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ABSTRACT

Rising demand for sustainable agriculture and expanding interest in alternatives to conventional
fertilizers, which contribute to soil degradation, nutrient leaching, and environmental pollution,
have stimulated research into eco-friendly nano-fertilizers. As a result, this study investigated the
green synthesis method for producing nano-fertilizer using banana peel extract (BPE) and
watermelon rind extract (WRE), with Aloe vera gel extract (ALVE) functioning as both a reducing
and stabilizing agent. The objectives entailed synthesizing and characterizing composite nano-
fertilizer derived from agricultural waste and assessing its agronomic performance on Solanum
lycopersicum L. (tomato) and Capsicum annuum L. (bell pepper) crops under greenhouse
conditions. A completely randomized factorial design (2 x10 % 4 ) was used to evaluate crop type,
composite formulation (BPE:WRE ratio of 50:50, 75:25 and 25:75 with Aloe vera gel extract
concentrations of 5,10,15 mL, including appropriate control treatments), and application dose
during the 2024 growing season. Physicochemical characterization was performed using
Ultraviolet-visible (UV-Vis) spectroscopy, Transmission Electron Microscope (TEM), Scanning
Electron Microscopy — Energy Dispersive Spectroscopy (SEM-EDS), and colorimetric
phytochemical screening, followed by an evaluation of their impact on plant development and soil
parameters. The results confirmed the successful formation of noncovalent composite
nanoparticles rich in oxygen-containing phytochemicals (flavonoids, phenols, tannins, saponins)
and essential nutrients (potassium (K), magnesium (Mg), calcium (Ca)). Lower ALVE content (5
mL) produced well-dispersed nanoparticles, whereas higher ALVE levels (10 mL) caused polymer
bridging and particle agglomeration (>500 nm). Consequently, crop type, composite formulation,
dose, and their interactions significantly influenced plant growth and soil parameters, with tomato
crops generally outperforming bell peppers across most evaluated growth parameters. In
particular, 5 mL of ALVE composites at reduced application doses improved seed emergence

percentage and plant height, whereas higher doses had the opposite effects. Leaf traits, stem



diameter, flowering and biomass traits varied depending on crop type and composite formulation.
Soil pH and electrical conductivity declined after application of the nano-fertilizer, indicating
nutrient uptake and rhizosphere modification. This study demonstrates that effective nano-
fertilizers capable of improving agronomic performance can be produced from agricultural waste
without inorganic salt precursors, highlighting a promising avenue for sustainable agricultural

practices

Keywords: Green synthesis, nano-fertilizer, banana peel extract, watermelon rind extract, aloe

vera gel extract, seed emergence, plant growth, soil pH and EC.
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CHAPTER 1
BACKGROUND

1.1 Introduction

In pursuit of addressing global challenges such as access to adequate and nutritious food, soil
degradation and climate fluctuations, sustainable agriculture has become essential in addressing
these challenges (Saleem et al., 2024). Contemporary agricultural practices prove to be insufficient
against inefficient delivery of nutrients, declining soil health and environmental pollution as a
result of excessive application of conventional fertilizers (Saurabh et al., 2024). The modern
agricultural ideology seeks to allow for the generation of high profits with minimal investment,
ensuring that no biotic or abiotic factors of life are interrupted (Saravana kumari et al., 2024). In
efforts to ensure this objective is achieved, governments have set targets to promote sustainable
agricultural initiatives due to growing consumer demand and the belief that organically produced
food has a positive impact on public health. In light of this, the advent of novel sustainable organic

farming practices has gained traction (Anand and Rai, 2024).

As previously mentioned, current agricultural food systems have been criticized for their lack of
environmental sustainability and for perpetuating economic and social inequalities. Within it,
there is a heavy reliance on monoculture and high levels of synthetic chemical applications, which
require an intense amount of energy and resources. Nonetheless, amid all the aforementioned, the
justification for continued practice lies in short-term productivity and profitability over long-term
ecological health (Zhang, 2024). Conventional fertilizers tend to release nutrients in bulk,
exceeding the rate of plant uptake (Saleem et al., 2022). The residual nutrients from conventional
fertilizers interact with soil and microbial systems, which leads to transformations such as the

volatilization of gaseous products, precipitation of insoluble salts, and leaching of soluble ions. In



addition, redox-driven processes such as nitrification and denitrification reduce nutrient

bioavailability (Giordano et al., 2021; Tian et al., 2023).

In response to these challenges, nanotechnology-based fertilizers, commonly known as nano-
fertilizers (NFs), have emerged as innovative tools in modern agriculture. Nano-fertilizers can
improve nutrient use efficiency and crop productivity, thereby supporting more sustainable
agricultural practices. These fertilizers stand out from their counterparts as they are capable of
being acclimatized to specific crop needs in line with nutrient requirements grounded on soil

conditions, environmental factors and crop growth stages (Kak et al., 2024).

Nano-fertilizers operate at the nanoscale by using particles of at least 1 billionth of a meter i.e.,
between 1 to 100 nanometers (Pudhuvai et al., 2024). This gives rise to their unique properties
such as their high surface area to volume ratio and improved reactivity, allowing for a dedicated
modifiable release of nutrients to crops. This, in turn, reduces the environmental effect that comes
with over-fertilization practices. Therefore, the improved nutrient accessibility in the rhizosphere

and facilitation of nutrient uptake improve crop quality and yields (Amanullah, 2024).

The green synthesis of nano-fertilizers using plant extracts as reducing and stabilizing agents has
gained attention as a sustainable approach (Bairwa et al., 2023). This approach is characterized by
being facile, eco-friendly, benign, cost-effective and biocompatible (Perumalsamy et al., 2024).
Plant extracts are rich in phytochemicals such as polyphenols (e.g. flavonoids, tannins), alkaloids,
and organic acids, capable of donating electrons to reduce metal ions and form protective barriers
to prevent nanoparticle agglomeration (El Shafey, 2020). These phytochemicals also act as natural
chelating agents by binding metal ions to form stable complexes (Nobahar et al., 2021). Chelating

agents improve the bioavailability of nutrients in plants by preventing nutrient loss and keeping



them soluble and stable in forms that are readily available to plants (Hussein et al., 2019). Hence,
the identification of precise phytochemicals in plant extracts is imperative in the synthesis of green

nano-fertilizer, as it brings about the modification of nanoparticles with the desired characteristics.

Plant extracts are not only rich in phytochemicals, but have also long been recognized as organic
fertilizers, primarily due to their beneficial and diverse nutrient composition (El-Serafy et al.,
2023). Prior studies have revealed that combining agricultural wastes, such as fruit peels, is an
innovative approach to enhance the efficiency and nutrient profile of fertilizers (Khanyile et al.,
2024; Ma’mor et al., 2023). Different plant materials often possess unique properties that, when
combined, can complement each other and result in improved outcomes compared to using a single
material (Khanyile et al., 2024; Ma’mor et al., 2023). Fruit peel residues, particularly banana peels
(BPs), have received increasing attention as plant-derived materials because their extracts contain
several essential nutrients, including magnesium (Mg), potassium (K), nitrogen (N), calcium (Ca),
manganese (Mn), zinc (Zn), sodium (Na), and copper (Cu), which contribute to their potential use
as bio-fertilizers (Oyeyinka and Afolayan, 2019). As reported by Gladvin et al. (2017),
watermelon rind extracts contain similar minerals present in BPs and play a role in enriching soil

organic matter and improving soil fertility (Kitundu et al., 2024).

Therefore, the present study aims to synthesize a green nano-fertilizer from a composite of banana
peel extract (BPE) and watermelon rind (WRE) extract using Aloe vera gel extract (ALVE). The
efficacy of the prepared material was evaluated on Solanum lycopersicum L. (tomato) and
Capsicum annuum L. (bell pepper) crops. The prepared material aims to promote the adoption of
green materials at the nanoscale, addressing the growing demand for organic food and encouraging

the sustainability of the environment.



1.2 Problem statement

The exponential, sudden human population growth calls for a direct proportional increase in food
production to meet the escalating demand (Hong et al., 2024). Despite anything to the contrary,
sustainable agricultural practices should be employed as a solution to ensure productivity, and
prioritized in a manner that does not endanger the environment (Gomiero, 2016). Enacting from
these so-called practices, the application of organic nano-fertilizer advocates great possibilities
that can serve as an antidote to the spreading food insecurity issue, as they function by enhancing
the ability of the soil to supply essential crop nutrients (Liu et al., 2024). Hence, the development
of novel agricultural approaches is pivotal in ensuring the global need for enough and healthy,

nutritious food is met (Varzakas and Smaoui, 2024).

It is worth pointing out, though, that extensive application of conventional fertilizer is a culprit
contributing to environmental degradation (Gaytancioglu and Yilmaz, 2024). Topsoil loss through
leaching, eutrophication of water bodies because of nutrient accumulation, culminating in the
growth of algae, aquatic biodiversity loss, and elimination of oxygen, are some of the unfavorable
environmental effects (Luna Juncal et al., 2023). Furthermore, these synthetic conventional
fertilizers claim a hefty price, thereby rendering them hardly accessible to small-scale farmers,
leading to reduced crop yields and therefore aggravating food security issues further (Zhuang et
al., 2024). It has therefore become an urgent pressing issue to innovate solutions in addressing the
negative environmental impact concerns linked with the popular application of chemical fertilizers
for the protection of ecosystems, promotion of sustainable agriculture, and tackling food insecurity

issues for vulnerable populations (Pandian et al., 2024).

Long-term reliance on chemical fertilizers can result in residue accumulation in food, which may

pose potential risks to environmental sustainability and human health. Research illustrates that



continuous agrochemical residue exposure has the potential to cause adverse health issues, which
can include neurological disorders and cancer (Khan et al., 2022; Said, 2023). Applying organic
materials for fertilization decreases the presence of harmful chemical remains on food. This is
because food produced from organic fertilizers has lower accumulation of nitrates, pesticides,
metals, and antibiotics in relation to food produced from conventional fertilizers. Hence, organic
food becomes safer and healthier because of the reduced harmful contaminants (Giampieri et al.,
2022). Apart from that, essential nutrients, vitamins and antioxidants are obtained from organic
foods and these offer more nutritional value. This, therefore, restrains the long-term influence of

consumption on chemically grown food (Rahman et al., 2024).

Irrespective of the well-known setbacks of applying chemical fertilizers, as already discussed
above, they are still undoubtedly popular and common in the production of food (Chen et al.,
2018). Consequently, production in agriculture is likely to fall into a popular concept of the law
of diminishing returns, producing low yields and lowering soil health (Xiong and Zhao, 2024).
Taking such concerns into account, this research aims to investigate the possibility of using a green
nano-fertilizer derived from the composite of banana and watermelon peel extracts as an

environmentally friendly alternative.

1.3 Justification of the study

The study holds the potential to address a concerning matter in agriculture: the need for sustainable
and environmentally friendly fertilizers. Amid ongoing climate change, which demands climate-
smart agriculture, the use of inorganic fertilizers has been a response to the threat of food
insecurity. However, the current study introduces an underexplored approach to synthesizing a
liquid green nano-fertilizer using banana and watermelon peel extracts. Its ultimate goal is to

reduce dependence on chemical fertilizers while simultaneously enhancing productivity. Through



this approach, the study will contribute to promoting environmental conservation as it will assist

in reducing the application of hazardous chemicals, which can contaminate soil, air, and water.

The proposed fruit peels, as previously mentioned, are organic materials that would otherwise be
discarded. Poor management can contribute to environmental pollution. The intervention of the
current study is to bridge the gap between the mismanagement of fruit peels (BPE and WRE) and
the valorization of these organic materials for the benefit of agricultural food production whilst
reducing waste. The banana and watermelon peels have been chosen, owing to their abundant
availability and easier access since synthesizing green nano-fertilizer from such materials is
simpler, energy efficient, which may lead to reduced operational costs. In addition, efforts by
farmers to grow food organically will also be boosted via the study. The effectiveness of green
nano-fertilizers in promoting plant growth is largely associated with their nanoscale
characteristics. Their extremely small particle size and large surface-area-to-volume ratio enhance
nutrient interaction and mobility, allowing nutrients to be retained and released more efficiently.
As a result, plants can access nutrients more readily, which supports improved growth and

development.

14 Novelty of the study

This study presents a significant advancement in sustainable agriculture by using composite peel
extracts synthesized from BPE and WRE as the primary materials for the synthesis of the nano-
fertilizer, demonstrating a synergistic effect with the potential to enhance crop attributes more

effectively than when applied individually.

In addition, this study explores a new approach of using ALVE as a reducing and stabilizing agent
for the synthesis of nano-fertilizer from BPE and WRE. Previous studies have used ALVE to
synthesize various nanoparticles, including metallic and non-metallic nanoparticles. This study

presents an approach that uses only organic materials and incorporates ALVE with BPE and WRE



to produce a nano-fertilizer containing all the benefits of the three materials, resulting in an eco-

friendly material with enhanced properties.

1.5 Purpose of the study

1.5.1 Aim

The study aimed to investigate the efficacy of banana and watermelon composite peel extracts as

a green nano-fertilizer in promoting plant growth, specifically in tomato and bell pepper crops.

1.5.2 Objectives

i.  To synthesize and characterize a liquid green nano-fertilizer derived from composite
banana and watermelon peel extracts using Aloe vera gel extract as a stabilizing agent.
ii.  To evaluate the impact of the prepared material on the growth parameters of tomato and

bell pepper crops.

1.5.3 Hypotheses

1. A green nano-fertilizer synthesized from a composite of banana and watermelon peel
extracts using Aloe vera gel extract will exhibit physicochemical and structural properties
characteristic of nano-fertilizer systems, including appropriate particle size, morphology,
nutrient availability, and phytochemical composition.

i1.  The banana and watermelon composite peel extract will have a positive impact on the seed

emergence and growth parameters of the tomato and bell pepper crops.

1.6  Reliability, validity, and objectivity
Data reliability was assessed through statistical analysis using a significance level of 5%. The

validity of the findings was ensured by repeating the experimental treatments. Objectivity in the



study was maintained by relying on empirical evidence during data interpretation, thereby

minimizing subjective influence in the analysis.

1.7 Bias
To mitigate bias, it was ensured that each experiment was conducted with sufficient replications

to account for potential errors (Leedy et al., 2019).

1.8 Summary of Chapter 1

This chapter introduces the thesis and addresses the importance of implementing eco-friendly
agricultural practices. Problems associated with the extensive application of chemical fertilizers
regarding the environment and the food chain system are discussed. Considering this, the study
proposes the application of organic waste materials, banana and watermelon peels in particular,
for the synthesis of green nano-fertilizer. The chapter establishes the justification, aim, objectives,
hypotheses, and the novelty of the study. In addition, this chapter also presents how the study will
ensure that results are not biased. The assurance is backed by the deployment of comprehensive
measures, including statistical analysis, replication of experiments, and reliance on empirical

evidence.

1.9  Outline of the dissertation

This dissertation comprises five chapters. Chapter 1 establishes the overall research framework
of this study and outlines the overall research approach adopted, encompassing key
methodological elements. Chapter 2 provides a critical review of relevant literature, highlighting
previous studies on the green synthesis of nano-fertilizer using plant extracts, developments in the
use of nano-fertilizers, and identifies the research gap this research aims to address. Chapter 3
details the materials and methods used in the synthesis of the green nano-fertilizer, and the

characterization of the green nano-fertilizer. Chapter 4 presents agronomic practices related to



the application of prepared green nano-fertilizer. Chapter 5 presents a summary, discussion of

the findings and conclusions drawn from the study and offers future recommendations.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

There is a compelling dilemma in agriculture, one that entails uncovering the optimal solution to
meet sustainable global food demands without exacerbating soil degradation and depleting water
and other natural resources (Kumari et al., 2024). Conventional fertilizers, though highly efficient
in enhancing crop yields, are prone to initiating environmental repercussions. These issues include,
but are not limited to soil degradation, nutrient runoff, and water contamination (Luna Juncal et
al., 2023; Madjar et al., 2024). By virtue of this phenomenon, a new paradigm shift has been
enacted, prompting the world to gravitate towards more sustainable production techniques
(Moodley et al., 2024). Hence, the growing interest in organic alternatives is becoming prominent,
with a major focus on enhancing crop yields while minimizing environmental impact (Wang et
al., 2024). As a countermeasure against the environmental threats posed by traditional chemical
fertilizers, green nano-fertilizers have come to the rescue as a promising alternative, offering
potential solutions for enhanced agricultural production with reduced ecological effects (Arora et
al., 2024; Elsabagh et al., 2024). Nano-fertilizers represent a novel class of fertilizers developed
through nanotechnology to improve the efficiency of nutrient delivery to plants (Kekeli et al.,
2025). These fertilizers are composed of nanoparticles with a typical size between 1 and 100 nm
(Kumar et al., 2025), which can completely enclose essential nutrients, including N, P, K, and
micronutrients efficiently (Mim et al., 2025). Their minute size allows for an increased surface
area and enhanced interaction with plant cells through the facilitation of better nutrient utilization
and absorption (Demeke et al., 2025). This specific delivery system has the potential to reduce
nutrient losses, environmental impact, and improve crop yields, contrary to their counterparts i.e.,
conventional fertilizers (Goyal et al., 2025). These nano-fertilizers share a similar formulation as

they can be synthesized from both inorganic and organic materials (Ayenew et al., 2025).
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Numerous studies have reported that metallic and metal oxide nanoparticles (NPs) can promote
plant growth by improving crop yield, nutrient uptake, and fruit quality (Ageel et al., 2022;
Ozgéren Can et al., 2024). Commonly studied nanoparticles include titanium oxide (TiO:), iron
oxide (Fe20s), silver (Ag), zinc oxide (ZnO), and gold (Au). Their unique physicochemical
characteristics enable effective interaction with plant systems, which can enhance several
physiological processes (Keita et al., 2025). However, despite their good properties, they have an
undesirable loophole in their mechanism of action. Studies have reported issues such as toxicity,
negative effects on non-target organisms, and possible accumulation within the food chain (Islam,
2025a; Zhang et al., 2025). Utilization of plant extracts, which are now gaining traction in the

synthesis of nano-fertilizer (Wanapat et al., 2024).

It has become common practice to discard plant extracts, especially fruit peels, which add to the
build-up of waste, creating health and environmental issues (Hasan et al., 2024). Nonetheless,
recycling these fruit peels into valuable material is feasible, such as using them as bio-fertilizers
and as an additive to livestock feed (Bishnoi et al., 2023). Banana peels present a promising
antidote for becoming a potential bio-fertilizer and this discovery finds its anchors in several
studies. Sampling out from these studies, According to Sogani et al. (2023), the application of BPs
as a bio-stimulatory fertilizer significantly enhanced the germination performance of black gram
crops. To support this, the study showed an increase in the germination rate of gram crops to 100%
with 12mL"! application of the biofertilizer compared to the low 12% in the control group. In a
separate study, Hussain et al. (2023) discovered that the growth of flax plants is significantly
improved by the application of liquid fertilizer synthesized from banana and apple peels. Various
vegetative characteristics, including plant height, shoot fresh weight, root fresh weight, and levels

of photosynthetic pigments, were used to compare treated plants with the control group.
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Similarly, BPs and WRs are often disposed of as agricultural waste, which holds nutritional value
(Ben Romdhane et al., 2024). To truly harness the maximum production of bio-fertilizer from
WRs in the most efficient way possible is through the use of Response Surface Methodology,
provided that the conditions identified give a 20 day retention with a water ratio of 400 mL for
significant nutrient content of primary nutrients (N,P,K) and this is brought forth by the findings
of Eurogo et al. (2022). Plant-derived extracts, including those from banana and orange peels,
have been widely used due to their dual function as bio-fertilizers, acting as reducing and
stabilizing agents in synthesizing nanoparticles (Goh et al., 2023) . However, there is still an
untapped area in this topic; as far as the existing body of knowledge is concerned, no study appears
to have utilized plant extracts as both the source of nutrients, reducing and stabilizing agent in the
synthesis of bio-fertilizers let alone using the same plant extracts solemnly for both as a nutrient
source and as a reducing agent in synthesizing nanoparticles with the intention to use them as bio-
fertilizers. Thus, the aim of this literature review is to delve deeper into current research on the
utilization of plant extracts as bio-fertilizers, focusing on BPE and WRE. Additionally, investigate
a green approach to synthesizing nano-fertilizers. Then, explore the effects of these organic nano-

fertilizers on how they affect the development of plants in general.

2.2 Attributes that qualify a material to be classified as a fertilizer

Fertilizers are the pillars of agricultural production as they replenish essential nutrients, thereby
improving crop growth, yields and soil fertility (Asadu et al., 2024). The process is initiated by
the absorption of nutrients from fertilizers. These nutrients are assimilated by plant roots, which,
as a result, boost the main physiological functions such as photosynthesis. In response, plants
improve in growth, tolerating stress and eventually their yield is improved (Anbarasan and
Ramesh, 2021; Guo et al., 2021) (Figure 2.1). Should a material contain at least one macronutrient,

for example, N, P, K, and hold the capability of releasing these nutrients in a bioavailable form
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1.e., accessed and absorbed by plants’ roots with ease, then such a material can be regarded as
fertilizer (Chakraborty et al., 2022). For efficiency, fertilizers are often formulated to be absorbed
in soluble form and release nutrients in this manner, which allows for efficient uptake by plants.
They can be categorized into organic and inorganic types, primarily based on their origin and

composition (Asadu et al., 2024).
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Figure 0.1:Mechanism of fertilizer application in enhancing plant growth. (A) plant receiving
nutrients via compost shows healthy development of flowers and fruits. (B) Plant without nutrients

shows stunted growth and discolored leaves. Source: Author’s own illustration.

23 Organic and inorganic fertilizers

Organic fertilizers are natural substances derived from plants or animals that supply essential
nutrients to plants and serve a vital function in sustainable agricultural practices through the
promotion of environmental health and improving soil fertility (Khan et al., 2024). The following

are examples of fertilizers: manure, bone meal, and fish emulsion (Ullah, 2023). Contrary to

13



organic fertilizers, inorganic fertilizers are artificial and based on minerals that supply nutrients in
readily available forms. This gesture buys the attention of farmers looking to improve their crop
yield within a short space of time (Quddus et al., 2025). The most common inorganic fertilizer
examples include, but are not limited to, potassium chloride, superphosphate, ammonium nitrate

etc. (Cabrera and Solis-Perez, 2017).

Both the aforementioned fertilizer types present their own challenges, though the focus here is on
the limitations imposed by organic fertilizers. For example, the hefty price to manage the nutrient
budget of organic fertilizers is due to their low nutrient profile and variability in mineralization
dynamics. This challenge emanates from their organic physique, which makes it difficult to predict
the availability of nutrients effectively to meet the demand required by crops (Goldan et al., 2023;
Lazicki et al., 2020). Manure and bone fish meal are just some examples with considerably varying
nutrient content (Ahuja et al., 2020; Rayne and Aula, 2020). Careful management to ensure
balanced soil fertility is thus a requirement for managing these varying nutrients (Singh et al.,
2024). As mentioned earlier, their outstanding feature is their low nutrient concentration, which
necessitates bulk supplementation. However, this creates challenges in terms of transportation and

handling (Velthof et al., 2024).

Hence, the continued widespread use of chemical fertilizers is due to the confidence farmers have
in them to achieve acceptable yields through their application (Aryal et al., 2021). Therefore, to
address these limitations, nano-fertilizers are now being introduced into agricultural production,
promising increased yields without compromising the environment. However, the increased use

comes with empirical development of supporting data through research.
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24 Utilization of organic materials as sources of nutrients in the synthesis of nano-

fertilizers

2.4.1 The banana plant

The origin of banana crops has its descent rooting from the wet tropics of South-East Asia (SEA),
before being distributed in over 130 countries (Uwimana et al., 2020) through cultivation and trade
(Salas-Pascual and Caceres-Lorenzo, 2022). Banana plant, also scientifically known as Musa spp.
belong to the Musaceae family. These crops thrive better in wet climatic regions i.e., tropical and

subtropical climates (Maseko et al., 2024).

Their large leaves, a key physical attribute, make them heavy feeders, thereby increasing the
demand for a continuous supply of both primary and secondary nutrients to promote optimal
production and development (Santosh et al., 2022). According to Hussain et al. (2016), the
nutrients required for optimum development of banana plants are N, P and K (primary nutrients)

and Mg, Ca, Mn, Fe, Zn and B (secondary nutrients).

Due to their high requirement for K (Chen et al., 2022), a substantial amount (1000-1500 kg/ha)
of potassium oxide equivalent K>O is needed for optimum growth and fruiting (Shira et al., 2013;

Villasenor-Ortiz et al., 2022).

2.4.1.1 Banana fruit and peel composition

The banana fruit represents the primary economic component of the crop and is ranked among the
most valuable agricultural commodities globally, following wheat (7riticum aestivum L. (wheat),
Zea mays L. (maize), and Oryza sativa L. (rice) (Osorio-Guarin et al., 2024). On average, a banana
fruit weighs approximately 125g and consists of about 25% dry matter (DM) and 75% water

content (Hikal et al., 2022).

15



Structurally, the fruit is composed of two main parts: pulp, which is the edible portion, and the
peel, which serves as an outer protective layer (Vishala and Singh, 2021; Yasin et al., 2025).
Although the pulp is primarily consumed, the peel constitutes a significant proportion of the fruit
biomass and is rich in macro-and micromicronutrients, bioactive compounds, and structural

carbohydrates (Ranjha et al., 2022).

These peels are continuously generated year-round due to the continuous availability of the banana
fruit (de Angelis-Pereira et al., 2016). These peels tend to become a major waste problem for
households and fruit markets, leading to increased daily waste. The abundance of waste then
produces gases via the process of anaerobic respiration, creating an unpleasant odour and
disturbing the natural air balance (Kumari et al., 2023). As a result, various industries, including
agriculture, beverages, paper manufacturing, cosmetics, food processing, bio-absorbents, energy
resources, biofuel production, medicine, and textiles (Table 2.1), have ventured into the use of

fruit peels for different applications (Castillo et al., 2023).
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Table 0.1: The different applications of fruit peels across various industries

Industry Fruit Peels Uses Reference

Agriculture Banana, sweet lime and Used as bio-fertilizer (Devi et al., 2023)
papaya peels

Cosmetics Banana and pomegranate Used in skin care for their antioxidant and (Khang et al., 2021)

Food processing

Bio-absorbents

Bio-fuel production

peels

Banana, apples, pineapple

and pomegranate peels

Banana, orange and

pomegranate peels

Orange and banana peels.

antibacterial properties for skin care.

Used for extending food shelf-life due to their

antioxidant properties.

Used as bio-absorbents for absorbing

pollutants from wastewater.

They can be converted into bioethanol and
biodiesel  through  fermentation  and

transesterification.
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Medicines

Textiles

Citrus peels and banana

peels

Banana and orange peels

Are used for their bioactive compounds to
treat cough, digestive problems, infection,

muscle pain and skin inflammation.

Are used for creating sustainable and

biodegradable fabric

(Hussain et al., 2022)

(Redko, 2017)
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2.4.1.2 Banana peel nutritional value

The banana peel is rich in essential nutrients (Khanyile et al., 2024) necessary for the
development of NFs. Tsado et al. (2021) discovered that sodium (Na) is the most abundant
element in banana peels, with a concentration of 58.16+£2.73 mg/100g, followed by
magnesium; 49.32 +0.74 mg/100g; potassium; 38.22 +0.16 mg/100g; phosphorous; 22.64
+0.38 mg/100g; calcium; 17.85 +0.25 mg/100g; zinc; 11.60 £0.03 mg/100g; manganese; 10.38
+0.04 mg/100g; iron and copper were found to be the least element, containing 5.06 +0.07

mg/100g and 1.35 +£0.05 mg/100g, respectively.

Siahaan et al. (2023) also observed that BPs can be used as liquid organic fertilizer (LOF), and
this is due to their high N content (4.070%), which meets the LOF’s N content standard (3-
6%). Based on this approach, the LOF synthesized from banana peels has the potential to serve
as an alternative to potassium chloride (KCI) fertilizer as a K source (Hariyono et al., 2021),
and this is also confirmed by Islam et al. (2019) through banana peel biochar (BPB). The
application of banana peels has demonstrated positive results as a sustainable amendment of
the soil, but studies have indicated that combining them with other organic materials offers

synergistic benefits (Nurseha et al., 2023).

An eco-friendly compost was developed by Fernando and Weerasinghe (2023) by combining
papaya peels, eggshells, banana peels, and onion peels in equal proportions. To ascertain the
efficiency of the compost, it was tested on the growth performance of Capsicum annuum L.
(bell pepper) seedlings. The findings indicated that the high K content from banana peels and
the high Ca content from eggshells increased the seedling performance of C. annuum L. This
confirmed that banana peels, combined with eggshells and other organic materials, make them

a better soil amendment and contribute significantly to crop productivity, as found by Ma’mor
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et al. (2023). Their study combined banana, orange, and papaya peels with eggshells, resulting
in improved maize growth performance. The key point from the aforementioned is that banana
peels and eggshells, combined with other organic materials, can be a feasible, sustainable

approach to enhance the productivity of agriculture.

The biochemical constituents contained bring forth an abundance of phytochemical
compounds. These include flavonoids (tannins), carotenoids, alkaloids, biogenic amines,
quinones, polyphenols, saponins, phytosterols, phenols, and monoterpenes (John Isa, 2024;
Sheidu et al., 2021). Plant phenolic compounds offer several benefits for plant development as
they are used as functional polymers, ultraviolet protectors (flavonoids), antioxidants,
attractants (carotenoids and flavonoids), phytoalexins, protection chemicals, and flash signals
(salicylic acid) (Chowdary et al., 2022; Lin et al., 2016). Apart from that, these compounds
also serve as regulators of plant growth, allelopathic compounds, and plant defense
mechanisms (Al et al., 2024; Cheng et al., 2024). Various investigations have unraveled those
bioactive compounds, including saponins, terpenoids, flavonoids, anthocyanins, lycopene,
phenolics, tannins, and alkaloids, which have antimicrobial activities (Al-Hajj, 2021). Owing
to their phenolic content, banana peel extracts scavenge and neutralize free radicals in plants
(Nasir et al., 2020). These free radicals, like the reactive oxygen species (ROS), induce dire
consequences on plants as they disrupt their cellular homeostasis and initiate oxidative stress
(Rai and Kaushik, 2023), resulting in damaged Deoxyribonucleic Acid (DNA), proteins, and
cell membranes (Sachdev et al., 2023). Therefore, the vitality of using banana peels in
producing fertilizers should not be undermined since they exhibit properties that improve the

growth performance of plants.
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2.4.2 The watermelon plant

Watermelon (Citrullus lanatus) belongs to the Cucurbitaceae family (Devi et al., 2020) and it
is native to Africa, where it has been cultivated for centuries (Paris, 2015). The watermelon is
characterized as a large, sprawling annual plant with coarse, hairy, pinnately lobed leaves and
yellow flowers. However, the watermelon fruit is featured with a smooth, thick, deep green
exterior rind with vertical stripes that can be either light green or grey (Tomar, 2018). The
plants are grown for their edible fruit, which is eaten fresh or utilized in different culinary
dishes (Nadeem et al., 2022; Olalekan et al., 2025). Dry and warm climatic environments are
the most preferred to grow watermelons effectively as they are not frost-tolerant (Burdulis et
al., 2025; Ali et al., 2017). The suitable temperature range to grow productive watermelon
plants is from 18-35 °C (Jang et al., 2022). Warm temperatures during the ripening stage
encourage superior-quality fruit. Chemical fertilizers, especially N, play a significant role in

enhancing their yield and maintaining quality (da Silva et al., 2020).

The physical appearance of a ripe watermelon features a green outer rind and red flesh where
the rind is situated. The rind itself is light green in color and has a plethora of bioactive
compounds, minerals, and phytochemicals (Kataria and Kaur, 2023). The fruit is composed of
a low-energy fruit matrix packed with a high nutrient capacity, including vitamins A, C, Bi,
Bs; potassium; magnesium; dietary fiber, antioxidants such as lycopene and has a high-water
volume (Manivannan et al., 2020; Nissar et al., 2025). Taken as a whole, all these constituents
play a huge role in various functions such as hydration, cardiometabolic regulation,
gastrointestinal function, exercise recovery, and cutaneous antioxidant protection (Bailey et al.,
2016; Gu et al., 2023; Volino-Souza et al., 2022). Nonetheless, despite all these benefits, the

use of WRE remains limited due to a lack of awareness and an underrated perspective.
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Generally, one-third of the fruit is the watermelon rind (WR), yet it is discarded because of its
unappealing flavor. This is why a broad view of WRE is largely confined to a single frame of
reference, yet so many benefits can be realized by valorizing watermelon rinds (WRs) across
different industries. In a bid to leverage the often-overlooked benefits of fruit rinds, varying
industries are already applying them in different ways. These industries include food,
cosmetics, and pharmaceutical industries, as well as industrial applications in biofuel
production and eco-friendly packaging. The versatile nature of the watermelon rind presents
itself as an exciting research area that may encourage researchers to uncover new applications

and improve the existing ones (Dubey et al., 2021; Manikishore et al., 2025; Zia et al., 2024).

2.4.2.1 Chemical composition of watermelon rinds

Previous studies have shown that the watermelon rinds contain essential nutrients required for
optimum plant development (Zia et al., 2021). Table 2.2 lists nine minerals identified in the
watermelon rind powder by Gladvin et al. (2017) and Egbuonu (2015), excluding the quantity

of minerals present in the rinds.
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Table 0.2: The watermelon rind powder mineral profile

No. Mineral Content (mg/100g)

(Gladvin et al., 2017) (Egbuonu, 2015).

1 Phosphorus 129.70 135.24
2 Magnesium 30.40 1.48

3 Calcium 28.00 29.15
4 Potassium 21.70 1.37

5 Sodium 11.40 12.65
6 Iron 4.63 1.29

7 Manganese 1.30 1.48

8 Zinc 1.25 1.29

9 Copper 0.40 0.45

Both studies converge on a high phosphorus (P) content and the least amounts of zinc (Zn) and
copper (Cu). This may be attributed to their similar methods of extraction and material analysis.
Nonetheless, the nutrient content of the WR presented in Table 2.2 varied between the two
authors and this might be ascribed to cultivar and variety. This observation is supported by
Gladvin et al. (2017) and Ashoka et al. (2022), who reported that different watermelon cultivars
have varying mineral compositions. Moreover, independent authors have also unraveled many
other factors contributing to this such as soil, pH and nutrient availability. For example,
watermelon fruits cultivated on soil rich in nutrients will have different minerals (Romelle et
al., 2016). The same author highlighted that agricultural practices such as fertilizer, pesticide
use, and irrigation methods can also alter the mineral composition of fruit peels. Other factors

are environmental, such as climate conditions like humidity, temperature and rainfall during
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earlier stages of development, which can also influence crop nutrient uptake of minerals. This,

in turn, leads to variations in nutrient composition of agri-waste (Czech et al., 2020).

According to Mo et al. (2016), the watermelon N content in the rinds makes them suitable
sources of N, allowing them to serve as N precursors in the production of N-doped activated
carbon. Studies conducted previously have reported that WRs contain an amino acid known as
citrulline (Joshi et al., 2019; Volino-Souza et al., 2023), which contains three nitrogen atoms
in its chemical structure as shown in Figure 2.2. As a result, the presence of citrulline in

watermelon rinds indicates the presence of N.

H>N
—Q0
NH

HoN

HO

Figure 0.2: Citrulline chemical structure.

Phytochemical compounds present in WRs contribute to plant defense mechanisms and
reproductive development by promoting pigment synthesis in flowers and fruits (Manivannan
et al., 2020). Erugo et al. (2022) produced a bio-fertilizer using WRs through fermentation. The
study focused on determining the ideal conditions for biofertilizer production. It was found that
fermenting WRs for 20 days with 400 mL of water gave optimal results, with high levels of N
(26.2824%), P (94.5099%), and K (0.0005%) observed. Another study also utilized WRs with
other agricultural waste materials to produce a bio-fertilizer in combination with cow dung

through anaerobic digestion (Hassan and Abdulsalam, 2017). Prior to digestion, the N content
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in the substrates was calibrated at 14 mg/L, while the P content expressed as phosphorous
pentoxide equivalent (P20s) and K content expressed as potassium oxide equivalent (K>O)
were at 2.75 mg/L and 2.6 mg/L, respectively. Post digestion, a significant increase in nutrient
composition was observed, confirmed by a rise in N content to 25 mg/L, representing a 78.57%
increase. Likewise, P content increased to 5.2 mg/L, demonstrating a significant increase of

89.09%. In addition, K content increased to 4.8 mg/L, marking an increase of 84.62%.

Mahmud et al. (2019) converted solid waste, including the following materials: paper, banana
peel, watermelon rind, pineapple peel, and orange peel, and mixed them all into bio-fertilizer
through vermicomposting. Amongst these compositions, the mixture exhibited the highest level
of nutrients, resulting in N, P and K concentrations of 17.2%, 10.24%, and 48.32%,

respectively.

The studies of Mahmud et al. (2019) and Hassan and Abdulsalam (2017) further underscores
the incorporation of WRs with other solid waste materials, as it improves the composition of
nutrients in the fertilizer. Therefore, their studies form a suitable coalition with the above
findings from other esteemed sources in the production of organically backed fertilizer from

plant extracts.

2.5 The coalition of studies for banana peels and watermelon rinds and the unfilled

research gap

The studies on both BPs and WRs give us a huge insight into the production of organic
fertilizers using BPE and WRE with different organic materials because of the high nutrient
elements that emerge alongside the discovery of phytochemicals, fibers, minerals and vitamins.
Various methods of producing these peel-backed organic fertilizers also vary considerably,

including converting them into liquid fertilizer (Siahaan et al., 2023), turning them into powder,
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and fermenting them (Mahmud et al., 2019; Egbuonu, 2015). While previous studies provide
substantial evidence supporting the use of BPs and watermelon rinds (WRs) in organic fertilizer
development, limited research has explored their combined application at the nanoscale.
Previous studies seem mainly focused on using these peels for their nutrient content and
biochemical constituents in a traditional sense, rather than on improving their novelty. As a
result, the literature on converting agricultural waste into nanoscale particles using only organic
materials, without adding chemical fertilizers, is scant and insufficient. Hence, the proposed

nanoscale approach.

2.6  Nano-fertilizers

As discussed earlier in the introduction to this chapter, particularly pertaining to the third
paragraph, the distinct characteristics of nano-fertilizer set them apart from their conventional
counterparts. Their minute nanoscale dimension permits distinct physicochemical properties,
notably enhancing their functionality (Avila-Quezada et al., 2022). Evidence from multiple
studies indicates that nano-fertilizers can significantly enhance crop performance, suggesting
their promising application in sustainable agricultural systems (Abdel et al., 2018; Latef et al.,
2018; Midde et al., 2024; Nazir et al., 2024). As such, various nano-fertilizer types have been
investigated in three-fold: for their capability to improve nutrient uptake by plants, increase

yields, and enhance overall crop quality.

The study by Latef et al. (2018) investigated the potential of titanium oxide nanoparticles (TiO-
NPs) to counteract the adverse effects of soil salinity on the growth of Vicia faba L. (broad
bean) during the vegetative stage. Three concentrations (0.01%, 0.02%, and 0.03%) were
evaluated based on plant growth and stress responses. The findings indicated that 0.01% TiO»
NPs improved leaf area, shoot length, root dry weight, soluble sugars, chlorophyll, proline, and

antioxidant enzyme activities under both normal and saline conditions. The study further
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revealed that the positive effects were concentration-dependent, with 0.01% being most
effective, while higher concentrations were either ineffective or reduced effectiveness, possibly
due to agglomeration or genotoxic effects. These results highlight the potential of TiO2 NPs as

a stress-ameliorative agent in improving crop resilience under saline conditions.

Midde et al. (2022) evaluated the impact of nano urea on growth and yield parameters of Oryza
sativa L. (rice), focusing on enhancing nitrogen use-efficiency (NUE) and reducing fertilizer
consumption. Treatments included recommended nitrogen doses (RDN), conventional urea,
and nano urea, as well as combinations such as 50% RDN + 50% nano urea. Growth parameters
measured included plant height, number of trillers, leaf area index (LAI), and dry matter
production. The combination of 50% RND +50% nano urea displayed the highest dry matter
production and improved LAI, with significant effects on grain yield and related yield
components. The study concluded that partial substitution of conventional urea with nano urea

improves growth and yield while reducing fertilizer input costs.

Nazir et al. (2024) investigated the effects of phyto-generated zinc oxide (ZnO) NPs on the
growth and yield of Triticum aestivum L. (wheat) and Zn biofortification. Different Zn
concentrations (0, 25, 50, 100, 200 mg/L) were compared to Zn acetate at 100 mg/L. The
findings showed that zinc nanoparticles improved wheat growth, particularly plant height, leaf
number and area, with the most observed increase recorded at 25 mg/L (23% improvement
compared with the control). Significant increases in biochemical parameters such as
carotenoids, carbohydrates, chlorophyll, protein content, and antioxidant enzyme activity were
also reported. These findings underpin the potential of nanoparticles in enhancing crop growth

and stress tolerance.

In summary, Abdel et al. (2018), demonstrated that the positive effects of managing crop stress

TiO2 NPs are dependent on the precise lower (0.01%) concentration of these particles. Any
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increase above this level is likely to have no effect or be reduced due to agglomeration or
genotoxic effects. Midde et al. (2022) also employed the same “nano particle precise
approach”, emphasizing that the growth and yield of rice crops in terms of producing the
highest grain and straw is dependent upon 50% RDN combined with 50% nano Urea, thereby
eliminating the need for conventional urea. In addition, Nazir et al. (2024) also emphasized a
precise concentration of ZnO NPs at 25 mg/L to observe better Triticum aestivum L.(wheat)

crop performance in terms of height, biochemical constituents, and antioxidant enzymes.
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Table 0.3: Summaries of studies on the impact of different types of nano-fertilizers on crop performance

Type of nano-fertilizers

Crop

Observed benefits

Reference

TiO2 NPs

7ZnO nano-fertilizer

Vicia faba L.

(broad bean)

Triticum

aestivum L.

(wheat)

Enhanced plant growth

Increased soluble sugars and mino cids

Osmo protection under saline conditions

Enhanced antioxidant activities

Enhnaced growth and yield

Morpho-anatomical changes

Biochemical enhancements
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MARDI nano-Fertilizer

Copper nano-fertilizer

Nano- urea

Nano-Potassium Fertilizer

Cucumis
melo L.
(rockmelon)
Mentha X
piperita L.
(peppermint)

Oryza sativa

L. (rice)

Glycine max
(L. Merr.

(soybeans)

Improved growth metrics

Optimal development and quality of rock melon

Increased photosynthetic pigments

Increased the number of branches and leaves,

total leaf area of peppermint plants

Increased production of menthone and Menthol

Enhanced growth attributes

Increased yield

Early flowering

Potassium nano-fertilizer significantly affected

soybean protein and oil percentages
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2022)



e Improved plant height, the number of leaves,

and the number of lateral branches

e The highest yield of 3.17 tons per hectare was

achieved

e Potassium nano-fertilizer decreased the adverse

effects of drought stress by about 25%

e Increased water use efficiency (WUE)

Nano-phosphorous Triticum e Improved Nutrient Use Efficiency (NUE) (Poudel et al., 2023)

aestivum L.
e The application of nano-P fertilizers has been
(wheat)
shown to improve growth, yield, and yield-

attributing properties of wheat
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In reference to the studies summarized in Table 2.3, the role of nano-fertilizers in improving
the performance of plants has been illustrated. The research points out the advantages of
different kinds of nano-fertilizers for various crops. As previously discussed, the unique
properties of nano-fertilizers are a major contributor to their exceptional performance. In the
most vital sense, these properties are closely linked to the synthesis method employed. The
synthesis of nano-fertilizers can be done using several approaches and these can be chemical,
physical, and green synthesis methods (Banjara et al., 2024). Each method provides unique
properties, which influence the emerging nano-fertilizer. This difference underpins the
necessity for researchers to take extra precautions in their synthesis methods as the choices
made directly impact the characteristics of nano-fertilizer and, consequently, their efficiency
in agricultural applications (Afroz et al., 2021). For the purpose of this study, only the green

synthesis method will be discussed.

There has been a growing interest in green synthesis as a viable approach to fabricating nano-
fertilizers. This method not only promotes environmental sustainability, but also offers unique
benefits in terms of the properties of the resulting nanoparticles (Channab et al., 2024; Zafar et
al., 2024). Understanding how green synthesis influences these properties is crucial, as it allows
researchers to tailor nano-fertilizers to meet specific agricultural needs (Faizan et al., 2024).
As such, delving deeper into the impacts of green synthesis on the characteristics and
subsequent performance of nano-fertilizers is a pivotal area of exploration that aligns with
current research trends in sustainable agriculture. This focus on green synthesis will enable
advancements in the development of effective and eco-friendly nano-fertilizers that can

significantly contribute to enhancing crop productivity (Wahab et al., 2024).
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2.7 Green synthesis of nano-fertilizers

Green synthesis correlates to sustainable methods with the aim of satisfying contemporary
necessities while protecting the capacity of generations to come, so they can meet their own
(Hariram et al., 2023). The approach puts emphasis on the use of renewable and sustainable
sources, including plant extracts, microbes, and agricultural waste, for synthesis, as these
resources are readily available and do not deplete limited reserves (Aswathi et al., 2023). Plant
extracts used in synthesizing nano-fertilizers through the application of green synthesis
constitute the following: stems, fruit peels, roots, leaves, bark, seeds and flowers (Saifuddin et
al., 2024). These plant extracts function as natural stabilizing and reducing agents and assist in
outmaneuvering chemical reducing and stabilizing agents (Singh et al., 2023). Apart from
that, microbes like algae, fungi, bacteria and yeasts can also be incorporated into green
synthesis (Bahrulolum et al., 2021). The principles of green nano-fertilizers are summarized in

Figure 2.3.

Environmentally

friendly solvents

Natural reducing

Renewable
and stabilizing

ICSouUrces

agent

Green synthesis of nano-fertilizers

Biocompatibility Reduction of

and Non-toxicity waste generation

Energy efficient

processes

Figure 0.3: The key principles of green synthesis approach of synthesizing nano-fertilizers
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2.7.1 Plant extracts in the synthesis of nano-fertilizers

Plant extracts contain bioactive compounds in abundance, and these are the secondary
metabolites that are tailored for various applications such as functional and therapeutic
properties (Twaij and Hasan, 2022). The reported plant extracts by various researchers include,
but are not limited to the following: flavonoids, alkaloids, phenolic acids, polysaccharides
(sugars), quinines, tannins, ascorbic acid, terpenoids and saponins (Riaz et al., 2023; Sun and
Shahrajabian, 2023). Owing to their bioactive compounds, plant extracts are involved in
oxidation reactions to reduce metal ions from a higher oxidation state to a lower neutral state
(El Shafey, 2020). In general, nanoparticles are highly reactive and need to be functionalized
to maintain stability and halt or prevent undesirable changes such as oxidation or
agglomeration. This is due to their large surface area to volume ratio, making them susceptible
to being volatile to surrounding molecules, including other nanoparticles (Xu et al., 2018).
However, plant extracts also function as capping and stabilizing agents to prevent
agglomeration of nanoparticles. Figure 2.4 mimics a simplified bio-reduction process of
metallic elements using Aloe vera gel extract as the reducing and capping agent (Ahmad et al.,

2024).
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Figure 0.4: The bio-reduction of gold nanoparticles using Aloe vera gel extract as a reducing

and stabilizing agent. Authors own’

2.7.2 The effect of concentration of the plant extracts used in synthesizing nanoparticles

The concentration of plant extracts has a vital role in nanoparticle synthesis as it influences
their shape, size and overall properties. Various studies have employed different concentrations
of plant extracts as reducing and stabilizing agents for the synthesis of inorganic nanoparticles.
The example by Ahemed et al. (2023) synthesized TiO2 NPs using Aloe vera gel extract as a
reducing and capping agent. Three concentrations (10, 20, and 30 mL) were employed. The
results showed inhibition zone sizes of 20.8 mm, 19 mm, and 17.2 mm, respectively. Structural
properties were confirmed using X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and Raman spectroscopy. The study demonstrated that increasing the
concentration of Aloe vera gel extract reduced TiO: crystal size, indicating an indirect

proportional relationship between extract concentration and nanoparticle size.
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These findings correlate with those of Villagran et al. (2024) as they also discovered that the
concentration of the reducing agent, particularly referring to orange peel extracts, alters the
properties of ZnO NPs to a great degree. Their study further revealed that adding 50 mL of
orange peel extract to 100 mL of zinc nitrate dihydrate solution resulted in the quick synthesis
of nanoparticles composed of uniform sizes, a narrower optical band gap, and increased surface
energy. Contrary to the aforementioned, lower concentrations (25 mL and 35mL) resulted in
slower formation. Meanwhile, 1:1 v/v (orange peel extract: zinc nitrate dihydrate solution)
yielded non-uniform nanoparticles. This, therefore, emphasizes the importance of optimizing

the concentration of plant extracts in tailoring nanoparticle characteristics.
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Table 0.4: The effect of concentration of plant extracts in the synthesis of nanoparticles

Type of Plant extract Plant extract amount: Nanoparticle Nanoparticle shape Reference
nanoparticles metal salt solution (ml) size (nm)
Ag NPs Aloe vera gel extract 5 mL: 45mL (1:9) 25.26 nm Spherical (Ibrahim et al., 2020)
Ag NPs Aloe vera gel extract 10 mL: 40 mL (1:4) 66.6 nm Spherical (Sohal et al., 2019)
Ag NPs Hibiscus  sabdariffa L. 26 mL:100 mL (13:50) 25 nm Spherical-shaped (Khan et al., 2024)
(roselle) leaves extract
Ag NPs Lysiloma acapulcense (- 2.5ml: 2.5 ml (1:1) 5Snm Spherical and quasi-  (Garibo et al., 2020)
Tepehuaje) stem spherical
nanoparticles
and roots extracts
Ag NPs Aloe vera gel extract 20 mL: 5 mL (4:1) 12-40 nm Spherical shaped
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Au NPs 15 nm (Kamala Nalini and
Vijayaraghavan ,2020)
Ag NPs Lawsonia inermis L. (henna) 10 mL:50 mL (1:5) 3.48-1934nm  Spherical shaped (Said et al., 2024)
leaves extract
Zn0O NPs Scallion’s onion peel extract 50 mL Spherical=40- Spherical and rod- (Soltani et al., 2023)
100 nm shaped particles
Rod shaped=
above 200 nm
Zn0O NPs Punica granatum L. 95 mL:5 mL (19:1) 118.6 nm hexagonal crystalline  (Abdelmigid et al.,
(pomegranate) peel extract shape 2022a)
ZnO NPs Neem leaf extracts 20 mL:100 mL (1:5) 25.26 nm Hexagonal
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CuO NPs 20 mL:80 mL (1:4) 18.42 nm Monoclinic (Yadeta Gemachu and
Lealem Birhanu, 2024)
NiO NPs 20 mL:100 mL (1:5) 10.50 nm Cubic
TiO2 NPs Aloe vera gel extract 10 mL:100 mL (1:10) 20.8 nm Irregular shape (Ahmed et al., 2023
20 mL:100 mL (1:5) 19 nm
30 mL:100 mL (3:10) 17.2 nm
CuO NPs Watermelon seed shell 25 mL:5 mL (1:2) 50-100 nm Irregular spherical (Ekinci et al., 2023)
extract shaped
MnO NPs 20-50 nm Spherical
agglomerates
CuO NPs Aloe vera gel extract 100 mL:100 mL (1:1) 272 nm Spherical shaped (Khanna et al., 2024)
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FeCl, NPs Spinach leaf extract 20 mL:40 mL (1:2) 10-70 nm - (Tyagi et al., 2021)

Banana peel extract 20-50 nm

Ruthenium Aloe vera gel extract 100 mL: 100 mL (1:1) 1.57 nm Hexagonal (Begum et al., 2025)

(Ru NPs)
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As shown in Table 2.4, Aloe vera gel, as a plant extract, influences nanoparticle production at
varying ratios of plant extract to metal solution. Smaller sizes of AgNPs (from 12-40 nm) were
achieved at a ratio of 4:1, whilst larger sizes (66 nm) were achieved at a ratio of 1:4. This
suggests that increasing the plant extract concentration, in relation to the metal salt, typically
reduces the nanoparticle size. This phenomenon is still observed from other plant extracts such
as Lawsonia inermis L. (henna) and Punica granatum L. (pomegranate) peel, which shows
small NPs at 3.48-19.34 nm at 1:5 ratio. Hibiscus sabdariffa L. (roselle) plant extract also
produced small-sized NPs at 25 nm at a ratio of 13:50. Moreover, the spherical shapes seem to
dominate most of the plant extracts used, especially those Ag-NPs synthesized using various
plant extracts. Despite this, specific nanoparticle shapes such as hexagonal (from ZnO NPs,
Neem leaves extract) or monoclinic (from CuO NPs) result from specific plant extracts or types
of nanoparticles. Thus, suggesting that the morphology of nanoparticles is influenced by both

the extract and the nanoparticle type.

Since the nanoparticles were synthesized using different plant extracts, they yielded different
results. From the data in Table 2.4, AgNPs typically range from 3.48 nm to 66.6 nm, depending
on the plant extract used and the conditions of the synthesis. A larger range is exhibited by ZnO
NPs (from 40 nm to above 200 nm), which reflects the potential for different morphologies and
crystal shapes, for example, hexagonal, crystalline or rod-shaped particles. Copper oxide (CuO)
and TiO2 tend to remain under 100 nm when synthesized with Aloe vera gel, watermelon seed

shell extract, indicating their efficiency in terms of nanoparticle size reduction.

A direct proportional trend is observed in the ratio of plant extract to metal salt solution, for

example, 1:1 or 1:5 ratios. From these ratios, it can be concluded that lower ratios of plant
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extract to metal salt solution often yield smaller NPs and the same is true for higher ratios (e.g.,
at 19:1). This trend demonstrates a critical role of concentration in the control of nanoparticle

size during synthesis.

Aloe vera gel extract seems to be capable of producing smaller nanoparticles compared to all
the other plant extracts and this includes Ag NPs, CuO NPs, TiO> NPs and Ru NPs. Both 4loe
vera gel and Lawsonia inermis L.(henna) consistently produce smaller nanoparticles across
various studies, indicating their strong reducing and capping abilities. Larger-sized
nanoparticles are obtained from onion peel and Punica granatum L. (pomegranate) extracts,

indicating differences in bioactive compounds required for nanoparticle synthesis.

Zinc oxide nanoparticles produced from onion peel extract exhibited dual shapes (spherical
and rod-shaped) depending on particle size. On the other hand, RuNPs combined with Aloe
vera gel extract resulted in the smallest nanoparticle size of 1.57 nm. Higher extract
concentration in relation to the metal salt solution generally yields smaller nanoparticles. Most
plant extracts tend to produce spherical shapes, even though exceptions of other shapes exist,
such as hexagonal and rod shapes, based on the plant type or metal. Among the plant extracts
used, Aloe vera seems to be highly versatile and efficient in the synthesis of nanoparticles

across various metals with controlled size and shape.

2.8  Properties of nano-fertilizers

Nanoparticle penetration into plant tissues must be ensured, as it allows them to be available
to plants for their metabolic processes (Sembada and Lenggoro, 2024). The process is governed
by several pathways and mechanisms that influence the routes of entry for nanoparticles, not
the system of plants, which determines the required size (Khan et al., 2022). One of these routes

of entry is foliar entry, where nanoparticles enter the plant via the stomata or cuticular pores
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(Avellan et al., 2021). In the quest for entrance, smaller-sized nanoparticles prove to be the
most successful as they can pass through the cell wall and enter the membrane (Zhao and
Stenzel, 2018). On the other hand, larger nanoparticles have been found to accumulate outside
the cell wall (Banerjee et al., 2019). Nanoparticle routes of entry are not the only dictating
factor to nanoparticle assimilation to plant tissues, but the plant species also play a role as they
have varying cell wall pores, owing to their morphology. Factoring this nanoparticle property
will ensure that nano-fertilizers with particle sizes smaller than the cell walls and membrane of

targeted plants are developed efficiently for their absorption (Madlala et al., 2024).

2.9  Effect of concentration on nano-fertilizer performance

Even though the properties and size of nano-fertilizers are critical factors, the concentration at
which these fertilizers are applied is vital for them to function effectively. Maximized nutrient
uptake, promotion of healthy growth and improved crop yield can be realized at the right
concentration of nano-fertilizers to avoid stress and toxicity, ensuring that the plants utilize
resources effectively. Studies have reported that varying concentrations of nanoparticles affect
the performance of plants. For example, a study conducted by Mustafa et al. (2021) examined
the toxicological and beneficial effects of plant-based TiO2, NPs when plants are exposed to
saline stress. TiO2 NPs were synthesized using Buddleja asiatica L. (asian butterfly bush)leaf
extract and characterized them via the application of various technologies. The technologies

included UV-visible spectroscopy, SEM, FTIR, and EDX.

On another note, two wheat varieties, Faisalabad-08 (salinity-tolerant) and NARC-11 (salinity-
susceptible), were treated with varying concentrations of sodium chloride (NaCl) at 100 nm

and 150 nm, respectively, with TiO2 NPs of different concentrations at 20, 40, 60, and 80 mg/L.
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The study found that TiO2 NPs at 40 mg/L significantly improved plant height, fresh and dry
weight, shoot and root length, and chlorophyll content under saline stress. Yet, higher
concentrations displayed a decrease in these positive effects, highlighting potential toxicity.
Therefore, the results suggest that plant-based TiO» NPs can improve the growth and
physiological characteristics of wheat under saline stress, presenting a promising antidote for

enhancing crop defense via the application of nanotechnology.

Ozgoren Can et al. (2024) independently investigated the synthesis of iron oxide nanoparticles
(Fe3O4 NPs), ZnO NPs, and TiO2 NPs using bay leaf extracts. The nanoparticles synthesized
were examined as biofertilizers on sunflower plants at 5 ppm and 20 ppm. Whereby the lower
concentration greatly improved the root length, fresh weight, leaf surface area and chlorophyll.
Meanwhile, those at 20 ppm resulted in reduced growth parameters. The findings extend as far

as pointing to the influence of nano-fertilizer on crop performance.

A study by Singh et al. (2024) evaluated biologically synthesized iron oxide (Fes;O4) NPs using
Emblica officinalis L. (indian gooseberry) fruit extract on the growth and metabolic activity
of Solanum lycopersicum L. (tomato )seedlings. Concentrations of 10, 50, and 100 mg/L were
compared with ferrous sulfate (FeSO4) under greenhouse conditions. The results showed that
10 mg/L FesOa NPs significantly improved germination rate, root and shoot length, chlorophyll
content, and nitrate reductase activity compared to the control and FeSOs treatments. However,
higher concentrations (100 mg/L) inhibited growth parameters and increased oxidative stress.

The study indicates that FesO4 NPs act as effective nano-fertilizers at optimal concentrations.
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All three studies are in coalition with one another as they synthesized various NPs using
different plant extracts on various crops, but all emphasize that for significantly enhanced plant
growth, nanoparticles in the nano-fertilizer must be maintained at lower concentrations.
However, the study by Gosavi et al. (2020) evaluated the effects of various concentrations of
Ag NPs of 5 mL, 10 mL, and 15 mL on crop growth. The findings of their study showed that
lower concentrations (5 mL) reduced plant vigor and fresh weight in relation to higher
concentrations (10 mL and 15 mL). Of the three studies discussed above, which are in
agreement with one another, the findings of Gosavi et al. (2020) offer a different viewpoint as
lower concentrations of silver nanoparticles reduced crop growth attributes. Emphasizing that
different plants and their growth stages have varying nutrient requirements. This has a major
influence on the ideal concentration of nano-fertilizers (Arora et al., 2024), soil properties
(Reddy et al., 2024), the properties of nanoparticles (Fathy et al., 2024) and the application

method (Igbal et al., 2019).

2.10 The tomato (Solanum lycopersicum L.) plant

The tomato crop, scientifically known as Solanum lycopersicum L. is a widely cultivated fruit
crop due to its versatile use in the culinary, nutritional industry, and economic value (Knapp
and Peralta, 2016). Originally from the South American continent, its cultivation has spread to
other regions of the world, particularly in subtropical and tropical regions. As a major nutrient
and vitamin source, especially potassium, vitamin A and C, this crop holds a significant role in
various diets globally (Denham, 2020). Apart from that, the cultivation of the crop supports
millions of commercial and smallholder farmers, giving the local and international markets a

substantial economic upper hand (Naika, 2005).
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To ensure proper cultivation and optimal growth of tomato crops, well-drained fertile soils of
optimal pH levels between the range of 6.0 and 7.0 (Astija, 2020), supported by warm
temperatures, enough sunlight and a moderate supply of water (Somefun et al., 2024; Zheng et
al., 2023). Their morphological structure demonstrates compound leaves, small yellow flowers,

and varying fruit sizes and shapes (Nakayama et al., 2023).

Despite the aforementioned ideal characteristics and crop requirements regarding tomatoes, the
crop remains ravished by several challenges owing to its susceptibility to biotic and abiotic
stresses (Shi et al., 2025). These can include fungal diseases such as late blight (resulting from
Phytophthora infectants) and infections from bacteria like bacterial wilt (Dufkova et al., 2023).
In addition, they are prone to a lack of nutrients such as potassium, nitrogen, and calcium,
which can lead to additional infections such as blossom end rot (Ghimirey et al., 2024).
Extreme temperatures, drought and waterlogging have the capability of causing adverse effects.
At post-harvest, the fruit has a relatively shorter life span as it is prone to quick ripening and

spoilage, thus propagating spoilage and senescence (Ngcobo and Bertling, 2021).

2.11 Capsicum annuum L (Bell peppers)

Capsicum annuum L. (bell pepper), commonly known as pepper, is an extensively cultivated
high-value crop due to its nutritional and economic significance (Oztiirk et al., 2021).
Originating in the heart of Central South America, the crop has now stretched its roots across
various regions of the world, especially in warm, temperate climatic regions (Swamy, 2023).
The crop has become a source of income for smallholder farmers, making it a key player in
both local and international markets, and contributing to the economic sector. Its versatile
nature in culinary uses and rich nutrient profile render it a valuable source of vitamins A and

C, dietary fiber, and antioxidants such as carotenoids. (Mutayoba and Ngaruko, 2018). Adding
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to that, substantial opportunities for employment come as a result of bell pepper cultivation,

contributing to agricultural revenues in major production regions (Anaya-Esparza et al., 2021).

Their adaptability to protected cultivation such as greenhouse farming, allows them to be
produced all year round. Further boosting their economic value (Montejo et al., 2024). Demand
for fresh and processed bell peppers in local and international markets underpins their
importance in the trade of agricultural produce worldwide (Thakur et al., 2024). For proper
cultivation and growth, they require well-drained, fertile soil with a pH range between 6.0 and
7.0, supported by warm temperatures from 20-25°C (Kanabar et al., 2024). Bushy growth, dark
green leaves, and large, hollow fruits with a color range from green to red, yellow, orange or
even purple (dependent upon variety and ripening stage) define their morphological

characteristics (Zhigila et al., 2014).

Irrespective of the proper cultivation technique used to obtain the ideal characteristics
described above, these crops remain susceptible to various biological crop stresses (Xu et al.,
2022). One being their weak defense against fungal infections such as anthracnose and bacterial
infections like leaf spots (Ali et al., 2016) . In addition, nutrient deficiencies, especially calcium
deficiency, lead to physiological disorders resulting in diseases such as blossom end rot
(Massimi and Radocz, 2021). Furthermore, their sensitive nature to temperature fluctuations

and excessive soil moisture further exacerbates yield and quality reduction (Preet et al., 2020).

2.12  Potential of nano-fertilizers and their current limitations in plant
The reviewed literature in the current study vividly demonstrates that nano-fertilizers can
successfully enhance nutrient use efficiency (NUE) and also improve plant development. The

effect aligns with their physicochemical properties, making them particularly suitable for crops
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such as tomato and bell pepper, because such crops are characterized by high nutrient demands

based on each of the stages of their growth cycles.

The production of these crops depends on a steady supply of available nutrients, and any
compromise that directly imposes limits on several factors affecting their growth. These can
be their vegetative growth, flowering, and fruit set (Fidler et al., 2025; Lisboa et al., 2024;
Ortas, 2013). Irrespective of the success of nano-fertilizers as a potential sustainable mitigating
strategy to this dilemma, acknowledging the limits of their technology that which is still in its

infancy, is important (Luo et al., 2025).

Gathered from the nano-fertilizer literature, much emphasis is placed on their experimental
application in seed germination assays, early seedling tests, and short controlled experiments
rather than full crop growth cycle evaluations. To achieve these, often researchers use petri
dishes, hydroponics systems or small pot assays as supported by Sz6llési et al. (2020).
Consistent with these findings, Garg et al. (2023) further added that researchers would even
use high nano-fertilizer concentrations exceeding agricultural applications. These findings
point towards a common coalition area of necessity; the need for long-term studies beyond the
petri dishes, since their behavior in them and the soil environment is not yet fully understood
(Maaz et al., 2025). The lack of comprehensive crop cycle evaluations pertaining to nano-
fertilizers risks giving them a superficial status that does not reflect their true agronomic
potential. As highlighted previously, plant nutrient demands vary with each growth stage. This,
therefore, means that observed effects during germination or early vegetative growth cannot be
used to inherently estimate flowering, fruit set, or yield formation. All the presented views by

Maaz et al. (2025), Sz6l16si et al. (2020), and Garg et al. (2023) emphasize the vitality of
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evaluating nano-fertilizers across the entire crop growth stage. This is to determine whether
early growth effects that come as a result of nano-fertilizers translate to sustainable uptake of
nutrients, physiological improvement and final yield benefits under real production conditions.
However, neglecting these nuances risks falsely making conclusions based only on short-term

data and hence an overestimate of the nano-fertilizer technology’s true field-level value.

2.13 Conclusion

Evidence gathered from various studies indicates that nano-fertilizers offer solutions to the
contemporary problems faced in agriculture. The use of plant extracts in the green synthesis of
nano-fertilizers provides a sustainable alternative that is environmentally friendly, energy-
efficient, and economically viable, while aligning with the principles of green chemistry. The
use of plant extracts as reducing and stabilizing agents due to their properties significantly
influences the properties of nano-fertilizers. Overlooking their concentration is a huge mistake,
as these extracts produce nano-fertilizer with varying properties and the efficacy of the plant
extracts depends on the antioxidant capacity. The effectiveness of nano-fertilizers depends on
the plant being able to assimilate these materials and its capability to use them for physiological
and biochemical processes. Apart from their effectiveness, plant cell size also plays a
significant role, as larger nanoparticles fail to penetrate the plant cell wall. Hence, it is
imperative to factor in the physiology of the targeted crop to enhance the efficiency of the nano-
fertilizer. The concentration of nano-fertilizer applied significantly affects its performance, as
some plants perform better with a lower concentration, and vice versa. Therefore, it becomes
pivotal to consider the plant requirement, stage of the plant, soil properties and environmental
conditions to maximize its performance and ensure the optimum application rate of nano-
fertilizers. Plant extracts for the synthesis of nano-fertilizers appear to offer a better alternative

as they can be used as reducing and stabilizing agents. Yet again, they are widely used as a
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source of nutrients to synthesize fertilizers (bio-fertilizers) through various methodologies such
as composting, vermicompost, and ash. In light of the substantial research on plant-based peels
used as organic nano-fertilizers, not much has been reported on their use as reducing agents to
convert other plant extracts, serving as sources of nutrients for other plants. Numerous studies
have explored the use of plant extracts in synthesizing inorganic nano-fertilizers, which still
raises many questions about their long-term effects because the precursors are still chemicals.
Therefore, exploring the method of converting organic material into nanoscale can offer a more

sustainable solution.
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF GREEN NANO-FERTILIZER
USING BANANA PEELS, WATERMELON RINDS AND ALOE VERA GEL

EXTRACT

3.1 Introduction

Achieving high crop productivity and maintaining global food security has been strongly
associated with the extensive use of chemical fertilizers in contemporary agricultural practice
(Penuelas et al., 2023). Researchers indicate that, without them, current food output would be
reduced by approximately half (Alkhader, 2023; Rodriguez et al., 2024). Notwithstanding their
advantages, numerous studies highlight growing concerns regarding the environmental
consequences of chemical fertilizers and their potential risks to human health (Pal et al., 2025).
Due to rapid hydrolysis, chemical fertilizers often release nutrients at a rate that exceeds the
plant root absorption capacity (Liu et al., 2014). The lack of synchrony between nutrient supply
and plant demand reduces fertilizer use efficiency (FUE) and facilitates nutrient losses through
pathways including leaching, runoff, denitrification, and volatilization (Cantarella et al., 2018;
Motasim et al., 2024). Another concern associated with phosphate-based fertilizers is their role
in introducing heavy metals such as cadmium, lead, and mercury into agricultural soils.
Continuous accumulation of these elements in soils poses significant long-term risks because

they can be mobilized and transferred through the food chain (Govinda et al., 2023).

The increasing recognition of the environmental and agronomic limitations of chemical
fertilizers has stimulated interest in nano-fertilizers as a viable alternative (Kekeli et al., 2025).
Nano-fertilizers are nutrient delivery systems developed through nanotechnology, where the
active components are engineered within the nanoscale range of approximately 1-100 nm.

Within nano-fertilizer formulations, nutrients may originate from the nanomaterials themselves
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or from encapsulated conventional fertilizers that are engineered to release nutrients gradually
over time (Basavegowda and Baek, 2021; Nongbet et al., 2022; Shalaby et al., 2022).
Compared with conventional fertilizers, the use of nano-fertilizers has been associated with
improved crop productivity and increased economic returns for farmers, as reported in recent
studies (Abhiram, 2023; Goyal et al., 2025). Key physicochemical characteristics, including
nanoscale particle dimensions, high surface-area-to-volume ratios, and increased surface
reactivity, are largely responsible for the improved performance observed in nano-fertilizers

(Yadav et al., 2023).

While nano-fertilizers have demonstrated the potential to improve agronomic performance and
NUE, it is pertinent to highlight certain limitations. Most existing nano-fertilizers still rely on
energy-intensive methods (Abhiram, 2023; Pohshna et al., 2020; Pohshna and Mailapalli,
2023), as well as expensive, hazardous chemical reagents, and complex synthesis conditions
and equipment (Diao et al., 2023; Bhattacharjee et al., 2025). For instance, conventional
methods such as the Sol-gel process and chemical vapor deposition are known for producing
toxic by-products and their high energy consumption (Yadav and Yadav, 2025). In contrast,
green synthesis methods present a compelling avenue for sustainable agricultural production
(Yadav et al.,, 2025). Green synthesis promotes the production of nanomaterials using
renewable resources, such as agricultural waste, to minimize waste production and the use of

hazardous chemicals (Abady et al., 2025).

In parallel, there is a growing shift toward health-oriented diets in society, which significantly
increases the production and processing of fruits (Meena et al., 2023). Consequently, this trend

generates a considerable volume of fruit peel waste, accounting for approximately 25-30%
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(Sharma et al., 2025). Fruit peels are intrinsically valuable, rich in minerals, phytochemicals,

and natural polymers that can serve as green precursors for nano-fertilizer synthesis (Usman et

al., 2025).

Plant-derived aqueous extracts, including those from banana peels, watermelon rinds, and Aloe
vera gel, have been extensively used in green synthesis as reducing and stabilizing agents to
produce metal-based nanoparticles with smaller dimensions (Kumar et al., 2025; Ndikau et al.,
2017; Pawar and Kakde, 2022). Even though their effectiveness as natural reducing and
stabilizing agents has been widely reported, their practical application in green synthesis has
not yet been fully explored. This limited integration is mainly caused by the reliance on
inorganic salt precursors as nutrient sources (Villagran et al., 2024). However, it is well
established that fruit peels have historically been used as a nutrient source in traditional
agricultural practices, owing to their mineral and biochemical composition (Khanyile et al.,
2024). Plant extracts contain macronutrients, micronutrient minerals, and a diverse array of
bioactive compounds (Afiibarro-Ortega et al., 2025). A limited number of studies have
explored the direct use of fruit peel extracts as nutrient sources in nano-fertilizer synthesis; one
example is the study by Hussein et al. (2019). In that study, a green nano-fertilizer was
synthesized from banana peel extract using citric acid as a chelating agent and urea as a nutrient
carrier. The formulation yielded nanoparticles ranging from 19-55 nm and significantly

enhanced germination rates in tomato and fenugreek seeds.

Previous research indicates that plant extracts can act as natural reducing and stabilizing agents
during the green synthesis of nano-fertilizers. Findings from other studies reveal that plant

extracts naturally contain essential nutrients and phytohormones that promote plant
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development (Anibarro-Ortega et al., 2025; Khanyile et al., 2024). In many green synthesis
strategies, inorganic salts continue to serve as the primary nutrient precursors, whereas plant
extracts are typically used only to facilitate reduction and stabilization during nanoparticle
formation. As a result, the development of nano-fertilizers that rely on plant extracts as both

nutrient sources and synthesis agents remains insufficiently explored.

The present study sought to synthesize a green nano-fertilizer using a composite of banana peel
extract (BPE) and watermelon rind extract (WRE), with Aloe vera gel extract (ALVE) serving
as a reducing and stabilizing agent. The central hypothesis of this study is that green nano-
fertilizers can be successfully synthesized using exclusively plant-derived extracts, without
relying on inorganic precursor materials. In addition, combining extracts from banana peels
and watermelon rinds was expected to produce a formulation with a broader and more balanced

nutrient profile.

3.2 Materials

3.2.1 Source of plant extracts

3.2.1.1 Banana and watermelon fruits were bought at a local supermarket in Mbombela.
Mpumalanga Province (25°27'57"S 30°59'07"E), South Africa. Aloe vera leaves were collected
from naturally established plants within the University of Mpumalanga, Mbombela campus.

Mpumalanga Province (25.4371° S, 30.9818° E) of South Africa.

3.2.2 Source of chemicals and consumables

Potassium hydroxide pellets (85%, Analytical Reagent grade, AR) were supplied by VWR

chemicals BDH ® (United States). Hydrochloric acid (32% Analytical Reagent grade), sodium
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carbonate anhydrous (= 99%), and copper (II) sulfate pentahydrate (99.0-1005. %, iodometric)
were sourced from Merck (Germany). Tri-sodium citrate dihydrate (assay 99-101%, dried
basis), acetic acid glacial (= 99.8%, Analytical Reagent grade), sulfuric acid 98%, and sodium
hydroxide pellets (= 97%) were supplied by MINEMA chemicals from South Africa. Ferric
chloride (= 99 %,) was supplied by GlassWorld from South Africa. All chemicals were of
analytical grade and used as received. All dilutions were done using distilled water. Distilled
water was prepared using an Elix system with A10 TOC monitor, incorporating Milli-Q

Integral 10 technology from Merck (Milford, MA, USA).

3.3 Methods

3.3.1 Preparation of Aloe vera gel extract (ALVE)

The preparation of Aloe vera gel extract was done following a method by Kamala Nalini and
Vijayaraghavan (2020), minor modifications. Smooth, thick, and large Aloe vera leaves were
cut close to the trunk using a sterile, sharp knife. The Aloe vera leaves were taken to the
chemistry laboratory, thoroughly washed with tap water, and subsequently rinsed with distilled
water. The leaves were incised, and gel was separated using a sterile knife. The gel was
subjected to a mechanical blender for blending with distilled water in a 1:2 (w/v) ratio (gel
extract: distilled water). The resulting extract was filtered with a Whatman No. 1 filter
paper. The aqueous extract was stored in a refrigerator at 4°C for later use as a reducing and
stabilizing agent in the green nano-fertilizer synthesis. Figure 3.1 demonstrates the method

used to synthesize the Aloe vera gel extract.
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Scooping aloe vera gel Aloe vera gel Blending

A

Aloe vera gel extract Filtration

Figure 0.5: The synthesis of Aloe vera gel extract.

3.3.2 The synthesis of green nano-fertilizer

The synthesis process for the green nano-fertilizer was conducted using a modified protocol
derived from the method reported by Hussein et al. (2019). Prior to processing, banana peels
and watermelon rinds were washed thoroughly with distilled water to remove impurities and
then cut into smaller pieces. These smaller pieces were blended, and the extraction ratio was
maintained at 1:2 (fruit peels: distilled water). The peels were combined in three different
ratios, as illustrated in Table 3.1. After blending, the slurry was mixed with 10 g of potassium
hydroxide, serving as the extracting agent, and subjected to boiling and continuous stirring for
30 minutes. Subsequently, the slurry was allowed to cool and then filtered with a vacuum filter.
The clear solution obtained was heated with continuous stirring until it reached a temperature
of 70 °C. The solution was left at room temperature for cooling purposes before it was stored

in a refrigerator at 4 °C. This procedure was repeated for each different peel ratio. Figure 3.2
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presents a schematic representation of the green synthesis process used to produce composites

from banana peel and watermelon rind extracts.

Table 0.1: Ratios of banana to watermelon peels for the synthesis of the green nano-fertilizers

Ratio Weight (g)

50% of banana peels + 50% watermelon 250 g of banana peels + 250 g watermelon peels
peels

75% of banana peels + 25% of watermelon 375 g of banana peels + 125 g of watermelon peels
peels

25% of banana peels + 75% of watermelon 125 g of banana peels + 375 g of watermelon peels
peels

Blending

Resulting slurry of banana and
watermelon peels

7% ¢ !/—-\4 Boiling and stirring for 30
g : il minutes
|— I
"

Filtration

Composite of banana and
watermelon peel extracts

Heating to 70°C

Figure 0.6: Schematical diagram of the green synthesis of composite of banana and

watermelon peel extracts.
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The different amounts (5 mL, 10 mL, and 15 mL) of Aloe vera gel extract were taken from the
solution prepared in Section 3.2 and added dropwise to the extracted materials under constant

stirring. The details of the resulting composite of plant extracts are specified in Table 3.2

Table 0.2: Composite of banana peel extracts (BPE), watermelon peel extracts (WPE) and Aloe

vera extracts (ALVE).

Composite of plant extracts

50% BPE + 50% WPE +5 mL of ALVE

50% BPE+ 50% WPE +10 mL ALVE

50% BPE+ 50% WPE +15 mL of ALVE

75% BPE+ 25% WPE +5 mL ALVE

75% BPE+25% WPE +10 mL ALVE

75% BPE+ 25% WPE +15 mL ALVE

75% WRE + 25% BPE +5 mL ALVE

75% WRE + 25% BPE +10 mL ALVE

75% WRE+ 25%BPE +15 mL ALVE

34 Characterization of extracted material

3.4.1 Ultraviolet- Visible (UV-Vis) spectroscopy analysis

A UV-Vis spectroscopy analysis was carried out to determine the composition of the extracted
material. The analysis was performed within the wavelength range of 200 to 700 nm. The
Perkin Elmer Lambda 265 spectrophotometer was used with 1 cm pathlength glass quartz

cuvettes placed in the cuvette holder. Distilled water was used as a blank. The results were
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analyzed using WinLab software. The Savitzky-Golay method was employed to smooth the
UV-Vis spectra with an 11-point window size and a polynomial order of 2 in Origin version

24b. This was performed to reduce noise and enhance the visibility of the spectral features.

3.4.2 Phytochemical screening

All phytochemical screening procedures were carried out using a method described by Shaikh

and Pati (2020).

3.4.2.1 Flavonoid detection

The presence of flavonoids was evaluated using an alkaline test in which 2 mL of the extract
was placed in a test tube followed by the addition of 2 mL of 2% sodium hydroxide solution.
The presence of flavonoids was verified by the development of a yellow coloration that

diminished following the addition of several drops of hydrochloric acid.

3.4.2.2 Phenolic detection

Phenolic compounds were assessed using the ferric chloride test, in which 2 mL of the extract
was placed in a test tube followed by the addition of a few drops of 2% ferric chloride solution.
Confirmation of phenolic compounds was based on the development of a blackish color

observed in the test tube.

3.4.2.3 Tannin detection

Detection of tannins was carried out using Braemer’s assay by mixing 1 mL of plant extract
with 2 mL of distilled water, after which the mixture was boiled and filtered. The filtrate
obtained after boiling and filtration was reacted with several drops of 5% ferric chloride

solution. Tannin presence was confirmed by the development of a dark-green coloration.
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3.4.2.4 Saponin detection

Detection of saponins was carried out by adding 2 mL of the plant extract to 5 mL of distilled
water. Confirmation of saponins was based on the formation of foam after the solution had

been shaken vigorously.

3.4.2.5 Anthraquinones detection

The presence of anthraquinones was detected by the Bontrager’s test. The procedure involved
mixing 2 mL of the extract with 10 mL of a 10% ammonium solution in a test tube, followed
by vigorous agitation for approximately 30 seconds. The development of a pink coloration

indicated the presence of anthraquinones.

3.4.2.6 Glycosides detection

The presence of glycosides was assessed using the Keller—Killani test, where 2 mL of plant
extract was reacted with 2 mL of concentrated H2SOs in a test tube. The mixture was further
reacted with 2 mL of glacial acetic acid, after which several drops of a 2% FeCls solution were
added. Confirmation of cardiac steroidal glycosides was based on the observation of a brown

ring formed between the layers of the solution.

3.4.2.7 Carbohydrate detection

The presence of carbohydrates was determined using the Benedict test. To prepare the Benedict
reagent, solutions A and B were prepared. Solution A was prepared by dissolving 173 g
trisodium citrate together with 100 g sodium carbonate in 800 mL of distilled water using a
volumetric flask. For solution B, 17.3 g of copper sulphate was dissolved in 100 mL of distilled
water. The previously prepared solutions were mixed . Carbohydrate presence was evaluated

by combining 2 mL of the extract with 2 mL of Benedict’s reagent in a test tube, followed by
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boiling the mixture for 5 minutes. A greenish coloration in the solution confirmed the presence

of carbohydrates.

3.4.3 The pH and Electrical Conductivity (EC)

The pH and EC of the extracted materials were measured using a calibrated Thermo Orion Star

A211 pH/ EC meter.

3.4.4 Transmission Electron Microscopy (TEM) analysis

Nanoparticle morphology was determined using a TEM (JEM-2100, Jeol, Japan) operated at
200 kV. For the sample preparation, 10 microliters (uL) of the sample were drop-cast onto a
holey carbon-coated 200 mesh copper TEM grid (SPA, USA) and left to dry overnight in a
desiccator. After drying, the sample was analyzed for distribution, size, and shape. The particle
size distribution was investigated using ImageJ software (NIH, USA) (Schneider et al., 2012).

Origin Lab 2024b software was used to plot the histogram graphs.

3.4.5 Scanning Electron Microscopy (SEM)- Energy-Dispersive X-ray Spectroscopy EDS)

analysis

Morphological characteristics of the extracted material were determined using SEM (FEGSEM
Zeiss Ultraplus). The samples were placed on a carbon tape adhered to a clean aluminum stub.
Samples were subsequently coated with gold and analyzed by SEM with concurrent EDS at 20
kV to determine elemental composition. The analysis was performed using AZTEC software

from Oxford Instruments Nano Analysis.
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3.5 Results and discussion

Visual observation of the reaction mixtures provided preliminary evidence of composite
formation. After the addition of Aloe vera gel extract in the composite of banana and
watermelon peel extracts, a color change was observed, transitioning from dark black to light
brown in the composite of 75%BPE+25%WPE (Figure 3.3). In the composite containing 75%
WPE + 25% BPE, upon addition of ALVE, the color changed from brown to light brown.

Whereas in the composite of 50%BPE + 50%WPE, there was a change from dark brown to

light brown.

Figure 0.7: The composite of 75%BPE+25%WPE (D), 75%BPE+25%WPE+15 mL ALVE

(C), 75%BPE+25%WPE+10 mL ALVE (B), 75%BPE+25%WPE+5 mL ALVE (A).
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3.5.1 UV-Vis spectroscopic analysis

The study recorded the UV-Vis spectra of BPE, WRE, ALVE and composite material between
200 and 700 nm to investigate the spectral fingerprints of phytochemicals and confirm the

formation of the composite material (Fig. 3.4).
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Figure 0.8: The UV-Vis absorption spectra of the clean extracts and composite material; (A)
the absorption spectrum of watermelon rind extract (WRE); (B) banana peel extract (BPE); (C)

composite material of 50% BPE + 50% WRE + 10 mL ALVE; (D) Aloe vera gel extract

(ALVE).

The BPE and WRE, primarily utilized as nutrient sources in the present study, are also rich in
phytochemicals. The spectral profile of WRE is dominated by phenolic acids (304-324 nm)

(Adnan et al., 2020; Kaeswurm et al., 2021) and flavonoids (339-379 nm) (Nistor and Butnariu,
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2023) (Fig 3.4 A).On the other hand, BPE exhibited the diverse and richest spectral profile
compared to the other extracts with the UV-Vis spectrum of BPE showing the following
absorption bands assignable to phenolic acids (301-328 nm) (Sadecka et al., 2025), flavonoids
(347-388 nm) (Nistor and Butnariu, 2023; Lu et al., 2019; Grevsen et al., 2009), chlorophyll
(411-419 nm) (He et al.,, 2023), carotenoids (435-489 nm) (Yahya et al., 2021), and
anthocyanins (519-535 nm) (Ng and Choo, 2016; Xue et al., 2024). The spectral profile of
ALVE (Fig. 3.4 D) revealed the absorption peaks corresponding to anthraquinone (230-275
nm) (Borges-Argéez et al., 2019; Gansukh et al., 2018) and an absorption peak at 315 nm

attributed to phenolic acid (Kaeswurm et al., 2021).

The three clean extracts served as a benchmark to evaluate the synthesis of the composite
material, providing reference spectra for identifying the emergence of new peaks, spectral
shifts and retained peaks. The spectrum of the composite material (Fig. 3.4 C) exhibits a split
absorption band in the 300-334 nm region. The Amax at 324 nm (characteristics of WRE) and
Amax at 328 nm (characteristics of BPE) were retained in the composite material. Additionally,
the composite material retains the BPE peak at 419 nm and the ALVE peak at 255 nm,
indicating that all three parent extracts are present and contribute to the optical properties of

the composite material.

In the 300-334 nm region, the composite spectrum exhibits a split absorption band with closely
spaced peaks at 324 nm and 328 nm. Likewise, two nearby absorption maxima are noted at 415
nm and 419 nm in the visible region. These features indicate that the absorption peaks of BPE
and WRE occur in the same spectral region, resulting in unresolved overlapping peaks (Spano

and Silva, 2014). Relative to the absorption band at 275 nm (characteristics of ALVE), the
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composite material exhibited a bathochromic shift to 286 nm (AL = +11 nm). Alongside this,
the absorption peaks at 315 nm (characteristic of ALVE) and 314 nm (characteristic of WRE)
both shifted to 318 nm in the composite material (bathochromic shift). Furthermore, an
additional bathochromic shift was noted in the composite, with BPE peak shifting from 411
nm to 415 nm. Previous studies reported that bathochromic shifts in the UV-Vis spectra are
likely due to increased electron delocalization resulting from m - m stacking and J-type
aggregation of aromatic systems (Deng et al., 2012; Hema et al., 2020). In addition,
stabilization of excited states in a heterogeneous dielectric or polar environment is likely to

cause a bathochromic shift (Sidir and Sidir, 2025) .

A 5 nm hypsochromic shift was observed for the WRE phenolic absorption band, from 339 nm
to 334 nm, in the composite. Similarly, the BPE chlorophyll band shifted 7 nm towards shorter
wavelengths, from 435 to 428 nm, in the composite material. These hypsochromic shifts are
consistent with Hp- m interaction (Hema et al., 2020) and H-type aggregation (Ma et al., 2021).
Altogether, the combination of retained absorption bands from clean extracts and the small
spectral red and blue shifts aligns with the formation of a noncovalent composite. For instance,
Marcia et al. (2018) found that a composite film synthesized from graphene and ZnO
nanoparticles retains the parent fingerprint features and exhibits slightly bathochromic
displacements with broadened bands in the UV-Vis and Raman analysis. Such spectral
perturbations were attributed to interfacial noncovalent forces, particularly electrostatic
interactions, 7 -  stacking and van der Waals attractions. Consistent with Marcia et al. (2018),
Georgakilas et al. (2016) reported that hybrids are stabilized by H-bonding, ionic interactions,
n—7 stacking and van der Waals interaction without loss of parent spectral signatures. Such

interactions produce only minor spectral changes, consistent with noncovalent
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functionalization of graphene and graphene oxide. On this basis, the material synthesized from

BPE, WRE and ALVE in this study can be best described as a noncovalent composite.

3.5.2 Phytochemical screening

The results of the qualitative phytochemical screening to test the presence of the flavonoids,
phenols, saponins, cardiac glycosides, steroids, carbohydrates and anthraquinones are shown
in Table 3.3. The preliminary phytochemical screening study revealed that the plant extracts
listed in Table 3.3 contain flavonoids, phenols, tannins, saponins, steroids, glycosides and
carbohydrates. However, it is worth noting that the anthraquinones were detected only in the

clean extract of Aloe vera gel.
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Table 0.3:The phytochemical screening of plant extracts

Plant extract Flavonoids Phenols Tannins Saponins Anthraquinones Steroids Glycosides Carbohydrates
ALVE + + + + + + + +
BPE + + + + - + + +
WRE + + + + - + + +
50%BPE+50%WRE + + + + - + + T
50%BPE+50%WRE+5 mL ALVE + + + + - + + +
50%BPE+50%WRE+10 ml ALVE + + + + - + + +
50%BPE+50%WRE+15 mL ALVE + + + + - + + T
75%BPE+25%WRE + + + + - + + +
75%BPE+25%WRE+5 mL ALVE + + + + 3 + + +
75%BPE+25%WRE+10 mL ALVE + + + + - + + +
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75%BPE+25%WRE+15 mL ALVE +

75WRE+25%BPE +

75%WRE+25% BPE+5 mL ALVE +

75%WRE+25%BPE+10 mL ALVE +

75%WRE+25%BPE+15 mL ALVE +

Legend: +: indicate present; _: indicate absent
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Figure 3.5 A-P below presents the observed findings of the phytochemical screening of the
plant extracts, whereby the flavonoids were observed in 100%ALVE (A), 100%BPE (B) and in
50%BPE+50%WPE+15 mL ALVE (C). Phenols were present in 100% ALVE (D), 100%BPE
(E), and in 100%WPE (F). Glycosides were indicated in 100% WPE (G), 100% BPE (H),
100% 75%WPE+25%BPE+5 mL ALVE (I) and in 100% ALVE (J). Saponins were indicated
in 100% ALVE (K), 100% ALVE (Q) and 100% WPE (L). Anthraquinones were indicated in
100% ALVE (M) and in 100% WPE (N). Tannins were only indicated in 100% BPE (O),

whereas carbohydrates were indicated only in 75%BPE+25%WPE+ 10 mL (P) (Fig 3.4).

Figure 0.9: The phytochemical screening showing the presents of various phytochemicals for

the plant extracts.

The phytochemical profile of the composite extracts indicates that the formulation contains an

abundance of multifunctional biomolecules that can mediate nano-fertilizer synthesis. All the
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extracts and their combinations consistently contained phenols, flavonoids, and tannins.
Researchers have revealed that these polyphenolic molecules can serve as chelating agents by
binding to nutrient cations such as Zn?>*, Cu?, and Fe?’"**, etc via coordination through
carbonyl and hydroxyl groups (Borowska et al., 2020; Markovi¢ et al., 2011; Lakey-Beitia et
al., 2021). In addition, they also function as reducing agents by donating electrons (Villagran

et al., 2024).

In green synthesis studies, reducing agents are usually discussed in the context of reducing
exogenously added metal salts into their zero-valent nanoscale counterparts. In contrast, in this
study, no metal salt precursor was used. However, the system contains endogenous mineral
ions such as K*, Ca?", Mg**, Na**, Cu**, Mn?", etc., from the extracts (Jaroszewska et al., 2023;
Kamble et al., 2022; Khanyile et al., 2024). These cations do not undergo reduction to metallic
nanoparticles; instead, they are stabilized through chelation and partial redox interactions
within the phytochemical matrix (Liu et al., 2024). Saponins and glycosides were detected in
all composite extracts. Saponins are naturally occurring amphiphilic glycosides (Rai et al.,
2021). Their surface-active behavior enables them to adsorb at interfaces (Dziza et al., 2025),
and can act as stabilizing agents to prevent aggregation and maintain colloidal stability (Adnan
et al., 2023). In addition, carbohydrates and saponins, which were detected in all the extracts,

are known as capping agents to prevent the aggregation of nanoparticles (Pattnaik et al., 2025).

Whereas, Anthraquinones were found exclusively in the ALVE, aligning with the known
phytochemistry of aloe as a source of anthracene-based polyketides, such as aloin and emodin
(Sadiq et al., 2022). Studies have demonstrated that anthraquinones can chelate transition metal
ions via their hydroxyl and carbonyl groups. For example, Zhao and Zheng (2023) describe the

mechanism by which anthraquinone derivatives coordinate with metal ions (Mn**, Fe**, Cu*",
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Zn*") via phenolic hydroxyl oxygen atoms and 9-carbonyl, resulting in the formation of stable
coordination complexes. Furthermore, the research conducted by Selyutina et al. (2024)
demonstrated that anthraquinone derivatives (such as Q3) can bind Cu?" and Fe** via chelation,

as confirmed by NMR and UV-Vis analysis.

Collectively, the phytochemical profile confirmed the presence of phenols, flavonoids, tannins,
saponins, glycosides, steroids, and carbohydrates across the composite extracts. These
compounds function synergistically to facilitate the formation of nano-fertilizers by donating

electrons, chelating vital cations, and stabilizing the resulting nanoscale complexes.

3.5.3 The pH and Electrical Conductivity (EC)

Table 3.4 summarizes the pH and electrical conductivity (EC) measurements for both the clean
extracts and their composite materials. The three plant extracts exhibited a wide range of pH
(5.23-13.24) and EC (0.53-12.26 mS cm™"), influenced by composition and extraction method.
The pH values of BPE (12.69) and WRE (13.24) demonstrated significant alkalinity, along
with high conductivity of 7.92 and 12.26 mS cm!, respectively. Conversely, AIVE exhibited
an acidic pH of 5.23 and a weak EC of 0.53 mS cm™!. A strong acidifying effect is observed

with increasing concentrations of Aloe vera gel, as evidenced by both pH and EC.
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Table 0.4: The pH and EC of extracted material from banana peel extract ( BPE), watermelon

rind extract (WRE), Aloe vera gel extract (ALVE)

Plant extract Ph EC
BPE 12.69 7.92
WRE 13.24 12.26
ALVE 5.23 0.53
50%BPE+50%WRE 12.37 9.31

50%BPE+50%WRE+5 mL ALVE 10.77 7.48

50%BPE+50%WRE+10 mL ALVE  10.59 9.21

50%BPE+50%WRE+15 mL ALVE  9.78 8.23

75%BPE+25%WRE 12.67 8.94

75%BPE+25%WRE+5 mL ALVE 11.92 8.79

75%BPE+25%WRE+10 mL ALVE  11.69 7.57

75%BPE+25%WRE+15 mL ALVE 11.34 7.12

75%WRE+25%BPE 12.83 11.82

75%WRE+25%BPE +5 mL ALVE  12.66 7.67

75%WRE+25%BPE +10 mL ALVE 12.56 9.97

75%WRE+25%BPE +15 mL ALVE 12.44 8.63

Previous studies have revealed that banana peels have a slightly acidic pH. For example, Mohd
Dom et al. (2021) showed that powdered banana peel mixed with water resulted in supernatant
with mild acidity levels of 6.16 and 6.46, depending on particle size. In line with Kalibbala et

al. (2023), banana peel supernatant had a pH of 6.92 and anEC of 1.093 mS cm!. Pérez-Juarez
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et al. (2025) demonstrated that watermelon rind flour mixed with water had an acidic pH
between 4.60 and 5.25. Odogwu et al. (2022) reported that exhibited a pH of 5.2-3.8 and an EC
of 3.38-3.41 uS cm™. According to Munoz et al. (2015), Aloe vera gel extract exhibited a pH

of 5.24 and an EC of 4.09 mS cm™! (Soltani et al., 2023).

The measured pH and EC values for ALVE, recorded at 5.23 and 0.53 mS cm™!, respectively,
are in excellent alignment with existing literature on natural gels, which generally exhibit
mildly acidic characteristics and weak conductivity (Leal, 2015). On the other hand, BPE and
WRE demonstrated significantly alkaline pH levels (12.69-13.24) with corresponding higher
EC (7.92-12.26 mS cm™). The observed discrepancies in relation to the reported near-neutral
values by (Kalibbala et al., 2023; Mohd Dom et al., 2021; Odogwu et al., 2022; Pérez-Juarez
et al., 2025) may be ascribed to the utilization of KOH as the extracting agent. When potassium
hydroxide (KOH) interacts with water, it undergoes dissociation into potassium ions (K™) and
hydroxide ions (OH"), resulting in the formation of a highly alkaline, ion-rich medium
(Hausmann et al., 2021). Hussein et al. (2019) revealed that as the KOH concentration
increases, the extracted potassium from BP increases from 46g/L at 4g of KOH to 87.8 g/L at
20 g of KOH. Furthermore, citric acid and urea were employed to reduce the alkalinity of the
BPE to a pH of 5. In this study, Aloe vera gel was used and it can be observed that as the
concentration of ALVE increases, the pH and EC slightly decrease, indicating a partial

neutralization effect rather than a complete acidification.

3.5.4 Morphology and elemental composition of individual plant extracts

3.5.4.1 Banana peel extract (BPE)

The TEM image of BPE presents discrete, quasi-spherical particles organized into small, loose

chains with no neck formation or visible sintering (Fig.3.6A). The corresponding histogram
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(Fig. 3.6B) shows a narrow, quasi-monodisperse distribution of particles, ranging from 4 to 14

nm, with an average particle size of 9.9 nm.
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Figure 0.10: (a) TEM image of BPE, exhibiting quasi-spherical nanoparticles (scale bar =20

nm). (b) Histogram illustrating the particle size distribution (n=23), with an average diameter

0f 9.9 nm.

SEM imaging (Fig.3.7a) displays a uniform, wrinkled surface morphology with bright
nanoscale spots. Alongside the bright dots, a curved, ridged-like nanostructure is visible,
indicating that nanoparticles tend to gather into a denser and stretched-out form rather than
spreading evenly across the surface. In Fig.3.7 b, the EDS spectrum indicates that K (48.45%)
and O (46.42%) are the dominant elements in the BPE, whereas S, Na, Cl, Mg, and Si are
present in smaller amounts. Elemental mapping at the 500 nm scale (Fig.3.7 c-d) indicates that

the nutrient ions are evenly distributed, without forming separate phases or concentrated zones.
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Element Wt% 'Wt% Sigma
(o) 46.42 0.27
Na 0.61 0.07
Mg 0.39 0.05
Si 1.76 0.05
S 0.41 0.04
Cl 1.97 0.05
K 48.45 0.25

8o o -

Figure 0.11: SEM-EDS analysis of BPE. (a) SEM image illustrating the surface morphology
(500 nm) (b) EDS spectrum confirming O, Mg, Na, Si, S, Cl, and K. (c) Overlay elemental

map. (d) Individual elemental maps.

The qualitative phytochemical screening (Table 3.3) and the UV-Vis spectrum of BPE revealed
the presence of phytochemical compounds. The phytochemicals were phenols, flavonoids,

saponins, tannins, carbohydrates, steroids, and glycosides.

The banana peels and watermelon rinds were extracted under highly alkaline and heat
conditions. High alkaline conditions are vital for modulating nanoparticle morphology and
their stability in green synthesis systems (Velgosova et al., 2025). As a result of these

conditions, the inherent phytochemicals of the banana peels were likely deprotonated (Yang et
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al., 2022; Yuuki and Takeshi, 2023). The deprotonated phytochemicals most probably

underwent oxidative polymerization and subsequently self-assembly into nanostructures.

The observed chain-like structure in TEM is likely due to oxidative polymerization, as depicted
in Figure 3.8. In addition, the wrinkled, interconnected surface observed in SEM indicates that
the discrete, chain-like particles seen in TEM coalesce into a larger, organized structure. The
consistency observed between TEM and SEM images supports the idea that the BPE
nanoparticles did not form randomly; they developed through a stepwise, self-directed
assembly process. The smaller particle size observed in TEM suggests that rapid-burst
nucleation occurred. This is evident under higher pH and abundant phytochemicals (Azad et
al., 2023; kazemi et al., 2023). The high oxygen content observed in the EDS spectrum of BPE
(Fig. 3.7b) is typical in plant-derived materials, as these materials contain oxygen-rich

phytochemicals (Pradeep et al., 2022), as observed in Table 3.3.
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Figure 0.12: Self-assembly into nanostructures induced by higher pH and heat, “oxidative
polymerization process”. (a) effectively capped nanoparticles. (b) poorly capped nanoparticles.

Adapted from Pal et al. (2024).

3.5.4.2 Watermelon rind extract (WRE)

The TEM micrograph (Fig.3.9a) exhibits quasi-spherical to slightly irregular-shaped
nanoparticles. Nanoparticles are partially agglomerated and arranged in a grape-like cluster.
The nanoparticles exhibit a unimodal distribution, which is highly polydisperse, with an

average particle size of 11.2 nm (Fig. 3.9 b).
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Figure 0.13: (a) TEM image of WRE (scale bar =20 nm). (b) Histogram illustrating the particle

size distribution (n = 10), with an average diameter of 11.2 nm.

The SEM image of WRE (Fig. 3.10a) reveals a smooth, sheet-like, and continuous surface with
few pores and no sharp edges. The EDS spectra and qualitative analysis (Fig. 3.10b) reveal that
WRE contains a high abundance of O and K, with minor amounts of Na, Mg, Si, P, S, CI, and
Ca. The overlay map and elemental maps (Fig. 3.10c-d) display a uniform distribution of

elements, suggesting a good homogeneity with no segregation of elements.
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Element Wt% 'Wt% Sigma
O 55.97 0.14
Na 2.30 0.05
Mg 1.05 0.03
Si 0.27 0.02
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Figure 0.14: SEM-EDS analysis of WRE. (a) SEM image showing the surface morphology
(500 nm) (b) EDS spectrum confirming O, Na, Mg, Si, P, S, Cl, K and Ca. (c) Overlay

elemental map. (d) Individual elemental maps.

The particle size (11.2 nm) seen in WRE (Fig. 3.9) is comparable to that of BPE. This behaviour
is consistent with the mechanism already described for BPE (Fig. 3.8), which indicates a similar
pattern of particle formation. However, the particles for WRE were slightly aggregated,
suggesting poorer capping than for BPE. Tarkas et al. (2024) found that in the absence of
capping agents, particles underwent rapid nucleation followed by aggregation driven by van
der Waals forces, leading to larger, irregular particles. As the sample dries for SEM, solvent
loss can cause nanoparticles to coalesce (Du et al., 2018; Wu and Briscoe, 2018), which might
explain the surface morphology observed in WRE. The higher oxygen content and mineral

elements detected by EDS (3.10) indicate that these compounds are incorporated into the sheet-
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like film observed in SEM. In addition, the mineral elements observed in the EDS spectrum of
WRE, are consistent with the results reported by Kouniba et al. (2024) in which the EDX of

watermelon rind powder indicates the presence of C, O, K, Cl, Ca, Al, P, Fe, Mg, Cu and Zn.

3.5.4.3 Aloe vera gel extract (ALVE)

The TEM images reveal nanoparticles that are discrete and dispersed, with a large, fuzzy dark
patch in the middle (Fig.3.11a). The corresponding histogram graph (Fig.3.11b) shows that the
nanoparticles range between 20 nm and 100 nm, with an average of 58.1 nm,
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Figure 0.15: (a) TEM image of ALVE (scale bar = 1000 nm). (b) Histogram illustrating the

particle size distribution (n = 17), with an average diameter of 58.1 nm.

The SEM micrographs for ALVE revealed well-faceted nanocubes (Fig. 3.12a). The EDS
analysis indicated that ALVE contained a higher concentration of potassium (47.83 wt%) and
chloride (40.22 wt%) and lower concentrations of oxygen and sodium, as illustrated in Fig.

3.12b.
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Element Wt% W1t% Sigma
o] 10.71 0.20

Na 1.24 0.04

Cl 40.22 0.11

K 47.83 0.13

Total 100.00

Figure 0.16: SEM-EDS analysis of ALVE. (a) SEM image showing the surface morphology
(500 nm) (b) EDS spectrum confirming O, Na, Mg, Si, P, Cl, K, Ca, and Mn. (c) Overlay

elemental map. (d) Individual elemental maps.

Aloe vera gel extract exhibits distinct behavior compared to BPE and WRE. Both BPE and
WRE were boiled and highly alkaline, which activated oxidative polymerization and the
subsequent self-assembly of nanostructures. Aloe vera gel differed because it was not heated
and had a low pH (5.23); Thus, the molecules were less reactive. Aloe vera gel behaves in a
way similar to what Brinker et al. (1999) described as “evaporation-induced self-assembly”, in
which drying alone brings molecules together and causes the polymers to organize themselves
at the nanoscale. This can explain why the ALVE appears as 20-100 nm nanoparticles, with an
average particle size of 58.1 nm, as seen in the TEM image of the ALVE (Figure 3.11a). Figure

3.13 illustrates the formation of nanoparticles of ALVE.
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Figure 0.17:The formation of ALVE nanoparticles through the process called “evaporation-

induced self-assembly”. Adapted from Cusola et al. (2018).

The formation of nano cubes in the ALVE can be explained by the crystallization of naturally
occurring potassium and ions in the plant extracts, which can form potassium chloride (KCl).
Potassium chloride is known for forming well-faceted cubic crystals because of its symmetrical
crystal lattice nature (Castillo-Quevedo et al., 2020). This is consistent with the findings of Sun
et al. (2024), who confirmed that K™ and CI"in solution yield well-defined, cubic crystals. Even
though this study did not use micellar templates or exogenous KCI, the results suggest that
biogenic K" and CI" can crystallize during solvent evaporation, potentially leading to the
formation of faceted KCl nanocubes. The overlay mapping (Fig. 3.12 c-d) demonstrates that

the elements were evenly distributed across the surface, with no evidence of phase separation.

The EDS analysis of WRE, BPE, and ALVE revealed that all three biogenic extracts contained
a high content of potassium. The high content of potassium in BPE, WRE, and ALVE is likely
due to the inherent richness of potassium ions in plant tissues (Asafa et al., 2024; Kamble et
al., 2022; Oyeyinka and Afolayan, 2019) .In addition, the three extracts indicated the presence

of oxygen, although this element was higher in BPE and WRE. The high oxygen content can
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be ascribed to oxygen-rich organic molecules such as organic acids, polysaccharides, and
pectins (Chandel et al., 2022; Freitas et al., 2021; Mohammed et al., 2021). Regarding BPE
and WRE samples, the addition of KOH as an extracting agent during synthesis may have
contributed to the higher potassium and oxygen content observed. Notably, even though KOH
was not used during ALVE synthesis, potassium levels were still elevated. This indicates that
potassium may be derived from the intrinsic composition of the plant material (ALVE) rather
than from the reagent alone. High oxygen signals observed in FTIR, EDX, and XPS spectra
are commonly attributed to oxygen-containing biomolecules derived from plant extracts used
in green synthesis. The oxygen-rich biomolecules help drive nanoparticle formation by serving
as both reducing and stabilizing agents (Bashir et al., 2020; Batool et al., 2021; Ikhuoria et al.,
2023). The high oxygen content observed in BPE and WRE indicates that the extracts contain
more oxygen-rich biomolecules, making them potent reducing and stabilizing agents. On the
other hand, ALVE exhibited lower oxygen content, which could make it a weaker reducing and

stabilizing agent.

3.5.4.4 Composite of 50% BPE+50% WRE

The TEM analysis of the composite 50% BPE+50% WRE revealed that the nanoparticles were
discrete, exhibited low contrast and a quasi-spherical shape with minimal agglomeration (Fig.
3.14a). The nanoparticles are widely distributed, ranging from 20 to 100 nm with an average
particle size of 37.3 nm (Fig. 3.14b). Selected Area Electron Diffraction (SAED) was employed
to evaluate the crystallinity of the nanocomposite derived from BPE, WRE, and ALVE at the
nanoscale. The SAED pattern for the composite of 50% BPE +50% WRE (Fig. 3.14c) exhibits
a broad diffuse background with faint spots, indicating a low degree of crystallinity, which
leans toward an amorphous structure. The EDS spectrum of this composite indicates the
presence of higher K (76.66 wt%), and the presence of Cu (17.05 wt%) and S (6.29 wt%) (Fig.

3.14c).
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Figure 0.18: (a) TEM image of 50 % BPE+50%WRE (scale bar= 200 nm). (b) Histogram
illustrating the particle size distribution (n=52), with an average diameter of 37.3 nm. (c) SAED

image of S05SBPE+50%WRE. (d) EDS spectrum of 50%BPE+50%WRE.

When equal amounts of BPE and WRE were combined, nanoparticles with moderate particle
size were formed. The process behind their formation was likely similar to what is shown in
Figure 3.8, as the composite was subjected to the same conditions. Crystallinity significantly
influences nano-fertilizer performance by determining nutrient dissolution and release
behavior (Madlala et al., 2024). The amorphous pattern observed in SAED is consistent with a
polymeric matrix commonly found in organic materials (Thomas et al., 2024), and aligns with
the low-contrast nanoparticles observed in TEM (Muchenski et al., 2021). Moreover,

amorphous phases are usually associated with an enhanced ion-exchange capacity (Simancas
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etal., 2023) and a faster dissolution than their crystalline counterparts. Thus, amorphous phases
release nutrients rapidly and have improved bioavailability (Carmona et al., 2020). This
suggests that the composite of 50%BPE+50%WRE can be optimized for immediate nutrient
release rather than gradual and sustained release. The BPE and WRE are both rich in potassium
(Ben Romdhane et al., 2024; Hikal et al., 2022). Combining the plant extracts and adding the

extracting agent likely increased the potassium content.

3.5.4.5 Composite of 75% BPE+25% WRE
The TEM image of 75% BPE+25% WRE showed discrete, dispersed quasi-spherical
nanoparticles that are very small and exhibit no obvious necking or sintering (Fig. 3.1Aa). The

nanoparticle had a minimal mean diameter of 4.4 nm, with the nanoparticle size ranging

between 1-9 nm (Fig. 3.15b).

Average particle size (4.4 nm)
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Particle size (nm)

Figure 0.19: (a) TEM image of 75 % BPE+25%WRE (scale bar = 20 nm). (b) Histogram

illustrating the particle size distribution (n = 90), with an average diameter of 4.4 nm.

85



The SEM image for 75%BPE+ 25%WRE (Fig. 3.16a) reveals compact, cloud-shaped clusters
composed of rounded and partially fused particles, creating a smooth and continuous surface
morphology. The corresponding EDS spectrum (Fig. 3.1b) indicates that oxygen and potassium
are the main elements present, accompanied by smaller concentrations of chlorine,
phosphorous, silicon and sulfur. The elemental overlay (Fig. 3.16c-d) indicates that the

detected elements are evenly distributed throughout the analyzed area.

W 7sezs0.2 Elements (Wt% \Wt% Sigma

O 52.88 0.25

Si 0.36 0.04

P 0.27 0.04

S 0.20 0.04

Cl 1.29 0.05

K 44.99 0.24

B Total 100.00

Figure 0.20: SEM-EDS analysis of 75%BPE + 25%WRE. (a) SEM image showing the surface
morphology (500 nm) (b) EDS spectrum confirming O, Si, P, S, Cl, and K. (c¢) Overlay

elemental map. (d) Individual elemental maps.

The formation of smaller nanoparticles in the 75%BPE+25%WRE composite likely followed
the same procedure depicted in Figure 3.8. The nanoparticles were smaller and more dispersed,
indicating that nucleation likely occurred faster (Farshad and Rasaiah, 2023), and were
effectively capped (Gharibshahian and Tafreshi, 2021; Mahlambi and Moloto, 2022). The

observed fused nanoparticles in the SEM image most probably formed as a result of drying
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artifacts and this is well reported in previous studies. In support of this claim, Michen et al.
(2015) reported that drying has a tendency to introduce artifacts and these artifacts can prevent
the dispersion state of nanoparticles following drying. In expanding on this report, Brydson
(2015) also stated that drying can induce nanoparticle agglomeration or break up formed
agglomerates. Following the previous claims, Teulon et al. (2019) further stated that
Microscopy-based techniques suffer from a common issue: severe artifact induction resulting
from drying, largely due to the retraction of the liquid meniscus, which can either disrupt or
promote agglomerates. Together, the observations made by Teulon et al. (2019), Brydson
(2015) and Michen et al. (2015) share a common revelation that indeed drying can alter
nanoparticle formation during SEM and TEM sample preparation. This can occur either by
encouraging the formation of artificial agglomerates or by disrupting those that already exist.
In light of this, microscopy techniques alone are not reliable for resolving the real state of
dispersion or morphology concerning nanoparticles in their natural colloidal environment.
Other advanced techniques, including but not limited to complementary solution-phase
techniques e.g., Dynamic Light Scattering (DLS) and zeta potential analysis, are required to
fill the gap of characterizing particle size and stability under their actual suspension conditions
(Pochapski et al., 2021; Rodriguez-Loya et al., 2023). The minerals identified by EDS were

present in all individual plant extracts.

3.5.4.6 Composite of 75% WRE+25% BPE

The formulation of 75% WRE + 25% BPE presents particles with irregular, flake-like
aggregates with ragged outlines, and the primary particles are not resolved (Fig. 3.17a). The
histogram of the same sample shows a wide particle distribution with an average particle size
of 81.6 nm (Fig. 3.17b). The EDS spectrum results for 75%WRE+25%BPE (Fig. 3.17c) present
magnesium as the dominant element (51.92 wt%), with notable amounts of potassium, calcium,

and sulfur. Trace levels of titanium, copper, and barium were also detected. The strong
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magnesium and potassium signals suggest that the surface is enriched with alkaline earth and

alkali metals.
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Figure 0.21: TEM image of 75%WRE+25%BPE (scale bar = 100 nm). (b) Histogram
illustrates the particle size distribution (n= 5), with an average diameter of 81.6 nm (¢) EDS

spectrum of 75%WRE+25%BPE.

The formation of nanoparticles for 75%WRE+25%BPE, followed the same procedure
described in Figure 3.8. However, combining higher amounts of WRE with BPE produced
slightly larger nanoparticles, likely due to poor capping (Sharma et al., 2020). The higher

magnesium content observed in EDS for this formulation aligns with the findings by Acun et
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al. (2025) and Ashoka et al. (2022), who revealed that watermelon rinds are rich in magnesium,

potassium and other trace elements.

3.5.4.7 Composite of 50%BPE+50%WRE+5 mL ALVE

The TEM image of the 50%BPE+50%WRE+5mL ALVE depicts discrete, quasi-spherical
nanoparticles. The nanoparticles appear compact but loosely aggregated, with each particle
having its unique structure despite the close packing (Fig. 3.18a). The histogram illustrates

narrowly distributed, nearly monodispersed particles with an average size of 7.7 nm (Fig.

3.18b).
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Figure 0.22: (a) TEM image of 50 % BPE+50%WRE +5 mL ALVE (scale bar = 20 nm), (b)
the histogram illustrates the particle size distribution (n = 12), with an average diameter of 7.7

nm.

The SEM micrograph for 50%BPE+50%WRE +5mL ALVE (Fig.3.19a) displays loosely
packed, cloud-like agglomerates formed by the merging of rounded particles, resulting in a
smooth and compact morphology. The EDS (Fig. 3.19b) results reveal strong signals for

potassium and oxygen, along with weaker peaks for sodium, silicon, magnesium, and chlorine.
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The elemental overlay maps (Fig. 3.19c-d) illustrate that the elements are evenly distributed

throughout the surface. However, the oxygen signal appears slightly less intense in the upper

or dark regions.

I 508 50w 541 Elements Wit% Wt% Sigma
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Figure 0.23: SEM-EDS analysis of 50%BPE + 50%WRE+ 5 ml ALvVE. (a) SEM image
showing the surface morphology (500 nm) (b) EDS spectrum confirming K, Cl, Mg, O, Si, and

Na. (c¢) Overlay elemental map. (d) Individual elemental maps.

The cloud-like shape observed in the SEM image (Figure 3.19a) likely formed because of the
closely packed, loosely aggregated nanoparticles observed in the TEM image (Figure 3.18a).
Lesaine et al. (2020), noted that this phenomenon is common, and the final morphology of the
nanoparticles during drying is mainly influenced by the rate at which evaporation and
aggregation occur. It has been noted that the composite of 50%BPE+50%WRE yielded 37.3
nm nanoparticles through an oxidative polymerization route. Before introducing ALVE to the

composites of BPE and WRE, the composites were heated to 70 °C. Previous studies have
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reported that temperature can significantly influence the surface layer of nanoparticles.
Widmer-Cooper and Geissler (2016) temperature changes drive ligand coatings on
nanoparticles to transition from ordered to disordered forms. Moreover, Huang et al. (2024)
demonstrated that increased temperature can boost molecular motion, thereby increasing ligand
mobility and promoting disordered conformations. These findings suggest that heat can disturb
or loosen the surface coating on a nanoparticle. Heating the composite to a temperature of 70
°C appears to have loosened molecular interactions. As a result, the ALVE polysaccharides
insert themselves more efficiently during post-synthetic capping, yielding smaller particles.

This implies that ALVE served as an effective capping agent (Javed et al., 2020).

The mechanism by which the nanoparticles formed is shown in Figure 3.20. The EDS results
indicate that this composite retained elements from the individual extracts, which were

subsequently incorporated into the organic matrix of the materials.
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Figure 0.24: The formation of nanoparticles through heat-assisted post-synthetic polymer

encapsulation. Inspired by (Aguilar et al., 2021), with modifications

3.5.4.8 Composite of 50%BPE+50%WRE+10 mL ALVE

Increasing the amount of ALVE to 10 mL in the 50%BPE and 50% WRE composite yielded
nanoparticles with elongated rod-like and capsule shapes. The particles are relatively large and
form secondary agglomerates arranged in a short chain (Fig. 3.21a). The histogram revealed
that the particles were widely distributed and polydisperse, exhibiting an average particle size
of 528.nm (Fig. 3.21b). The SAED pattern displayed concentric rings with clear, discrete spots,

consistent with a polycrystalline structure (Figure 3.21c).
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Figure 0.25:(a) TEM image of 50 % BPE+50%WRE +10 mL ALVE (scale bar = 2000 nm).
(b) Histogram illustrating the particle size distribution (n = 13), with an average diameter of

528.8 nm. (c) SAED structure of 50%BPE+50%WRE+10mL.

The observation of larger aggregates after the addition of 10 mL of ALVE to the composite of
50%BPE+50%WRE aligns with a bridging effect between particles mediated by polymer
chains. Hogg (2013) documented that this mechanism occurs when larger polymer molecules
bind to multiple particles simultaneously. Macczak et al. (2020) noted that when a polymer
chain attaches to a particle surface, it can form loops and tails in the solution, which have the

ability to bind adjacent particles, thereby driving the formation of larger aggregates (Fig. 3.22).
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This could explain why the nanoparticles seen in the TEM image connected to form nanorod-
like structures with larger particles. The 50%BPE+50%WRE+10mL ALvVE displayed a
polycrystalline pattern, suggesting the elements were incorporated within polycrystalline

grains.

High amount of ALVE
B

Organic nanounits /

Aloe bridges the nanounits Large, bridged nanoclusters

Figure 0.26: The polymer bridging of nanoparticles process. Adapted from Liang et al. (2023).

3.5.4.9 Composite of 50%BPE+50%WRE+15 mL ALVE

Larger irregularly shaped particles that were angular and faceted were displayed by the TEM
micrograph of the 50%BPE+50%WRE +15 mL ALVE. The particles undergo partial sintering;
however, they remain distinct and do not fuse into a single crystallite (Fig.3.23a). The
histogram presents a wide distribution of particle sizes and polydisperse particles, with an
average particle size of 540.8 nm (Fig. 3.23b). The SAED pattern of 50%BPE+50%WRE+15
mL ALVE displayed concentric rings with sharp spots, confirming the polycrystalline nature
of the nanoparticles. The composite of 50%BPE +50%WRE +15 mL ALVE EDS spectrum
(Fig.3.23c) represented a higher oxygen content (87.75 wt%). It also contained two
macronutrients: potassium (11.06 wt%) and phosphorus (1.19 wt%), along with two trace

elements, copper (1.09 wt%) and zinc (0.19 wt%).
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Figure 0.27: 50%BPE+50%WRE+15 mL (a) TEM image (scale bar = 500 nm). (b) Histogram
illustrates the particle size distribution (n =4), with an average diameter of 540.8 nm. (¢) SAED

pattern. (d) EDS spectrum.

The larger, irregular-shaped particles seen in the TEM image of 50%BPE+50%WRE+15 mL
are consistent with the bridging flocculation mechanism presented in Figure 3.22. The SAED
pattern indicates that the elements were incorporated within the polycrystalline grain as
observed with the formulation of 50%BPE+50%WRE+15 mL ALVE. The higher oxygen
content observed in the EDS could be due to the presence of high levels of plant-derived

polysaccharides and phenolics, which contain numerous oxygen-rich groups. Moreover, the
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EDS reveals that this formation contains elements that are present in the individual plant

extracts.

3.5.4.10 Composite of 75%BPE+25%WRE+5 mL ALVE

The TEM micrograph for 75%BPE+25%WRE+5 mL ALVE revealed much larger, elongated
or ellipsoidal particles that are well separated (Fig. 3.24a). The particles exhibited a narrow
size distribution, ranging from 300 to 450 nm, with an average particle size of 365.3 nm (Fig.
3.24b). The composite of 75%BPE+25%WRE with SmL AIVE exhibited a broad diffuse halo
with almost no distinct rings, indicating an amorphous structure (Fig. 3.24c). The formulation
of 75%BPE+25%WRE +5 mL ALVE EDS spectrum (Fig. 3.24d) revealed peaks for all three
primary plant nutrients (NPK) and two trace elements (Cl and Cu). Nitrogen was detected at a

higher content, accounting for 86.08 wt%.
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Figure 0.28: The 75%BPE+25%WRE 5mL ALVE (a) TEM image (scale bar = 500 nm). (b)
Histogram illustrating the particle size distribution (n = 3), with an average diameter of 365.3

nm. (c) SAED pattern. (d) EDS spectrum.

The composite of BPE and WRE yielded discrete, dispersed, and smaller particles with an
average particle size of 4.4 nm. When 5 mL of ALVE was added to the composite, the TEM
illustrated bigger, elongated particles with an average particle size of 365.3 nm. Aloe vera gel
extract is rich in natural polymers, and a study by Gamagedara et al. (2018) reported that the
addition of a synthetic polymer (polyethylene oxide) to small, spherical nanoparticles induced
self-assembly and elongation into rod shapes. This is because the polymer binds to each surface
of the nanoparticle, directing its growth into a rod-shaped structure. This aligns with the

morphology observed in the TEM image (Fig. 3.24), suggesting that ALVE can also serve as a
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soft template. The amorphous structure indicates that the elements were incorporated within an
amorphous structure. The EDS indicates that this formulation contains all three plant nutrients
required for proper development; however, nitrogen was not detected in the individual plant
extracts. As noted earlier in the previous sections, plant extracts contain high amounts of
capping agents and when combined in different amounts, they impose surface alterations and
also mask or expose some elements when the surface is thick. This therefore suggests that the

composites are likely to facilitate easier detection of nitrogen (Reda et al., 2019).

Expanding from this view, it must also be considered that the elemental analysis by EDS does
impose some limitations whereby some elements may not be detected due to several limitations
of the instruments, especially concerning plant tissues. For instance, low-energy x-rays (Z<10)
are strongly absorbed by the specimens, rendering elements like C, O and N undetectable, as
well as Na, depending on whether the surface is thick or heterogeneous. This effect increases
with surface thickness and the density of the specimen (MyScope, 2025). Not only that, but
detection limits are also influenced by the surface matrix coupled with conditions. This means
that various factors, such as the beam energy, material and geometry, are major contributors.
Typical detection limits range from 0.1% or above. This implies that thin layers may not be
detected if they fall below this threshold (Jeol, 2025). Lastly, in practice, simulations and
applications demonstrate that the limits of detection (LODs) and detectability shift with
increasing voltage, absorption paths and detector geometry. Based on this fact, thicker surfaces

worsen detectability for certain elements (Burgess, 2022).

3.5.4.11 Composite of 75%BPE+25%WRE+10 mL ALVE

Large, dense, rounded particles, forming agglomerates, are displayed in the TEM image for

75%BPE+25%WPE+10mL ALvVE (Fig.3.25a). The nanoparticles exhibited narrow
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distribution, with an average particle size of 433.5 nm (Fig. 3.25B). The SAED pattern reveals

few weak discrete spots superimposed on a diffuse background, indicating a poor crystalline

state (Fig. 3.25¢).
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Figure 0.29: 75%BPE+25%WRE+10 mL AIVE (a) TEM image (scale bar = 500 nm). (b)
Histogram illustrating the particle size distribution (n= 5), with an average diameter of 433.5

nm. (c) SAED pattern. (d) EDS spectrum.

Similarly, the larger particle size observed in TEM likely formed through the bridging of
polymer approach illustrated in Figure 3.20. The elements were embedded within the poorly

crystalline structure of 75%BPE+ 25%WRE+10 mL ALVE.



3.5.4.12 Composite of 75%BPE+25%WRE+15 mL ALVE

The TEM image for 75%BPE+25%WRE+15 mL ALVE (Fig. 3.26 a) brought about discrete,
mostly rounded particles with minimal agglomeration. The histogram (Fig. 3.26b) showed that
the particles were polydisperse, with most diameters ranging from 100 to 400 nm and an
average diameter of 113.9 nm. The SAED image shows a broad, diffuse halo with no sharp
rings and very faint diffraction spots, indicating an amorphous structure (Fig. 3 .26C). The EDS

spectrum indicated a higher potassium content, along with smaller amounts of chlorine and

copper.
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Figure 0.30: 75%BPE+25%WRE+15 mL AIVE (a)TEM image of 75 % BPE+25 %WRE +15
mL ALVE (scale bar =200 nm). (b) Histogram illustrating the particle size distribution (n = 4),

with an average diameter of 113.9 nm. (c) SAED pattern. (d) EDS spectrum.
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It can be observed that the nanoparticles were slightly larger, but they were dispersed. This
may indicate that nucleation was slow (Farshad and Rasaiah, 2023) and steric stabilization took
place, preventing nanoparticles from clustering (Javed et al., 2020). The EDS results showed
that the material contained a higher content of magnesium and phosphorus, which were

relatively low in the individual plant extracts.

3.5.4.13 Composite of 75%WRE +25%BPE+ 5mL ALVE

The composite of 75%WRE+25%BPE+5 mL ALVE (Fig. 3.27a) revealed numerous, very
small, near-spherical particles, with sharp interfaces and minimal agglomeration. The
corresponding histogram (Fig. 3.27b) shows that the particles were broadly polydisperse,
skewed toward smaller sizes, with an average particle size of 4.6 nm. The SAED pattern reveals
a broad halo with no distinct rings or sharp spots, indicating an amorphous structure (Fig.
3.27¢). The EDS spectrum (Fig. 3.27d) identifies oxygen (76.99 wt%) as the most abundant
element, followed by potassium and magnesium. Trace amounts of silicon, copper and sulfur

were also detected.
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Figure 0.31:75%WRE+25%BPE+5 mL ALVE (a) TEM image (scale bar =100 nm). (b)
Histogram illustrating the particle size distribution (n = 23), with an average diameter of 4.6

nm. (¢) SAED image. (d) EDS spectrum.

The discrete, evenly dispersed nanoparticles seen in the TEM image (Fig. 3.27a) likely suggest
that these nanostructures are products of post-synthetic or pre-formed nanoparticles. As shown
in Fig. 3.20, the constituents of Aloe vera gel extract likely adsorb non-covalently onto the
surface of nanoparticles, disrupting weak agglomeration and resulting in the encapsulation of
individual particles. The elements detected by EDS were present in the individual plant extracts

and they were incorporated within the amorphous matrix.
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3.5.4.14 Composite of 75%WRE+25%BPE+10mL ALVE

A few large, rounded aggregates with smooth margins displaying spheroidal or ovoid particles
are seen from the TEM image (Figure 4.28a). The corresponding histogram (Fig. 3.28b)
indicates that particle size was widely distributed between 100 and 430 nm, exhibiting an
average of 289.2 nm. The SAED image further illustrates sharp, well defined discrete spots
arranged in a symmetric pattern, which is characteristic of a single-crystalline structure (Figure
3.28¢c). The EDS results (Fig. 3.28d) reveal that oxygen (74.23 wt%) dominates the sample
surface. Moderate potassium (19.12 wt%) and small amounts of copper (2.35 wt%), chlorine

(2.02 wt%), sulfur (1.34 wt%), and silicon (0.95 wt%) were detected.
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Figure 0.32: The 75%WRE+25%BPE+10 mL ALVE (a) TEM image (scale bar = 500 nm). (b)
Histogram illustrating the particle size distribution (n= 7), with an average diameter of 289.2

nm. (c) SAED image. (d) EDS spectrum.

The nanoparticles observed in the TEM image are consistent with the previously noted polymer
template. The EDS results showed the presence of elements detected in the individual plant
extracts and they were incorporated within a single crystalline domain. The single-crystal
structure exhibits slower nutrient release behavior than the polycrystalline structure because it
has highly ordered, stable crystal faces and fewer reactive sites for dissolution (Kurganskaya

and Luttge, 2023; Morales-Camara et al., 2025).

104



3.5.4.15 Composite of 75%WRE+25%BPE+15 mL ALVE
The TEM micrograph of the same sample showed small, quasi-spherical or irregular
nanoparticles forming loose clusters with partial necks. However, the primary particles remain

distinguishable (Fig. 3.29a). The histogram reveals a broadly polydisperse population with an

average of 23.5 nm (Fig. 3.29D).

(d) Average particle size (23.5 nm)

10 15 20 25 30 35 40
Particle size (nm)

Figure 0.33: (a) TEM image of 75 % WRE +25 %BPE +15 mL ALVE (scale bar = 20 nm). (b)
Histogram illustrating the particle size distribution (n= 10), with an average diameter of 23.5

nm.

The SEM micrograph for 75%WRE+25%BPE+15 mL ALVE (Fig. 3.30a) shows a group of
rounded particles forming tight, cloud-like agglomerates characterized by smooth and well-
defined boundaries. The EDS spectrum (Fig. 3.30b) reveals dominant peaks of oxygen,
potassium and chlorine, with smaller contributions from sulfur, magnesium, silicon, and
sodium. The elemental overlay map indicates an overall even distribution of the elements

throughout the analyzed area (Fig. 3.30 c-d).
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Figure 0.34: The EDS spectrum of 75%WRE+25%BPE +10 mL ALvVE. (a) SEM image
showing the surface morphology (500 nm) (b) EDS spectrum confirming O, Na, Mg, Si, S, Cl,

and K. (c) Overlay elemental map. (d) Individual elemental maps.

The TEM image showed that the nanoparticles were closely packed together, and the SEM
image showed that the nanoparticles were likely clustered, indicating that the capping agent
was not effective in keeping the nanoparticles dispersed (Javed et al., 2020). The EDS reveals

elements detected in the individual plant extracts.

3.5.4.16 The effect of the ALVE on the morphology of the composite of BPE and WRE

Despite ALVE’s role as a stabilizing and reducing agent, the findings gathered from this study
indicate that it was not the only source of influence regarding nanoparticle formation. It has

been observed that BPE and WRE also modulate nanoparticle morphology in various ways, as
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they contain high levels of phytochemicals. However, the addition of ALVE leads to dramatic
size tuning since prior to its addition, the composites maintained a nanoscale size. An opposing
effect to this dramatic size change was observed with lower amounts of AIVE; hence, the ALVE
effects in the different composites were non-monotonic. The large particle size could be
attributed to ALVE introducing sufficient capping agents to break the nanostructures within the
composite, owing to the so-called bridging effect, as detailed in previous discussions. These
observations collectively demonstrate the sensitivity of green nanoparticle formation to extract
composition, yielding synergistic effects. This is especially important in the design of effective
nano-fertilizers, which involve characterizing extracts based on polymer content, pH, ionic

strength and careful control of dosages.

3.5.5 The greenness of the byproduct or synthesis approach

Green products are referred to as those that have been manufactured by employing procedures
that lead to the production of less harmful substances and waste, as backed by green chemistry
principles (Kharissova et al., 2019).The discussion of all subsequent points here owes its origin
to green chemistry principles as outlined by Ogodo and Abosede (2025). The process of
synthesizing nano-fertilizer is heavily centred on the transformation of agricultural waste, i.e.,
banana peels and watermelon rinds, into primary raw product inputs. By virtue of this
conversion, the principles of green chemistry are adhered to as they prioritize waste prevention
and the use of renewable resources. Valorizing banana peels and watermelon through nano-
fertilizer synthesis leads to the reduction in landfill waste and pollution linked with the decay
and burning of waste. Often, the waste generated from these raw materials is discarded.

However, this process helps extend their use beyond mere consumption. Therefore, in place of
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applying harsh chemical reagents to fabricate nano-fertilizer, the study has employed the

reducing and stabilizing effects of Aloe vera gel.

In addition, water has been used as a solvent, allowing safer application than organic solvents.
Beyond this, the synthesis conditions have been further set to adhere to green chemistry
principles, as the samples required only 30 minutes of boiling under constant stirring, free from
extreme temperatures or pressures. Based on these principles, the resulting nano-fertilizer
produced blend is in perfect harmony with the environment, as the material inputs are derived
from natural organic molecules that can also biodegrade. Supporting this idea is the EDS
analysis, which showed that the synthesized material contained no heavy metals. This, in
practice, means that if the same material is not absorbed by plants, it can either degrade or
become part of soil organic matter without harming the ecosystem. This aligns with the green

chemistry principle of degradation design and benign byproducts (Priya et al., 2023).

By this approach, the SDG goal 12 is thus supported, as the valorization of biowaste into useful
input materials prevents waste generation and promotes the circulation of resources. This is
achieved through the conversion of residues into biodegradable products, allowing them to
integrate into the soil system without becoming a pollutant (Priya et al., 2023). Furthermore,
the application of KOH as an extracting agent also qualifies it for compliance with green
chemistry principles. Even though such a bold claim can spark controversy. The alignment of
sodium hydroxide with green chemistry principles lies in its incorporation, with almost all its
atoms used (alignment with atom economy). Another aspect that qualifies it for the green
chemistry contest is the presence of potassium ions, which are important for serving as design
chemicals since they form essential plant nutrients and are environmentally benign. Hence,
overall, considering these alignment factors, the synthesis method and byproduct are deemed

green.
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The application of bio-based, eco-friendly nano-fertilizers is in line with the first two SDG
goals (no poverty, zero hunger”) as they can improve the use of nutrients efficiently and crop
productivity. Crop productivity has a direct impact on food security and also improves the

livelihood of farmers (Khundi et al., 2025; Zafar et al., 2024).

3.6 Conclusion

Rising research trends in sustainable materials science largely focus on the use of agricultural
waste for the production of nanomaterials. In line with this, the current study successfully
demonstrated that BPE, WRE, and ALVE can be utilized as renewable precursors for
synthesizing green nano-fertilizers. The production of a non-covalent nanocomposite through
the incorporation of these materials exemplifies the application of green chemistry in

manufacturing agricultural inputs from low-value biomass.

Systemic control of environmental parameters, including alkaline pH, thermal conditions, and
extract ratios, was accounted for during fabrication. Optimization of these factors enabled
successful nanoparticle nucleation and stabilization through plant-derived agents. It was
observed that higher concentrations of Aloe vera resulted in larger nanoparticles, highlighting
the importance of compositional balance in tailoring physicochemical characteristics for

agricultural applications.

Based on these findings, the study confirms the feasibility of synthesizing plant extract-
mediated nano-fertilizers under controlled conditions. The results therefore support the
hypothesis that these renewable biological resources can serve as effective precursors for the

green synthesis of nano-fertilizers.
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CHAPTER 4

THE IMPACT OF GREEN NANO-FERTILIZER ON SEED EMERGENCE
PERCENTAGE AND PLANT GROWTH OF TOMATOES AND BELL PEPPERS

UNDER GREENHOUSE CONDITIONS

4.1 Introduction

Ensuring adequate food production under the pressures of climate change and population
growth requires the development and adoption of efficient and sustainable fertilizer sources
(Pagano et al., 2025). One promising strategy that has recently gained attention involves the
use of green nano-fertilizers synthesized from plant-derived extracts (Maaz et al., 2025). The
concept of nano-fertilizers involves embedding or coating nutrients within nanomaterials,
which facilitates a controlled nutrient release mechanism and enhances nutrient distribution
and availability in soils (Demeke et al., 2025). The performance of nano-fertilizers may also
be enhanced through nanoscale carriers that support interactions with beneficial soil microbes,
resulting in reduced pathogen pressure and improved soil health and plant growth (Oyediran et

al., 2025).

Green-synthesized nano-fertilizers sourced from plant extracts have successfully improved
crop physiology, biochemical status and nutrient uptake of plants while improving the soil’s
nutrient capacity. For instance, efficient mobilization of exchangeable soil potassium in support
of nutrient cycling at the root interface has been recognized via the application of potassium
nanoparticles derived from Artocarpus hirsutus (wild jackfruit) (Peddi, 2025). Improved
biomass and iron accumulation in plants has also been achieved with biogenic nanoparticles
synthesized from Calendula officinalis (pot marigold) (Malekzadeh et al., 2024). On another
note, zinc oxide nanoparticles that were fabricated using Aloe vera gel and Coriandrum sativum

(coriander) extracts have driven the stimulation of root development, seed vigour, biomass
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responses and chlorophyll content in plants. This effect has also been shown to have a close
association between rhizosphere activity and soil nutrient uptake (Singh et al., 2019; Ukidave

and Ingale, 2022).

Further evidence echoes the preceding findings, as nanoparticles derived from banana peels
have shown support for the early establishment of seeds (Hussein et al., 2019). Meanwhile,
extended reinforcement emanates from M. oleifera (moringa)-based sulphur nanoparticles,
which have proven to enhance osmolyte levels, photosynthesis and antioxidant activities in
plants. Feeding into high nutrient returns and the rhizosphere health of crops (Khalifa et al.,
2024). Nonetheless, despite the overwhelming positive feedback of plant-derived
nanoparticles, some of them, like Punica granatum L. (pomegranate) peel-derived nano-
hydroxyapatite, are subject to optimization by dosage as a result of pigment reduction effects
(Abdelmigid et al., 2022b). Given these reports, the consensus amongst researchers is that
plant-derived nano-fertilizers are a promising tool for spearheading improvements in plant
growth by enhancing nutrient availability and soil biochemical activity. This effect has thus
placed them at the cornerstone of agricultural innovation for sustainable soil fertility

management.

In Chapter 4 of the present study, the impact of nano-fertilizer derived from a composite of
banana peel extract (BPE) and watermelon rind extract (WRE), used as a nutrient source, and
Aloe vera gel extracts (ALVE), used as a reducing and stabilizing agent, was evaluated. In this
chapter, the performance of the resulting formulation was evaluated using seed emergence
percentage and growth parameters of tomatoes and bell peppers. The approach aims to promote
sustainable nutrient management by reducing reliance on inorganic salt precursors through the

use of plant-derived materials, advocating for a circular economy.
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Seedling establishment is a crucial stage in crop development, as successful emergence
determines plant population and significantly influences overall crop productivity (Reed et al.,
2022 ; Girgel, 2025). Adetimirin (2008), noted that emergence percentage offers notable
selection index for assessing stand establishment and early field vigour. Similarly, it is often
preferred because it serves as a more generalisable and intuitive metric for assessing stand
establishment across different sites and years (Loarca et al., 2024). According to BoZena Sera
(2023), seed-emergence percentage is among the most frequently reported parameters used to

evaluate establishment potential in agricultural crops, cultivated trees, and wild plant species.

For the initial assessment, Solanum lycopersicum L. (tomato) and Capsicum annuum L. (bell
pepper) were selected as the test species. Previous studies indicate that high-vigour seed lots
of both species germinate rapidly and within a relatively narrow and uniform period when
incubated near their thermal optimum (Demir et al., 2008; Jafari et al., 2024). Residual
dormancy may delay and stagger seed emergence, thereby complicating the accurate
assessment of treatment effects. Therefore, many reviews and experimental protocols
recommend the use of fully after-ripened, high-vigour seed lots that exhibit rapid and uniform
germination. This approach ensures that any observed differences in emergence can be
attributed to the treatments rather than to inherent variation in seed physiology (Finch-Savage
and Leubner-Metzger, 2006; Finch-Savage, and Bassel, 2016: Soppe and Bentsink, 2020;

Marcinkowska et al., 2025).

Because the nano-fertilizer formulated in this study represents a novel plant-based system, with
both the nutrient sources and synthesis agents derived from plant materials, its performance
required initial evaluation under reliable germination conditions. This step was necessary to
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verify its biological effectiveness during early plant development. Determining baseline
effectiveness under controlled emergence conditions creates a strong basis for future research

that can extend the evaluation to crops with more complex germination patterns.

4.2 Materials and Methods

4.2.1 The study location

The study was carried out in a greenhouse facility at the University of Mpumalanga located in
Mbombela, Mpumalanga Province, South Africa (25.4365° S, 30.9818° E). The Mbombela
region receives an average annual rainfall of less than 867 mm. During the experiment,
greenhouse temperatures were maintained between 25 °C and 30 °C using thermostatically

controlled fans and wet wall cooling systems positioned at opposite ends of the structure.

4.2.2 Experimental design and cultural practices

Two separate experiments were conducted during two different growing seasons: February to
June (Experiment 1) and June to October (Experiment 2) in 2024. The experiments were
arranged in a 2 x 10 x 4 factorial design laid out in a completely randomized design (CRD),
replicated three times. The factors included in the factorial design were crop type, composite

of plant extracts (CPE) and the dosages as presented in Table 4.1.

Table 0.5: The 2 x 10 x 4 factorial design employed in the present study

Crop type Composite of plant extracts (CPE) Dose (mL)

Tomato 50%BPE+50%WRE+5mL ALVE (C1) 4 mL

Bell pepper 50%BPE+50%WRE+10mL ALVE (C2) 8 mL
50%BPE+50%WRE+15mL ALVE (C3) 12 mL
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75%BPE+25%WRE+5mL ALVE (C4) 16 mL
75%BPE+25%WRE+10mL ALVE (C5)
75%BPE+25%WRE+15mL ALVE (C6)
75%WRE+25%BPE+5mL ALVE (C7)
75%WRE+25%BPE+10mL ALVE (C8)
75%WRE+25%BPE+15mL ALVE (C9)

Control (C10)

Twenty-centimeter plastic pots, each containing approximately 2700 mL steam-pasteurized
loam and sandy soil at a ratio of 3:1 (v/v) were placed in a 0.1 m intra and 0.3 inter- row
spacings on the greenhouse floor. Seeds of tomato (Solanum Ilycopersicum L., cultivar Heinz
1370) and bell pepper (Capsicum annuum L., cultivar California Wonder) were purchased from
a local supermarket in Mbombela, Mpumalanga Province, South Africa. The seeds were sown
separately, with five seeds per pot. The treatments were applied at planting and every second
week throughout the study period. As true leaves began showing, the seedlings were thinned
with the aim of leaving one healthy plant per pot. Each pot was irrigated every second week
with 250 mL of tap water. Weeds that emerged in the pots were manually removed by hand.
During the entire period of the study (120 days) plant protection activities were carried out,
such as scouting for pests and insects. Leaf miner and whiteflies presence were noticed and

were treated with Karate Zeon pesticide at recommended dosage rates.
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Figure 0.35: The experimental layout

4.2.3 Data collection

4.2.3.1 Seedling emergence percentage

The seed emergence percentage was determined by regularly monitoring the number of seeds
that emerged from the soil surface over a period of 14 days. This process involved counting
the emerged seedlings and calculating the percentage of seeds that successfully germinated

using the formula demonstrated in Eq. 1 (Chen et al., 2023).

Number of emerged seedlings

Seedling emergency % = x 100 (1)

Total number of seeds sown

4.2.3.2 Plant variables
Plant growth variables were recorded at 120 days after planting, and plant height was
determined by measuring the distance from the crown to the tip of the flag leaf of each plant

using a measuring tape. The number of flowers was manually counted when visible. Using a

digital Vernier caliper (Model 464-9952, RS PRO, Midrand, South Africa), stem diameter was
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recorded at a position 5 cm above the cut end. The chlorophyll measurements were taken
around the edge of the top leaf of each crop using a chlorophyll meter (Minolta spad-502,
Hangzhou, China). The leaf length of the tomato and bell peppers was measured following a

method described by Ding et al. (2020)

The leaf area was measured as reported by Cheng et al. (2023) using the relation shown in Eq.

2.

Leaf Area =L X W (2)

Where, L is longest leaf length and W is maximum leaf width.

Roots were carefully collected from each pot and rinsed in water to remove adhering soil
particles. Excess moisture was removed by gently blotting the roots with a laboratory towel
before weighing. The samples were then oven-dried at 52 °C for 72 h to determine their dry
matter content. Fruit mass was measured using an electronic top-loading digital laboratory

balance (Model ELB 1200, Japan).

4.2.3.3 Soil variables

Soil from each pot was first thoroughly homogenized, after which 250 g samples were collected
for the determination of electrical conductivity (EC) and pH. The collected samples were air-
dried and passed through a 2 mm sieve prior to analysis. A 10 g subsample of the dried soil
was transferred into a glass beaker containing 25 mL of distilled water, and the suspension was
stirred vigorously for approximately 5 seconds using a glass rod. The mixture was then
incubated for 50 minutes following the procedure described by Rayment and Higginson (1992).

After incubation, the suspension was stirred again and left to settle for 10 minutes. The pH of
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the supernatant was measured using a calibrated pH meter, while electrical conductivity (EC)

was determined using a calibrated EC meter (Thermo Orion Star A211 pH/EC meter).

Figure 0.36:Air dried samples of sandy loam soils

4.2 .4 Statistical analysis

The normality of the data was evaluated using the Shapiro-Wilk test (Ghasemi and Zahediasl,
2012; Shapiro and Wilk, 1965). Statistical analyses were performed using Statistix version
10.0. The degrees of freedom and corresponding mean sum of squares (MSS) were partitioned
to quantify the contribution of different sources of variation to the total treatment variation
(TTV) of the measured variables. Mean separation was performed using Tukey’s HSD test at
a significance level of 5% (Mashela et al., 2015). Only parameters that were statistically
significant at p < 0.05 were considered in the discussion, unless otherwise indicated (Mashela

etal., 2015).
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4.3 Results

4.3.1 Seed emergence percentage

The results have shown that for the computed seed emergence percentage, there was a
significant difference for the composite of plant extracts (CPE), dose, and the interaction
between crop type x composite of plant extracts x dose (p <0.05), with TTV 0f42.36%, 29.25%,
and 4.97% in Experiment 1, respectively (Table 4.1). In Experiment 2, the results have shown
that for the seed emergence percentage, there was a significant difference for CPE, dose, and
the interaction between crop type x CPE as well as CPE x dose (p <0.05), with TTV of 51.73%,

25.56%, 5.32%, and 4.55%, respectively (Table 4.4).

Table 0.6: Partitioning mean sum squares for the effect of green nano-fertilizer on seed emergence
percentage in experiments 1 (February to June) and experiment 2 (June to October) at 14 days after

applying the treatments.

Experiment 1 Experiment 2
Source DF MS TTV (%) MS TTV (%)
Replication 2 26.7 033™ 155 2.78 ™
Crop 1 735.0 9.21 " 281.67 5.06"
CPE 9 3381.7 4236 2 881.67 51.73 ™
Dose 3 2335.0 29.25 1 423.89 25.56 ™
Crop » CPE 9 235.0 2.94 s 296.48 532"
Crop x Dose 3 432.8 5.42 1 41.67 0.75 "
CPE = Dose 27 225.1 2.82m 253.52 455"
Crop = CPE x Dose 27 397.0 497 110.8 1.99 1
Error 158 215,7 2,70 126.31 2.27
Total 239 7983.9 100.00 5571.01 100.00
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“*Highly significant at p <0.001, ““significant at p <0.05, ™ not significant, TTV (%) Total treatment

Variation

4.3.1.1 Effect of composite of plant extract (CPE)

The application of C7 recorded the highest seed emergence percentages (80%), followed by
C1 (76.7%) and the lowest seed emergence percentage occurred on C9 (41.7%) in Experiment
1 (Figure 4.3). A pattern comparable to that observed in Experiment 1 was also observed in
Experiment 2 for the composite of plant extracts. The formulation C7 produced the highest
seed emergence (81.7%), followed by C1 (77.5%), and the lowest seed emergence occurred in

C6 and C9 (50.8%) (Figure 4.4).
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Figure 0.37: The effect of the composite of plant extracts on seed emergence percentage in

Experiment 1.
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Figure 0.38: The effect of the composite of plant extracts on seed emergence percentage in

Experiment 2.

4.3.1.2 Effect of dose

The lower application dose of 4 mL resulted in the highest seed emergence percentages (72.7%)
and differed significantly from the other application doses, whereas the applications (8 mL, 12
mL, and 16 mL) were similar to each other and the application of 16 mL recorded the lowest
seed emergence of 58.7% in Experiment 1 (Figure 4.5). The applications of 4 mL and 8mL did
not differ from each other significantly, and exhibited a greater seed emergence of 69.3%. The
application of 4 mL improved seed emergence in both experiments. In contrast, the application
of 12 mL and 16 mL were significantly similar to each other, with 16 mL recording the lowest

seed emergence (59.7%) (Figure 4.6).
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Figure 0.39: The effect of dose on seed emergence percentage in Experiment 1.
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Figure 0.40: The effect of dose on seed emergence percentage in Experiment 2.
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4.3.1.3 Effect of interaction

The results show that treatments had a positive influence in Experiment 1. Seed emergence
increased in tomato crops with the application of C1 at 4 mL and C7 at 8 mL, reaching 93.3%,
while the application of C9 at 12 mL led to lower seed emergence of 33,3%. In bell peppers,
application of C1 and C7 at 4ml resulted in higher seed emergence of 86.7%, whereas the C9

at 12 mL yielded lower seed emergence of 20.0% (Table 4.3).
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Table 0.7: The impact of interaction between crop type, composite of plant extract, and dose on seed

emergence in Experiment 1

CPE Dose Tomato Bell pepper
Cl 4mL 93.3% 26,74
8 mL 80.0°¢ 66,7cd
12 mL 73.3¢%¢ 73 3abe
16 mL 73.30%c 66.73bed
C2 4mL 73.3%¢ 20,0
&mL 73.32bc 66.73bcd
12 mL 60.0%¢ 60.020
16 mL 66.7°> 60.0°°
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C3 4mL 73.32bc 53.30bed
8mL 40.0b%4 53.30bed
12mL 60.02bed 73.32bc
16mL 80.02b¢ 46.72bcd

C4 4 mL 80.02b¢ 80.02b¢
8 mL 80.02b¢ 73.32bc
12mL 60.02bed 73.32bc
16mL 73.32bc 80.02b¢

Cs5 4mL 86.7% 53.32bcd
8mL 53.32bcd 73.32bc
12mL 66.72bcd 46.72bcd
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16mL 46.72bcd 53.30bed
Cé6 4mL 86.7% 66.72bcd
8mL 46.72bcd 53.30bed
12mL 40.0bcd 73.32bc
16mL 40.0bcd 46.72bcd
C7 4 mL 86.7% 86.7%
8 mL 93.32 73.32bc
12 mL 80.02b¢ 73.32bc
16 mL 80.02b¢ 66.720cd
Cs8 4 mL 66.720cd 66.720cd
8 mL 53.32bcd 53.32bcd
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12 mL 46.72bcd 40.0b%d
16 mL 46.72bcd 46.72bcd
C9 4 mL 66.72bcd 33.3
8 mL 40.0bcd 46.72bcd
12 mL 33.3¢d 40.0°cd
16 mL 53.32bcd 20.04
C10 66.72bcd 66.72bcd
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In Experiment 2, the application of C7 in tomato resulted in the highest seed emergence
(78.3%), while C6 had the lowest (41.7%). Similarly, in bell pepper, the application of C7
resulted in higher seed emergence of 85.0%, and the application of C9 produced the lowest

seed emergence of 48.3% (Table 4.4).

Table 0.8: The effect of interaction between crop type and CPE in Experiment 2

CPE Crop type

Tomato Bell pepper
Cl 73.3% 76.7%¢
2 63. 3bcdefg 65. Obcdef
C3 63. 3bcdefg 66. 7bcdef
C4 78.32b 75.02bed
C5 61.7¢dfe 68.30bede
C6 41.7% 60.09¢fe
C7 78.32 85.07
C8 58.3¢fe 53.3¢feh
C9 51.7%h 48.3¢h
C10 66.70cdet 65.0bedet
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The results showed that for most of the CPE, a lower dose resulted in higher seed emergence
and as the dose level increased, seed emergence declined. However, an exception to this trend
was observed with C4: increasing the dosage was associated with increased seed emergence.
The highest seed emergence was achieved when 4 mL of C1 (90.0%) was applied and the

lowest seed emergence occurred when C9 was applied at 16 mL (43.3%) (Table 4.5).

Table 0.9: The effect of the interaction between the composite of plant extract and dose in Experiment 2

CPE Dose Seed emergence
Cl 4 mL 90.0°
8 mL 76.73b¢d
12 mL 70.03bede
16 mL 73.3abede
Cc2 4 mL 70.0abede
8 mL 70.0abede
12 mL 63.3bedef
16 mL 53.3dfe
C3 4 mL 70.02bede
8 mL 73.3abede
12 mL 53.3dfe
16 mL 63.3bcdef
C4 4 mL 66.730cdet
8 mL 76.72b¢d
12 mL 80.0%°
16 mL 83.3%
C5 4 mL 70.0abede
8 mL 70.0abede
12 mL 56.7¢d¢t
16 mL 63.3bcet
C6 4 mL 60.0bcdef
8 mL 63.3bedef
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12 mL 30.08

16 mL 50.0°f
C7 4 mL 83.3%
8 mL 80.0%¢
12 mL 80.0%c
16 mL 83.3%
C8 4 mL 56.7¢det
8 mL 60.0bcder
12 mL 53.3defe
16 mL 53.3defe
C9 4 mL 53 3defe
8 mL 53.3defe
12 mL 50.0°f
16 mL 43.3%
C10 0 66.730cdef

4.3.2 Plant growth parameters

At day 120, after the initiation of treatments, it was observed that in Experiment 1, the different
crop types had a significant effect on plant height and stem diameter (p<0.05), with TTV of
51.77% and 59.44%, respectively. In addition to crop type, stem diameter was also influenced
by the interactions of CPE and crop type and of CPE and dose (p<0.05), with TTVs of 10.14%
and 6.02%, respectively. However, in Experiment 2, plant height was significantly influenced
by the crop type, CPE, and dose (p<0.05), with TTV of 53.61%, 19.77%, and 9.32%,
respectively. For stem diameter, crop type, CPE, interaction between crop type and CPE, and
interaction between crop type and dose, with TTV (p <0.05), with TTV of 63.06%, 11.80%,

5.65%, and 5.43%, respectively (Table 4.6).

It can be noted from Table 4.7 that the leaf length and leaf width were significantly influenced

by both crop type and CPE (p <0.05) in Experiments 1 and 2. The interaction of crop type and
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CPE accounted for 98.36% and 0.48% of the TTV in Experiment 1 for leaf length, while for
leaf width, the crop type and CPE contributed to 98.37% and 0.55%, respectively. In
Experiment 2, crop type and CPE accounted for 91.40% and 5.26% of the TTV in leaf length,
respectively. For leaf width, crop type and CPE accounted for TTVs of 92.15% and 3.69%,

respectively (Table 4.7).

The results of Experiment 1 indicate that leaf area was significantly influenced by crop type
and CPE, resulting in TTVs of 98.69% and 0.45%, respectively. However, the findings
indicated that there was no significant difference (p> 0.05) across the factors for chlorophyll
content in Exp 1. In Exp 2, it was noted that leaf area was significantly affected by crop type,
with CPE of 92.60% and 3.23%, respectively. The chlorophyll content was significantly

affected by crop type, only with TTV of 78.36% (Table 4.8).
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Table 0.10: Partitioning mean sum squares for the effect of green nano-fertilizer on plant height, and stem diameter in experiments 1 (February to June) and

experiment 2 (June to October) ﬁlnder greenhousel conditions at 120 days after applying the treatments (n=240)

Experiment 1 Experiment 2

Plant height Stem diameter Plant height Stem diameter
Source DF MS TTV (%) MS TTV (%) MS TTV MS TTV
Replications 2 8.95 1.58 ™ 1.58 8.19 21.14 0.96 " 7.01 6.14
Crops 1 29415 51777 11.44  59.44™ 1178.38 53.61™ 71.94 63.06™"
CPE 9 65.60 11.55 1 1.95 10.14 ™ 434.57 19.77 ™ 13.46 11.80"
Dose 3 2.18 0.38™ 0.76 3.94" 204.79 932" 2.83 2.48
Crops x CPE 9 65.79 11.58 1 0.87 4,54 101.11 4.60 ™ 6.45 565
Crop type x Dose 3 8.61 1.52 0 0.14 0.75™ 43.68 1.99 1 6.19 543"
CPE x Dose 27 31.39 5.521 0.71 3.71m 63.78 2.90™ 2.31 2.02
Crop x CPE x Dose 27 54.98 9.68 ™ 1.16 6.02 75.50 3.43m 1.71 1.50
Error 158 36.53 6.43 0.63 3.27 75.10 3.42 2.18 1.91
Total 239 568.18 100.00 19.25 100.00 2198.05 100.00 114.09 100.00

“Highly significant at p <0.001. significant at p <0.05. ™ not significant. TTV (%) Total treatment Variation
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Table 0.11:Partitioning mean sum squares for the effect of green nano-fertilizer on leaf length and leaf width in Experiments(February to June) and experiment

2 (June to October) under greenhouse conditions at 120 days after applying the treatments (n=240)

Experiment 1 Experiment 2

Leaf length Leaf width Leaf length Leaf width
Source DF MS TTV (%) MS TTV (%) MS TTV MS TTV
Replications 2 1.73 0.12™ 0.22 0.05™ 2.65 0.22" 3.10 0.77
Crop 1 1450.42 98.36™" 402.23 98.37°" 1115.43 91.40™ 372.75 92.15™
CPE 9 7.15 0.48™ 2.23 0.55™ 64.23 526" 14.94 3.69"
Dose 3 2.34 0.16™ 0.05 0.01™ 1.22 0.10™ 1.01 0.25™
Crop x CPE 9 1.67 0.11" 0.88 0.21™ 5.35 0.44" 2.65 0.66™
Crop x Dose 3 2.54 0.17" 0.43 0.10" 1.01 0.08" 0.70 0.17"
CPE x Dose 27 2.15 0.15" 0.72 0.18" 10.56 0.87" 3.53 0.87"
Crop x CPE x Dose 27 3.65 0.25™ 1.15 0.28 11.48 0.94" 2.98 0.74™
Error 158  3.02 0.20 0.98 0.24 8.48 0.69™ 2.82 0.70
Total 239 1474.67 100.00 408.88 100.00 1220.41 100.00 404.49 100.00

“"Highly significant at p <0.001. “significant at p <0.05. ™ not significant. TTV (%) Total treatment Variation
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Table 0.12: Partitioning mean sum squares for the effect of green nano-fertilizer on leaf area in Experiment 1(February to June) and leaf area as

well as chlorophyll content in Experiment 2 (June to October) under greenhouse conditions at 120 days after applying the treatments (n=240)

Experiment 1

Experiment 2

Leaf area Leaf area Chlorophyll content
Source DF MS TTV (%) MS TTV MS TTV
Reps 2 12.0 0.02" 254.8 0.29 " 432.27 9.77
Crop 1 71463.3 98.69™" 81756.5 92.60 *** 3465.60 78.36™"
CPE 9 324.1 0.45™ 2850.1 323" 126.61 2.86
Dose 3 79.0 0.11" 190.7 022" 50.65 1.15
Crop x CPE 9 53.2 0.07™ 793.9 0.90 " 108.92 2.46
Crop x Dose 3 97.8 0.14" 201.3 0.23 " 18.42 0.42
CPE x Dose 27 93.3 0.13™ 871.2 0.99 " 73.33 1.66
Crop x CPE = Dose 27 159.3 0.22™ 812.9 0.92 1 73.12 1.65
Error 158 127.2 0.18 558.2 0.63 73.66 1.67
Total 239 72409.20 100.00 88 289.60 100.00 4422.58 100.00

“"Highly significant at p <0.001. “significant at p <0.05. ™ not significant. TTV (%) Total treatment Variation
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In Experiment 1, the source of variation aligned with crop type, CPE and the interaction of
crop type, CPE and dose significantly influenced the number of flowers. The crop type
contributed a major TTV of 71.71%, whereas CPE accounted for 6.61%. The interaction of
crop type, composite of plant extracts and dose contributed to a TTV of 5.93%. Moreover, crop
type significantly influenced fruit number and fruit mass, with TTVs of 68.49% and 64.93%,
respectively. On the other hand, crop type significantly influenced the number of flowers,
contributing to a TTV of 81.92% (Table 4.9). Among the biomass variables collected, fresh

root was significant for CPE, accounting for 23.11% of the TTV in Experiment 1.

For Experiment 2, dry shoot mass, fresh root mass, and dry root mass were significantly
influenced by source of variation aligned to crop type and CPE (p <0.05). For dry shoot mass,
crop type accounted for a TTV of 78.00%, while CPE contributed to a TTV of 6.79%. For fresh
root mass, crop type contributed to a TTV of 62.10% and CPE accounted for a TTV of 12.12%.

Crop type accounted for a TTV of 65.88% and 9.74% for CPE in dry root mass (Table 4.10).
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Table 0.13: Partitioning mean sum squares for the effect of green nano-fertilizer on the number of flowers, the number of fruits, and fruit mass, in Experiment

1 and the number of flowers in Experiment 2, under greenhouse conditions at 120 days after applying the treatments

Experiment 1

Experiment 2

Number of flowers Number of fruits Fruit mass Number of flowers
Source DF MS TV MS TV MS TV MS TV
Replications 2 0.32 0.69™ 0.99 16.89™ 59.01 17.00™ 15.43 6.38
Crop 1 23.44 71717 4.00 68.49™" 225.39 64.93"" 198.02 81.92""
CPE 9 2.16 6.617 0.09 1.59™ 5.48 1.58™ 6.05 2.50™
Dose 3 0.68 2.09" 0.08 1.40™ 10.61 3.06™ 2.96 1.227
Crop x CPE 9 0.97 2.95™ 0.08 1.34™ 4.47 1.29™ 5.48 227"
Crop x Dose 3 0.58 1.78™ 0.04 0.64™ 7.26 2.09™ 0.49 0.20™
CPE x Dose 27 1.49 4.57" 0.21 3.51m™ 12.80 3.69" 4.69 1.94™
Crop x CPE x Dose 27 1.94 5.93™ 0.21 3.60™ 12.22 3.52m 5.03 2.08™
Error 158 1.11 3.40 0.15 2.53 9.88 2.85 3.57 1.48
Total 239 32.69 100.00 5.85 100.00 347.13 100.00 241.73 100.00

“Highly significant at p <0.001. “significant at p <0.05. ™ not significant. TTV (%) Total treatment Variation
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Table 0.14:Partitioning mean sum squares for the effect of green nano-fertilizer on fresh root mass in Experiment 1 (February to June), and dry shoot mass, fresh root

mass and dry root mass in Experiment 2 (June to October) under greenhouse conditions at 120 days after applying the treatments (n=240)

Experiment 1 Experiment 2

Fresh root mass Dry shoot mass Fresh root mass Dry root mass
Source DF MS TTV MS TTV MS TTV MS TTV
Replications 2 21.79 20.92 4.95 2.05™ 18.63 2.46™ 0.51 2.12™
Crop 1 4.50 4320 188.63 78.00"" 470.37 62.10" 15.73 65.88™"
CPE 9 24.06 23.117 16.41 6.79" 91.80 12.12% 2.33 9.74™
Dose 3 3.89 3.74™ 5.68 2.35™ 15.96 2.11™ 1.33 5.59™
Crop x CPE 9 16.99 16.32" 8.47 3.50™ 50.80 6.71™ 1.10 4.60"
Crop x Dose 3 7.020 6.74™ 0.92 0.38" 22.02 291™ 0.07 0.29"
CPE x Dose 27 7.60 7.30™ 6.22 2.57™ 26.03 3.44™ 1.05 4.40™
Crop x CPE x Dose 27 7.91 7.60" 5.74 2.37™ 26.84 3.54™ 0.84 3.52™
Error 158 10.37 9.96 4.81 1.99 34.98 4.62 0.92 3.85
Total 239 104.13 100.00 241.83 100.00 757.42 100.00 23.87 100.00

“Highly significant at p <0.001. “significant at p <0.05. ™ not significant. TTV (%) Total treatment Variation
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4.3.2.1 Effect of crop type

The analysis revealed that crop types differed in their growth measures. In both Experiment 1
and 2, tomato plants recorded the highest plant height among bell pepper plants (Figure 4.7).
A similar pattern was observed for stem diameter; tomato plants produced greater stem
diameter than bell pepper plants in both Experiment 1 and 2 (Figure 4.8).
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Figure 0.41: The effect of crop type on plant height in Experiments 1 and 2.
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Figure 0.42: The effect of crop type on stem diameter in Experiments 1 and 2.

On the other hand, bell peppers showed superior leaf traits compared to tomato plants. In both

Experiment 1 and 2, bell peppers recorded the highest leaf length (Figure 4.9), leaf width

(Figure 4.10) and leaf area (Figure 4.11) than tomato plants. In addition, bell pepper plants

recorded the highest chlorophyll content than bell pepper plants in Experiment 2 (Figure 4.12).

16,0
14,0
12,0
10,0

8,0

6,0

Leaf length (cm)

4,0

2,0

E Experiment 1

11,8 A B Experiment 2

11,3 A

64 B 4B

1

Bell peppers Tomato

Crop type

Figure 0.43: The effect of crop type on leaf length in Experiment 1 and 2.
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Figure 0.44: The effect of crop type on leaf width in Experiments 1 and 2
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Figure 0.45: The effect of crop type on leaf area in Experiments 1 and 2
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Figure 0.46: The effect of crop type on chlorophyll content in Experiment 2.

Tomato plants exhibited the highest flower count in Experiment 1 compared to bell pepper
plants; however, in Experiment 2, the highest flower count was recorded in bell pepper plants
and the lowest was achieved in tomato plants (Figure 4.13). Bell pepper crops recorded the
highest number of fruits (Figure 4.14) and fruit mass (Figure 4.15) than tomato plants in

Experiment 1.
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Figure 0.47: The effect of crop type on the number of flowers in Experiments 1 and 2.
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Figure 0.48: The effect of crop type on the number of fruits in Experiment 1.
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Figure 0.49: The effect of crop type on fruit mass in Experiment 1.

The effect of crop type on the biomass traits was more pronounced in Experiment 2. Tomato
exhibited higher dry shoot mass (Figure 4.16), fresh root mass (Figure 4.17) and dry root mass

(Figure 4.18) than bell peppers in Experiment 2.
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Figure 0.50: The effect of crop type on dry shoot mass in Experiment 2.
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Figure 0.51: The effect of crop type on fresh root mass in Experiment 2.

2 1,6 A
1,8
o L6 1,1B
~ 14
:ﬁ 1,2
“ y
g 1
15 0,8
g 0,6
> 04
A 02
0
Tomato Bell pepper
Crop type

Figure 0.52: The effect of crop type on dry root mass in Experiment 2.

4.3.2.2 Effect of composite of plant extract ( CPE)

The analysis showed that across the different CPE applied in Experiment 1, C1 produced the
highest stem diameter and the control exhibited the lowest stem diameter. For leaf length, leaf
width, and leaf area, despite the ANOVA indicating a significant difference among the CPE,

the mean separation showed no distinction in mean letter designations. With regards to the
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number of flowers, the application of C1 produced the highest flower count, whereas the
control produced zero flowers. The application of C7 resulted in higher fresh root mass and the

control produced the lowest fresh root mass (Table 4.12).

In Experiment 2, the different CPEs performed similarly for plant height, except the C10, which
produced the lowest plant height. A similar pattern was observed for stem diameter: there was
no difference among the CPE, but they differed from C10, which produced a smaller stem
diameter. With regards to leaf length and leaf area, the application of C8 exhibited greater
values and was significantly different from C10, which recorded lower values. For the biomass
traits (dry shoot mass, fresh root mass, and dry root mass), the application of C3 exhibited the
greatest values and was significantly different from C10, which exhibited the lowest values

(Table 4.13).
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Table 0.15: The effect of CPE on stem diameter, leaf length, leaf width, leaf area, number of flowers, and fresh root mass in Experiment 1 (February to

June)
CPE Stem diameter Leaf  length Leaf width Leaf area Number of Fresh  root
(mm) (cm) (cm) (cm?) flowers mass (g)

Cl 4.80° 8.6 4.8 34.7 1.12 5.5%

C2 4.48% 8.6° 4.6* 32.7 0.4 3.9%

C3 4.16%° 9.28 5.0 37.7° 0.3% 3.6%

C4 4,113 9.6 5.28 40.4° 0.4% 4.7%

C5 4.07% 8.5 4.5 32.4° 0.6% 4.7%

C6 4.27%° 9.5 5.2 39.9° 0.3% 5.2%

C7 4.05% 8.4 4.5° 31.0° 0.5% 6.3

C8 4.10%¢ 9.5 5.2 40.1? 0.6% 4.8

C9 4.29%° 8.5 4.0° 3420 0.8%° 5.5%
C10 3.73¢ 8.2% 4.6 32.12 0° 3.0%
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Table 0.16: The effect of CPE on plant height, stem diameter, leaf length, leaf width, leaf area, dry shoot mass, fresh root mass, and dry root mass in

Experiment 2 (June to October)

CPE Plant Stem Leaf Leaf Leaf area Dry Fresh Dry root
height diameter length width (cm?) shoot root mass (g)
(cm) (mm) (cm) (cm) mass (g) mass (g)

Cl1 30.3 5.68° 10.2% 5.0° 44.1% 3.1° 9.1% 1.3%

C2 34% 6.33% 10.4% 5.3% 45.5%® 3.4% 9.7% 1.4%

C3 34.3% 6.34% 11.2% 5.5% 50.6% 4.0° 11.3% 1.9%

C4 31.6% 5.26% 8.6° 4.4% 33.7% 3.0° 8.4% 1.2%

C5 30.7% 5.88% 9.54® 4.92 42.5% 3.6° 9.7% 1.7¢

C6 32.4% 5.39¢ 9.8 5.1% 39,73 2.8® 8.9% 1.4%

C7 29.4? 5.80? 9.6% 5.4% 43.9% 2.6% 7.7% 1.3%®

C8 34.7° 6.35° 11.5° 5.7 55.7° 2.9% 9.4 1.3%

C9 31.8° 5.80? 9.8 5.2% 44 4% 3.17 7.8 1.5%®

C10 19.9° 3.83 5.6 3.0° 15.4¢ 0.9 3.9 0.7°
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4.3.2.3 Effects of dose

The findings of this study revealed that dose only influenced plant height in Experiment 2, with
the lower dose (4 mL) promoting greater plant height than the higher dose (16 mL) (Figure

4.19).
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Figure 0.53: The effect of dose on plant height in Experiment 2.

4.3.2.4 Effect of interaction

In Experiment 1, tomato and bell peppers showed different responses with regard to stem
diameter. For tomato plants, the application of C6 at 8 mL produced thicker stem diameters
than C8 at 4 mL, whereas bell pepper plants responded similarly regardless of CPE or dose
(Table 4.14). On the other hand, in Experiment 2, the interaction between crop type and CPE
showed that crop types responded differently to the applied CPE with respect to stem diameter.
In tomatoes, the application of C3 produced the highest stem diameter and was significantly
different from C10, which recorded the lowest stem diameter. While in bell pepper, the highest
stem diameter occurred when C8 was applied and C10 remained the lowest for bell peppers as

well (Table 4.15). Following the interaction between crop type and dose, both tomato and bell
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pepper crops showed that differences in dose did not influence stem diameter, indicating that
stem growth did not vary across all application levels (Figure 4.14). Even though ANOVA
identified a significant difference (crop type x CPE x dose) interaction for the number of
flowers in Experiment 1, the mean separation test indicated that treatment combinations

performed similarly (Table 4.14).
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Table 0.17: The effect of interaction between crop type, CPE, and dose on stem diameter and number of flowers in Experiment 1 (February

to June)
CPE Dose (mL) Stem diameter (mm) Number of flowers
Tomato Bell pepper Tomato Bell pepper

Cl1 4 mL 5.67%® 3.60%¢ 0.0 2.3¢

8 mL 4.87%° 5.072b¢ 3.3 0.0

12 mL 5.60%° 4.77%¢ 0.0 1.32

16 mL 5.53abc 3.330c 1.0% 0.7
C2 4mL 3.933b¢ 3.83c 0.0? 0.0?

SmL 4.63%° 5.232b¢ 0.0 2.0

12 mL 4.67%° 4.23%c 0.0 0.0?

16 mL 5.308b¢ 3.972b¢ 0.0 1.32
C3 4 mL 4,128 3.578b¢ 0.0 0.3

8 mL 3.973b¢ 4,33abc 0.0 0.0

12 mL 5.173¢ 3.40%¢ 0.0 0.7

16 mL 4.80%° 3.902b¢ 0.7% 1.0%
C4 4 mL 4,702 3.67%¢ 0.0 2.0°

8 mL 4.60° 3.80%¢ 0.0 0.0°
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12 mL 4.67%° 3.63%¢
16 mL 3.573b¢ 4.238b¢
C5 4mL 3.67%¢ 4,00
8 mL 4.433b° 2.97%
12 mL 3.538b¢ 4,073
16 mL 4.57%¢ 4,33ab¢
C6 4mL 4.128b¢ 4.33%be
8 mL 5.70° 3.67%¢
12 mL 4,073 3.738b¢
16 mL 4.23%c 4.27%¢
C7 4mL 4.33%c 4.10%¢
SmL 4.67%¢ 3.60%°
12mL 3.03%¢ 4,502
16mL 3.802b¢ 4.37%¢
C8 4mL 2.87° 3.67%¢
8SmL 4.532%¢ 3.738b¢
12mL 4.8%¢ 4.074%¢
16mL 4.87%¢ 4,303
C9 4mL 4.333bc 4.20%¢
8SmL 4.63%° 3.978b¢
12mL 42020 3.478b¢

150

0.0* 1.0%
0.0* 0.0*
0.0* 0.3%
0.0* 2.3¢%
0.0* 1.7¢
0.0* 0.3%
0.0* 1.0*
0.0* 0.0*
0.0* 0.0*
0.0* 2.0°
0.0* 0.0*
0.0* 1.7%
0.0* 1.3%
0.3% 0.7¢
0.0* 1.0*
0.0* 2.0%
0.0* 1.0%
0.7¢ 0.3%
0.0* 0.0*
0.0* 0.0*
1.32 3.0°



16mL 4.772b¢ 4,732be 0.0? 2.0°

C10 3.47%%b¢ 3.7282be 0.0? 0.0
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Table 0.18: The effect of interaction between crop type and composite of plant

extracts on stem diameter in Experiment 2 (June to October )

Crop type
CPE Tomato Bell pepper
Cl 5.89abed 5.46bcde
C2 7.46% 5.20¢4de
C3 7.852 4.83¢de
C4 6.252bed 4,284
C5 6.3620cd 5.4()bede
Cé6 5.99zabed 4.78¢%de
C7 5.732bcd 5.88abcd
C8 6.612¢ 6.1032bed
C9 5.65bd 5.742bed
C10 4.25% 3.41¢
B Tomato
M Bell pepper
8
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Figure 0.54: The effect of the interaction between crop type and dose in Experiment 2.
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4.3.3 Soil variables

The soil samples collected before application of the treatments had a pH of 7.01 and an
electrical conductivity (EC) of 0.77 dS/m. Crop type had a significant effect (p<0.05) on soil
pH only in Experiment 1. In the Experiment, all the factors had no significant effect on soil
pH. The crop type accounted for a TTV of 58.01%. For EC, in Experiment 1, both the crop
type and CPE had a significant effect (p<0.05), contributing to a TTV of 52.91%, and 39.06%,
respectively, whereas in Experiment 2, only the CPE had a significant effect on the EC,

accounting for a TTV of 78.58% (Table 4.15).

Table 0.19: Source of variation affecting pH and EC in experiments 1 (February to June) and experiment 2 (June to
October)

Experiment 1 Experiment 2
pH EC EC
Source DF MS TTV MS TTV MS TTV
(%) (%)
(“o)

Crop I 074 58.017 0.11 52.91™ 0.004 2.12™
CPE 9 0.19 14.54" 0.08 39.06" 0.130 78.58"
Dose 3 021 16.16™ 0.00 0.25™ 0.008 4.90"
Error 60 0.14 11.28 0.02 7.79 0.024 14.40
Total 73 1.28 100.00 0.20 100.00 0.166 100.00

4.3.3.1 The effect of crop type

Bell pepper crop reduced the soil pH from 7.01 to 6.89 and tomato crop reduced the soil pH to
6.69 (Figure 4.21). On the other hand, the initial electrical conductivity (EC) measured was
0.77 dS/m:; after crop growth, EC decreased in both soils, to 0.18 dS/m under bell peppers and

0.11 dS/m under tomato plants (Figure 4.22).
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Figure 0.55: The effect of crop type on soil pH in Experiment 1.
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Figure 0.56: The effect of crop type on EC in Experiment 1

4.3.3.2 Effect of CPE

Soil EC was 0.77 dS/m before the application of the treatments. In Experiment 1, post-
application of the CPE, the soil EC dropped across all the treatments; however, the extent of

decline varied. The C10 application decreased EC to 0.40 dS/m, while the soil with CPE (C1-
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C9) declined sharply to 0.07-0.36 dS/m. A similar trend was observed in Experiment 2, where
C10 EC changed very little from 0.77 dS/m to 0.72 dS/m, while the soils treated with CPE had

lower EC from 0.08-0.43 dS/m.

Table 0.20: The effect of CPE on EC in experiments 1 (February to June)

and experiment 2 (June to October)

CPE Experiment 1 Experiment 2
C1 0.36* 0.43%
C2 0.08% 0.24%¢
C3 0.07% 0.21%
C4 0.08%° 0.16°
Cs5 0.11% 0.20%
C6 0.07° 0.08¢
C7 0.13% 0.12¢
C8 0.09% 0.12¢
C9 0.08% 0.18%
C10 0.40? 0.72?

4.4 Discussion

4.4.1 Seed emergence percentage

Seed emergence percentage depends on numerous factors, including nutrient availability in the
growth environment (Yadav et al., 2024). In this study, the factors influencing seed emergence
percentage only differed slightly between the two experiments. The results showed that for the
computed seed emergence percentage, there was a significant difference for the CPE, dose, and
the interaction between crop type x CPE x dose in Experiments 1 and 2. From this observation,
we hypothesize that, even under greenhouse conditions, microclimatic heterogeneity can occur,
with variations in temperature, carbon dioxide concentration, and humidity influencing plant

physiological responses (Jerszurki et al., 2021).
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In both Experiment 1 and 2, a similar trend was observed: formulations containing a lower
amount of Aloe vera gel extract (below 5 mL) resulted in higher seed emergence percentage,
whereas formulations containing a higher amount of Aloe vera gel extract showed a decline in
seed emergence percentage (Figures 4.3 and 4.4). Hakeem et al. (2025), demonstrated that
ALVE contains plant growth regulators such as Benzylaminopurine (BAP), indole-3-acetic acid
(IAA), and gibberellic acid (GA3). At lower concentrations, the extract of 4loe vera gel may
function as a biostimulant, providing a small amount of natural phytohormones, enhancing
enzyme activity and stimulating cell elongation and division, improving seed germination and

seedling development (Lalitha et al., 2016; Moharana et al., 2018; Sajjad et al., 2020).

Although ALVE has the potential to enhance seed germination, its stimulatory effect is strongly
influenced by the applied concentration. This is substantiated by Al-Maathedi and Mohammad
(2020), who reported that increasing the concentration levels of ALVE from 5%-20%
significantly reduced the seed germination rate of Senna siamea (Kassod) and Cassia
surattensis (Scrambled egg) seedlings. The authors attributed this decline to the presence of
allelochemicals in ALVE extract, which may exert inhibitory effects on germination and
negatively influence physiological processes and cell division. In addition, when plant extract
concentrations are too high, they increase the osmotic pressure around the seeds, thus
preventing the seeds from taking up enough water, which in turn lowers germination (Salam et

al., 2018).

Moreover, the observed decline in Experiment 1 and 2, for seed emergence percentage with
increasing dose in formulations containing a higher amount of 4loe vera gel extract, supports

the characteristic biphasic response associated with hormesis. This response is well
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documented in prior studies, which describe how low concentrations of biostimulants enhance
germination, while higher doses inhibit it (Pannacci et al., 2022; Agathokleous et al., 2023).
Ali et al. (2020) revealed that a lower dose of Cuscuta reflexa (Giant dodder) extract stimulated
germination-related enzymes such as protease and o-amylase improved water uptake by
lowering osmotic potential. At higher doses, however, the opposite effect occurred. It is
therefore important to optimize the plant extract formulation to determine which formulation

promotes the best performance.

4.4.2 Plant growth variables

The crop type displayed a vivid and consistent effect on plant growth in Experiments 1 and 2
(Figure 4.7-4.18). The findings revealed that tomato plants showed stronger structural growth,
whilst bell pepper crops showed greater leaf development. In light of this observation, the
contrasting trend highlights distinct growth strategies among the two crop types. Higher
biomass accumulation was observed in tomato crops, whereas bell pepper crops showed greater
leaf expansion and photosynthetic potential, as indicated by high chlorophyll content. This
growth trend is backed by several reports, which have pointed out that crop genotypes tend to
yield different structural growth traits as a result of genetic vigor and different growth
responses to growth-regulating factors among varying plant species (Miao et al., 2024;

Yoshiyama et al., 2024).

Despite similar growth conditions to which the crops were exposed in both Experiments, the
CPE applied produced varying growth responses across all trials (Li and Mattson, 2019). This
is because greenhouse conditions rarely follow a perfect uniform consistency of environmental
conditions due to varying crop geometry and greenhouse management (Santosh et al., 2017).
Santosh et al. (2017)’s observation was confirmed in a tomato crop study by Salagovi¢ et al.

(2024) under greenhouse conditions for three consecutive years. Their study found that the
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temperature and humidity varied from each zone, yielding differences in stem growth, fruit
growth rate and final yield due to varying microclimates within the greenhouse itself. In another
study by Triana et al. (2024), it was found that peppers grown in one corner of the greenhouse
received a cooler, more humid microclimate and had lower vapor-pressure deficit than other
parts. Placing emphasis on micro-environment variability due to the location status of each
plant within the greenhouse. Further inferring the view that even if the plants are given the
same fertilizer treatment, differences in their individual local climates may still affect their
growth responses, causing them to vary. This view is further reinforced by Choi and Yang
(2025), who found that, despite the typical gradual, near-linear transitions of greenhouse
microclimates, the occurrence of abrupt external weather conditions and actuator operations
imposes nonlinear dynamics that increase the complexity of accurately predicting and

interpreting greenhouse microclimate conditions.

In Experiment 1, some treatment combinations, such as C1, improved stem diameter and flower
production, whereas C7 treatments excelled at improving root mass, with the remaining CPE
yielding minimal improvements, slightly above the control group. In Experiment 2, more
pronounced effects of CPE treatments were observed, with the control group showing
consistently lower values; meanwhile, composites such as C3 and C8 showed increased
biomass and leaf development. This trend reveals that different CPE treatments have varying
effects on plant growth, as widely reported in biostimulant research (Cristofano et al., 2021;
El-Nakhel et al., 2023). Their studies revealed that the plant’s response is closely linked to the
concentration and composition of three major factors, viz. phytohormones, antioxidants, and
other bioactive compounds in each formulation (EI-Nakhel et al., 2023). This means that
observed physiological effects on plant growth parameters are heavily influenced by the

formulation's chemical composition. In a review by Ali et al. (2021), it is revealed that
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biostimulants can selectively improve the architecture of the roots, chlorophyll within leaves,
flowers, as well as the setting of the fruits, hence the varying effects of some of the CPEs being

“root/shoot focused” whilst others were “flower focused.”

Several research publications over accumulated decades (Oliveira et al., 2023; Schwab et al.,
2016) also reveal that the diameter of each particle can still alter the shape of the entire plant-
nanomaterial interaction process, from root entry to physiological effects. Nutrient uptake
studies have shown that particles below 20 nm are readily susceptible to migration into the 5-
20 nm pores of the primary cell wall and can even move through the plasmodesmata. This can
then lead to rapid whole-plant translocation and, at times, provide a dramatic germination
boost, as well as support or improve photosynthesis and micronutrient status. However, the 20
nm threshold is not absolute, as some studies also reflect that nanoparticles as large as 50 nm
can still very much penetrate the plant cell wall (Djanaguiraman et al., 2024; Djanaguiraman
et al., 2018;Gonzalez-Melendi et al., 2008; Ha et al., 2021). This suggests that other factors,
such as cell-wall plasticity, pore enlargement, aggregation state, and nanoparticle chemistry,

also play a huge role in nutrient uptake (Djanaguiraman et al., 2024).

Recent reports indicate that large particles lying above 50-300 nm enter plant tissues and the
findings were confirmed via TEM that silicon dioxide nanoparticles sized at 54 nm could enter
the leaves of Arabidopsis thaliana (El-Shetehy et al., 2021). Lian et al. (2021) also observed
via TEM that polystyrene nanoplastic particles at an average size of 93.3 nm were detected on
lettuce leaves through stomatal uptake. Jia-Yi et al. (2022) also tested chitosan-based silicon
particles with an average size of 166 nm and found that they were successfully absorbed by
rice leaves and spread across their cells. Another study by Lin et al. (2021) on Camellia
Oleifera (oil tea plant) seedlings found that hydroxyapatite nanoparticles as a phosphorus

source improved plant height, stem diameter, and lettuce biomass. Noting that nanoparticles of
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smaller size (20 nm) were more mobile and hence led to a higher loss of phosphorus compared
to 200 nm sized ones, not due to better penetration, but the larger particles stayed in the
rhizosphere and released the phosphorus accurately and slowly. Meanwhile, these larger
particles were successfully absorbed by crops. Zhao et al. (2018) confirmed that fluorescein
isothiocyanate (FITC)-labeled mesoporous nanoparticles (MSNs), even at larger sizes of 200-
300 nm, could still be absorbed by cucumber leaves. In view of these findings, it is scientifically
proven that the common <20 nm plant cell wall absorption does not disqualify the benefits of
larger particles, since other factors such as cell wall plasticity, pore enlargement, aggregation

state, and NP chemistry also come into play.

The emphasis here is that larger particles do not necessarily penetrate the plant cell wall directly
but do so via a slow-release mechanism, in which they enter plant tissues via
apoplastic/stomatal and cuticular epidermal pathways before being absorbed by cells (Wang et
al., 2023). In fact, according to a review by Schwab et al. (2016b), it was reported that a vast
number of studies have reflected that the “uptake, clogging, or translocation in the apoplast of
plants” has mostly been observed from nanoparticles much larger than the 5-20 nm size
exclusion limit of plant cell walls. Besides these pathways, some particle absorptions impose
a rather “forceful entrance” into plant cell walls, as observed in the epidermal cells of root cell
walls, with minute pores causing large particles to be impermeable, yet they remain semi-
permeable (Pérez-de-Luque, 2017). Therefore, when the roots lack the exodermal layer,
nanoparticles may still penetrate via the xylem central column. However, this just hints at the
core mechanism of anomality. Previous studies have found that some nanoparticles can disrupt
the plasma membrane and thus induce new pore formation in the epidermal layer of the cell
wall, thereby increasing permeability to larger particles (Ali et al., 2021). Another study by
Kim et al. (2014), revealed that nano zerovalent iron (ZVI) contributes to the degradation of

pectin found in plant cell walls via hydroxyl radical reaction. This action increases their
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mobility within plant tissues. The authors also highlighted that the plant is selectively
permeable, meaning that polar compounds such as water and other ions fail to diffuse into the
phospholipid bilayer and are therefore translocated via the apoplast. This is because this
pathway is found in several key locations, viz., outside the membrane, through cell walls,
intercellular spaces, and xylem vessels. The apoplast allows for lipid bilayer restrictions, which
allows for bulk flow of water and solutes until they encounter the Casparian strip in the
endodermis, where selective uptake into the symplast is forced (Farvardin et al., 2020; Gdmez-
Arjona et al., 2022). Another factor is that the issue of engineered nanoparticles (ENMs) can
trigger a complex transport of nanoparticles and their transformation, regulated by three critical

factors such as particle size, surface coating and environmental aging (Islam, 2025b).

Both pattern trends of nanoparticle effects, based on extremely small or larger particles, were
reflected in the current study, as C1 and C7 showed ultra-small and scattered nanoparticles
with sizes of 4-8 nm. These sizes ensured that both the stem diameter and the production of
flowers were improved. In contrast, larger particles represented by C3 (540 nm) and C8 (289
nm) showed dominance in biomass and leaf improvement. Together, the presented data
demonstrate that diverse effects associated with different nanoparticle sizes yield distinct
benefits. These can range from instantaneous signaling effects to the sustained release of
nutrients, thus dismantling the universal notion that performance ranking is best determined by
particle size. This is supported by recent findings by Djanaguiraman et al. (2024), who
indicated that “nanoparticles exhibit positive and negative impacts on biota due to their size,

surface property, concentration within the system, and species or cell type under test.”
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Regarding plant height, a classic pattern based on dosage was observed: 4 mL (moderate
treatment) enhanced shoot elongation compared to 16 mL (higher dosage), which suppressed
it. This “low-dose stimulation/high-dose inhibition” trend has also been reported from other
plant extract treatments. For instance, Deepana et al. (2021) applied 12.5 kg/ha of seaweed
extract (SWE) when growing rice in soil, coupled with a 0.5% foliar application, which yielded
the highest plant height (46.6 cm). However, higher SWE failed to improve plant height (33.6
cm) and only became superior in enhancing plant available nutrients such as N, P, K, Ca, Mg,
S and micronutrients as a result of plant growth regulators such as auxin, gibberellins and
cytokinin within the SWE (Deepana et al., 2021). Other researchers examined the impact of
green seaweed Ulva intestinalis (gutweed). on the germination and root development of
Arabidopsis thaliana (Thale cress). In their findings, they reported that only SWE below 1%
was most effective in promoting root growth, whereas higher concentrations inhibited lateral
root formation (Ghaderiardakani et al., 2019). Furthermore, Ghaderiardakani et al. (2019)
warned that algal extracts such as this should be used cautiously, as higher concentrations
outweigh the fertilizer benefits for crops, especially for the investigated crop. Independently,
Di Filippo-Herrera et al. (2021) investigated the potential of seaweed liquid extract (SLE) from
microalgae species to determine their performance as a biostimulant on Vigna radiata L. (mung
beans). The results revealed that the SLEs at low concentrations (0.12-0.5%) stimulated root
length, shoot length and dry weight. On the contrary, higher doses (1.0-2.0%) inhibited growth,
yielding shorter roots and reduced biomass. These studies align with the findings of the current
study and also correlate with other reported findings that higher concentrations of plant extracts
tend to inhibit root growth and plant height in tomato and bell pepper plants, except in retaining

nutrients or biomass.
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The interaction between crop type, x CPE x dose revealed that in the two experiments, tomato
plants presented variation in stem diameter due to the influence of CPE x dose. The bell
peppers, however, retained a stable stem diameter across the treatments. This effect suggests
that the interaction with treatments is dependent on the crop type, as a result of varying
physiological and genetic traits between the two crop species, as confirmed by other
researchers on different crops (Cristofano & El-Nakhel, 2020; Franzoni et al., 2022; Pereira et
al., 2019). In addition, fluctuations in CPE composition and complex interactions between CPE
and crop type likely contributed to inconsistent results across experiments. Since there are
overlapping effects and batch-to-batch differences of CPE formulations, coupled with potential
interactions between CPE type and dosage application (Povero et al., 2016; Yakhin et al.,
2017).1t is thus impossible to identify a single CPE or specific dosage as the main driving factor
to stem diameter fluctuations (Franzoni et al., 2022; Yakhin et al., 2017). Such complexity is
confirmed by previous studies, which highlight challenges in specifying the impact of
individual components in experiments driven by multiple factors (Yakhin et al., 2017; Franzoni
et al., 2022). Based on the study findings, it is evident that CPE or its dosage(s) might not
always contribute to increased stem diameter, as several other common factors present in

natural products in agriculture can also affect stem diameter.

With regard to the nutrient profile of the applied green nano-fertilizers, elemental analysis
demonstrated that the different plant extract composites derived from BPE, WRE, and ALVE
generally displayed comparable nutrient composition, with consistent presence of essential
macro-and micronutrients detected across all treatments. This implies that the observed
differences in growth responses among the treatments cannot be primarily attributed to the
presence or absence of specific nutrients. However, compared with the control, plant extract-
based composite treatments elicited positive plant responses, highlighting improved nutrient-

use efficiency associated with nanostructured delivery.
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The observations from the study are in agreement with previous studies Ansari et al. (2023),
Babarabie et al. (2025), Sheta et al. (2024), and Samsoon et al. (2024), showing that green
synthesized nano-fertilizers exhibited superior agronomic performance compared with control
treatments, primarily due to their physicochemical properties. Overall, these findings suggest
that the reported agronomic benefits are mainly driven by the nutrient delivery mechanisms,

rather than by differences in nutrient composition across the formulations.

4.4.3 Soil variables

The anchors of crop productivity reflect an interlink between two closely related factors,
namely the soil conditions and minor fluctuations in soil chemical characteristics, which pose
a significant impact on crop responses to management practices and treatments (Deng et al.,
2023). Among these factors, pH and EC are especially important for understanding soil
conditions and their characteristics. These can include microbial activity, nutrient cycling,
inorganic carbon balance, and organic matter decomposition (Mosley et al., 2024; Ahmad et

al., 2025).

The observed pH appears to have shifted post-growth, as shown in Figure 4.21, likely reflecting
rhizosphere acidification influenced by the release of protons and low-molecular-weight
organic acids from actively growing roots (Santoro et al., 2024). Root-mediated acidification
has been well documented as a mechanism that enhances nutrient solubility and mobilization
in the rhizosphere, especially for phosphorus and other nutrients. This process helps plants
acquire nutrients during early stages of growth (Bilyera et al., 2022; Holz et al., 2024; Mimmo

etal., 2018).

164



In this study, the moderate decline in soil pH coincided with treatments that promoted higher
seed emergence and improved vegetative growth. As observed in the tomato plants, this effect
suggests that the acidification remained within an acceptable range and improved nutrient
availability rather than inducing chemical stress. Baccari and Krouma (2023) reported that
Vicia faba L. (feba bean) genotypes associated with lower soil pH promoted better growth,
photosynthesis, and phosphorous uptake. These genotypes also handled stress better, indicating
that a small pH drop helped with nutrient availability without affecting the plants. Several
studies have confirmed that slightly acidic soils promote enzyme activation and improve
nutrient uptake during germination and seedling establishment, thereby improving early plant

vigour (Ngosong et al., 2022; Yuan et al., 2025).

The differences observed in the soil pH between tomato and bell pepper plants further suggest
species-species variation in the quantity and composition of root exudates, which are heavily
influenced by plant genotype and developmental stage (McLaughlin et al., 2023). Root exudate
profiles vary considerably among plant species, leading in unique rhizosphere chemical
environments and nutrient acquisition strategies (Adeniji et al., 2025; Chen and Liu, 2024; Qu
et al., 2024; Sakib et al., 2025). This aligns well with the consistent vegetative growth response
observed in both experiments for tomato crops. This indicates a more efficient capacity in

manipulating soil chemical conditions, which supports sustained nutrient uptake.

Figure 4.22 shows a marked drop in EC after crop growth, which likely reflects the depletion
of soluble ions in the soil solution due to nutrient uptake by plant roots during active plant

development (Chu et al., 2018; Yekutiel et al., 2024). As EC measures the total dissolved ionic
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content of soil and water, it is a sensitive indicator of changes in nutrient dynamics and crop
establishment (Hmidi et al., 2025; Shin et al., 2026). Notably, the reduced EC alone is
insufficient to substantiate direct nutrient uptake. This is because the EC indicates the
cumulative behaviour of all dissolved ions and is heavily influenced by soil texture, moisture

and the formulation and characteristics of the fertilizer (Kim and Park, 2024; Shin et al., 2026).

Although all the formulations reduced soil EC, the formulation with the highest amount of
ALVE resulted in lower seed emergence percentages. This can be explained by several
interrelated factors: EC is strongly modulated by soil moisture and texture, not only ion
removal (Lipiec and Usowicz, 2024; Bo-Seong et al., 2022). Moreover, thick polysaccharide
shells can slow nutrient release from nano-fertilizers. Similarly, high ALVE formulation, rich
in polysaccharides, may form diffusion barriers or promote particle aggregation, thereby
delaying nutrient availability during germination. Collectively, the findings demonstrate that
optimal seed emergence and plant growth were associated with balanced soil chemical
conditions that facilitated efficient nutrient availability during early development, beyond soil

pH and EC. They also sustained the uptake of nutrients throughout the growth cycle.

4.5  Conclusion

The shift towards sustainable agriculture has increased dependence on organic nutrient sources
that support soil health and reduce chemical fertilizer use. Findings from this study showed
that formulations containing a lower concentration of ALVE (5 mL) applied at a lower dose (4
mL) resulted in higher seed emergence percentages (93.3%). Regarding crop types, tomatoes

maintained a consistent rate of structural biomass accumulation, while bell peppers showed
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superior leaf expansion and chlorophyll content. The CPEs and nanoparticles exerted unique
effects owing to differences in nanoparticle size and CPE composition. Rapid signaling and
translocation were enhanced by ultra-small nanoparticles. Larger nanoparticles contributed to
sustained nutrient release and biomass accumulation, contradicting the fact that small-sized
nanoparticles always yield superior results. Additionally, a dose-dependent trend was
observed: moderate applications stimulated growth, whereas higher concentrations inhibited it,
underscoring the importance of precise dosage application of treatments. The application of
nano-fertilizer composites significantly reduced soil pH and EC post-crop growth, indicating
active nutrient uptake and improved soil conditions that allow easy release and assimilation

into plant biosystems.

Additional investigations are required to compare the agronomic performance of the developed
nano-fertilizers with conventional fertilizers across a range of crops and soil environments.
Comparative evaluations under greenhouse and field conditions are vital for establishing the
efficiency of nano-fertilizers in terms of nutrient release kinetics, nutrient use efficiency, crop

productivity, and environmental safety.
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CHAPTER 5
SYNTHESIS OF FINDINGS, SIGNIFICANCE, AND PROSPECTS

5.1 Summary

The study demonstrates the feasibility of producing efficient nano-fertilizers from fruit peels
as extracts and shows how their properties can be manipulated via simple formulation
modifications. Through the materials used, measurable enhancements were realized in plant
performance and in soil conditions. This was to confirm their functional engagement within
the soil and plant biosystem. In summary, the work presented proposes a practical foundation
for developing nano-fertilizers that are not only sustainable but also derived from waste,

highlighting their potential for targeted application across various crop production systems.

5.2 Implications of the findings of this study

The study demonstrates the potential of producing true nano-fertilizers using plant extracts as
primary functional components under mild and low-energy processes. Being able to prove that
BPs, WRs, and Aloe vera gel can form stable, nutrient-rich nanoparticles without the
introduction of inorganic precursors opens a new frontier in advancing sustainable, circular
nanomaterial development methodology. Central to this work is the deliberate modification of
nanoparticle size and behavior through optimized formulation. As reported in Chapter 3 of this
study, adding small amounts of Aloe vera gel extracts to the composite of BPE and WRE
produced much smaller and more scattered particles. However, increasing the amount of 4/oe
vera gel extract in the composite of BPE and WRE led to the formation of larger, agglomerated
particles. This adjustment-capable property reflects that extract ratios influence control over
nanoparticle properties. Thus, this approach forms the foundation for designing formulations

that align with specific, intended agronomic objectives.

168



At the same level of importance, the observed effects when the produced nano-fertilizer was
applied provided further insight into nanomaterial property fabrication. It was found that
nanoscale particles do not guarantee uniform agronomic performance. As such, seed
emergence has been found to be the highest in formulations with 4loe vera content applied at
lower dosage, only to later contrast the trend during growth. Smaller-particle formulations,
such as C1 and C7 improved the stem diameter and flower production, while larger-particle
formulations, such as C3 and C8, enhanced the development of leaves and the accumulation of
biomass. These biological transformations were associated with soil changes in both pH and
EC, which declined post-application. This indicates active ion exchange, nutrient uptake and
modifications to the soil solution. Therefore, such reductions demonstrate that the composites

interacted effectively with the soil-plant system rather than behaving as inert materials.

Concerning scholars and innovators within the agricultural diaspora, this work showcases proof
that waste-derived nanomaterials are not only fixated on chemical performance but can also
deliver measurable agronomic benefits. To policymakers, the findings present low-hazard,
circular approaches that can produce functional fertilizers without having to rely on mined or
artificial input materials. In a nutshell, the significance of the study draws its value in bridging
the synthesis of nanomaterials with real plant performance. Placing an emphasis that efficient

nano-fertilizer fabrication needs both precision in design and the application of materials used.

53 Recommendations and directions for future research

To further develop a better understanding, application and design of nano-fertilizers, several
future research endeavors lie in wait for exploration. This entails clarifying their release
mechanisms alongside a deep understanding of their physicochemical behavior. Another would
be to assess nutrient release in real-world settings beyond small plots or hydroponic systems.

To achieve these proposals, advanced analytical equipment such as DLS, zeta potential, FTIR,
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Raman, XRD, and TGA/DSC is required, as they would reveal exactly how size, composition
and surface chemistry of the prepared nano-fertilizer impact nutrient stability and their

availability.

On another note, research on the application of nano-fertilizers should extend to running
efficient crop assessments beyond the early or mid-growth stages, and to consider full crop
growth cycles and postharvest soil assessments. Future studies may also examine seed
germination and emergence dynamics, including parameters such as mean emergence time,
emergence rate, emergence uniformity, and seedling vigor index. This will help determine
whether nano-fertilizers can enhance early seed establishment, particularly in seeds that exhibit
dormancy or are typically difficult to germinate. This will provide insight into the persistence,
transformational and long-term soil impact of the composites. The test for future nano-
fertilizers should also be diverse, accounting for varying soil types, climates, and settings of
the field. This will be vital in determining their scalability and identification of environments
in which they would perform best or be better suited. Yet, running comparison tests between
nano-fertilizers and conventional fertilizers will help place them within already existing
managerial frameworks. Together, all these efforts will yield a broad socio-economic and
environmental assessment, culminating in the circulation of nano-fertilizers, costs and
sustainability implications. Ultimately supporting the development of nano-fertilizers whose

materials have been sourced from waste as viable and responsible agricultural innovations.

54  Conclusions

From the study, a clear feasibility procedure of converting fruit-waste extracts into functional
nano-fertilizers possessing nanoscale properties has been demonstrated. Further showcasing
that these properties can be modified via formulation control. The findings yielded highly

apparent improvements specific to each crop growth stage. Accompanying fluctuations in soil

170



chemistry parameters, including EC and soil pH, reflect the successful impact of the composites
on the soil environment via a combination of chemical and biological activities within the soil.
Summarizing all the findings, a credible foundation for the design of waste-derived nano-
fertilizers with modified intended agronomic functions has been established. Finally, the work
proposes an advanced approach to sustainable material design and its practical integration into

environmentally conscious agriculture.
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Abstract: The physical properties of nano-fertilizers (NFs) are important in determining their perfor-
mance, efficacy, and environmental interactions. Nano-fertilizers, due to their small size and high
surface area-to-volume ratio, enhance plant metabolic reactions, resulting in higher crop yields. The
properties of nano-fertilizers depend on the synthesis methods used. The nanoparticle’s nutrient use
efficiency (NUE) varies among plant species. This review aims to analyze the relationship between
the physical properties of NF and their influence on crop performance and nutrient uptake efficiency.
The review focuses on the physical properties of NFs, specifically their size, shape, crystallinity, and
agglomeration. This review found that smaller particle-sized nanoparticles exhibit higher nutrient
use efficiency than larger particles. Nano-fertilizer-coated additives gradually release nutrients,
reducing the need for frequent application and addressing limitations associated with chemical
fertilizer utilization. The shapes of nano-fertilizers have varying effects on the overall performance of
plants. The crystalline structure of nanoparticles promotes a slow release of nutrients. Amorphous
nano-fertilizers improve the NUE and, ultimately, crop yield. Agglomeration results in nanoparticles
losing their nanoscale size, accumulating on the outer surface, and becoming unavailable to plants.
Understanding the physical properties of nano-fertilizers is crucial for optimizing their performance

in agricultural applications.

Keywords: nano-fertilizers; surface area; nutrient use efficiency; physical properties; agglomeration

1. Introduction

In recent years, the utilization of nano-fertilizers (NFs) has gained significant atten-
tion in the field of agriculture. These innovative fertilizers offer a promising solution to
enhance plant nutrient uptake by employing precisely formulated delivery mechanisms [1].
Nano-fertilizers possess dimensions ranging between 1 and 100 nm [2] and exhibit distinct
physicochemical properties that distinguish them from traditional bulk materials [3,4]. One
of the notable distinguishing characteristics of nanoparticles, in comparison to their larger
counterparts composed of identical material, lies between surface effects and quantum
phenomena. These two factors contribute to the unique properties exhibited by nanoparti-
cles [3,4]. The small particle size of nanomaterials results in high surface energy, spatial
confinement, and high surface area. The size and surface area of any material determine
how it interacts with any biological system [5]. The adoption of this innovative approach
for agricultural improvement is increasingly gaining momentum as a viable alternative to
traditional fertilizers [6-8]. The classification of nano-fertilizers is primarily based on their
formulation, which can be categorized into three main types, as depicted in Figure 1.

Nanomaterials 2024, 14, 1263. https://doi.org/10.3390/nano14151263
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Abstract: Disposing of banana peels (BPs) as bio-organic waste is an environmental challenge. Rich
in potassium, BPs are often discarded despite their agricultural value. Reports on the valorization
of BP are increasing, but no review has focused on BP fertilizer preparation methods. This study
aims to review and analyze these methods to guide researchers and agriculturists in optimizing
BP utilization, promoting sustainable waste management, and effective agricultural practices. This
review has uncovered significant findings. A composite of banana and orange peels emerged as the
most favoured and widely used approach, closely followed by dried BPs. This study highlighted
the substantial impact of fertilizer application methods such as top and basal dressing. Most of
the results revealed that the peels significantly improved the growth parameters of various plants.
However, for biochar, the plant height was insignificant between treatments, further emphasizing the
importance of the application method used. Banana peels are a valuable resource for biofertilizer
synthesis. The banana—orange peel composite exhibits outstanding fertilizer properties. More new
studies should go beyond the seedling stage, especially to harvest. This would give more information

on the performance and viability of BP fertilizers.

Keywords: fertilizers; banana peels; preparation methods; potassium; plant height

1. Introduction

Demand for food is driven by an ever-growing human population and changing eating
habits [1]. Such factors contribute to food shortages and food insecurity, which threaten
the livelihood of humans [2,3]. Researchers have developed alternative strategies to grow
crops faster and enrich the soil with the necessary nutrients using chemical fertilizers to
meet the demands for food [4-7]. Chemical fertilizers are industrially manufactured to
contain a specific number of nutrients required by the soil to enhance plant growth [8].
The most common chemical fertilizer is NPK, i.e., nitrogen, phosphorus, and potassium,
which contains nitrogen, phosphorus, and potassium in different ratios. Superphosphate,
urea, and potash are also popular. For a substance to be classified as a fertilizer, it should
contain a minimum of 5% N, P, or K, known as the primary or macro-nutrients [9,10]. They
play a vital role in enhancing plant development and growth. Indeed, their functions and
how they contribute to soil fertility are well documented [11-14]. However, due to their
efficiency in increasing soil fertility and enhancing plant growth, chemical fertilizers are
often applied in excess [15]. As a result, they cause adverse effects on the environment,
such as global warming, biodiversity loss, depletion of the stratospheric ozone layer, and
eutrophication [9,16,17]. Besides their excessive use, their huge procurement, shipping,
and transportation costs make them unsustainable [18]. There are several strategies that re-
searchers have developed to reduce and circumvent the effects that synthetic fertilizers have

Agriculture 2024, 14, 1894. https:/ /doi.org/10.3390/ agriculture14111894
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Appendix 8: Analysis of variance for seed emergence percentage in Experiment 1

Source DF SS MS F P
Replications 2 533 26.67

Crop 1 735.0 735.00 3.41 0.0668
CPE 9 30435.0 3381.67 15.68 0.0000
Dose 3 7005.0 2335.00 10.83 0.0000
Crop x CPE 9 2115.0 235.00 1.09 0.3735
Crop x Dose 3 1298.3 432.78 2.01 0.1153
CPE x Dose 27 6078.3 225.12 1.04 0.4148
Crop x CPE x Dose 27 10718.3 396.98 1.84 0.0112
Error 158 34080.0 215.70

Total 239

Appendix 9: Analysis of variance for seed emergence percentage in Experiment 2

Source DF SS MS F P
Replications 2 310.0 155.00

Crop 1 281.7 281.67 2.23 0.1373
CPE 9 25935.0 2881.67 22.81 0.0000
Dose 3 4271.7 1423.89  11.27 0.0000
Crop x CPE 9 2668.3 296.48 2.35 0.0164
Crop x Dose 3 125.0 41.67 0.33 0.8038
CPE xDose 27 6845.0 253.52 2.01 0.0044
Crop type x CPE x Dose 27 2991.7 110.80 0.88 0.6430
Error 158 19956.7 126.31

Total 239

239



Appendix 10: Analysis of variance for plant height in Experiment 1

Source DF SS MS F P
Replications 2 17.90 8.951

Crop 1 294.15 294.152  8.05 0.0051
CPE 9 590.43 65.604 1.80 0.0728
Dose 3 6.54 2.179 0.06 0.9808
Crop x CPE 9 592.08 65.787 1.80 0.0719
Crop x Dose 3 25.83 8.611 0.24 0.8714
CPE xDose 27 847.43 31.386  0.86 0.6680
Crop x CPE xDose 27 1484.50 54.982 1.51 0.0643
Error 158 5771.54 36.529

Total 239
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Appendix 11: Analysis of variance for plant height in Experiment 2

Source DF SS MS F P
Replication 2 42.3 21.14

Crop 1 1178.4 1178.38  15.69 0.0001
CPE 9 3911.2 434.57 5.79 0.0000
Dose 3 614.4 204.79 2.73 0.0460
Crop x CPE 9 909.9 101.11 1.35 0.2173
Crop x Dose 3 131.0 43.68 0.58 0.6279
CPE xDose 27 1721.9 63.78 0.85 0.6817
Crop x CPE xDose 27 2038.6 75.50 1.01 0.4650
Error 158 11865.5 75.10

Total 239

Appendix 12: Analysis of variance for stem diameter in Experiment 1

Source DF SS MS F P
Replications 2 3.153 1.5763

Crop 1 11.441 11.4407  18.19 0.0000
CPE 9 17.568 1.9520 3.10 0.0018
Dose 3 2.275 0.7584 1.21 0.3094
Crop xCPE 9 7.859 0.8733 1.39 0.1973
Crop x Dose 3 0.431 0.1436 0.23 0.8766
CPE xDose 27 19.300 0.7148 1.14 0.3051
Crop x CPE xDose 27 31.269 1.1581 1.84 0.0112
Error 158 99.354 0.6288

Total 239
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Appendix 13: Analysis of variance for stem diameter in Experiment 2

Source DF SS MS F P
Replications 2 14.012 7.0062

Crop 1 71.942 71.9415 3298 0.0000
CPE 9 121.168 13.4632  6.17 0.0000
Dose 3 8.495 2.8316 1.30 0.2771
Crop x CPE 9 58.063 6.4515 2.96 0.0028
Crop x Dose 3 18.572 6.1905 2.84 0.0399
CPE xDose 27 62.372 2.3101 1.06 0.3957
Crop x CPE xDose 27 46.167 1.7099 0.78 0.7676
Error 158 344.701 2.1817

Total 239

242



Appendix 14 :Analysis of variance for chlorophyll content in Experiment 1

Source DF SS MS F P
Replications 2 12.149 6.07433

Crop 1 4.988 498817 2.81 0.0955
CPE 9 23.955 2.66165 1.50 0.1518
Dose 3 2.741 0.91377 0.52 0.6723
Crop x CPE 9 13.224 1.46930  0.83 0.5907
Crop x Dose 3 0.772 0.25746  0.15 0.9326
CPE x Dose 27 38.135 1.41240 0.80 0.7515
Crop x CPE x Dose 27 25.169 0.93218 0.53 0.9741
Error 158 280.170 1.77323

Total 239

Appendix 15: Analysis of variance for chlorophyll content in Experiment 2

Source DF SS MS F P
Replications 2 864.5 432.27

Crop 1 3465.6 3465.60  47.05 0.0000
CPE 9 1139.5 126.61 1.72 0.0887
Dose 3 151.9 50.65 0.69 0.5609
Crop xCPE 9 980.3 108.92 1.48 0.1600
Crop x Dose 3 55.3 18.42 0.25 0.8612
CPE xDose 27 1979.9 73.33 1.00 0.4782
Crop x CPE x Dose 27 1974.3 73.12 0.99 0.4821
Error 158 11638.0 73.66

Total 239

243



Appendix 16 :Analysis of variance for leaf length in Experiment 1

Source DF SS MS F P
Replications 2 3.45 1.73

Crop 1 1450.42 1450.42  480.06  0.0000
CPE 9 64.37 7.15 2.37 0.0155
Dose 3 7.01 2.34 0.77 0.5107
Crop x CPE 9 15.01 1.67 0.55 0.8343
Crop x Dose 3 7.62 2.54 0.84 0.4734
CPE xDose 27 58.13 2.15 0.71 0.8488
Crop x CPE xDose 27 98.65 3.65 1.21 0.2336
Error 158 477.37 3.02

Total 239

244



Appendix 17: Analysis of variance for leaf length in Experiment 2

Source DF SS MS F P
Replications 2 5.30 2.65

Crop 1 1115.43 111543  131.56  0.0000
CPE 9 578.03 64.23 7.58 0.0000
Dose 3 3.67 1.22 0.14 0.9332
Crop x CPE 9 48.14 5.35 0.63 0.7695
Crop x Dose 3 3.02 1.01 0.12 0.9490
CPE xDose 27 285.11 10.56 1.25 0.2028
Crop x CPE xDose 27 310.03 11.48 1.35 0.1287
Error 158 1339.56 8.48

Total 239

Appendix 18: Analysis of variance for leaf width in Experiment 1

Source DF SS MS F P
Replications 2 0.429 0.215

Crop 1 402.227 402.227  408.95 0.0000
CPE 9 20.077 2.231 227 0.0204
Dose 3 0.140 0.047 0.05 0.9862
Crop xCPE 9 7.903 0.878 0.89 0.5332
Crop x Dose 3 1.274 0.425 0.43 0.7305
CPE xDose 27 19.338 0.716 0.73 0.8324
Crop x CPE x Dose 27 31.150 1.154 1.17 0.2678
Error 158 155.404 0.984

Total 239
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Appendix 19: Analysis of variance for leaf width in Experiment 2

Source DF SS MS F P
Replications 2 6.20 3.098

Crop 1 372.75 372.753  132.05 0.0000
CPE 9 134.41 14.935 5.29 0.0000
Dose 3 3.03 1.011 0.36 0.7833
Crop x CPE 9 23.89 2.654 0.94 0.4920
Crop x Dose 3 2.10 0.699 0.25 0.8628
CPE xDose 27 95.39 3.533 1.25 0.1980
Crop x CPE xDose 27 80.48 2.981 1.06 0.3993
Error 158 446.02 2.823

Total 239
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Appendix 20: Analysis of variance for leaf area in Experiment 1

Source DF SS MS F P
Replications 2 24 12.0

Crop 1 71463 71463.3  561.64 0.0000
CPE 9 2917 324.1 2.55 0.0093
Dose 3 237 79.0 0.62 0.6022
Crop x CPE 9 479 53.2 0.42 0.9239
Crop x Dose 3 294 97.8 0.77 0.5130
CPE xDose 27 2520 933 0.73 0.8265
Crop x CPE xDose 27 4301 159.3 1.25 0.1976
Error 158 20104 127.2

Total 239

247



Appendix 21: Analysis of variance for leaf area in Experiment 2

Source DF SS MS F P
Replications 2 510 254.8

Crop 1 81756 81756.5 146.46  0.0000
CPE 9 25651 2850.1 5.11 0.0000
Dose 3 572 190.7 0.34 0.7953
Crop x CPE 9 7145 793.9 1.42 0.1827
Crop x Dose 3 604 201.3 0.36 0.7815
CPE xDose 27 23522 871.2 1.56 0.0490
Crop x CPE xDose 27 21947 812.9 1.46 0.0811
Error 158 88196 558.2

Total 239
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Appendix 22: Analysis of variance for number of flowers in Experiment 1

Source DF SS MS F P
Replications 2 0.633 0.3167

Crop 1 23.438 23.4375  21.12 0.0000
CPE 9 19.454 2.1616 1.95 0.0490
Dose 3 2.046 0.6819 0.61 0.6066
Crop x CPE 9 8.687 0.9653 0.87 0.5537
Crop x Dose 3 1.746 0.5819 0.52 0.6662
CPE xDose 27 40.329 1.4937 1.35 0.1336
Crop x CPE xDose 27 52.296 1.9369 1.75 0.0189
Error 158 175.367 1.1099

Total 239

Appendix 23: Analysis of variance for number of flowers in Experiment 2

Source DF SS MS F P
Replications 2 30.86 15.429

Crop 1 198.02 198.017 5543 0.0000
CPE 9 54.48 6.054 1.69 0.0944
Dose 3 8.88 2.961 0.83 0.4798
Crop xCPE 9 49.32 5.480 1.53 0.1403
Crop x Dose 3 1.48 0.494 0.14 0.9369
CPE xDose 27 126.62 4.690 1.31 0.1540
Crop x CPE x Dose 27 135.85 5.031 1.41 0.1012
Error 158 564.47 3.573

Total 239
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Appendix 24: Analysis of variance for number of fruits in Experiment 1

Source DF SS MS F P
Replications 2 1.9750 0.98750

Crop 1 4.0042 4.00417  27.08 0.0000
CPE 9 0.8375 0.09306  0.63 0.7707
Dose 3 0.2458 0.08194  0.55 0.6460
Crop x CPE 9 0.7042 0.07824  0.53 0.8517
Crop x Dose 3 0.1125 0.03750  0.25 0.8586
CPE x Dose 27 5.5458 0.20540 1.39 0.1102
Crop x CPE xDose 27 5.6792 0.21034 1.42 0.0947
Error 158 23.3583 0.14784

Total 239

Appendix 25: Analysis of variance for number of fruits in Experiment 2

Source DF SS MS F P
Replications 2 0.07500 0.03750

Crop 1 0.03750 0.03750  3.08 0.0813
CPE 9 0.08750 0.00972  0.80 0.6186
Dose 3 0.01250 0.00417 0.34 0.7950
Crop x CPE 9 0.08750 0.00972  0.80 0.6186
Crop x Dose 3 0.01250 0.00417 0.34 0.7950
CPE x Dose 27 0.36250 0.01343 1.10 0.3439
Crop x CPE xDose 27 0.36250 0.01343 1.10 0.3439
Error 158 1.92500 0.01218

Total 239

250



Appendix 26: Analysis of variance for fruit mass in Experiment 1

Source DF SS MS F P
Replications 2 118.02 59.011

Crop 1 225.39 225.389  22.81 0.0000
CPE 9 49.33 5.482 0.55 0.8322
Dose 3 31.82 10.606 1.07 0.3621
Crop x CPE 9 40.21 4.468 0.45 0.9043
Crop x Dose 3 21.79 7.264 0.74 0.5325
CPE xDose 27 345.64 12.801 1.30 0.1654
Crop x CPE xDose 27 330.06 12.224 1.24 0.2096
Error 158 1561.15 9.881

Total 239

251



Appendix 27: Analysis of variance for fruit mass in Experiment 2

Source DF SS MS F P
Replications 2 4.930 2.46493

Crop 1 2.358 2.35796  1.68 0.1968
CPE 9 11.573 1.28593  0.92 0.5125
Dose 3 3.199 1.06637  0.76 0.5182
Crop x CPE 9 11.690 1.29888  0.93 0.5046
Crop x Dose 3 3.197 1.06552  0.76 0.5185
CPE xDose 27 39.042 1.44601 1.03 0.4319
Crop x CPE xDose 27 39.045 1.44609 1.03 0.4318
Error 158 220.303 1.40320

Total 239

252



Appendix 28: Analysis of variance for dry shoot mass in Experiment 1

Source DF SS MS F P
Replications 2 6.264 3.13205

Crop 1 0.059 0.05891 0.10 0.7567
CPE 9 5.633 0.62586  1.02 0.4238
Dose 3 2.191 0.73024 1.19 0.3140
Crop x CPE 9 2.434 0.27049  0.44 0.9103
Crop x Dose 3 1.605 0.53494  0.87 0.4557
CPE xDose 27 5.638 0.20882  0.34 0.9991
Crop x CPE xDose 27 8.828 0.32695 0.53 0.9711
Error 158 96.637 0.61163

Total 239

253



Appendix 29: Analysis of variance for dry shoot mass in Experiment 2

Source DF SS MS F P
Replications 2 9.89 4.947

Crop 1 188.63 188.629  39.22 0.0000
CPE 9 147.71 16.412 341 0.0007
Dose 3 17.04 5.680 1.18 0.3188
Crop x CPE 9 76.26 8.474 1.76 0.0795
Crop x Dose 3 2.75 0.916 0.19 0.9028
CPE xDose 27 168.02 6.223 1.29 0.1666
Crop x CPE x Dose 27 155.06 5.743 1.19 0.2476
Error 158 759.93 4.810

Total 239

254



Appendix 30: Analysis of variance for fresh root mass in Experiment 1

Source DF SS MS F P
Replications 2 43.57 21.7851

Crop 1 4.50 4.4991 0.43 0.5111
CPE 9 216.57 24.0638  2.32 0.0177
Dose 3 11.67 3.8896  0.38 0.7711
Cropx CPE 9 152.94 16.9937 1.64 0.1086
Crop x Dose 3 21.06 7.0203  0.68 0.5674
CPE x Dose 27 205.17 7.5989  0.73 0.8274
Crop x CPE xDose 27 213.66 79134  0.76 0.7928
Error 158 1638.59 10.3708

Total 239

Appendix 31: Analysis of variance for fresh root mass in Experiment 2

Source DF SS MS F P
Replications 2 37.27 18.633

Crop 1 470.37 470.372  13.45 0.0003
CPE 9 826.19 91.799 2.62 0.0074
Dose 3 47.87 15.956 0.46 0.7133
Crop x CPE 9 457.22 50.803 1.45 0.1703
Crop x Dose 3 66.05 22.017 0.63 0.5970
CPE x Dose 27 702.75 26.028 0.74 0.8148
Crop x CPE xDose 27 724.55 26.835 0.77 0.7879
Error 158 5526.77 34.980

Total 239

255



Appendix 32: Analysis of variance for dry root mass in Experiment 1

Source DF SS MS F P
Reps 2 4.234 2.11716

Crop type 1 0.019 0.01908  0.04 0.8361
CPE 9 4.460 0.49557  1.11 0.3553
Dose 3 0.809 0.26975  0.61 0.6115
Cropx CPE 9 4.652 0.51690 1.16 0.3225
Crop x Dose 3 1.430 0.47661 1.07 0.3626
CPE x Dose 27 9.276 0.34354 0.77 0.7810
Crop x CPE xDose 27 8.740 0.32371 0.73 0.8323
Error 158 70.233 0.44451

Total 239

Appendix 33: Analysis of variance for dry root mass in Experiment 2

Source DF SS MS F P
Replications 2 1.011 0.5055

Crop 1 15.729 15.7286  17.11 0.0001
CPE 9 20.927 2.3253 2.53 0.0098
Dose 3 4.004 1.3347 1.45 0.2298
Crop x CPE 9 9.875 1.0973 1.19 0.3025
Crop x Dose 3 0.210 0.0700 0.08 0.9728
CPE x Dose 27 28.393 1.0516 1.14 0.2973
Crop x CPE xDose 27 22.720 0.8415 0.92 0.5893
Error 158 145.225 0.9191

Total 239




Appendix 34: Analysis of variance for pH in Experiment 1

Source DF SS MS F P
Crop 1 0.74401  0.74401 514  0.0270
CPE 9 1.67876  0.18653 1.29  0.2618
Dose 3 0.62170  0.20723 1.43  0.2423
Error 60 8.68219  0.14470

Total 73

Appendix 35: Analysis of variance for pH in Experiment 2

Source DF SS MS F P
Crop 1 0.1176 0.11760  0.29  0.5925
CPE 9 3.3882 0.37647 093  0.5085
Dose 3 1.0240 0.34133  0.84 0.4770
Error 60 243635  0.40606

Total 73

257



Appendix 36: Analysis of variance for EC in Experiment 1

Source DF SS MS F P
Crop 1 0.10519 0.10519 6.80 0.0115
CPE 9 0.69830  0.07759  5.02  0.0000
Dose 3 0.00147  0.00049 0.03 0.9924
Error 60 0.92794  0.01547

Total 73

Appendix 37: Analysis of variance for EC in Experiment 2

Source DF SS MS F P
Crop 1 0.00351 0.00351 0.15 0.7024
CPE 9 1.17078  0.13009  5.46  0.0000
Dose 3 0.02434  0.00811 034  0.7963
Error 60  1.43059  0.02384

Total 73

258



