaOH revealed a cellulose reduction of 13.5% and a hydrolysis 

efficiency of 99.4%. Although 1% NaOH-treated sorghum biomass led to reduced 

cellulose degradation, 35% of cellulose remained unconverted post-hydrolysis [205]. 

In the present investigation, 10% (w/v) substrate was used for enzymatic hydrolysis to 

avoid the development of a highly viscous slurry, which impedes mixing, enzyme 

distribution, and the effectiveness of cellulose hydrolysis due to mass transfer 

constraints. Additionally, increased solid loadings could lead to end-product inhibition 

due to high glucose and cellobiose concentrations. The enzymatic reaction, performed 

in an orbital shaker at 140 rpm, exhibited stable cellulose conversion efficiency. 

Reactors equipped with Rushton or helical impellers promote vigorous mixing for 

elevated solid concentrations (15–30% w/v), yet they frequently result in moderate 

cellulose conversion due to enzyme affinity for non-cellulosic constituents and end-

product inhibition. Zhang et al. [328] reported a glucose yield of approximately ~77 

g/L under these conditions. The current investigation found that the hydrolysate from 

10% (w/v) PUH-PFR loading included 67.19 g/L glucose, 1.94 g/L cellobiose, and 0.94 

g/L xylose (Figure A9), which were below the established inhibitory thresholds of 76 

g/L glucose and 10 g/L cellobiose [345]. The PH-RPFR enzymatic hydrolysate contains 

55.80 g/L glucose, 2.01 g/L cellobiose, and 1.07 g/L xylose (Figure A9). 

7.5. Fermentation 

Typically, lignocellulosic biomass comprises organic acids integrated within its 

polymers, including acetyl groups in hemicellulose and acids such as cinnamic acids, 

p-coumaric, vanillic, and ferulic in methoxylated lignin [346]. These acids can decrease 

the pH of the enzymatic hydrolysis medium (optimal at 4.8–5.5), thereby impacting 
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enzyme activity. To address this issue, hydrolysis is frequently performed using a 50 

mM citrate buffer; however, this concentration suppresses glucose-fermenting bacteria, 

thus reducing ethanol output and productivity, rendering it commercially impractical at 

scale [347]. In this work, the spent biomass obtained after the extraction of a significant 

amount of such organic acids was utilised. Moreover, the dilute acid treatment and 

alkali delignification effectively eliminated substantial amounts of acetic acid and 

lignin, facilitating hydrolysis at a reduced citrate buffer concentration of 0.5 mM, which 

is 100 times lower than conventional techniques. 

The enzymatic hydrolysate was fermented with Saccharomyces cerevisiae NCIM 3090, 

and the ethanol production and fermentation efficiency were measured (Table 7.2). The 

PUH-PFR hydrolysate demonstrated enhanced performance relative to PH-RPFR, 

attaining an ethanol yield of 0.45 ± 0.02 g/g and a conversion efficiency of 87.88%. 

The peak ethanol generation from PUH-PFR was seen at 18 h, yielding a reduced 

productivity of 1.67 ± 0.01 g/L/h. Conversely, PH-RPFR hydrolysate attained peak 

ethanol production in 18 hours, exhibiting a reduced productivity of 1 g/L/h. The 

findings highlight the essential importance of hydrolysate quality in influencing 

fermentation efficacy. PUH-PFR hydrolysate exhibited a higher fermentable sugar 

concentration, resulting in enhanced ethanol output, productivity, and efficiency 

compared to the PH-RPFR. The results highlight the necessity of enhancing the NaOH 

concentration in the delignification process and the enzyme concentration during 

saccharification to achieve maximal sugar yield in PH-RPFR. The findings indicate that 

non-food waste materials may be a feasible substitute for edible feedstocks in 

bioethanol production. 
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Table 7.2. A comparison of Ethanol yield and productivity of different biomasses fermented with Saccharomyces cerevisiae 

Feed stock Sugars Ethanol EY EP Time Reference 

PUH-PFR 67.19 ± 1.14 30.12 ± 2.74 0.45 ± 0.01 0.63 ± 0.01 48 This study 

PH-RPFR 55.80 ± 1.39 22.80 ± 3.61 0.41± 0.01 0.47± 0.01 48 This study 

Oil palm sap 80 40.14 0.50 1.67 24 [348] 

Spent mushroom 

substrate 

19.56 6.28 0.32 0.13 48 [349] 

Sorghum stalks 162.90 74.70 0.46 2.50 30 [205] 

Spent mushroom 

substrate 

4.10 1.57 0.38 0.07 24 [350] 

Spent tea waste 28.90 12.72 0.44 0.64 20 [351] 

Sugars and ethanol were expressed as g/L. 

EY: Ethanol yield was expressed as gp/ gs. 

EP: Ethanol productivity, was expressed as g/ L/h. 

Time was expressed as h. 

PUH-PFR: post ultrasound-assisted extraction and sulphuric acid treatment, PH-RPFR: raw passion fruit rind residue after H2SO4 hydrolysis.
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7.6. Mass balance analysis 

The mass balance analysis of bioethanol production from 100 g of spent passion fruit 

rind (SPFR) was systematically conducted by a sequential bioconversion process 

comprising dilute acid pretreatment, detoxification, alkali delignification, enzymatic 

saccharification, and fermentation (Figure 7.6). Initially, acid pretreatment at optimised 

conditions yielded 26.89 g/L of xylose and 8.14 g/L of glucose in the hydrolysate 

(discussed in chapter 6). Following detoxification with calcium hydroxide, the 

hydrolysate contained 23.08 g/L of xylose and 7.54 g/L of glucose, indicating sugar 

loss due to breakdown or precipitation. The detoxified hydrolysate was fermented using 

Pichia stipitis, producing 12.06 g of ethanol per 100 g of SPFR, which corresponds to 

152.82 L per tonne. The solid residue (33.19 g) from acid pretreatment comprised 13.42 

g of cellulose, 8.76 g of hemicellulose, and 9.42 g of lignin. After NaOH-based alkali 

delignification, the lignin content decreased to 0.72 g, whereas 12.43 g of cellulose 

remained intact. The enzymatic saccharification of the cellulose-rich fraction with 

Celluclast 1.5L® yielded a hydrolysate containing 67.19 g/L glucose, which was further 

fermented with Saccharomyces cerevisiae, producing 4.74 g of ethanol per 100 g of 

SPFR, equivalent to around 6.00 L/tonne of SPFR. This approach of both fermentation 

streams resulted in a total ethanol yield of 158.82 litres per tonne of SPFR, i.e., 1 kg of 

bioethanol could be obtained from 5.95 kg of SPFR. This detailed mass balance 

highlights the successful valorisation of SPFR using integrated pretreatment and 

bioconversion methods, resulting in substantial ethanol recovery and promoting a zero-

waste biorefinery strategy. 
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Figure 7.6. Mass balance analysis of bioethanol production from SPFR. SPFR: spent 

passion fruit rind 

7.7. Conclusions 

This study revealed the potential of spent biomass obtained after bioactive compound 

extraction for bioethanol production. The concentration of sodium hydroxide (NaOH) 

was determined to be the most significant factor affecting the solubilisation of lignin 

and hemicellulose, while maintaining cellulose integrity during the treatment. A 2% 

NaOH treatment resulted in the maximum lignin removal (92.35%) from PUH-PFR 

biomass, accompanied by negligible cellulose loss (7.33%). The NaOH-treated PUH-

PFR developed pores in the matrix with a specific surface area increased by ~5-fold 

compared to raw biomass, showing the elimination of lignin and other contaminants. 

The increased crystallinity index (72.80%) correlates with the lignin and hemicellulose 

removal during delignification. The removal of hemicellulose could be evidenced by 

the thermogravimetric curve, as the thermogram shifted towards higher temperatures. 

Further, the enzymatic saccharification of delignified PUH-PFR biomass produced 

67.19 ± 1.14 g/L of glucose, which yielded bioethanol of 30.12 ± 2.74 g/L by 

fermentation with S. cerevisiae. The mass balance analysis revealed that the separate 

fermentation of the hemicellulosic and cellulosic fractions of SPFR exhibited 

considerable potential for bioethanol production, resulting in a total yield of around 

158.82 litres per tonne of dry biomass. The findings demonstrate the potential of SPFR 
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for large-scale bioethanol production. Further study might focus on techno-economic 

feasibility, valorisation of lignin byproducts, and co-fermentation of C5-C6 to improve 

yields, thereby promoting sustainable commercialisation within a circular bioeconomy 

approach. 
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CHAPTER 8 

Overall conclusions and future scope 

 

This study focuses on valorising organic biowaste, passion fruit rind collected from 

Assam, India, to achieve zero-waste production. Bioactive substances were isolated 

and exploited as natural antioxidants to enhance the stability of edible oils (sunflower 

and soybean oil). The residual biomass was subsequently employed for bioethanol 

production via fermentation. The significant findings of this research are presented 

below, based on the thorough studies conducted: 

 

8.1. Conclusions 

 This study successfully revealed the valorisation of yellow passion fruit rind 

(YPFR), an agro-industrial byproduct, by optimising two eco-friendly 

extraction methods: ultrasound extraction (UE) and supercritical fluid 

extraction (SFE), to recover bioactive compounds rich in phenols and 

flavonoids. The effect of critical process factors on the extraction efficiency of 

phenolics and flavonoids was statistically assessed. The UE was optimised by 

response surface methodology (RSM), considering variables such as 

temperature, ethanol-water ratio, extraction duration, and solid-to-solvent ratio. 

The ANOVA findings indicated that all variables significantly influenced 

extraction performance. Under optimal conditions (54.44 °C, 64.95% ethanol, 

24.69 mL/g feed ratio, and 29.52 min duration) in the UE, 42.15 mg GAE/g of 

total phenolics and 34.80 mg QE/g of flavonoids were achieved, yielding a high 

desirability value of 0.96. Supercritical CO2 with 10% ethanol as a co-solvent 

(SC-ET) was employed for SFE, and parameters such as temperature, pressure, 

and solvent flow rate were optimised. Flow rate proved to be the predominant 

component, followed by pressure and temperature. The optimised SFE 

procedure (278.48 bar, 53.84 °C, 18.3 g/min) produced 36.87 mg GAE/g and 

45.75 mg QE/g, respectively, achieving a desirability index of 0.984. The results 

validate the effectiveness and sustainability of both UE and SFE in extracting 

antioxidant-rich phytochemicals from passion fruit rind, thus supporting 
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circular bioeconomy objectives through the creation of value-added products 

for food, nutraceutical, and cosmetic uses. 

 The current study investigated the feasibility of employing passion fruit rind, an 

agro-industrial byproduct, as a source of natural value-added compounds via 

two green extraction methods: supercritical fluid extraction (SFE) and 

ultrasound-assisted extraction (UAE). Due to the mechanical impacts of 

ultrasonic waves and the breakdown of cell walls, ultrasonic-assisted extraction 

(UAE) attained a much higher extraction efficiency of 51.39% in contrast to 

supercritical fluid extraction (SFE), which yielded 2.67%. Despite SFE 

producing a reduced total extract yield, it exhibited significant selectivity, 

efficiently isolating particular flavonoids and carotenoids confirmed by HPLC 

findings. The increased antioxidant activity reported in UAE extracts was 

attributed to their increased total phenolic content, particularly abundant in 

gallic acid, ferulic acid, and p-coumaric acid. In contrast, SFE extracts exhibited 

higher amounts of carotenoids and flavonoids, including isovitexin, isoorientin, 

kaempferol, and quercetin; compounds recognised for their potent antioxidant 

and anti-inflammatory effects. Both extracts demonstrated significant 

antibacterial activity against gram-positive and gram-negative bacteria, with 

MIC and ZOI assays validating their inhibitory effects at low doses. Although 

SFE extracts demonstrated restricted activity against Staphylococcus aureus, 

UAE extracts exhibited broad-spectrum antibacterial efficacy, likely 

attributable to their enhanced phenolic content and related bioactivity. This 

study fills a significant research gap by analysing bioactive compounds from 

passion fruit rind in India, thereby promoting sustainable waste valorisation and 

resource efficiency. Nonetheless, challenges associated with scalability, 

economic viability, and environmental consequences persist. Future initiatives 

could prioritise process improvement, chemical characterisation, and thorough 

life-cycle assessments to improve the sustainability and industrial profitability 

of these extraction techniques. 

 The oxidative stability of edible oils, frequently compromised by their increased 

levels of unsaturated fatty acids, results in rancidity and nutritional 

deterioration. In this context, natural bioactive substances have emerged as safer 

substitutes for synthetic antioxidants in improving oil stability. This work 

extracted bioactive compounds from yellow passion fruit rind (YPFR) utilising 
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sunflower oil (SFO) and soybean oil (SBO) as solvents, which were directly 

integrated into the oils to enhance their stability. Ultrasound-assisted extraction 

(UAE) markedly enhanced both oils with carotenoids, phenolics, and 

flavonoids, leading to a statistically significant increase (p < 0.05) in antioxidant 

activity relative to untreated oils. Structural studies verified that the addition of 

YPFR extracts did not alter the intrinsic molecular structure of the oils. The 

extract-enriched oils demonstrated improved oxidative and thermal stability. At 

140 °C, the induction durations of SFO and SBO were increased by 46.44% and 

29.53%, respectively. The results of differential scanning calorimetry (DSC) 

indicated a shift in exothermic peaks to lower temperatures, signifying 

enhanced low-temperature oxidative resistance in the oil with extracts. 

Notwithstanding the enrichment with YPFR extracts, SFO samples exhibited 

lower onset temperatures (tON) compared to SBO, indicating that SBO is more 

susceptible to oxidation, perhaps attributable to its reduced saturated fatty acid 

concentration. Thermogravimetric analysis (TGA) indicated a single mass loss 

phase, associated with the thermal degradation of both saturated and unsaturated 

fatty acids within the temperature range of 300 to 600 °C. Nevertheless, the 

incorporation of YPFR extracts enhanced the thermal stability of both oils, with 

SBOE (SBO+Extract) and SFOE (SFO+Extract) demonstrating increased tON 

values (383.90 °C and 374.61 °C, respectively) in contrast to their untreated 

equivalents (366.79 °C for SBO and 362.14 °C for SFO) and those subjected to 

synthetic antioxidants. This method emphasises the potential of valorising agro-

industrial waste by developing oils enhanced with natural antioxidants, thereby 

contributing to a circular economy. Subsequent investigations should explore 

the scalability of this extraction technique and the in vitro health advantages of 

the enriched oils. 

 This work emphasises the viability of spent passion fruit rind (SPFR), the 

residual biomass after bioactive component extraction, as a feasible feedstock 

for bioethanol production. The compositional study of SPFR indicated a 

significant residual carbohydrate content, consisting of approximately 21% 

hemicellulose and 19% cellulose. However, efficient hemicellulose extraction 

is challenging due to the formation of inhibitors like furfural and 

hydroxymethylfurfural (HMF), which impede fermentation. At response 

surface methodology (RSM) optimised acid pretreatment conditions, a 
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substantial xylose yield of 122.02 mg/g was achieved, accompanied by a 

relatively low furfural concentration of 2.11 mg/g. Acid hydrolysis effectively 

depolymerised xylan; nevertheless, it concurrently generated other inhibitory 

compounds, including furans, organic acids, and phenolic acids. The 

detoxification with calcium hydroxide (to pH 11), the concentrations of 

phenolic acid and furfural were significantly (p < 0.05) reduced by 22% and 

17.39%, respectively. In addition, this treatment reduces 15.42% xylose content. 

The fermentation of the detoxified hydrolysate with Pichia stipites yielded 9.65 

g/L of ethanol. Although a 13% reduction in sugar during detoxification, 

fermentation efficiency increased from 77.91% in untreated hydrolysate to 

81.97% in detoxified SPFR hydrolysate. The results demonstrate that SPFR is 

a suitable lignocellulosic substrate for bioethanol production and highlight its 

potential integration into biorefinery systems, thus promoting sustainable 

bioenergy technology. 

 This study proposes a zero-waste approach by simultaneously utilising spent 

passion fruit rind (SPFR) for the extraction of bioactive compounds and the 

production of bioethanol. The residual SPFR biomass (331.04 g) acquired after 

acid pretreatment (PUH-PFR) comprised 40.53% (w/w) cellulose and 28.46% 

(w/w) lignin. Efficient delignification was essential to improve the enzymatic 

accessibility of cellulose. The alkaline pretreatment using sodium hydroxide 

(NaOH) markedly enhanced ethanol yields, highlighting its efficacy in 

delignification of lignocellulosic biomasses. The concentration of sodium 

hydroxide (NaOH) was the primary parameter affecting the removal of lignin 

and hemicellulose while maintaining the integrity of cellulose structure. The 

optimum condition among those examined was 2% NaOH treatment, which 

resulted in 92.35% lignin removal with merely 7.33% cellulose loss in PUH-

PFR biomass. The X-ray diffraction study demonstrated that moderate alkali 

treatment increased the crystallinity index of the biomass from 64.33% (SPFR) 

to 72.80% (PUH-PFR), signifying more cellulose exposure resulting from the 

elimination of amorphous constituents such as lignin and hemicellulose. 

Morphological study and Brunauer-Emmett-Teller (BET) surface area analyses 

validated pore formation and enhanced surface area in delignified biomass, 

corroborating efficient lignin removal. Additionally, thermogravimetric analysis 

and derivative thermogravimetry (DTG) confirmed improved thermal stability 
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and increased cellulose content in alkali-treated samples, as seen by the DTG 

peaks shifting to higher temperatures due to reduced hemicellulose and lignin 

components. Following enzymatic saccharification with commercial cellulase, 

67.19 g/L of glucose was obtained from delignified PUH-PFR, which was 

subsequently fermented by Saccharomyces cerevisiae to produce bioethanol at 

a yield of 0.45 g/g, resulting in a fermentation efficiency of 87.88%. Mass 

balance research revealed the capacity to produce roughly 158.82 L of 

bioethanol per tonne of SPFR biomass. This integrated approach highlights the 

viability of SPFR as a sustainable feedstock for bioethanol production and 

industrial scalability, subject to a comprehensive techno-economic assessment. 

Moreover, the lignin-rich black liquor generated during delignification 

possesses potential for the creation of supplementary value-added goods, 

thereby improving economic feasibility and environmental sustainability. 

8.2. Future Scope 

The findings of this study offer important insights into the efficacy of ultrasound-

assisted extraction and supercritical fluid extraction for isolating bioactive molecules 

with notable antioxidative characteristics. These chemicals enhance the shelf life of 

edible oils and promote bioethanol synthesis from passion fruit rind. To enhance the 

industrial viability of this research, the subsequent studies are recommended: 

 Analysis of the flavour and sensory attributes of edible oils infused with passion 

fruit extract. 

 In-vitro cytotoxicity analysis of extract-enriched oils to assess their safety for 

ingestion. 

 Lignin-rich by-product (black liquor) produced during the delignification 

process can be utilised for the formation of supplementary value-added goods. 

 Co-fermentation of both pentose and hexose sugars is possible to enhance 

ethanol yield. 

 Scalability potential and a techno-economic analysis to assess its industrial 

feasibility. 
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APPENDIX 

A1. Standard curves for Total phenolic, flavonoid and carotenoid content 

quantification 

 

 

Figure A8.1. Standard curve for a) gallic acid, b) quercetin, c) β-carotene 
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A2. Global antioxidant score 

 

Table A1.1. Total phenolic, Total flavonoid, Total carotenoid, Antioxidant capacity and 

Global antioxidant score 

 TPCa TFCb TCCc DPPHd ABTSd GAS 

SC-ET 41.48 34.41 2.57 48.79 46.01 1.61 

UAE 36.04 45.59 20.44 50.71 47.58 3.91 

SC 9.88 23.21 15.28 48.647 46.14 1.07 

ML extract 66.53 73.39 2.58 48.26 43.57 2.01 

a is mg GAE.g-1 extract 

b is mg QE.g-1 extract 

c is mg β-carotene.g-1 extract 

d is value of Percentage scavenged at 50 µg.mL-1 extract concentration 

GAS value is determined using the formula Tscore=[(X-min)/(max-min)], where X is the variable 

of each unique sample and min and max are the variable's smallest and largest values of X. UAE: 

ultrasound-assisted extract, SC-ET: supercritical carbon dioxide with 10 per cent ethanol extract, 

SC: supercritical carbon dioxide extract, ML extract: methanolic extract. 
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A3. Phyto Profiling 

 

 

Figure A1.2. HPLC chromatograms of A) UAE extract and B) SC-ET extract for 

identification of phenolic and flavonoid compounds. MYR: Myricetin; CAT: Catechin; 

QUE: Quercetin; KAE: Kaempherol; IRH: Isorhmnetin; IV: Isovitexin; IO: Isoorientin; 

GA: Gallic acid; FA: Ferulic acid; p-Cou: p-Coumaric acid; CIN: Cinnamic acid.  
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Figure A1.3. GC-MS chromatogram of UAE extract 

 

Figure A1.4. GC-MS chromatogram of SC-ET extract 
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Table A1.2. GC-MS analysis of UAE extracts of YPFR 

RT (min) Compound Name Formula Molecular 

weight 

Peak Area 

Percent 

6.421 Arsenous acid, tris(trimethylsilyl) ester C9H27AsO3Si3 342.49 0.28 

6.734 Methyl 2-methyl-4-(dodecylthio)-4-oxopropanoate C18H34O3S 330.52 0.05 

6.958 (2S)-N-Tertbutoxycarbonyl-2-(1-azido-4-(2-

tetrahydropyranyloxy)butyl)pyrrolidine 

C18H32N4O4 368.47 0.03 

7.376 2-[1',2',3'-tris(tButyl)]cyclopropenyl-3,3-dimethylbutan-2-

one 

C21H38O 306.52 0.06 

7.85 Ethylsilyl ethenyl ether C4H10OSi 102.21 0.12 

9.23 1-[methyl(phenyl)phosphoryl]-2-naphthol C17H15O2P 282.27 0.2 

9.642 E/Z-3-{3'-(3",3"-Dimethyl-1"-butynyl)benzothiophen-2'-

yl)-2-oxiranecarbonitrile 

C17H15NOS 281.37 0.05 

11.862 D-glyceraldehyde 2TMS C9H22O3Si2 234.44 0.05 

11.921 triethyl-(1,1,3,3-tetraketo-4-triethylsilyl1,3-dithietan-2-

yl)silane 

C14H32O4S2Si2 384.70 0.06 

12.606 1,1,1,3,5,5,7,7,7-Nonamethyl-3-

(trimethylsiloxy)tetrasiloxane 

C12H36O4Si5 384.84 0.18 

12.641 2-[(p-tolyl)methoxy]-2-methoxy-5,5-dimethyl-.delta.(3)-

1,3,4-oxadiazoline 

C13H18N2O3 250.29 0.01 

13.45 2-methyl-3-(methylthio)-1,2,4-thiadiazine 1,1-dioxide C5H8N2O2S2 192.26 0.05 
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15.624 Piperidine hydrochloride C5H12ClN 121.61 0.08 

18.131 2,6-Dimethyldecane C12H26 170.33 0.19 

21.835 (3Z,6Z)-Dodeca-3,6-dien-1-ol C12H22O 182.30 0.1 

24.08 (5r*,6r*)-6-methyl-7-oxo-1-azabicyclo[3.2.1]octane C7H13NO 127.18 0.2 

24.859 ((1S,2S)-2-azido-1-(4-methoxyphenyl)cyclohexyl)(4-

methoxyphenyl)methanone 

C21H23N3O3 365.42 0.33 

24.992 3-hydroxy-4,4-dimethyldihydro(2-13C)furan-2-one C6H10O3 130.14 0.35 

25.105 Butylated hydroxy toluene C15H24O 220.35 0.44 

25.241 di-t-butyl-phenol C14H22O 206.32 1.76 

25.742 Quinoline Derivative C18H18N2O 278.35 0.95 

26.437 Borane, diethyl(decyloxy)- C14H31BO 226.21 0.22 

26.951 3.alpha.-Hydroxymethyl2,2-dimethylpenam S,Sdioxide C8H13NO2 155.19 0.09 

27.557 2,3,4,4-Tetramethyl-4-(1,1-dimethylethyl)-1-hexene C14H28 196.37 0.2 

28.016 Penta-3,4-dienoic acid C5H6O2 98.10 0.1 

28.967 [2-13C]Cyclohexane-1,3-dione C6H8O2 112.13 0.17 

29.233 Hexadecane, 2,6,10,14-tetramethyl C20H42 282.55 1.41 

29.461 Tridecanol, 2-ethyl-2-methyl C16H34O 242.44 0.11 

29.824 3-Allyl-1,7,7- trimethylbicyclo[2.2.1]hept-2-en-2-yl Diethyl 

Phosphate 

C17H29O4P 328.38 0.04 

30.12 1,1,1-trifluoro-2- octadecanol C18H35F3O 324.46 0.06 
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31.371 2- and 4-(Trimethoxyacetoxy)-2,5,5-trimethyl-3-hexanone C14H26O3 242.35 0.12 

31.942 (Z)-2-nonadecene C19H38 266.50 0.17 

32.136 2,3-Dimethylthiirane 1,1-dioxide C4H8O2S 120.17 0.27 

34.537 Lyxose,O,O,O,O-TMS MEOX1 C18H45NO5Si4 467.89 0.37 

34.968 Propanetriol trimethylsilyl ether dev. C12H32O3Si3 308.64 0.18 

35.348 8,13-Dimethylicosa3,5,7,13,15,17-hexane2,19-dione C22H22O2 318.41 0.16 

36.791 n-Cetyl thiocyanate C17H33NS 283.51 0.14 

37.171 1-Heptyl-1H-(1,2,3)-triazole-N-{[2'-

(hydroxyethoxy)ethylamino]ethyl}-4-carboxamide 

C14H27N5O2 297.40 0.15 

37.57 3',3',5'- Trimethylcyclohexyl (cis)-(2-

thienylglyoxyl)carboxylate 

C15H20O3S 280.38 0.17 

37.85 Chizo-Inositol, 6TMS derivative C24H60O6Si6 613.24 0.23 

38.339 1,4-Dioxa-7-azaspiro[4.4]non-6-ene-N-oxide C6H9NO3 143.14 0.04 

38.819 trimethyl-[2,3,4,5-

tetrakis(trimethylsilyloxy)cyclohexoxy]silane 

C21H52O5Si5 525.06 0.48 

39.073 3,3-dimethyl-1-propa1,2-dienoxy-butane C9H16O 140.22 0.26 

39.582 2H-1,2,3,4-tetrazole-5-carboxamide C2H3N5O 113.08 0.07 

39.745 Scyllo-Inositol, 6TMS derivative C24H60O6Si6 613.24 0.52 

40.253 Palmitic Acid, TMS derivative C19H40O2Si 328.60 2.83 

40.976 Myo-Inositol, 6TMS derivative C24H60O6Si6 613.24 58.44 
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41.162 [3-(13)CO]-2,3-thiophenedicarboxylic acid anhydride C6H2O3S 154.14 0.01 

41.274 Methyl 16-acetylhydroxypalmitate C19H36O4 328.49 0.19 

42.093 5,5-Dimethyl-4,5-dihydro-3H-pyrrol-3-one 1-oxide C6H9NO2 127.14 0.25 

42.321 1,2-bis(5'-Hydrazinyl-1Htetrazol-1'-yl)-ethane C4H10N12 226.20 0.52 

42.737 4-Allyl-1-ethoxy-3-phenylbenzo[c]-(1,2)-oxaphosphinine-

1-Oxide 

C19H19O3P 326.33 0.65 

43.052 .alpha.-D-threo-Hex-3-enopyranoside, methyl 6-azido-3,6-

dideoxy-4-Omethyl 

C8H13N3O4 215.21 0.3 

43.296 1,2- Hydrazinedicarboxylic acid,1-(cyclohexylcarbonyl)-2-

(2-pyridinylthio)-,diethyl ester, N-oxide 

C18H25N3O6S 411.47 0.24 

43.682 Prostaglandin F1a TMS ester tri TMS ether C32H68O5Si4 645.22 0.07 

43.991 7-Chloro-1-phenyl-3-hepten-1-yne C13H15Cl 206.71 0.09 

44.084 4,4'-Bi-1,3,2-dioxaborolane, 2,2'-diethyl C8H16B2O4 197.83 0.06 

44.48 Sulfurous acid, 2-ethylhexyl tridecyl ester C21H44O3S 376.64 0.52 

44.955 Ethanone, 1-[5-(1,1-dimethylethyl)-2-ethyl-4-methyl-1,3,2-

dioxaborolan-4-yl]- 

C11H21BO3 212.09 0.24 

45.096 Iron, tricarbonyl[N-(phenyl-2-

pyridinylmethylene)benzenamine-N,N']- 

C21H14FeN2O3 398.19 0.69 

45.329 1-(1-azidoethyl)cyclohex1-ene C8H13N3 151.21 0.18 

45.625 Boron, [3-[[dimethyl(1-methyl-1-butenyl)silyl]thio]-1-

propanethiolato(2-)]ethyl-,(t-4)- 

C12H25BS2Si 272.35 0.47 
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45.747 2-Diazo-5-methyl-3-oxohexanal C7H10N2O2 154.17 0.19 

46.276 2-Propanone, 1-diazo-3-(trimethylsilyl)- C6H12N2OSi 156.26 0.02 

46.76 5-Hydroxy-2,2,4,4-tetramethyl-4-octanone C12H24O2 200.32 0.09 

47.365 2,3,4,6-Tetra-Otrimethylsilyl-1-[1,7-dicarba-

closododecaboran-(12)-1-yl]-D-

glucopyranose,.alpha./.beta. 

C20H54B10O6Si4 611.09 0.37 

48.347 Cyclopentylmethyl phenyl telluride C12H14Te 285.84 0.04 

48.822 (2'R,3R)-4-[2'-t-butyl-4'- oxo-4'H-1',3'-dioxin-6'-yl]-3- 

methylbutyrphenylaldehyde 

C13H20O4 240.29 0.37 

49.335 Benzoin tetrahydropyranyl ethyl C19H16O3 292.33 0.2 

49.547 3,3-dimethyl-1-propa1,2-dienoxy-butane C9H16O 140.22 0.11 

52.724 2-[2-[2-chloranyl-5-nitro3-(2-pyridin-2-

ylethynyl)phenyl]ethynyl]pyridine 

C20H10ClN3O2 359.76 0.07 

54.925 Methyl ethyl 2,2,4-trichlorotridecanoate C16H27Cl3O4 389.74 0.12 

55.038 Dibutyl 2-Oxodecyl phosphate C18H37O5P 364.46 0.08 

57.208 Methyl 5-methyl-4H1,2,3-triazole-4-carboxylate C5H7N3O2 141.13 0.03 

59.793 1,2,3-tri(tButyl)cyclopropenylium tribromide C15H27Br3 447.09 0.05 
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Table A1.3. GC-MS analysis of SC-ET extracts of YPFR 

RT 

(Min) 

Compound Name Formula Molecular 

weight 

Peak Area 

Percent 

6.422 Arsenous acid, tris(trimethylsilyl) ester C9H27AsO3Si3 342.49 2.64 

9.232 Cyclotetrasiloxane,octamethyl C8H24O4Si4 296.62 1.12 

10.655 Octyl(t-Butyl)Carbonate C12H26O3 218.33 0.46 

11.253 1-tert-butyl-3-diazo-urea C5H10N4O 142.16 0.11 

11.922 triethyl-(1,1,3,3-tetraketo-4-triethylsilyl1,3-dithietan-2-yl)silane C14H32O4S2Si2 384.70 0.40 

12.647 2-[(p-tolyl) methoxy]-2-methoxy-5,5-dimethyl-.delta.(3)-1,3,4-

oxadiazoline 

C13H18N2O3 250.29 0.38 

15.627 Piperidine hydrochloride C5H12ClN 121.61 0.56 

16.45 Nonane,4,5-dimethyl- C11H24 156.31 0.29 

17.006 2,5,8-Trimethylnonane C12H26 170.33 0.67 

18.136 Decane, 3,8-dimethyl- C12H26 170.33 1.28 

21.838 1,4-Methanocycloocta[d]pyridazine,1,4,4a,5,6,9,10,10aoctahydro-11,11- 

dimethyl-,(1.alpha.,4.alpha.,4a.alpha.,10a.alpha.)- 

C13H20N2 204.31 0.49 

23.24 3-hydroxy-4,4- dimethyldihydro(2-13C)furan-2-one C6H10O3 130.14 0.17 

23.69 1,2,3-Trimethyl-3-(1'-methylpropyl)indoleninium iodide C15H22IN 343.25 1.14 

24.267 Methaneselenoic acid,O-(1,1-diethylpropyl) ester C8H16OSe 207.17 0.16 

24.861 2-Azido-2,4,4,6,6- pentamethylheptane C12H25N3 211.35 0.36 
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25.247 di-t-butyl-phenol C14H22O 206.32 4.62 

26.438 Borane, diethyl(decyloxy)- C14H31BO 226.21 0.5 

26.52 2,3,4,4-Tetramethyl-4-(1,1-dimethylethyl)-1-hexene C14H28 196.37 0.32 

26.832 1-Octadecanol C18H36O 268.48 0.18 

27.583 Cyclooctasiloxane, hexadecamethyl C16H48O8Si8 593.23 0.6 

28.012 2-Azido-2,4,4,6,6-pentamethylheptane C12H25N3 211.35 0.37 

29.24 Hexadecane, 2,6,10,14-tetramethyl C20H42 282.55 2.12 

29.355 2-Diazo-5-methyl-3-oxohexanal C7H10N2O2 154.17 0.04 

29.977 3-Allyl-1,7,7-trimethylbicyclo[2.2.1]hept-2-en-2-yl Diethyl Phosphate C17H29O4P 328.38 0.37 

30.128 1,1,1-trifluoro-2-octadecanol C18H35F3O 324.46 0.11 

31.959 (Z)-2-nonadecene C19H38 266.50 0.39 

32.161 2,3-Dimethylthiirane 1,1-dioxide C4H8O2S 120.17 0.76 

34.921 Neopentyl 2,2-dimethylpropanoate dimer isomer C20H38O4 342.51 0.17 

36.803 n-Cetyl thiocyanate C17H33NS 283.51 0.24 

40.688 2,3-Dimethoxy-12bphenyl-5,6-dihydroisoindolo[1,2-a]-isoquinolin-

8(12bH)-one 

C24H21NO3 371.43 0.11 

41.006 Oxirane,diethylboryloxymethyl C7H15BO2 142.00 0.69 

41.403 3-(2-Propenoxy)-1,2-epoxyoctane C11H20O2 184.27 0.43 

42.453 Phosphoric acid, diethyl pentyl ester C9H21O4P 224.23 0.39 
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42.7 1,2,4-Triazine,2-oxide C3H3N3O 97.08 1.85 

43.217 2,4-(Trimethoxyacetoxy)-2,5,5-trimethyl-3-hexanone C14H26O3 242.35 0.28 

43.48 (E)-1-(Dimethoxyphosphoryl)but-2-enyl dimethyl phosphate C8H18O7P2 288.17 0.17 

44.022 2-Oxopropyl 4-chlorobenzoselenoate C10H9ClO2Se 275.59 0.56 

44.484 Iron, tricarbonyl[N-(phenyl-2-pyridinylmethylene)benzenamine-N,N']- C21H14FeN2O3 398.19 1.83 

45.098 Heptacosane C27H56 380.73 1.15 

46.61 Silicate anion tetramer C24H72O12Si12 889.84 0.46 

48.823 2-Methylundec-2-en-4-ol C11H22O 170.29 1.07 

52.143 6,6-Difluoro-5-hydroxy5-methyl-1-undecen-7-one C14H24F2O2 262.34 0.42 

53.068 2'H-Androst-16-eno[16,17-e][1,2]oxazine-3'- carbonitrile,3-(acetyloxy)-

2'-cyclohexyl-3',4',16,17-tetrahydro-4'-(hydroxymethyl)-

(3.beta.,5.alpha.,16.beta.,17.beta.)- 

C22H34O2 330.50 1.23 

54.936 Methyl ethyl 2,2,4-trichlorotridecanoate C16H27Cl3O4 389.74 0.35 

55.322 1-(2-Cyclopropylcyclopentyl)but-3-en-2-one C12H16O 176.25 0.23 

57.426 1-(1-azidoethyl)cyclohex1-ene C8H13N3 151.21 0.46 

59.07 Tris(2,4-di-tertbutylphenyl)phosphate C42H63O4P 662.92 6.56 
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A4. Antibacterial activity 

 
Figure A1.5. Minimum inhibitory concentration test of A) Ultrasound-assisted extract 

and B) Supercritical carbon dioxide with 10% ethanol yellow passion fruit rind extract 

with various gram-negative and gram-positive bacteria at different concentration of the 

extracts. EA: Enterobacter aerogenes, PA: Pseudomonas aeruginosa, EC: Escherichia 

coli, KP: Klebsiella pneumoniae; SA: Staphylococcus aureus, BS: Bacillus subtilis, SE: 

Staphylococcus epidermidis, and ML: Micrococcus luteus. The extracts concentration 

range varying from 80 mg/mL-9.76 µg/mL represented by 1-12, +ve and -ve represents 

the positive and negative control of the experiment. 
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Table A1.4. Zone of inhibition (ZOI) study of the extracts at optimised conditions (in 

mm) 

Bacterial 

strain 

Concentration UAE SC-ET Control 

EA 10* ND ND ND 

30* 3.8 ± 0.69 8.5 ± 0.87 ND 

50* 7.1 ± 0.97 10 ± 1.00 ND 

PA 10* ND ND ND 

30* 3.25 ± 0.80 9 ± 1.95 ND 

50* 8.6 ± 0.46 11 ± 1.05 ND 

EC 10* ND ND ND 

30* ND 5.5 ± 1.32 ND 

50* 7.5 ± 0.87 7 ± 1.32 ND 

KP 10* ND ND ND 

30* ND 7.1 ± 0.85 ND 

50* 6 ± 0.85 10.9 ± 1.49 ND 

SA 10* ND ND ND 

30* ND ND ND 

50* 7 ± 0.56 5 ± 1.00 ND 

BS 10* ND ND ND 

30* 5.5 ± 0.92 ND ND 

50* 8.9 ± 2.02 7.17 ± 0.29 ND 

SE 10* ND 6 ± 1.73 ND 

30* 7 ± 1.05 9.5 ± 1.50 ND 

50* 12.67 ± 1.39 12 ± 1.00 ND 

ML 10* ND 5 ± 1.73 ND 

30* 3.8 ± 0.61 8 ± 1.00 ND 

50* 7.6 ± 0.61 11.17 ± 1.04 ND 

Every data is reported as the mean SD of three independent experiments. * : The study employ 

extracts with varying concentrations (10 mg/ml, 30 mg/ml, and 50 mg/ml). UAE: Ultrasound-

assisted extract, SC-ET: Supercritical carbon dioxide with 10% ethanol extract, ML: methanol 

extract, ND: not detected. EA: Enterobacter aerogenes, PA: Pseudomonas aeruginosa, EC: 
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Escherichia coli, KP: Klebsiella pneumoniae, SA: Staphylococcus aureus, BS: Bacillus subtilis, SE: 

Staphylococcus epidermidis, and ML: Micrococcus luteus, ND: Not detected. 
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A5. Assessment of Environmental and Economic Factors 

 

Table A1.5. Comprehensive Assessment of Environmental and Economic Factors in the 

UAE and SFE 

Parameters UAE SC-ET 

Solvent usage Moderate (65% ethanol) Low (CO2 + 10% ethanol) 

Extraction duration Short (30 min) Longer (2 h) 

Energy consumption Low Moderate to high 

Equipment cost Low High 

Operational cost Low to Moderate High 

Environmental impact Moderate (due to ethanol 

use) 

Low (as CO2 recyclable) 

Product yield High (51.39%) Low (2.67%) 

Production purity Moderate High 

Scalability High Moderate 

Suitability for high 

value products 

Moderate Excellent 
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A6. Limitations 

This study highlights the promise of passion fruit rind as a source of bioactive chemicals 

using UAE and SFE, despite notable challenges persisting. The UAE offers scalability 

at minimal costs and time; nonetheless, it necessitates improvement in energy 

distribution, reactor design, and solvent recovery for industrial applications. SFE, 

despite producing high-purity extracts, encounters significant expenses associated with 

high-pressure equipment and low extraction yields (2.67% compared to UAE yield 

51.39%). Therefore, it requires co-solvent utilisation, operational efficiency, and 

reactor scalability. Both systems require cost and benefits evaluations considering the 

economic and environmental concerns associated with the utilisation of ethanol as a 

solvent or co-solvent in UAE and SFE, additionally, energy-demanding CO2 

pressurisation in SFE. The impact on the environment must be assessed via life-cycle 

analysis (LCA). Moreover, although phenolic, flavonoid, and carotenoid profiling has 

been performed, further characterisation of minor chemicals and antibacterial 

mechanisms is necessary to explore synergistic bioactivities and applications in 

pharmaceuticals, food, and cosmetics. reducing these constraints can enhance the 

sustainability and economic viability of specific extraction systems. 
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A7. Extraction of Bioactive Compounds from Yellow Passion Fruit Rind (YPFR) 

using Sunflower seed oil and Soybean oil 

 

 

Figure A1.6. Preliminary screening of the impact of the independent variable on the 

total carotenoid yield for (a-c) SFO and (d-f) SBO by varying one factor at a time. (a, 

d) Variation of temperature at 30min and 20 g/100mL, (b, e) Variation of time at 45 °C 

and 20 g/100mL, and (c, f) Variation of S/L ratio at 45 °C and 30min. 

The temperature range was selected based on the preliminary investigation using a 

single variable at a time (Figure A1). Sunflower oil exhibited an increased carotenoid 

yield up to 50 °C due to improved solubility and diffusion, followed by a decrease 

beyond that temperature, perhaps attributable to carotenoid degradation or reduced 

cavitation. Consequently, a temperature range of 30–60 °C was chosen for RSM 

optimisation to achieve maximum efficiency while reducing thermal degradation. 

Furthermore, in ultrasound-assisted extraction, temperature significantly affects 

cavitation, viscosity, and solute solubility, particularly in viscous solvents such as 

edible oils. Previous literature further supports the utilisation of this temperature range 

for carotenoid extraction. For instance, analogous investigations utilising UAE with 

oils as solvents have demonstrated effective extraction at temperatures above 60 °C 

without considerable degradation, thus validating our chosen range [137,352].” 

  

TH-3830_196151004



Appendix  

 

Valorisation of Passion Fruit Rind                   215 

A8. Characterisation of the vegetable oils 

Table A1.6. Fatty acid composition of the soybean and sunflower oil 

FFA composition SFO SFOE SBO SBOE 

C14:0 (Myristic) 9.29 7.75 10.26 10.08 

C16:0 (Palmitic) 32.32 33.68 29.24 29.14 

C16:1 (Palmitoleic) 4.86 3.98 12.76 9.90 

C18:0 (Stearic) 5.65 7.06 4.05 4.55 

C18:1n9c (Oleic) 17.73 21.57 20.29 23.93 

C18:2n6c (Linoleic) 5.64 5.33 5.22 5.17 

C18:3n3 (α-

Linolenic) 

5.87 4.98 8.66 7.82 

C20:0 (Arachidic) 10.08 8.50 ND* ND* 

C22:0 (Behenic) 8.55 7.15 9.54 9.41 

SFA (%) 65.88 64.14 53.08 53.18 

MUFA (%) 22.60 25.55 33.04 33.83 

PUFA (%) 11.52 10.31 13.87 12.99 

*ND: Not Detected, SBO: Soybean oil, SFO: Sunflower oil, SFA: Saturated Fatty Acids, MUFA: 

Monounsaturated Fatty Acids PUFA: Polyunsaturated Fatty Acids. 
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Figure A1.7. Concentration vs percentage scavenge plots for a) SFO, b) SFOE, c) SBO, 

d) SBOE for DPPH assay. (a/-d/) represents the same for ABTS assay.   

TH-3830_196151004



Appendix  

 

Valorisation of Passion Fruit Rind                   217 

Table A1.7. Pearson correlation coefficient between TPC, TFC, TCC, DPPH and ABTS 

 TPC TFC TCC DPPH ABTS 

TPC 1 0.999** 0.891 -0.995** -0.995** 

TFC 0.999** 1 0.895 -0.989* -0.998** 

TCC 0.891 0.895 1 -0.864 -0.917 

DPPH -0.995** -0.989* -0.864 1 0.980* 

ABTS -0.995** -0.998** -0.917 0.980* 1 

Soybean and sunflower oil with and without Yellow Passion Fruit Rind extract. Total Phenolic 

content (TPC), Total Flavonoid content (TFC), Total Carotenoid Content (TCC), 2,2-diphenyl-1-

picrylhydrazyl (DPPH), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS). ** 

Correlation is significant at the 0.01 level (2-tailed), * Correlation is significant at the 0.05 level 

(2-tailed). 
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A9. Oxidative Stability of oil 

A9.1. Conversion of PetroOxy induction period (IP) values to Rancimat 

Several expedited techniques have been devised to evaluate edible oils' ability to 

withstand oxidation. As the rate of reaction is proportional to temperature, all of these 

accelerated procedures require the use of elevated temperatures. The Rancimat test is 

widely utilised among them because of its repeatability and convenience of use. This 

test makes it possible to calculate the oxidative stability index (OSI) or induction 

period (IP), which is the amount of time before the oil begins to rapidly deteriorate. 

Because the OSI may be calculated at different temperatures, it is possible to assess 

the relative oxidative stability of edible oils across a temperature range while 

maintaining a constant air pumping pressure [353]. Nevertheless, the Rancimat test 

only identifies the extremely volatile oxidation products; non-volatile compounds, 

such as gum, stay in the sample unnoticed. Consequently, the Rancimat test only 

offers a partial examination of oxidation products. However, the PetroOxy method 

uses high pressure to control sample volatility. It calculates the induction duration as 

the time required for the O2 pressure levels to drop by 10% from the highest pressure 

attained during the analysis. Consequently, it provides a comprehensive analysis of 

the sample’s oxidation stability and includes all oxidation products [110].The 

oxidative stability of the oil was determined using the PetroOXY method (ASTM 

D7545). This method is believed to be faster than the ones outlined in EN 14112 and 

ASTM D2274 [354]. The PetroOxy test results could be converted to Rancimat IP 

utilising Equation (S1) [281]. 

Rancimat (min) = 31.89 × PetroOxy (min) − 214.65, r2 = 0.915             (A1.1) 
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Table A1.8. Induction periods (IPs) of oil samples by PetroOxy method at different isothermal temperatures 

Samples Induction Periods (IPs) in min 

140 °C 130 °C 120 °C 110 °C 100 °C 25 °C 

SFO 18.8 ± 1.25b 35.69 ± 0.52d 65.17 ± 1.06c 132.74 ± 1.48c 317.09 ± 3.25b 14706.00 ± 543.15 

SFOE 27.53 ± 1.16a 54.02 ± 0.85b 103.64 ± 1.56a 214.30 ± 2.96a 464.96 ± 3.85a 15811.60 ± 

1681.07 

SFO+BHA 21.51 ± 0.58b 50.19 ± 0.92c 100.08 ± 0.25b 203.09 ± 1.85b 422.82 ± 2.69b 13011.34 ± 297.27 

SFO+BHT 25.24 ± 1.25a 60.83 ± 1.54a 104.15 ± 1.47a 206.70 ± 3.40b 448.14 ± 2.11a 15438.28 ± 

1641.96 

SBO 25.36 ± 0.86c 39.27 ± 0.85d 92.44 ± 2.15c 192.78 ± 2.46d 412.62 ± 2.05c 14793.57 ± 169.54 

SBOE 32.85 ± 0.91a 62.08 ± 0.37a 115.05 ± 0.55a 241.5 ± 2.18a 524.67 ± 3.84a 16891.72 ± 

1891.14 

SBO+BHA 29.55 ± 1.09b 55.39 ± 1.21c 107.33 ± 1.89b 218.08 ± 2.25c 317.09 ± 3.25b 15265.03 ± 

2838.48 

SBO+BHT 29.76 ± 0.43b 58.68 ± 1.49b 114.68 ± 2.07a 225.73 ± 1.41b 464.96 ± 3.85b 15848.34 ± 532.08 

All data were expressed as min. 

Values are means ± standard deviation of three determinations. 

SFO: Sunflower oil, SFOE: Sunflower oil with YPFR extract, SFO+BHA: Sunflower oil with BHA, SFO+BHT: Sunflower oil with BHT, SBO: Soybean oil, 

SBOE: Soybean oil with YPFR extract, SBO+BHA: Soybean oil with BHA, SBO+BHT: Soybean oil with BHT. 

The IPs at 25 °C were interpolated from the PetroOxy data. 

The distinct letters represent significant differences (p < 0.05) among individual antioxidants with each oil, as assessed by Tukey's HSD test. 
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A9.2. Mechanism of improving oxidation stability of oil by antioxidant addition: 

Among several methods to prevent lipid oxidation, antioxidants are the most beneficial, 

cost-effective, and commonly employed by food manufacturers to avoid quality 

degradation. Antioxidants in minimal quantity limit oxidation via mechanisms 

including free radical scavenging, singlet oxygen quenching, peroxide inactivation, 

metal ion chelation, and inhibition of pro-oxidative enzymes. Mishra et al., (2021) 

classified them as primary antioxidants and secondary based on their mode of action. 

The primary antioxidants (such as phenolic compounds) disrupt oxidation by 

neutralising free radicals via donating hydrogen as below: 

R• + AH → RH + A• 

ROO• + AH → ROOH + A• 

RO• + AH → ROH + A• 

The resultant antioxidant radicals are stabilised via electron delocalisation within the 

phenolic ring, producing stable resonance hybrids. These low-reactive radicals fail to 

produce more radicals, thus successfully terminating the chain reaction. Furthermore, 

they can enhance the scavenging of free radicals, facilitating the inhibition of oxidation. 

Thus, the primary antioxidants neutralise two lipid radicals by donating a hydrogen 

atom to one and taking an electron from the other, resulting in stable, non-radical 

products [128]. 

ROO• + A• → ROOA 

RO• + A• → ROA 

A• + A• → AA 

Secondary antioxidants delay oxidation by neutralising promoters such as metal ions, 

singlet oxygen, pro-oxidative enzymes, and other oxidants. Reducing agents (oxygen 

scavengers) neutralise lipid peroxides by redox processes. Thioethers, for example, 

transform hydroperoxides into stable molecules via a non-radical mechanism. Metal 

ions facilitate oxidation by producing free radicals through electron transfer. However, 

metal chelators (such as citric acid) mitigate the pro-oxidant effects of metal ions by 

forming stable complexes and decreasing their redox potential. Carotenoids, including 

β-carotene, reduce singlet oxygen by absorbing excess energy and releasing heat by 

physical quenching. Chemical quenching can also occur via reactions at conjugated 

double bonds, resulting in the formation of hydroperoxides. The efficacy of carotenoids 
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in quenching singlet oxygen increases with the amount of double bonds, with a single 

β-carotene molecule able to quench up to 1,000 singlet oxygen molecules [128,355]. 

1O2 + β-carotene → 3β-carotene* + 3O2 

3β-carotene* → β-carotene + Heat 
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A10. Thermal Analysis of oil 

Table A1.9. tON of treated and untreated oil samples obtained from extrapolation of 

DSC curve 

Samples t
OFF 

(°C) t
PEAK 

(°C) t
ON 

(°C) 

SFO -15.43 -12.74 -10.85 

SFOE -20.74 -16.89 -12.34 

SFO+BHA -18.35 -14.44 -11.42 

SFO+BHT -16.09 -13.92 -11.79 

SBO -11.87 -9.87 -8.12 

SBOE -15.12 -12.17 -9.59 

SBO+BHA -12.34 -10.94 -8.96 

SBO+BHT -12.01 -10.23 -9.10 

SFO: Sunflower oil, SFOE: Sunflower oil with YPFR extract, SFO+BHA: Sunflower oil with 

BHA, SFO+BHT: Sunflower oil with BHT, SBO: Soybean oil, SBOE: Soybean oil with YPFR 

extract, SBO+BHA: Soybean oil with BHA, SBO+BHT: Soybean oil with BHT. 
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A11. Preliminary screening  

 

Figure A1.8. Preliminary screening (a-c) of the impact of the independent variable on 

the xylose and furfural concentration (mg/g db) after acid pretreatment by varying one 

factor at a time. (a) Variation of temperature at 15 min and 0.2 M acid concentration, 

(b) variation of time at 120 °C and 0.2 M acid concentration, and (c) variation of acid 

concentration at 120 °C and 15 min. 
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A12. Paired sample t-test analysis of acid prehydrolysate 

Table A1.10. Paired sample t-test analysis of different sugars and inhibitors in without overlimed and overlimed hydrolysate 

 Mean SD SE t Df One-sided p Two-sided p 

Glu-WO & Glu-O 0.63 0.55 0.25 2.56 4 0.03 0.06 

Xyl-WO & Xyl-O 1.97 0.77 0.31 6.25 5 <0.001 0.002 

Xybi-WO & Xybi-O 0.41 0.29 0.15 2.76 3 0.03 0.07 

Fur-WO & Fur-O 0.03 0.01 0.008 4.13 5 0.002 0.01 

HMF-WO & HMF-O 0.06 0.03 0.02 3.08 2 0.006 0.09 

ForA-WO & ForA-O 0.69 0.48 0.24 2.89 3 0.04 0.06 

AceA-WO & AceA-O 0.87 0.74 0.52 1.66 1 0.07 0.35 

Phe-WO & Phe-O 0.32 0.15 0.06 5.21 5 0.007 0.003 

SD: Standard deviation, SE: Standard error mean, Glu-WO: Glucose without overlimed, Glu-O: Glucose overlimed, Xyl-WO: Xylose without overlimed, 

Xyl-O: Xylose overlimed, XyBi-WO: Xylobiose without overlimed, XyBi-O: Xylobiose overlimed, Fur-WO: Furfural without overlimed, Fur-O: Furfural 

overlimed, HMF-WO: 5HMF without overlimed, HMF-O: 5HMF overlimed, ForA-WO: Formic acid without overlimed, ForA-O: Formic acid overlimed, 

AceA-WO: Acetic acid without overlimed, AceA-O: Acetic acid overlimed, Phe-WO: Phenolic acid without overlimed, Phe-O: Phenolic acid overlimed 
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A13. Characterisation of delignified passion fruit rind 

Table A1.11. Brunauer-Emmett-Teller analysis and elemental composition of untreated 

and delignified passion fruit rinds 

 RPFR PH-RPFR SPFR PUH-PFR 

Brunauer-Emmett-Teller analysis 

BET surface area (m2/g) 20.82 109.43 24.38 120.30 

Pore volume (mm3/g) 0.006 0.061 0.013 0.065 

Elemental analysis 

Carbon 44.50 43.19 45.20 43.16 

Hydrogen 5.50 4.73 5.90 5.27 

Oxygen 48 47.28 47.40 54.77 

Nitrogen 1.80 0.07 1.20 0 

Sulfur 0.10 0 0.20 0 

RPFR: raw passion fruit Rind, PH-RPFR: raw passion fruit Rind residue after H2SO4 hydrolysis, 

SPFR: spent passion fruit rind, PUH-PFR: post ultrasound-assisted extraction and sulphuric acid 

treatment. 
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A14. Composition analysis of enzymatic hydrolysate 

 

 

Figure A1.9. Composition of the enzymatic hydrolysate at 30 mg/g enzyme loading. 

PH-RPFR: raw passion fruit Rind residue after H2SO4 hydrolysis, PUH-PFR: post 

ultrasound-assisted extraction and sulphuric acid treatment. 

  

TH-3830_196151004



Research Outputs 

 

Valorisation of Passion Fruit Rind                               227 

Research Output 

Journals 

1. Kakali Borah, Vaibhav V Goud, 2025. Bioconversion of spent passion fruit 

rind to ethanol: Integrating hemi-cellulose hydrolysis and detoxification. 

Bioresour. Technol. Reports 31, 102193. DOI: 10.1016/j.biteb.2025.102193 

2. Kakali Borah, Vaibhav V Goud, 2025. One-Pot Method to Extract Natural 

Antioxidizing Agents from Passion Fruit Rind to Increase the Oxidative 

Stability of Sunflower Seed and Soybean Oils, Food Chemistry. 144668. DOI: 

10.1016/j.foodchem.2025.144668 

3. Kakali Borah, Rupesh Kumar, Sukumar Purohit, Vaibhav V Goud, 2025. 

Comparative study on phytochemical extraction from Passion fruit wastes using 

ultrasound and supercritical fluid extraction, Journal of Food Measurement and 

Characterization, 1-13. DOI: 10.1007/s11694-025-03150-8 

4. Kakali Borah, Vaibhav V Goud, 2025. Alkali Delignification and 

Fermentation of Spent Passion Fruit Rind to Bioethanol Production, 

Bioresource Technology, (Submitted). 

5. Sukumar Purohit, Kakali Borah, Vaibhav V Goud, 2025. Unlocking the 

Potential of Passion Fruit Waste By-Products through Biorefinery and 

Bioresource Innovation, Bioresour. Technol. Reports. (Submitted, authors 

contributed equally). 

Book Chapters/Proceedings 

1. “Extraction of Phenolics from Yellow Passion Fruit Rind Using Supercritical 

Carbon Dioxide Extraction.” Kakali Borah, Rupesh Kumar, Vaibhav V Goud, 

2023. Agro and Food Processing Technologies: Proceedings of NERC 2022. 

Springer Nature Singapore 141-156. DOI: 10.1007/978-981-19-9704-48 

2. Book Chapter titled as “Sustainable Waste to Energy Technologies: 

Fermentation.” Kakali Borah and Vaibhav V. Goud, 2023. In Biodegradable 

Waste Processing for Sustainable Developments. Dr. Arbind Prasad and Dr. 

Atanu Kumar Paul (Eds). CRC Press 2023. 150-172. DOI: 

10.1201/9781003502012-7. 

TH-3830_196151004



Research Outputs 

 

228                Valorisation of Passion Fruit Rind  

3. “Sustainable Approach to Passion Fruit Waste Utilisation: Statistical 

Optimisation of Ultrasonic Extraction of Polyphenols.” Kakali Borah, Rupesh 

Kumar, Vaibhav V Goud, 2025. Current Progress in Interdisciplinary Research: 

Selected Papers of RIC 2024. Springer Nature Singapore 3. ISBN:978-981-95-

1852-4. 

4. Book Chapter titled as “Biofuel Decision-Making in Asia/India: Integrating 

Techno-Economic and Environmental Perspectives.” Kakali Borah and 

Vaibhav V. Goud, 2024. Sustainability in Biomass and Biorefinery: Processing 

and Opportunities. Dr. Arbind Prasad and Dr. Atanu Kumar Paul (Eds). CRC 

Press. 2024. (Submitted) 

5. Book Chapter titled as “Thermochemical Conversions: Hydrothermal 

Carbonization, Pyrolysis, and Syngas Production.” Kakali Borah, Sabari 

Nandi and Vaibhav V. Goud. Biomass Valorisation and Green Engineering: 

Materials Innovation, Energy Solutions, and Sustainability Trends. Dr. 

Kaustubh Khaire and Dr. Amlan Das (Eds). CRC Press. 2024. (Accepted) 

Poster/Presentation on Conference 

1. Kakali Borah, Vaibhav V. Goud, “Valorizing Agro-Industrial Waste: 

Bioethanol Production from Delignified Spent Passion Fruit Rind Residue” 

2025 ASSET International Conference on Advances in Sustainable Solutions 

for Energy Transitions 2025, 02-04 January 2025 in Guwahati, India, 2025. 

2. Kakali Borah, Vaibhav V. Goud, “Valorisation of Passion fruit Rind for the 

Production of Bioethanol: Statistical Optimisation of Hemicellulose and 

Fermentation with Pichia stipites” 2024 SEEP International Conference on 

Sustainable Energy and Environmental Protection Conference 2024, 09-12 

September 2024 in Vienna, Austria, 2024. 

3. Kakali Borah, Rupesh Kumar, Vaibhav V. Goud, “A Sustainable Approach to 

Passion Fruit Waste Utilization: Statistical Optimization of Ultrasonic 

Extraction of Polyphenols” 2024 RIC Research and Industrial Conclave - 

Integration 2024, 09-11 August 2024 in IIT Guwahati, India, 2024. 

4. Kakali Borah, Rupesh Kumar, Vaibhav V. Goud, “Optimisation of the 

techniques used for valorization of Passiflora wastes using RSM” 2023 ICFTN 

International Conference on Food Technology and Nutrition, 12-13 December 

2023 in Paris, France, 2023. 

TH-3830_196151004



Research Outputs 

 

Valorisation of Passion Fruit Rind                               229 

5. Kakali Borah, Vaibhav V. Goud, “RSM-Based Optimization of Recovery of 

Phenolic Compounds from Passion Fruit Rind Using Ultrasound-Assisted 

Extraction” 2023 ICNPU International Conference on Natural Products 

utilization: From Plants to Pharmacy Shelf, 30 May-02 June 2023, Sts 

Constantine and Helena Resort, Bulgaria, 2023. 

6. Kakali Borah, Sukumar Purohit and Vaibhav V. Goud, “In-situ Extraction of 

Carotenoid from Passion Fruit Peel to Improve Quality of Vegetable Oil” 2021 

BREEECH International Conference on Biotechnology for Resource 

Efficiency, Energy, Environment, Chemicals and Health (BREEECH 2021), 1-

4 Dec 2021, CSIR-IIP, Dehradun, India. 

 

Achievements: 

1. Reviewer Certificate (2025): Awarded contribution to manuscript review - Food 

Analytical Methods (Springer Nature). 

2. Best Oral Presenter (2024): Awarded 1st prize for Oral Presentation in RIC 

Research and Industrial Conclave-Integration, organised by- IIT Guwahati, 

India. 

3. Prime Minister Research Fellow (2020): Awarded PMRF Fellowship for 

doctoral programme, from Ministry of Education, Government of India. 

4. MHRD Fellowship (2019): Awarded Fellowship for doctoral programme, from 

the Ministry of Education, Government of India. 

 

Workshops: 

1. Foundation of Python in Data Science (March 2024). Organised by- Students’ 

Academic Board, IIT Guwahati. 

2. Implementation of MSME Innovation Scheme-Intellectual Property Right 

(IPR) (February 2024). Organised by- MSME development and Facilitation 

Office, Guwahati; Ministry of MSME, GoI; IIT Guwahati. 

3. Applied Statistical Modeling and Data Analytics for Petroleum Engineering and 

Related Applications (November 2022). Organised by- Department of Chemical 

Engineering, IIT Guwahati and SPE IIT Guwahati Student Chapter. 

4. Sustainable Energy Utilisation Technology for Green Hydrogen and Renewable 

Fuels (October 2022) Organised by School of Energy Science and Engineering, 

TH-3830_196151004



Research Outputs 

 

230                Valorisation of Passion Fruit Rind  

IIT Guwahati and Technology Innovation Hub, IIT Guwahati Technology 

Innovation and Development Foundation (IITG-TI and DF). 

5. Python Training for Scientific Computing and Data Science (April 2022). 

Organised by- Students’ Academic Board, IIT Guwahati. 

6. Intellectual Property Rights for Academic and Research Institutions (February 

2021). Organised by TEQIP sponsored short term course Department of 

Mechanical Engineering, IIT Guwahati. 

7. Latex Workshop (October 2021). Organised by- Research Scholar Forum (RSF) 

Mathematics, IIT Guwahati. 

TH-3830_196151004


