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Abstract 

The past two decades have seen a growing interest in optimizing the synthesis of 

metal oxide nanoparticles due to their unique properties that have made revolutionary 

improvements in many fields. This work aims to optimize the biosynthesis temperature of 

iron oxide nanoparticles and to study their biological activity. Moringa Oleifera leaves 

extract was used as a bio-reducing and stabilization agent for the biosynthesis process, and 

the optimization was performed using response surface methodology (RSM) based on 

central composite design (CCD). The biosynthesis temperatures (reaction and annealing 

temperatures) besides precursor concentration were set as independent variables, and the 

crystallite size was set as a response to obtain the optimal conditions that minimize IONPs 

crystallite size. Different characterization techniques such as UV-Vis, FTIR, XRD, SEM, 

and EDX were employed to study the nanoparticles properties. The characterizations results 

have confirmed the biosynthesis of Hematite (α-Fe2O3) nanoparticles of rhombohedral 

structure. The generated model has exhibited predicted values very close to the actual 

proving its validity to analyze and optimize this study. The model indicated that all the 

investigated parameters and their interactions significantly affected the crystallite size. 

Within the studied range, an optimal crystallite size of 29.35 nm was achieved when 

biosynthesis temperatures i.e., reaction and annealing temperatures are 55 and 500 °C 

respectively, and precursor concentration of 0.03 M. Furthermore, the antibacterial activity 

of IONPs was tested using the disk diffusion method, which has shown significant 

antibacterial activity against both Gram-positive and Gram-negative bacteria. 

Keywords:  

Nanoparticles; Iron oxide; Optimization; Biosynthesis temperature; Moringa Oleifera; 

Crystallite size; RSM; Antibacterial activity. 
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 ملخص 

شهد العقدان الماضيان إهتمامًا متزايداً بتحسين صناعة جزيئات أكسيد المعادن النّانويّة نظرًا لخصائصها الفريدة  

اللتي أدت تحسينات جوهرية في العديد من المجالات. يهدف هذا العمل إلى تحسين درجة حرارة التصنيع الحيوي لجسيمات 

كعامل إرجاع حيوي   مورينجا أوليفيراولوجي. تم إستخدام مستخلص أوراق  أكسيد الحديد النّانويّة ودراسة نشاطها البي

( بناءً على التصميم المركب RSMلعملية التصنيع الحيوي، وتم إجراء عملية التحسين بإستخدام منهجية سطح الإستجابة )

لى جانب تركيز الملح (. تم إختيار درجات حرارة التصنيع الحيوي )درجات حرارة التفاعل والتكلس( إCCDالمركزي )

المعدني كمتغيرات مستقلة ، و اخُتير الحجم البلوري كمتغير تابع )إستجابة( من أجل الحصول على الظروف المثلى التيّ 

البنفسجية النّانوية لأكسيد الحديد. تم إستخدام تقنيات توصيف مختلفة مثل الأشعَّة فوق  البلورات  -UV   تقللّ من حجم 

Vis  ،   تحت الحمراءالأشعَّةFTIR   ،   إنعراج الأشعَّة إكسXRD  مسح المجهر الإلكتروني ،SEM   ينية    و الأشعَّة السِّّ

النّانويّة   EDXالمُشَتِّّتةَِّ للطاقة   نتائج التوصيفات أكدت نجاح صناعة الجسيمات  النّانويّة.  لدراسة خصائص الجسيمات 

( مُعيََّنِّيُّ السُّطوح. أظهر( ذو هيكل كريست3O2Fe-αلأكسيد الحديد من نوع الهيماتيت  ياضي الذي تم  الي  الرِّّ النموذج 

الدرا هذه  بنتائج  الصَّحيح  التنبُّؤِّ  النَّموذج على  قدرة هذا  يثبت  مما  التَّجريبيَّة  القيم  من  جداً  قريبة  توقعيَّة  قِّيَمًا  سة إنشاؤه 

أثرت بشكل كبير على حجم البلورات. ضمن  وتحسينها. أشار النموذج إلى أن جميع المتغيرات التي تم فحصها وتداخلاتها  

نانومتر عندما تكون درجات حرارة التفاعل والتكلس   29.35النطاق المدروس ، تم التحصل على حجم بلوري مثالي قدره  

مولاري. علاوة على ذلك ، تم إختبار    0.03درجة مئوية على التوالي ، والتركيز المولاري للملح المعدني    500و    55

مضاد للبكتيريا لجزيئات أكسيد الحديد النّانويّة بإستخدام طريقة القرص المنتشر، وأظهر فعالية معتبرة ضد كل  النشاط ال

 .  الجرامةُ بَ الِّ و سَ  ةُ بَ وجَ من البكتيريا مُ 

 الكلمات المفتاحية: 

؛ RSM؛ حجم بلوري؛ مورينجا أوليفيراالجسيمات النانوية؛ أكسيد الحديد؛ التحسين؛ درجة حرارة التصنيع الحيوي؛ 

 للبكتيريا. ةالمضاد الفعالية
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Résumé 

Au cours des deux dernières décennies, un intérêt croissant pour l'optimisation de la 

synthèse des nanoparticules d'oxyde métallique en raison de leurs propriétés uniques a 

permis des développements révolutionnaires dans de nombreux domaines. Ce travail vise à 

optimiser la température de biosynthèse des nanoparticules d'oxyde de fer et à étudier leur 

activité biologique. L'extrait de feuilles de Moringa Oleifera a été utilisé comme agent de 

bio-réduction et stabilisation pour le processus de biosynthèse et l'optimisation a été réalisée 

à l'aide de la méthodologie de surface de réponse (RSM) basée sur la conception composite 

centrale (CCD). Les températures de biosynthèse (températures de réaction et de recuit) en 

plus de la concentration de précurseur ont été choisies comme variables indépendantes et la 

taille des cristallites a été définie comme une réponse pour obtenir les conditions optimales 

qui minimisent la taille des cristallites des IONP. Différentes techniques de caractérisation 

telles qu'UV-Vis, FTIR, XRD, SEM et EDX ont été utilisées pour étudier les propriétés des 

nanoparticules. Les résultats des caractérisations ont confirmé la biosynthèse de 

nanoparticules d'Hématite (α-Fe2O3) de structure rhomboédrique. Le modèle mathématique 

généré a présenté des valeurs prédites très proches de l'expérimental ce qui prouve sa validité 

pour analyser et optimiser cette étude. Le modèle a indiqué que tous les paramètres étudiés 

et leurs interactions ont significativement affecté la taille des cristallites. Dans l’échelle 

étudiée, une taille de cristallite optimale de 29,35 nm a été atteinte lorsque les températures 

de (les températures de réaction et de recuit) sont respectivement de 55 et 500 °C et la 

concentration en précurseur de 0,03 M. De plus, l'activité antibactérienne des nanoparticules 

d'oxyde de fer a été testée à l'aide de la méthode de diffusion sur disque, et les nanoparticules 

ont montré une activité antibactérienne significative contre les bactéries Gram-positifs et les 

Gram-négatives.  

Mots clés : 

Nanoparticules; Oxyde de fer; Optimisation ; Température de biosynthèse; Moringa 

oleifera; Taille des cristallites; RSM; Activité antibactérienne. 
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General introduction  

1 

General introduction 

In the past two decades, nanoscale materials of single or multidimensions and a size 

below 100 nm have attracted increasing interest due to their new and unique features over 

their bulk counterparts [1]. The new features of these materials have made revolutionary 

improvements in many fields, making nanoscience one of the most promising and innovative 

fields of research in materials sciences. 

Various inorganic materials have been modified, and their size was reduced to 

nanoscale as nanoparticles in order to achieve superior properties with greater functional 

versatility. Among the inorganic nanoparticles, Iron oxide nanoparticles (IONPs) in 

particular magnetite (Fe3O4), maghemite (-Fe2O3), and hematite (-Fe2O3) are of great 

technological and industrial interest due to their unique properties appropriate for many 

fields, including the electronics industry for the fabrications of the new generation 

technological devices [2], medicine field especially for diagnostics; drug delivery and 

antimicrobial agents [3,4], the agriculture sector as a fertilizers [5], and environmental 

remediation removal of pollution or contaminants from water [6]. 

Diverse chemical and physical processes have been extensively employed for the 

fabrication of metal nanoparticles. However, these production methods are generally costly, 

toxic, and potentially dangerous to the environment and living organisms. Which have arisen 

many concerns about the production of nanomaterials; these concerns are faded by 

implementing a sustainable green biological method in nanomaterials production, which 

uses biodegradable and biocompatible natural sources such as bacteria fungi, and plant 

extracts. This synthesis method allowed the production of low-cost, non-toxic, and eco-

friendly nanomaterials [7].  

The unique features of iron oxide nanoparticles are significantly influenced by their 

shape and size [2,8–11]. Generally, significant enhancements on nanoparticles properties are 

reached by reducing their size. Therefore, extensive studies and efforts were made to better 

understanding the relationship between the size and properties, aiming to reach a size-

controlled synthesis of nanoparticles with optimized properties and best performance [12].   

Former studies in the literature have found that it is possible to control nanoparticles' size 

and properties by adjusting the synthesis conditions including reaction temperature, pH, 
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duration, and reactant concentration that significantly influences the growth of nanoparticles' 

crystallite size [13–18]. 

Most of the previous works optimizing the synthesis parameters and studying their 

effect on nanoparticles size have restricted their investigation to study separate synthesis 

parameters in what is known with One Factor At Time (OFAT) optimization. This technique 

is surrounded by many disadvantages, such as not being able to explain the interactive effect 

of multiple synthesis parameters; also, it requires a considerable number of experiments that 

could be expensive and a waste of time, resources, and efforts [19].  

These disadvantages can be efficiently reduced using multivariate statistical 

techniques such as Response Surface Methodology (RSM), which is a set of mathematical 

and statistical techniques based on the adjustment of a polynomial equation to the 

experimental data that effectively model and study processes by investigating the effect of 

multiple factors (independent variables) and their combined effect on the response 

(dependent variables). The most advantageous feature of RSM is its ability to assist 

determining the optimal conditions for a combination of factors that optimizes the response 

maintaining a reduced number of experiments, which saves efforts, recourses and time[20]. 

This work aims to optimize the biosynthesis temperature of IONPs and to study their 

biological activity. Moringa Oleifera leaves extract was used for the biosynthesis process, 

and the optimization was performed using response surface methodology RSM based on 

central composite design. 

This work consists of four chapters: 

- The first chapter represents a botanical study of Moringa Oleifera and its 

phylogenic classification. 

- The second chapter is a literature review on nanoparticles, their synthesis, 

classifications, properties, and applications. 

- The third chapter briefly describes the materials, analysis, and optimization methods 

used for this study. 

- The fourth chapter displays the different results of the optimization, 

characterizations, and antibacterial activity for the performed experiments in tables 

and graphs, followed by discussions and interpretations. 

Finally, a general conclusion summarizes the main results obtained during this thesis 

and suggestions for further study. 
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Chapter I: Moringa Oleifera 

There was always a close relationship between human beings and plants. Since the early 

ages, plants have symbolized life and sustainability for humankind due to their benefits and 

diverse applications in different fields, such as food, medicine, and construction. Up to this 

day, plants are being widely used in high-tech sectors and advanced medicine. 

I.1 Moringa Oleifera 

Moringa Oleifera is considered one of the world’s most useful and easily accessible 

trees. It is widely cultivated because of its capability to quickly grow and resistance to poor 

soil [1]. Besides using it as food, Moringa Oleifera is also famous with its important healing 

abilities which make it earn the name of “the miracle tree” or “the tree of life”[2]. 

I.2 Nomenclature 

Moringa Oleifera has different names depending on the region[3]: 

Table I. 1 Some common names of Moringa oleifera 

English Arabic Hindi French 

Drumstick tree Ruwag Horseradish Ben ailé 

Ben oil tree Shajarat Al Ban Shajnah benzolive 

Horseradish tree Habbah Ghaliah Dumstick Pois Quénique 

I.3 Taxonomic classification: 

Moringa is the only genus from the Moringaceae family. [4], [5] 

Table I. 2 Taxonomy classification of Moringa Oleifera [4], [5]. 

 

 

 

 

 

 

 

 

  

Kingdom Plantae 

Subkingdom Tracheobionta 

Superdivision Spermatophyta 

Division Magnoliophyta 

Class Eudicots 

Subclass Rosids 

Order Brassicales 

Family Moringaceae 

Genus Moringa 
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I.4 History  

Moringa has been used by many societies including Roman, Greek, Egyptian, and 

Indian for thousands of years with writings dating as far back as 150 AD. The history of 

Moringa dates back to 150 B.C. Historical proofs reveal that ancient kings and queens used 

Moringa leaves and fruit in their diet to maintain mental alertness and healthy skin [6]. 

I.5 Geographical distribution 

Moringa Oleifera is a tree native to the Himalayas, India northeast, Bangladesh, 

Afghanistan, and Pakistan. It has been introduced to all the tropics and subtropics and has 

become naturalized in many African countries. This tree has an extensive geographic 

distribution throughout Central and South America, Africa, and South Asia [7]. 

 

Figure I.1 Geographical distribution of Moringa Oleifera in the world [8]. 

I.6 Botanical description for the different parts of Moringa Oleifera plant 

Moringa Oleifera tree is a fast-growing plant. It can grow to reach 10 to 15 m in 

height and up to 3 meters in diameter, with an umbrella-shaped open crown and a straight 

trunk of 20 to 40 cm in diameter. In general, it reaches 1.5 to 3 meters high before dividing 

into branches. Moringa Oleifera wood is soft, very tender, and often attacked by termites 

[2], [9]. 
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Figure I. 2 Moringa Oleifera tree. 

 Seeds 

The seeds are round with a brownish semi-permeable seed hull, with 3 

papery wings. Seed hulls are generally brown to black but can be white if kernels 

are of low viability. Viable seeds germinate within 2 weeks. The hull itself has 

three white wings that run from top to bottom at 120° intervals. Each tree can 

produce between 15,000 and 25,000 seeds/year. The average weight per seed is 0. 3 

g and the kernel to hull ratio is 75:25[10]. 

 

Figure I. 3 Moringa Oleifera seeds. 

 



 

 

 

 7 

Generalities on Moringa Oleifera Chapter I 

 Flowers 

The flowers are 2.5 cm wide and appear as axillary, drooping panicles of 10 

to 25 cm. They are generally abundant and with a pleasant odor. Moringa flowers 

are consist of five creamy-white petals with yellow dots at the base five perfect 

stamens alternating with five subulate staminodes, and five sepals that are 

symmetrical and lanceolate [3], [11]. 

 

Figure I. 4  Moringa Oleifera flowers. 

 Fruits 

The fruits are pendulous, linear, three-sided pods with nine longitudinal 

ridges, usually 20 to 50 cm in length, but infrequently up to 1 m or longer, and 

2.0 to 2.5 cm thick. Each pod usually contains up to 26 seeds [12]. 

 

Figure I. 5 Moringa Oleifera fruits. 
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 Branches 

Moringa Oleifera branches grow in a disorganized manner, and the canopy 

takes an umbrella shape [13]. 

 

Figure I. 6 Moringa Oleifera branches. 

 Roots 

Moringa Oleifera seeds develop a white, swollen, tuberous root with a 

characteristic pungent odor and sparse side roots. Trees grown from seeds develop 

a deep, stout taproot with a wide-spreading system of thick, tuberous lateral roots 

[12], [14]. 

 

Figure I. 7  Moringa Oleifera roots. 
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 Leaves 

The leaves are usually bipinnate or tripinnate and can reach up to 45 cm 

long. They are alternate and spirally arranged on the twigs. Pinna and pinnules are 

opposite; leaflets are 1.2 to 2 cm long and 0.6 to 1 cm wide, the lateral leaflets 

elliptic, the terminal ones obovate; petioles of lateral leaflets are 1.5 to 2.5 mm 

long, those of terminal ones 3 to 6 mm long [15], [16]. 

 

Figure I. 8 Moringa Oleifera leaves. 

I.7 Main ecological requirements of Moringa Oleifera 

I.7.1 Altitude 

Moringa Oleifera favors an altitude beneath 600 m from sea level. Although, it can 

grow up to 1200 m in some tropical areas and has also been observed growing at 2000 m 

[17], [18]. 

I.7.2 Temperature  

Generally, Moringa Oleifera grows best under warm, dry conditions in tropical and 

semi-arid regions. The ideal temperature range for this plant is 25 to 35 ºC, but it can tolerate 

temperatures up to 48 ºC for short periods [18], [19]. 

I.7.3 Soil 

Moringa tolerates a wide range of soil types. However, it prefers well-drained (light) 

sandy soils that do not retain water which Helps the root branches cuttings their way directly 

into the ground. It would also grow well in heavy soils (clay) that doesn't remain waterlogged 

for prolonged periods [18]. 
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I.7.4 pH 

Moringa Oleifera tolerates a wide pH range from 4.5 to 9. This plant can also grow 

well in an alkaline medium up to a pH of 9 [18]. 

I.7.5 Wind 

Moringa Oleifera can be very susceptible to a windy climate. The strong winds can 

cause considerable damage to the tree branches and trunk [18]. 

I.8 Nutritional values of Moringa Oleifera 

Moringa Oleifera is well-known for its high nutrient value. Previous studies have proven 

that fresh leaves of this plant contain [20], [21]: 

• 4 times more vitamin A than carrots. 

• 7 times more vitamin C than oranges. 

• 4 times more calcium than milk. 

• 3 times more potassium than bananas. 

• 5 times the iron contained in spinach. 

• 2 times more protein than eggs. 

• 8 times more fiber than wheat. 

• 30 times more vitamin B2 than almonds.  

•  

• Figure I. 9 Vitamin and mineral content of Moringa Oleifera leaves[8]. 

 

  



 

 

 

 11 

Generalities on Moringa Oleifera Chapter I 

I.9 Chemical compositions 

Regarding the beneficial health effects of Moringa Oleifera, it is a unique herb owing 

to its rich nutrients and low antinutrient content. The leaves of M. oleifera are the most 

nutritious part, being a significant source of proteins, minerals, vitamins, and other secondary 

metabolites. The Table I. 2 and Table I. 3 below shows the chemical and amino acid 

compositions presented in 100 g of Moringa Oleifera fresh leaves, dry leaves and powdered 

leaves [21], [22]. 

Table I. 3 Chemical compositions of Moringa Oleifera leaves [21], [22]. 

Nutrient 

component 

Fresh leaves Dry leaves Powdered leaves 

Calories (cal) 92 329 205 

Protein (g) 6.7–17.1 29.4–40.0 25.4–27.1 

Fat (g) 1.7–2.11 5.2–6.5 2.3 

Carbohydrates (g) 6.3–12.5 38.0–41.2 34.3–38.2 

Fiber (g) 0.9–7.09 12.5–21.09 19.2 

Vitamin A 0.9–11.05 16.3–18.90 - 

Vitamin B1 (mg) 0.06 2.02–2.60 2.64 

Vitamin B2 (mg) 0.05 19.82–21.3 20.5 

Vitamin B3 (mg) 0.8 7.6–8.3 8.2 

Vitamin C (mg) 220 15.8–17.3 17.3 

Vitamin E (mg) 448 10.8–77.0 113 

Calcium (mg) 440 2185–3050 2003 

Magnesium (mg) 42–82 86–448 368 

Phosphorus (mg) 30.15–70 204–252 204 

Potassium (mg) 259 1236–1384 1324 

Copper (mg) 0.07 0.08–0.49 0.57 

Iron (mg) 0.85–10.7 25.6–490 28.2 

Sulfur (mg) - 363–630 870 

Zinc (mg) 6.7 3.25–13.03 - 

Manganese (mg) 81.6 86.8–91.2 - 
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Table I. 4 Amino Acid Content of Moringa Oleifera Leaves. [21], [22]. 

Amino acid Fresh leaves 

(mg / g DM) 

Extracted leaves 

(mg / g DM) 

Lysine 13.25–26.77 14.06–18.09 

Leucine 20.52–42.89 17.5–21.84 

Isoleucine 11.91–22.53 8.08–11.30 

Methionine 3.5–8.96 1.13–4.97 

Cystine 3.8–5.18 1.0–3.39 

Phenylalanine 16.31–27.14 8.9–15.51 

Tyrosine 18.88 9.71 

Valine 10.62–27.58 7.25–14.26 

Histidine 5.17–13.57 7.16–7.50 

Threonine 13.5–21.97 7.90–11.70 

Serine 10.87–20.79 9.40–10.34 

Glutamic acid 28.42–50.85 17.10–25.65 

Aspartic acid 20.52–46.11 14.3–22.16 

Proline 14.3–25.75 12.41–13.63 

Wisteria 15.33–26.62 10.3–13.73 

Alanine 28.67–30.33 12.51–18.37 

Arginine 18.9–30.28 13.25–15.64 

Tryptophan 4.25–9.26 5.27–7.16 

I.10 Moringa Oleifera applications 

Moringa Oleifera leaves are widely distributed all over the world, they have a wide 

range of applications due to their nutritional and medicinal benefits.  Almost every part of 

this tree has been found to possess many nutrients. Among the different applications of this 

plant we distinguish: 

 Human consumption 

The leaves, fruits, young stems, roots, and flowers are edible and are eaten all over 

the world. The leaves can be eaten fresh or powdered and even combined with spices such 

as chili, they can also be prepared in soup or salad. The young green pods can be eaten boiled 

like beans.  
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The dry seeds can be powdered and used to season sauces, and the flowers can also 

be eaten as raw vegetables (salad). Moringa Oleifera oil is used as edible vegetable oil and 

also as a cooking oil [23], [24]. 

 Animal consumption 

Moringa Oleifera is rich in nutrients and bioactive compounds that offer great 

potential for its use as a livestock feeding resource. The leaves, seeds, and tree bark are easily 

consumed by farm animals such as cattle, sheep, and goats as ingredients in nutrition [25]. 

 Pharmaceutical 

Moringa Oleifera can be used to cure over 300 diseases. It has been used in herbal 

medicine for a long by Indians and Africans, the presence of phytochemicals makes it an 

important medicinal agent. The different parts of this tree, including the roots, bark, leaves, 

flowers, fruits, and seeds have been traditionally used in various therapeutic applications 

including abdominal tumors, hysteria (psychological disorder), scurvy, bladder palsy, and 

prostate [26], [27]. 

 

Figure I. 10 Pharmaceutical applications of Moringa Oleifera 
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 Water treatment 

The aqueous seed extract has traditionally been used to purify water in Africa and 

South Asian countries as a natural coagulant, since it exhibits high levels of active cationic 

proteins with molecular weights between 6 and 16 kDa and highly alkaline isoelectric points. 

In addition, it's well-known that the seeds can reduce 99.9% of bacteria suspended in the 

water after a treatment of 1 to 2 hours [28]. 

 Industrial applications 

Due to its properties, Moringa Oleifera oil is used as a lubricant in fine machinery, 

such as watchmaking (for its low tendency to deteriorate and become rancid and sticky). It 

is also of interest in the cosmetics and perfumes industry. The wood of this tree is "also an 

excellent pulp [29]. 

 Biodiesel  

After extracting high-value nutrients, Moringa Oleifera oil can be converted to 

biodiesel. The most remarkable property of this biodiesel is its high cetane number. The 

studied physicochemical properties of the biodiesel in Moringa Oleifera oil suggest that it 

can be used as a fuel in engines [30], [31]. 

 Other applications 

Moringa Oleifera has other abilities; its seeds are used to purify milk and honey. Due 

to its content of phytohormone compounds such as Cytokinins. This plant can be used as a 

fertilizer to boost tree growth and plant yields. Moringa Oleifera was also used as a phase 

barrier and windbreak [32]. 

I.11 Agroecological importance 

Moringa Oleifera is one of the most useful tropical trees. It spreads relatively easily 

both vegetatively and sexually, and it does not require much water and minerals. Thus, its 

production and maintenance are easy. Introducing this plant to a farm in an environment rich 

in biodiversity can benefit both the farmer and the surrounding ecosystem. Almost all parts 

of the plant have nutritional interests, which highlight the plant socioeconomic importance 

in the agroecological region [33]. 
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Chapter II: Overview on nanoparticles 

Nanoscale science and technology, frequently uttered as “nanoscience” or 

“nanotechnology,” are simply the science and engineering carried out on the nano-metric 

scale, that is, 10−9 meters. 

Nanoscience and nanotechnology today represent one of the most promising fields 

of research in the material sciences. This field is expected to play a vital role in different 

disciplines and is becoming the most innovative scientific field.  

In recent years, nanoscale materials have attracted the curiosity of researchers due to 

their unusual and exceptional features over their bulk counterparts. These new features have 

given this field continuous evolutions by developing new synthesis methods for these 

nanomaterials of controlled size and shape. 

II.1 Historical aspect 

 Although material manipulation at the atomic and molecular scale to obtain new 

functions and features appears to be a very recent concept. But there is much evidence that 

ancient artisans also controlled matter at the tiniest scales, and they have mainly been used 

for decorative coloring of glass. However, the concept of nanoparticles was unexplained at 

that time [1]. 

Investigations using various techniques showed that Celtic red enamels dated from 

100 to 400 BC contain copper and cuprous oxide nanocrystals. The metallic particles have 

been widely used during the Roman period for coloring glass. They have used glass 

containing a dispersion of copper nanocrystals to synthesize the majority of the red tesserae 

used in Roman mosaics [2]. 

Extraordinary work with glass made by the Romans in the fifth century AD 

demonstrates one of the greatest examples of nanotechnology in the ancient civilizations. 

The Lycurgus cup, which shows the Greek King Lycurgus being pulled to the underworld. 

The cup looks green When is illuminated externally (Fig a), when light is shone through it 

internally turns to a glowing translucent red internally and the King Lycurgus looks purple 

(Fig (b) [2,3]. 

The analysis of this cup revealed that it contains a combination of two metal crystals of 

nanoscale size (∼70 nm) i.e., Silver and Gold in a molar ratio of 14:1. The presence of these 

nanocrystals has given the Lycurgus cup its unique color display [3]. 
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Figure II. 1 Photograph of the famous Lycurgus cup which displays a different color 

depending on whether it is illuminated externally (a) or internally (b). 

The ancient Indian and Chinese have used nano and colloidal gold particles as a 

medicine named "Suvarna Bhasma" to treat different diseases such as diabetes, rheumatoid 

arthritis, and nervous system-related diseases [4]. 

Despite the prementioned applications, nanoparticles in their modern concept were 

unexplained at the time. 

In 1857, the American physicist and Nobel Prize Faraday made an exceptional 

work on colloidal gold, which introduced the concept of metallic nanoparticles igniting a 

revolution in the nanotechnology world [5]. 

At a lecture in 1959, Richard Feynman famously said, “the principles of physics, as 

far as I can see, do not speak against the possibility of maneuvering things atom by atom”. 

With this declaration, Feynman proposed to the scientific community to explore the 

universe at the tiniest scale. Fifteen years later,  the term “nanotechnology” was originally 

introduced by the Japanese scientist Norio Taniguchi in 1974 [6]. 

Table II. 1 summarizes an outline of the historical background in connection with 

nanoparticles (nanotechnology) [3].  
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Table II. 1Chronological table of nanotechnology [3]. 

Year Remarks Country/people 

1200–
1300iBC 

Discoveryiofisolubleigold EgyptiandiChina 

290–325iAD Lycurgusicup AlexandriaioriRome 

1618 Firstibookionicolloidaligold F.iAntonii 

1676 Bookipublishedionidrinkableigol

dithaticontainsimetallicigoldiinine

utralimedia 

J.ivoniLöwenstern-Kunckeli(Germany) 

1718 Publicationiofiaicompleteitreatiseio

nicolloidaligold 

HansiHeinrichiHelcher 

1857 Synthesisioficolloidaligold M.iFaradayi(TheiRoyaliInstitutioniofiGre

atiBritain) 

1902 Surfaceiplasmoniresonancei(SPR) R.iW.iWoodi(JohnsiHopkinsiUniversity,i

USA) 

1908 Scatteringiandiabsorptioniofielec

tromagneticifieldsibyiainanosphe

re 

G.iMiei(UniversityiofiGöttingen,iGerma

ny) 

1931 Transmissionielectronimicros

copei(TEM) 

M.iKnolliandiE.iRuskai(TechnicaliUniver

sityiofiBerlin,iGermany) 

1937 Scanningielectronimicroscopei(SE
M) 

M.ivoniArdennei(Forschungslaboratoriu

mifüriElektronen-iphysik,iGermany) 

1959 Feynman’siLectureioni“There’

siPlentyiofiRoomiatitheiBotto

m” 

R.iP.iFeynmani(CaliforniaiInstituteiofiTe

chnology,iPasadena,iCA,USA) 

1960 Microelectromechanicalisyst

emsi(MEMS) 

I.iIgarashii(ToyotaiCentraliR&DiLabs,i

Japan) 

1960 Successfulioscillationiofiailaser T.iH.iMaimani(HughesiResearchiLaborat

ories,iUSA) 

1962 TheiKuboieffect R.iKuboi(UniversityiofiTokyo,iJapan) 

1965 Moore’siLaw G.iMoorei(FairchildiSemiconductoriInc.,i

USA) 

1969 TheiHonda–Fujishimaieffect A.iFujishimaiandiK.iHondai(Universityi

ofiTokyo,iJapan) 

1972 Amorphousiheterostructureiph

otodiodeicreatediwithibottom-

upiprocess 

E.iMaruyamai(HitachiiCo.iLtd.,iJapan) 
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1974 Conceptiofinanotechnologyipropo
sed 

N.iTaniguchii(TokyoiUniversityiofiScien
ce,iJapan) 

1976 Carboninanofiber M.iEndoi(ShinshuiUniversity,iJapan) 

1976 Amorphousisiliconisolaricells D.iE.iCarlsoniandiC.iR.iWronskii(RCA,iU
SA) 

1980 Quantumihallieffecti(NobeliPrize) K.ivoniKlitzingi(UniversityiofiWürzburg,i

Germany) 

1982 Scanningitunnelingimicroscopei(ST
M)i(NobeliPrize) 

G.iBinnigiandiH.iRohreri(IBMiZurichiRe
searchiLab.,iSwitzerland) 

1986 Atomiciforceimicroscopei(AFM) G.iBinnigi(IBMiZurichiResearchiLab.,iSw
itzerland) 

1986 Three-
dimensionalispaceimanipulationiofi

atomsidemonstratedi(NobeliPrize) 

S.iChui(BelliLab.,iUSA) 

1987 Goldinanoparticleicatalysis M.iHarutai(IndustrialiResearchiInstitutei

ofiOsaka,iJapan) 

1990 Atomsicontrollediwithiscanningitun
nelingimicroscopei(STM) 

D.iM.iEigleri(IBM,iUSA) 

1991 Carboninanotubesidiscovered S.iIijimai(NECiCo.,iJapan) 

1992 Japan’siNationaliProjectioniUltimateiManipulationiofiAtomsiandiMolecule
sibegins 

1995 Nano-imprinting S.iY.iChoui(UniversityiofiMinnesota,iUS
A) 

1996 Nanoisheets T.iSasakii(NationaliInstituteiforiResearchi

iniInorganiciMaterials,iJapan) 

2000 NationaliNanotechnologyiInitiativei(NNI),iUSA 

2003 21stiCenturyiNanotechnologyiResearchiandiDevelopmentiAct,iUSA 

2005 NanoscienceiandiNanotechnologies:iAniactioniplan,iEurope 

II.2 Definitions  

The prefix “nano” is a Greek word that means dwarf or miniature. The International 

System (SI) of units considers nano as a prefix to indicate 10−9 part of a unit. Nanoscience 

is the science that is specifically interested in exploring and studying the properties of matter 

at the nanoscale (100 nm or less). It concentrates on the unusual and unique, size-dependent 

properties of solid-state materials [7].  
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II.2.1 Nanotechnology  

Nanotechnology, or nanotech, is the manipulation of matter at the nanoscale from 1 to 

100 nanometers, in order to take advantage of their exceptional features and employing them 

for industrial purposes [8]. 

II.2.2 Nanomaterials  

Nanomaterials are defined as materials which at least have one dimension in the 

nanoscale range. They can be produced from the destruction of a macroscopic material, or 

by the development of a group of atoms or molecules. These nanomaterials can have 

different shapes such as (nanospheres, nanotubes, nanowires, cells, and single crystals...). 

[9] Nanostructured materials then have specific mechanical, electrical, magnetic, optical, 

and catalytic properties that may differ from their bulk counterpart [10]. 

II.2.3 Nanoparticles  

A nanoparticle is an assembly of a few hundred to a few thousand atoms, forming an 

object with at least one dimension between 1 and 100 nm. Therefore, Nanoparticles are 

located in between the macroscopic and molecular scales. Comparing to natural organic 

structures, nanoparticles size is mainly in the range corresponding to proteins [11]. Most 

materials at the micrometer scale have the same physical properties as solid material. 

Meanwhile, at the nanometric scale, they can have distinctly different physical properties 

from their larger counterparts. Nanoparticles are of great interest due to their extremely small 

size and high surface area to volume ratio, producing differences in chemical and physical 

properties. These differences give special characteristics to nanoparticles. Making 

nanoparticles the building blocks of the next generation in many fields, such as chemistry, 

physics, electronics, mechanics, and biotechnology [12,13]. 

  

Figure II. 2 The range of nanoparticle sizes compared to major chemical and biological 

structures [14]. 
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II.2.3.1 Classifications of nanoparticles 

Nanomaterials can be classified into different groups based on various criteria. 

Generally, Nanoparticles are categorized according to three major aspects: their dimensions, 

origin (natural or anthropogenic), and chemical compositions [15]. 

II.2.3.1.1 Classifications of nanoparticles according to their dimensions  

II.2.3.1.1.1. Zero-dimensional nanoparticles 

Nanoparticles of 0 dimensions (0D) are the most popular type of nanomaterials. 

These nanoparticles are point-like particles in a range less than 100 nm in size. The most 

popular particles in this dimension are quantum dots, hollow spheres, and nano lenses 

[16,17]. 

II.2.3.1.1.2. One-dimensional nanoparticles 

Nanoparticles of 1 dimension (1D) are the particles that have at least one dimension 

larger than nanoscale and the other dimensions within nano range. The most popular 

examples in this dimension are nanofibers, nanotubes, and nanorods [16,17]. 

II.2.3.1.1.3. Two-dimensional nanoparticles  

Nanomaterials of 2 dimensions (2D) are the materials that have two dimensions 

larger than nanoscale with plate-like structures. The most popular examples in this 

dimension are nanofilms, nanolayers, and nanocoating [16,17]. 

II.2.3.1.1.4. Three-dimensional nanoparticles  

Nanoparticles of 3 dimensions (3D) have all three dimensions larger than nanoscale. 

However, they're formed based on nanoscale particles that are combined to build three-

dimensional nanomaterials. The most popular in this dimension are nanocomposites, bundles 

of nanofibers, multi nanolayer-type structures [16,17]. 

II.2.3.1.2 Classifications of nanoparticles according to their origin  

II.2.3.1.2.1. Natural nanoparticles  

A considerable percentage of nanoparticles present in the environment are of natural 

origin. Although, their presence in nature is lower compared to the emissions of 

manufactured nanoparticles. Natural origin nanoparticles are the ultrafine particles that 

appeared from natural phenomena such as forest fires, volcanic eruptions, and thunderbolts. 

They have been an essential part of the environment since the origin of the planet [15].  
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II.2.3.1.2.2. Anthropogenic nanoparticles 

Anthropogenic nanoparticles fall into two broad categories: accidental nanoparticles 

and engineered nanoparticles. Accidental nanoparticles are of heterogeneous size and shape, 

commonly generated by the combustion of fossil fuels (gasoline, diesel, coal, and propane) 

or large-scale mining. Engineered nanoparticles are specifically designed particles with 

precisely controlled sizes, shapes, and compositions. They can even contain multiple layers, 

for example, a gold nanoparticle coated with porous silica nanoparticles loaded with drugs 

and coated [15]. 

II.2.3.1.3 Classifications of nanoparticles according to their chemical compositions  

Nanoparticles are chemically categorized into three main categories organic, 

inorganic, and carbon-based nanoparticles.  

II.2.3.1.3.1 Organic nanoparticles 

Organic nanoparticles are biodegradable, non-toxic materials of two or more dimensions, 

with a size in the range of 1–100 nm. The main groups of organic nanoparticles or polymers 

are dendrimers, micelles, liposomes, and ferritin. These nanoparticles are sensitive to 

electromagnetic and thermal radiation making them an excellent alternative for drug 

delivery. Due to these unique properties, organic nanoparticles are commonly used in the 

biomedical field for targeted drug delivery [18]. 

II.2.3.1.3.2 Inorganic nanoparticles 

Inorganic nanoparticles are particles that are not made of carbon. They can be 

classified into metals, metal oxides and quantum dots [18]. 

II.2.3.1.3.3 Metals nanoparticles 

Almost all the metals nanoparticles can be synthesized employing destructive or 

constructive approaches. Metal nanoparticles like gold, copper, silicon, iron, and silver are 

widely used in many fields as catalysis, electronics, sensors, photonics, environmental 

remedies, and medicine due to their unique characteristics [18]. 

II.2.3.1.3.4 Metal oxides nanoparticles 

Metal oxides nanoparticles are synthesized to modify the properties of their 

corresponding metal-based nanoparticles. Different metal oxides have appeared in various 

forms: nanotubes, nano-rods, nano-flakes, etc. In addition, some structures demonstrate 

interesting properties for virtual applications in fields such as sensors, optoelectronics, 

transducers, medicine [18]. 
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II.2.3.1.3.5 Quantum dots 

Quantum dots have been an important area of research for the past twenty years, they 

have been developed used in semiconductors, insulators, metals, magnetic materials, or 

metal oxides. The number of atoms in a quantum dot, ranging from 1000 to 100000 does not 

make it an extended solid structure or a single molecular entity. [19] The flexibility of 

quantum dots and their associated optical properties makes it favorable for many applications 

in fields such as multi-color optical coding, in the study of gene expression, in high resolution 

and high-speed displays, and in medical imaging [20]. 

II.2.3.1.3.6 Carbon-based nanoparticles 

The nanoparticles made entirely of carbon are known as carbon-based. 

a) Fullerenes 

Fullerenes (C60) is the most studied form in carbon-based nanoparticles, first 

synthesized in 1985 by Kroto et al, [21] is a molecule containing 60 carbon atoms, spherical 

in shape similar to a soccer ball with 12 pentagon shapes and 20 hexagonal shapes. Although 

it is considered as structures containing 28 to 1500 carbon atoms and up to 8.2 nm in diameter 

[22]. 

b) Graphene 

Graphene is a hexagonal network of honeycomb lattices made up of carbon atoms on 

a two-dimensional flat surface. In general, the thickness of the graphene sheet is about 1 nm. 

[18] 

c) Carbon nanotubes (CNTs) 

Carbon nanotubes (CNTs) are a new crystalline form of carbon. Twisted in a 

hexagonal network of carbon atoms forming a graphene nanosheet, these hollow cylinders 

can have diameters as small as 0.7 nm and reach several millimeters in length. Each end can 

be opened or closed by half a fullerene molecule [18]. 

d) Carbon Nanofiber  

The same graphene nanosheets are used to produce carbon nanofibers like carbon 

nanotubes but coiled into a cone or cup shape instead of regular cylindrical tubes [18]. 

e) Carbon black 

Carbon black consists of partially amorphous graphitic material in which a 

substantial fraction of the elementary particles is nanometric in size, usually 20 to 70 nm. 

The interaction between the particles is so strong that they bind together in aggregates and 

form agglomerates of around 500 nm [18]. 
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Figure II. 3 Carbon-based nanoparticles: a – fullerenes, b – graphene, c – carbon 

nanotubes, d – nanofiber, and e– carbon [18]. 

II.2.3.2 The properties of nanoparticles 

II.2.3.2.1 Optical properties 

Nanoparticle's optical properties such as transmission, absorption, reflection, and 

light emission are dynamic and completely different from their same counterpart bulk 

material. The electrons in nanoparticles react differently with light compared to their bulk 

material. The minute size of a nanoparticle limits the free motion of electrons, unlike in the 

case of bulk material, causing quantum confinement of electrons [23,24]. 

Numerous optical properties suitable for different fields are produced by simply 

modifying the particle's shape, size, and surface functionality. These modifications affect the 

color that nanoparticles appear. For example, gold spherical nanoparticles of 100 nm 

diameter have an orange color. Meanwhile, the same nanometric metal in the range of 25 nm 

looks green. Similarly, the spherical gold particles of 100 nm have an orange color while 

spherical silver nanoparticles of the same size 100 nm have a yellow color [23].  

a b c
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Nanoparticles have specific properties which are attributed in particular to the large 

proportion of atoms present at the surface compared to the number of core atoms. Assuming 

that the nanoparticles have a spherical shape, the ratio of their surface area to volume 

increases as the particle size decreases. (Table II.1).  

II.2.3.2.2 Surface properties 

Since the particle's reactive area is on its surface, the surface effect is no longer 

negligible compared to the volume. In the macroscopic dimension, the surface atoms of 

particles are negligible compared to the set of atoms composing the particles. In this case, 

the surface atoms do not influence the properties of the particles. In contrast, when the size 

of the particles decreases to a nanometric scale, the proportion of atoms on the surface is 

significant and plays a vital role in changing the properties of the nanoparticles [24,25]. 

Table II. 2 Some example calculations for volume and surface area of nanoparticles. 

Nanoparticle Volume Surface Area SA:Vol Ratio 

Diameter (nm) (nm3) (nm2) (nm2/nm3) 

1 0.524 3.14 6 

10 524 314 0.6 

100 523598 31416 0.06 

1000 5.24E+08 3.14E+06 0.006 

10000 5.24E+11 3.14E+08 0.0006 

100000 5.24E+14 3.14E+10 0.00006 

1000000 5.24E+17 3.14E+12 0.000006 

 

II.2.3.2.3 Electronic properties 

The electrical resistance increases when the size of the particles decreases. This is 

explained by the large proportion of atoms at the surface of the particle. Therefore, the 

electronic properties of nanoparticles are classified between the atoms that exhibit discrete 

states and bulk materials that exhibit an electronic structure in energy bands [26]. 
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II.2.3.2.4 Mechanical properties 

 In the nanometric scale of materials, various enhancements are expected in their 

mechanical properties such as bending strength, Young’s modulus (or Elastic Modulus), 

tensile strength, fracture properties, and impact resistance. Nanoparticle's mechanical 

properties depend on the material base. Carbon-based materials occupy extremely high 

mechanical strength [27]. 

II.2.3.3 Approaches for the synthesis of nanoparticles 

Over the past ten years, many methods have been developed to manufacture 

nanomaterials. Choosing the suitable method for nanoparticles synthesis is based on several 

criteria, such as the conditions and synthesis methods.  

From an industrial point of view, cost, duration, and reproducibility represent the most 

important criteria. Generally, there are two main approaches for nanoparticles synthesis 

bottom-up and top-down. Although both approaches play a vital role in the fabrication of 

nanoparticles, each has advantages and disadvantages [28]. 

II.2.3.3.1 The bottom-up approach 

The bottom-up approach means building material from the "bottom". It consists of 

building nano-objects and nanomaterials atom by atom, molecule by molecule, or aggregate 

by aggregate. The assembly or positioning of atoms, molecules, or aggregates is carried out 

in a precise and controlled manner, in order to obtain perfectly controlled nanomaterials, 

with the desirable properties. 

The most frequently used bottom-up methods for nanoparticle synthesis are pyrolysis, sol-

gel, spinning, chemical vapor deposition, and biosynthesis [29]. 

II.2.3.3.2 The top-down approach 

This method is also known as the destructive method that reduces the bulk material 

size to nanometric scale particles of the desired shape and size. It uses mainly mechanical 

processes. This method is slow, expensive, and not agreeable for the large-scale production 

of nanoparticles.  

The most frequently used bottom-up methods for nanoparticle synthesis are 

nanolithography, laser ablation, mechanical milling, sputtering and thermal decomposition 

[29,30]. 
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Figure II. 4 Top-down and Bottom-up approaches for nanoparticles synthesis. 

II.2.3.3.3 Thermal decomposition  

The thermal decomposition method consists of using heat to break the chemical 

bonds in the compound. Each element has a specific temperature which is called 

decomposition temperature. It's the temperature when the compound decomposes 

chemically. Due to this decomposition, nanoparticles are produced [31]. 

II.2.3.3.4 Laser ablation 

Laser ablation involves concentrating a high-energy laser beam at a target to vaporize 

a part of that target and then condense the particles obtained on a substrate. The produced 

nanocrystals grow by condensing the species emitted by the target. The growth also occurs 

in a gas phase in a well-defined pressure range. The size of these nanoparticles depends on 

the nature of the carrier gas, its pressure, and the intensity of the laser beam [32]. 
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II.2.3.3.5 Sol-gel 

Sol-gel is a widely used method for the synthesis of high-quality metal oxides 

nanoparticles. It's known for its great ability to control the texture and surface of the 

produced nanomaterials. the essential steps for this method consist of dispersing the 

precursor with a host solvent by stirring or sonication or shaking to form a colloidal solution 

composed of liquid and solid phases. these two phases are separated by different methods 

such as sedimentation, filtration, and centrifugation [33]. 

II.2.3.3.6 Chemical Vapor Deposition 

Chemical Vapor Deposition (CVD) is a method that produces uniform, hard, and 

highly pure nanoparticles. This method consists of deposing reactants thin layer above a 

substrate. The deposing process is executed in a reaction chamber at ambient temperature by 

merging gas molecules. When the heated substrate contacts with the combined gas, a 

chemical reaction take place to produce a thin film of product on the substrate surface. The 

product is then collected and applied for the desired application [34]. Worth noting that this 

method requires special equipment and the produces gases are highly toxic, which is 

considered a disadvantage for this method [35]. 

II.2.3.3.7 Sputtering 

The sputtering method consists of deposing nanoparticles on a surface. This deposing 

is executed by ejecting these particles from the surface by colliding with ions. [36] This 

method is usually based on two steps, deposition of the nanoparticles' thin layer, followed 

by thermal treatment or annealing. Nanoparticles' properties, size, and shape are highly 

influenced by the annealing temperature, annealing duration, and substrate type [37]. 

II.2.3.3.8 pyrolysis 

The pyrolysis method is widely used in industries due to its efficiency for the 

largescale production of nanoparticles. It is a continuous process that produces a very high 

yield at a low cost.[38] This method involves burning a liquid or vapor precursor with flame 

by inserting it in a furnace at high pressure through a small gap. The combustion of the gas 

state by-products is then air classified to recover the nanoparticles. In order to facilitate 
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evaporation, some furnaces use other techniques such as laser and plasma instead of flame 

[39]. 

II.2.3.3.9 Biosynthesis 

Biosynthesis or green synthesis method is an approach that uses plant extracts, 

bacteria, fungi added to the precursors to synthesize nanoparticles. This method is extremely 

cheap and does not require chemicals or toxic materials; therefore, it is considered a cost-

effective and eco-friendly approach that produces non-toxic, biodegradable nanoparticles. 

The nanoparticles synthesized from this method are widely applicated in biomedical 

applications due to their safety [40]. 

II.2.3.4 The applications of nanoparticles 

Nanomaterials generally and nanoparticles specifically are applied in different fields due to 

their exceptional properties. Below are some of the main applications of nanoparticles. 

II.2.3.4.1 Catalysis 

One of the most critical applications of nanoparticles is employing them as a catalyst. 

Nanoparticles possess a huge surface-to-volume ratio, which is widely exploited in the 

production of chemicals. The automotive catalytic converters are one of the most important 

examples of using nanoparticles as catalysts. They use platinum nanoparticles instead of the 

bulk platin, reducing the amount of platin used, improving the performance, and significantly 

reducing the cost [41]. 

II.2.3.4.2 Electronics 

The increasing demand for mobile devices nowadays, such as smartphones and 

laptop computers, has caused a big challenge for manufacturing compact, lightweight 

electronic compounds and higher-capacity batteries. Nanoparticles have been widely used in 

electronics to synchronize this need for smaller and more efficient electronic compounds. 

They have been used as separator plates in modern batteries that significantly decreased their 

size and weight and increased their ability to store more energy than traditional batteries[42]. 

II.2.3.4.3 Medicine 

Nanoparticles have made revolutionary improvements in the medical field due to 

their new features. They are widely employed for drug delivery, facilitating diagnostics, and 

early detection of disease. Nanoparticles made it possible to deliver a drug to a specific cell 
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with the required dosage, which reduced the total drug consumption and the side effects 

significantly [43,44]. 

II.2.3.4.4 Food  

Nanotechnology is widely applied in food in many aspects; it has significantly 

improved food production, protection, processing, and packing. Nanocomposites prevent 

food from microorganisms by coating it with a film nanolayer in the food packing process. 

Nanoparticles are also used as convertive additives and pigments in the food industry [45]. 

II.2.3.4.5 Environmental 

Nanotechnology has played a vital role in preventing various serious hazards and 

provided very efficient and reliable solutions for diverse environmental challenges. 

Nanoparticles are to prevent water, soil and air pollution. They have proven their efficiency 

in water treatment such as disinfection, purification, desalination, and removing 

contaminants like heavy metals, pathogens, and organic pollutants without using chemicals 

[46]. The nanoparticles are also utilized to clean up and absorb oil spills due to their high 

surface-to-volume ratio, which worldwide environmental concern. Soil contamination is also 

treated by injecting nanoparticles into the precise location that contains toxic industrial waste 

or heavy metals. Nanofiltration membranes are used to limit toxic contaminant emissions 

from the industrial stacks that reduce air pollution [18]. 

II.2.3.5 Iron oxide nanoparticles (IONPs) 

There are many forms of iron oxides in nature; however, magnetite (Fe3O4), 

maghemite (-Fe2O3), and hematite (-Fe2O3) are the most common forms. These three 

forms of iron oxide are of great technological and industrial interest due to their unique 

properties. Table II. 3 summarizes some of their physical and magnetic properties [47].  

Hematite is the frequently used name for iron oxide with the formula (-Fe2O3); it is 

also known as ferric oxide, red ochre, martite, specularite, specular iron ore, or kidney ore. 

Hematite is considered the first discovered form of iron oxide on the earth's surface. It is 

usually obtained in soils and sedimentary rocks.  Hematite color is blood-red if finely 

divided; on the other hand, its color will be black or grey if coarsely crystalline. It is the most 

stable iron oxide since it is the final product of other iron oxides transformations [48]. 
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Table II. 3 Physical and magnetic properties of iron oxide [48]. 

Property Iron Oxide 

 Hematite Magnetite Maghemite 

Molecular formula α-Fe2O3 Fe3O4 -Fe2O3 

Density (g/cm³) 5.26 5.18 4.87 

Melting point (°C) 1350 1583-1597 - 

Hardness 6.5 5.5 5 

Type of magnetism Weakly ferromagnetic or 

antiferromagnetic 

Ferromagnetic Ferrimagnetic 

Crystallographic 

system 

 

Rhombohedral, hexagonal 

 

Cubic Cubic or tetrahedral 

Structural type Corundum Inverse spinel Defect spinel 

Space group R3c (hexagonal) Fd3m P4332 (cubic); P41212 

(tetragonal) 

Lattice parameter 

(nm) 

a = 0.5034 nm, c = 1.375  

nm (hexagonal) 

a Rh = 0.5427, a = 55.3° 

(rhombohedral) 

a = 0.8396 nm a = 0.83474 (cubic); 

a = 0.8347, c = 2.501 

nm (tetragonal) 

Meanwhile, magnetite of the formula Fe3O4 exhibits the most vital magnetism 

properties of the three iron oxides. Magnetite is also called ferrous ferrite, black iron oxide, 

loadstone, magnetic iron ore. The third type of iron oxide, maghemite (-Fe2O3), is a 

weathering product of magnetite, which rises from the contact of magnetite with water or 

atmospheric gases [48]. 

All the three prementioned iron oxides have a close-packed plane crystal structures, 

constituting oxygen anions and iron cations located at octahedral or tetrahedral interstitial 

sites. In hematite, iron Fe (III) ions conquer octahedral sites; meanwhile, oxygen ions are 

arranged in a hexagonal close-packed manner Figure II. 5. 

The other two iron oxides, magnetite, and maghemite have a similar oxygen ions 

arrangement, a cubic, close-packed arrangement. However, they differ in iron ions 

distribution since magnetite is distinguished from most iron oxides by its possession of 

divalent and trivalent iron [48,49]. 

 In the case of magnetite, Fe+2 ions are located at the center of the octahedral sites. 

Meanwhile, Fe+3 ions occupy the rest of the octahedral sites added to the tetrahedral sites. 

Differently, maghemite contains only Fe+3 ions, which fill both the octahedral and tetragonal 

sites [49]. 
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Figure II. 5 Crystal structures of hematite, magnetite, and maghemite 

II.2.3.5.1 The applications of iron oxides nanoparticles  

Data storage applications require particles of switchable magnetic properties that resist 

high temperatures and possess high stability. In order to optimize the recording performance, 

the particles size should be significantly minimized and not affected by corrosion or friction. 

Iron oxides in general, maghemite in specific, are of great interest for data storage 

applications due to their chemical and physical stability, making them the perfect material 

for data storage requirements. IONPs are also used in many modern electronics such as 

semiconductor materials, transistors, batteries, and gas sensors [48]. 

Numerous industrial sectors have employed magnetite and hematite as catalysts to 

facilitate chemical reactions. Ammonia gas production uses IONPs catalysts, also used for 

oil refining processes such as dehydrogenation of ethylbenzene and large-scale butadiene 

production [50]. Iron oxides nanoparticles' properties, such as low toxicity and 

biodegradability, have been widely exploited in biomedical applications. The magnetic 

properties of IONPs enable controlling them externally by a magnetic field, which is widely 

used in advanced bio-assays [48,51]. 

Thanks to iron oxides nanoparticles, major improvements have been applied to 

magnetic resonance imaging (MRI) to be one of the most efficient imaging tools used in 

clinical radiology. These significant improvements involve enhancements in contrast and 

signal amplification [51]. 
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Iron oxides nanoparticles have made revolutionary improvements in medical 

applications, especially drug delivery. They have intensively been used as drug delivery 

vehicles that are loaded with therapeutics and then controlled externally by a magnetic field 

to deliver the loaded therapeutics to a specific cell with the required dosage, which reduced 

the total drug consumption and the non-desired side effects significantly. They have proven 

their antioxidant and antibacterial activity, besides their contribution to healing cancer by 

using them for labeling, detecting, and tracking cancer cells [51,52]. 
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Chapter III: Materials and methods 

In recent years, green chemistry has attracted arising attention due to its safety and 

sustainability.  Its ability to reduce or eliminate the uses or the production of dangerous and 

harmful materials has made it a favorable alternative to traditional chemistry in many 

multidisciplinary scientific and industrial fields [1]. 

This chapter, represents the methods used for biosynthesis, characterization, and 

optimization of the biosynthesized iron oxide nanoparticles using Moringa oleifera leaves 

extract. The characterization techniques were performed to confirm the biosynthesis of 

nanoparticles and study their properties, meanwhile the optimization aims to obtain the 

optimal conditions for IONPs biosynthesis. Furthermore, this chapter describes the method 

used to investigate the antibacterial activity of the synthesized nanoparticles. 

III.1 The green synthesis of nanoparticles via plants extracts  

Rising concerns have been related to the uses and production of nanoscale materials 

due to the toxic methods used for their production. These concerns are faded by 

implementing sustainable green chemistry in nanomaterials production, which allowed the 

production of low-cost, non-toxic, and eco-friendly nanomaterials. 

Usually, the modern green methods used for nanomaterials synthesis involve using 

natural sources, which are biodegradable and biocompatible materials; bacteria, fungi, and 

plant extracts are the three primary sources involved in the biosynthesis of metal 

nanoparticles. By comparing the prementioned biological sources, the plant-mediated metal 

nanoparticles have higher stability and greater production rate, which motivated researchers 

to explore the possible mechanisms involved in metal ions bio-reduction and metal 

nanoparticles formation by plants [2]. 

III.1.1 The mechanism of nanoparticles synthesis using plants extracts 

The mechanism of metals bioreduction in plant extracts generally passes through 

three main phases; activation, growth, and termination Figure III. 1. 

The first phase is the activation phase; during this phase, metal ions are reduced metal 

atoms, and then nucleation of metal atoms takes place. After the nucleation of metal atoms, 

the ultra-small neighboring nanoparticles immediately unite to form larger particles of higher 
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thermodynamic stability in what is known by the growth phase. Finally, the termination 

phase which determines the final form of the synthesized nanoparticles. [3,4] 

 

Figure III. 1 A schematic representation of metal nanoparticle synthesis in a plant extract. 

III.1.2 The role of plant secondary metabolites in nanoparticles biosynthesis  

Secondary plant metabolites are diverse chemical compounds produced by the plant 

cell through metabolic pathways derived from the primary metabolic pathways. These 

secondary metabolites play a vital role in the bioreduction of metal ions, which is essential 

for nanoparticle synthesis. Generally, polyphenols, terpenoids, alkaloids, phenolic acids, and 

proteins are the common plant metabolites that participate in the bioreduction of 

nanoparticles. Some of the main biomolecules capable of reducing metal ions are shown in 

Figure III. 2. 
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Figure III. 2 The main types of plant metabolites participated in the biosynthesis of metal 

nanoparticles: A – terpenoids (eugenol); B,C – flavonoids (luteolin, quertcetin); D – a 

reducing hexose with the open chain form; E,F – amino acids (tryptophan (E) and 

tyrosine[4]. 

III.2 Materials and Methods  

The work was realized at the Laboratory of Valorisation and Technology of Sahara 

Resources (VTRS) at Echahid Hamma Lakhdar University, El Oued, Algeria. This study 

covers optimizing the biosynthesis temperature of iron oxide nanoparticles synthesized by 

Moringa Oleifera extract and their biological activity. 
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III.2.1 Collection and preparation of plant extract 

Sample collection 

Moringa Oleifera leaves were gathered from a local farm in Bagouza, Taghzout, 20 

kilometers from the provincial capital, El Oued. The leaves were collected on the 12th of 

October 2019. Additional information about the collection of Moringa Oleifera are shown 

in Table III. 1, Figure III. 3 and Figure III. 4. 

 

Figure III. 3 A photo of Moringa Oleifera tree from the collection location. 
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Table III. 1 Information about the collection of Moringa Oleifera. 

 

Figure III. 4 Geographic map showing the collection area. 

The preparation of plant extract 

First the green leaves were washed deeply with Deionized water and then left to dry 

away from sunlight for two weeks at room temperature. The leaves mixed continuously 

enabling the air to pass through the leaves. After that, electronic grinder was used to crush 

the air-dried leaves and then using the obtained fine powder to prepare the plant extract 

utilizing the maceration method [5]; 10 g of plant powder was added to 100 mL of deionized 

water and mixed steadily over night at room temperature. Finally, the liquid phase was 

separated with Whatman No.42 filter paper and stored at 4 °C for further use.  

Location 
Site 

Name 
Geographical 

coordinates 
Altitude 

(m) 
Bioclimati
c zone 

Collection 
date 

El-Oued, 
Algeria 

Bagouza 
Latitude : 33°,49 N 

Longitude : 06°,72 E 
68 Aride 12/10/2019 
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III.2.2 The biosynthesis of IONPs 

IONPs biosynthesis was performed with minor modifications to a standard method used 

by prior studies for the biosynthesis of metal oxide NPs [6,7]. First, 10 mL of Moringa 

Oleifera leaves extract was poured into 100 mL of different concentrations of iron chloride 

solutions (0.02 to 0.07 M). This combination left to react under various temperatures (from 

55°C to 95°C) for one hour and magnetic stirring rate of 350 rpm. A sample from each 

resulted solution was conserved for UV-Vis analysis. Next, the resulting mixture was 

centrifuged for 15 min with a rate of 3000 rpm, and the precipitated solid was washed with 

deionized water several times and dried in air-oven at 50°C overnight. Finally, the dried solid 

of the different samples was annealed for 3 hours at different temperatures (430 to 768°C) 

in order to purify the synthesized nanoparticles by removing the impurities and to ensure 

their full crystallization [7,8]. 

III.2.3 Characterization techniques 

III.2.3.1 Structural and morphological properties  

III.2.3.1.1 X Ray Diffractions (XRD) 

The X ray diffractions technique was first used to determine the crystal structures of 

materials, determine lattice parameters, phase identification, and estimate the average 

crystallites size. Exposing matter to X-rays excites a variation of the electron cloud with 

respect to the nuclei in the atoms; these oscillations cause a re-emission of electromagnetic 

waves of the same frequency. This phenomenon is called Thomson coherent scattering. The 

wavelength of X-rays is of range between 0.01 and 10 (Å).  

This technique is based on exposing a sample to be analyzed to a monochromatic 

beam of high-intensity x-rays. When an X-ray beam passes through a substance, the electrons 

of its atoms emit electromagnetic radiation in all directions of the same wavelength. These 

scattered waves from the electrons are arranged in the form of a crystal lattice. The 

interference of these waves causes diffraction by the crystal plane. Therefore, each 

crystalline substance scatters the X-ray as a diffraction pattern according to its atomic and 

molecular structure. The obtained diffraction pattern is recorded on an X-ray film or an 

electronic detector and then analyzed to determine the structural and morphological 

properties. The ray's interference is alternately either constructive or destructive.  
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The directions in which the interferences are constructive called diffraction peaks, 

which are determined by Bragg's law Equation (01) Figure III. 5. 

𝑛𝜆 =  2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛 𝜃 (1) 

Where λ is the x-ray wavelength, 𝑑ℎ𝑘𝑙 is the interplanar spacing, θ is the incident angle (the 

angle between incident ray and the scatter plane), and n is an integer represents reflection 

order. 

 

Figure III. 5  Schematic representation of Bragg's law conditions. 

A variety of valuable information can be extracted from x-ray patterns, such as 

structural properties, the orientation of monocrystals, and crystallite size and shape. 

Despite the presence of many techniques that estimates crystallite size based on the 

XRD patterns, the Scherrer’s equation (Equation 02) is the one of the most common and 

efficient method for calculating the crystallite size. 

𝐷 =  
𝑘 𝜆

𝛽 𝑐𝑜𝑠 𝜃
 

(02) 

Where 𝐷 represents the crystallite size, 𝑘 denotes the shape factor, 𝛽 is FWHM (the full 

width at half maximum), 𝜆 is the wavelength (1.5418 Å, CuKα) and 𝜃 is the so-called 

diffraction angle [9].  
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III.2.3.1.2 Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy (SEM) is an advanced high-resolution electron 

microscopy technique that allows monitoring the size, size distribution, and morphology of 

the micro and nanosized materials. This technique, therefore, offers a detailed morphological 

and dimensional analysis. 

A scanning electron microscope contains a high-energy electron source called an 

electron gun that produces a beam of electrons. 

The generated electron beam passes through a series of condenser lenses and 

apertures positioned below the electron gun to reduce the beam diameter to 1-10 nm. The 

prementioned focused beam falls directly at the sample causing electrons and X-rays 

emissions from the specimen. These emitted X-rays, backscattered electrons (BSE), and 

secondary electrons (SE) are collected by different detectors and then converted to 

characteristic signals that are sent to a display screen to show the final image [10]. 

 

Figure III. 6 Schematic Diagram of Scanning Electron Microscope [11]. 

 

https://www.sciencedirect.com/topics/materials-science/high-resolution-transmission-electron-microscopy
https://www.sciencedirect.com/topics/materials-science/high-resolution-transmission-electron-microscopy
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III.2.3.2 Optical properties  

III.2.3.2.1 UV-visible absorption spectroscopy 

UV-visible absorption spectroscopy plays a significant role in studying the optical 

properties of nanoparticles. This technique studies the interaction of electromagnetic waves 

and matter. 

UV-visible analysis corresponds to the excitation of outer electrons, which pass from 

a ground state to an excited state after absorption of a photon in the UV-visible. 

When the electrons encounter a light wave of a frequency corresponding to their 

vibratory frequencies, the latter absorbs the light wave's energy and acquires a vibratory 

movement. The vibrating electron interacts with neighboring electrons and converts the 

vibration into thermal energy. Absorption spectroscopy, therefore, refers to the measurement 

of the light absorbed by a material as a function of wavelength [12]. 

This spectrophotometer operates according to Beer-Lambert's principle, which 

indicates that the fraction of incident radiation absorbed is proportional to the number of 

absorbing molecules in its path (Equation 03) [13].  

𝐴 =  log10 (
𝐼0

𝐼
) =  𝜖𝑐𝑙 

(03) 

Where 𝑐 is the molar concentration of the detected substance, A the absorbance value 

returned by the spectrophotometer, 𝜖 the wavelength-dependent molar extinction coefficient 

(also called molar absorptivity) in molar/cm, and 𝑙 the pathlength in cm. 𝐼0 and 𝐼 represent 

the intensities of the incident and transmitted light respectively. 

III.2.3.3 Chemical properties  

III.2.3.3.1 Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spectroscopy is a technique that provides information about different functional 

groups from the peak positions in the spectrum. This analysis technique reveals the chemical 

groups that participated in the reduction and stabilization of nanoparticles. 

FTIR analysis is performed by exposing the sample to a single or double infrared 

radiation beam. The absorbed radiations detect characteristic vibration frequencies of 

chemical bonds and the chemical functional groups present in the material. 



 

 

 

 54 

Materials and methods Chapter III 

  the emitted beam is close to the molecule vibrational energy, the latter absorbs the 

radiation and causes a decrease in the reflected or transmitted intensity. As a result, IR 

radiation energy is reduced after the interaction, leading to the appearance of an absorption 

band at this frequency. This absorption is not systematic; it depends on the molecule's 

geometry and its symmetry. The position of these absorption bands will depend in particular 

on the difference in electronegativity between atoms and their mass [14,15]. 

III.2.4 Optimization method 

III.2.4.1 Design of experiments (DOE)  

Design of experiments (DOE) is a structured and planned method used to study the 

relationship between different factors (variables) affecting different outputs (responses). The 

combined effect of these factors is studied by testing several factors at different levels 

combined in a single experiment [16]. 

The classical investigation of One Factor At a Time (OFAT) is performed by 

modifying a single factor while keeping other factors constant, which explains only the effect 

of individual factors. This technique does not precisely describe the combined effect of 

different factors. Moreover, it requires a considerable number of experiments that could be 

expensive and a waste of time, resources, and efforts. These disadvantages can be efficiently 

reduced by understanding the interactive effects caused by the change of different factors. 

For this reason, Design of experiments (DOE) is employed to analyze complex problems 

with many influencing factors at the same time. Instead of testing each factor individually, 

in a design of experiments, several factors are modified at a time to reduce the amount of 

testing with the possibility of analyzing interactions between factors [17]. This is done using 

test tables. These arrays are full factor arrays (all combinations are tested) or fraction arrays 

(part of a full factorial test setup to reduce the number of tests) [18]. 

The main steps for creating the design used in this study is based on the experimental 

plan shown in Figure III. 7 
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Figure III. 7 General flow chart of the experimental procedure. 
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III.2.4.2 Response Surface Methodology (RSM) 

RSM is an effective statistical and mathematical method that proficiently model and 

study processes containing two factors or more by studying the effect these factors (inputs) 

and their interactions on one or different responses (outputs). This method aims to achieve 

the optimal conditions for a combination of independent variables that optimizes the 

response and obtains the desired result with fewer number of runs [19]. 

III.2.4.3 Box-Wilson Central Composite Design (CCD) 

Box-Wilson Central Composite Design, frequently known as Central Composite 

Design CCD is a two-level factorial design, improved with center and star points that enables 

fitting the quadratic polynomial models [20]. In this design the independent variables 

(inputs) are wide-ranging over 05 levels: the high level (1), lower level (-1), center points 

(0), added to 02 outer (star) points symbolized (α and −α). that signify the extreme levels 

for each factor (maximum and minimum). For a rotatable design having 𝑚 factors, α =

 2𝑚/4. In design used for this study 𝑚 = 3 so α =  23/4  = 1.682. 

 

Figure III. 8 Schematic illustration of central composite design 
III.2.4.4 The proposed mathematical model 

The mathematical model proposed by central composite design for three factors is a 

quadratic equation that can be employed for predicting the optimal desired response 

expressed as follows (04) 
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𝑌 =  𝛽0 +  ∑ 𝛽𝑗̇𝑥𝑗

𝑚

𝑗=1

+   ∑ 𝛽𝑗𝑗𝑥2
𝑗

𝑚

𝑗=1

+  ∑ ∑ 𝛽𝑖̇𝑗𝑥𝑖𝑥𝑗

𝑚

𝑖<𝑗=2

+ 𝜀 (04) 

where 𝛽0 is a constant coefficient, 𝑥𝑖 and 𝑥𝑗 are factors (𝑖 and 𝑗 varies from 1 to 𝑚). 

The coefficients 𝛽𝑖̇, 𝛽𝑖̇𝑖, and 𝛽𝑖̇𝑗 represent the linear, binominal and combined effects, 

respectively. 𝑚 signify the sum of studied factors and 𝜀 represents the error [21,22]. 

III.2.4.5 Optimizing the biosynthesis temperature of IONPs 

III.2.4.5.1 Variable’s selection  

In order to optimize the biosynthesis temperature and IONPs biosynthesis. The main 

parameters involved in IONPs biosynthesis were studied besides the biosynthesis 

temperature, since its strongly dependent to these parameters such as precursor 

concentration. IONPs size found to changes significantly by annealing temperature. 

Consequently, these three variables were selected for this study. 

The choice of suitable ranges for the studied factors was inspired from the previous 

studies. It was reported that the annealing temperature of 500 °C synthesizes a clean IONPs 

[5–7]. Therefor 500°C was selected as the low level (-1) for this factor. Moreover, According 

to former studies, the recommended reaction temperature for the biosynthesis of the metallic 

oxide nanoparticles using plant extracts is in the range of 25–100°C [23]. Consequently, 

95°C was set as the high level (1) this reaction temperature parameter. The precursor 

concentrations ranged from 0.03 to 0.07 in order to be suitable for the volume of the plant 

extract used in this biosynthesis process [8,24]. Table III. 2 shows the coded and actual levels 

of each independent variable. 

Table III. 2 The levels of the different factors. 

Independent variable Codes 
Levels 

-α -1 0 +1 +α 

Precursor concentration (M) A 0.0 197 0.03 0.045 0.06 0.0702 

Reaction Temperature (°C) B 41.3641 55 75 95 108.636 

Annealing Temperature (°C) C 431.821 500 600 700 768.179 

The sum of the required experimental runs is calculated by the following equation (05); 

𝑁 = 2𝑛 + 2𝑛 + 𝑛𝑐   (05) 
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 where 𝑁 is the total number of experimental runs and 𝑛 is the number of variables, 

the values 2𝑛, 2𝑛 and 𝑛𝑐 represent factorial runs, axial and center runs respectively. For three 

variables, the advised number of replicates at the center point is six [25]. Therefore, a total 

number of twenty runs is performed according to Equation (05). They are listed with their 

coded values in Table III. 3. The runs were operated in a randomized arrangement to avoid 

systematic bias. 

Table III. 3 The experimental design for each combination of factors along with their 

predicted and experimental response. 

Run 
Coded values Crystallite size (nm) 

A B C Experimental Predicted 

1 0 0 0 62.28 61.76 

2 0 0 0 61.42 61.76 

3 0 0 -1.682 40.71 40.18 

4 0 0 1.682 64.03 63.74 

5 -1 -1 -1 29.26 29.34 

6 0 0 0 61.54 61.76 

7 0 0 0 61.86 61.76 

8 1.682 0 0 63.31 63.23 

9 -1.682 0 0 34.85 34.12 

10 0 1.682 0 54.06 52.85 

11 1 -1 1 60.30 60.01 

12 0 0 0 60.97 61.76 

13 1 1 1 64.55 65.04 

14 1 1 -1 57.55 58.03 

15 -1 1 -1 32.22 33.08 

16 -1 1 1 48.82 49.48 

17 -1 -1 1 50.26 50.35 

18 1 -1 -1 48.47 48.39 

19 0 0 0 62.37 61.76 

20 0 -1.682 0 45.09 45.48 

  



 

 

 

 59 

Materials and methods Chapter III 

III.2.4.6 Data analysis 

Design Expert (version 13) statistical software was employed to constructing the 

experimental design and analyzing the obtained data by generating the different statistical 

reports and plots, investigating the different effects of the chosen variables, and determining 

the optimal conditions within the studied range. 

III.2.5 Antibacterial activity  

The antibacterial activity of the biosynthesized IONPs was investigated using the 

disk diffusion method. Before the experiment, pure cultures of two human pathogens, E. coli 

and S. aureus, were isolated from patient’s samples collected from El-medjed Laboratory, 

El-Oued, Algeria. The bacteria were then subcultured on nutrient agar (NA) and incubated 

at a temperature of 37 °C overnight. 

Different runs of IONPs of different sizes were properly sonicated and dispersed in 

deionized water in concentrations of 50 mg/ml. The dispersed IONPs were loaded to 7mm 

disks made of No.1 Whatman filter paper. 

Mueller-Hinton agar (MHA) was heated to 55°C, then 20 ml from the solution was 

poured in a petri dish and left to solidify for 15 min; the preprepared bacteria then was 

dispersed in saline solution (NaCl 0.9%) using a vortex mixer (2550 rpm) in microorganism 

concentration of 0.5 McFarland. After that, the bacterial uniformly dispersed at the MHA 

surface using cotton swap.  

The different runs of IONPs of various sizes were properly sonicated and dispersed 

in deionized water in concentrations of 50 mg/ml. Then, the dispersed IONPs were loaded 

to 7 mm disks made of No.1 Whatman filter paper. Gentamycin (120 mg/mL) was used as a 

positive control, while deionized water was the negative control. 

Finally, the prepared IONPs disks along with positive and negative controls were 

placed at the MHA surface at 37°C for 24 hrs. At the end of incubation, inhibition zones 

formed around the disc were measured with a transparent ruler in millimeters. 
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A comprehanisive graphical abstract that explains the main steps of this study is shown in 

Figure III. 9 

 

 

Figure III. 9 Comprehensive graphical abstract 
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Chapter IV: Results and discussion 

 The past two decades have witnessed an extensive research effort spent on optimizing 

the synthesis of metal oxide nanoparticles due to their unique properties has made 

revolutionary improvements in many fields [1]. This chapter, represents the different results 

of the optimization, characterizations, and antibacterial activity for IONPs, followed by 

discussions and interpretations. 

IV.1 Visual observations  

 The formation IONPs was clearly distinguished by the immediate color change from 

light brown to dark black (Figure IV. 1) when the ferric chloride (FeCl3) solution was mixed 

with Moringa Oleifera leaves extract which was clearly noted by naked eye observation. 

This result match those observed in earlier studies using diverse plants [2,3]. The color 

change occurred due to the presence of the active molecules in the used extract, which 

reduced the iron metal ions. 

 

Figure IV. 1 Visual color change; (A) FeCl3 solution, (B) Moringa Oleifera extract, and 

(C) IONPs solution. 

 Moringa oleifera is a rich source of biomolecules such as (polyphenols, flavonoids, 

terpenoids, alkaloids, tannins, etc.) that can reduce and stabilize metal ions to their nano 

form. When ferric chloride salt (FeCl3) dissolves in water, it forms an ionic solution of iron 

and chlorine ions that moves freely moves in the solution. Once the ionic solution is mixed 

with Moringa oleifera liquid extract, the freely moving iron ions are attracted towards the 

plant’s biomolecules due to electron deficiency. This leads to transferring electrons from 
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oxygen to iron ions according to the donor-acceptor mechanism causing the reduction of iron 

ions to zero-valent NPs. This latter is then stabilized by the other biomolecules of the plant 

extract. On the other side, the plant biomolecules are converted to keto compounds. The 

reduced iron nanoparticles are transformed into iron oxide nanoparticles during air-drying 

and annealing [1]. 

IV.2 Characterization of IONPs 

IV.2.1 UV–visible Spectroscopy  

 The UV-visible spectrum of IONPs was recorded using a double-beam UV-Visible 

spectrophotometer (Shimadzu 1800) recording the range of 200-900 nm. Before the analysis, 

IONPs solution concentration was reduced by pouring 1 mL of IONPs solution in 10 mL of 

deionized water. Quartz cuvette was used in this analysis, and distilled water was used as the 

reference solvent. 

 The graphs corresponding to IONPS and Moringa leaves extract are shown in Figure 

IV. 2. Two peaks located around 250 and 320 nm appeared in the plant extract spectrum. 

Meanwhile, IONPs spectrum exhibited a single peak at 275 nm. This peak is attributed to 

the characteristic IONPs SPR Surface Plasmon Resonance absorption band of IONPs [3–5]. 

 

 Figure IV. 2 UV-vis absorbance spectra of IONPs and the plant extract. 
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 The gap energy 𝐸𝑔  of the synthesized IONPs was determined from the UV-Visible 

spectrum. Figure IV. 3 and Figure IV. 4 shows the variation of (𝛼ℎ𝑣) as a function of (ℎ𝑣) 

the gap energy (𝐸𝑔) of nanoparticles is estimated using Tauc’s formula (Equation (06)) [6]: 

(𝛼ℎ𝑣) = 𝐾(ℎ𝑣 − 𝐸𝑔)𝑛 (06) 

• 𝐾: is a constant and ℎ𝑣 represents the energy of the incident photon. 

• 𝛼:  the absorption coefficient. 

• 𝐸𝑔: the optical band gap in electron volts (eV). 

• 𝑛: is an variable exponent that depends on the nature of the electronic transition 

(when the transition is direct 𝑛 = 2, and when transition is indirect  𝑛 = 1 2⁄  ) [7,8].  

Prior studies evaluating hematite (α-Fe2O3) band gap observed inconsistent results 

on whether it has direct or indirect bandgap; some has reported that hematite is a direct 

bandgap material [3,9], while others described it as an indirect bandgap material [10,11]. 

Differently, other demonstrated  that α-Fe2O3 possess the both types of band gaps direct and 

indirect [12,13]. Consequently, we have considered studying the both direct and indirect 

band gap transmissions. The estimation of bandgap using Tauc’s plot exhibited values of 

3.53 eV for direct transmissions and 2.83 eV for indirect transmissions. These results are in 

line with those of previous studies [3,7]. 

  

Figure IV. 3 Direct bandgap (Eg) estimation using Tauc's plot.  
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Figure IV. 4 Indirect bandgap (Eg) estimation using Tauc's plot. 

 

IV.2.2 Fourier Transform Infrared (FTIR) spectroscopy 

 IONPs and Moringa Oleifera leaves extract FTIR spectra were recorded on Total 

Reflection (ATR) spectrometer (Thermo scientific-Nicolet iS5) operating in the range of 

400-4000 cm-1.  

 FTIR analysis was mainly employed to identify the biomolecules that participated in 

iron oxide nanoparticles reduction and stabilization by comparing the spectrum of the crude 

plant extract with the spectrum of the biosynthesized nanoparticles. 

 The resultant FTIR spectrum (Figure IV. 5.a) has revealed on multiple absorption 

peaks that related to the different functional groups of the biomolecules presented in the 

Moringa Oleifera extract.  
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Figure IV. 5 FTIR Spectra of: (a) Moringa Oleifera extract, (b) IONPs before annealing, 

and (c) IONPs after annealing. 

The O–H stretching vibrations was observed at the broad peak centered at 3368 cm- 

1[14], the two close peaks appeared at 2913 cm-1 and 2842 cm-1 are assigned to the methyl 

group C–H asymmetric and symmetric stretching vibrations respectively [15], the C=O and 

C=C stretching vibrations are distinguished by the peaks located 1650 cm-1 and 1453 cm-1 

respectively [16]. The presence of amines group was noted by the C–N stretching vibration 

band appears as narrow peak around 1540 cm-1 [16]. In addition, the peaks centered at 1230 

cm-1 and 1055 cm-1  are assigned to C–O stretching C–OH bending vibrations respectively  

[17]. The peaks appeared in Moringa Oleifera extract spectrum confirms that it contains 

different polyphenolic compounds [15], that can effectively reduce and stabilize metals for 

nanoparticles biosynthesis [18].  

 Comparing the FTIR spectra of plant extract (Figure IV. 5.a) and IONPs (Figure IV. 

5.b) show that there is a shift in the wavenumber of the absorption bands, which indicate the 

interaction of biomolecules with iron ions [19]. Furthermore, the comparison exposed a 

distinguished decrease in intensity of the band centered at 3368 cm-1, which indicates the 

vital role of the biomolecules attributed to this functional group in the reduction and 

stabilization of IONPs [5]. The wavenumber range from 500 to 600 cm-1 has been zoomed 
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to display the inorganic peaks, the peaks shown at 506 cm-1 and 515 cm-1 are attributed to 

the Fe–O stretching vibrations [20], [21]. The same peaks were also seen in the spectrum of 

IONPs annealed (Figure IV. 5.c), and all the executed runs Figure IV. 6. 

 

Figure IV. 6 FTIR spectra zoomed in the range from 600 to 500 cm-1 for all the annealed 

IONPs runs. 

IV.2.3 X-ray diffraction (XRD) 

 The X Ray Diffraction was performed to study the crystalline structure, crystallite 

size and the phases presented IONPs samples. The XRD patterns were recorded using X ray 

diffractometer (Rigaku, Mini Flex 600) operating in 2θ range from 20° to 80° with Kα 

radiation of copper (λ= 1.5406Å). The X ray was produced with 30 kilovolts and 20 mA.  

 Figure IV. 7 shows all the XRD patterns of the different runs executed according to 

the experimental design order Table III. 3. Common peaks were observed in all the XRD 

patterns of the different runs placed at 2-theta (2θ) positions of 24.15°, 33.13°, 35.64°, 

40.65°, 49.48°, 54.09°, 57.43°, 62.53°, and 64.14° assigned respectively to the crystal planes 

of (012), (104), (110), (113), (024), (116), (122), (214) and (300) [22]. According to JCPDS 

card no. 01-079-0007 these peaks are allocated to iron oxide of the type Hematite α-Fe2O3 
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of having its characteristic rhombohedral geometry and lattice parameters a = b = 5.04 Å, 

and c = 13.75 Å (space group: R-3c) [23]. 

 As can be seen from Figure IV. 7 the peaks of XRD patterns vary in terms of intensity 

and width due to the different biosynthesis conditions. According to Scherrer’s formula 

(Equation 02), these variations in peaks intensity and width indorse that these patterns 

correspond to samples of different crystallite sizes since the crystallite size is estimated from 

FWHM and peaks positions. The IONPs of the executed runs were of diverse sizes at the 

nanoscale range of 29.26 - 64.55 nm. 

 

Figure IV. 7 X ray diffraction patterns of all the performed experiments. 

IV.3 Optimizing the biosynthesis temperature of IONPs 

IV.3.1 Fitting of model 

 The Data obtained from Central composite design Tables III.2 are generated into a 

second-order polynomial response function model, which predicts IONPs crystallite sizes, 

expressed by the coded variables (A, B and C) in Equation (07): 

𝑌 = 61.76 + 8.65 𝐴 + 2.19 𝐵 + 7 𝐶 + 1.48 𝐴𝐵 − 2.35 𝐴𝐶 − 1.5 𝐵𝐶 − 4.63 𝐴2

− 4.45 𝐵2 −  3.47 𝐶2 
(07) 
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where 𝑌 represents the predicted response the crystallite size,  𝐴, 𝐵 and 𝐶 are the coded values 

of the independent variables. 

 The predicted and actual values of crystallite sizes values of the different variable 

combinations are listed in Table III.2. Comparing the values of experimental and predicted 

demonstrates that they are in a very close arrangement. 

 The values of the coefficients in (Equation 07) express intensity, and signs represent 

the nature of the influence (positive or negative) of a specific variable on the response. A 

positive effect of a factor means that the crystallite size is increased by increasing the factor 

level, while a negative effect indicates that an increase in the factor level reduces IONPs 

crystallite size [8]. It is clear from (Eq. 3) that A, B, C, AB, has a positive effect on the 

response (Crystallite size), while some quadratic terms such as AC, BC, A², B², C², have 

positive effects, taking into account that A-precursor concentration factor and C-Annealing 

temperature with a coefficient of 8.65 and 7 respectively has more effect on the Crystallite 

size than the other factors. 

IV.3.2 Analysis of variance (ANOVA)  

 The ANOVA table for response surface methodology of the quadratic model is 

shown in Table IV. 1. As listed in this table, the model is significant with a P-value < 0.0001 

and Fisher’s F-value of 481.81. P-values less than 0.05 indicate the model terms are 

significantly affecting the response. Meanwhile, a greater P-values indicate the non-

significantly of the model terms. In our case, all the linear terms have a significant effect on 

the response with a P-value < 0.0001 and all square terms and their interaction also have 

significant on the response with a P-values (< 0.05). The effect of the terms on the model is 

related to their Fisher F-values which is strongly related to their p-values. The higher the F-

value, the more significant the individual factors coefficients. From this perspective, the 

model terms can be classified in this order: A > C > B > AB > BC > AC > C² > B² > A². The 

Precursor Concentration factor was found to have the greatest influence on the model 

followed by the Annealing Temperature. 

 The non-significant shown at the bottom of the Table IV. 1 P-value of lack of fit 

(more than 0.05) implies that the model fits the experimental data, and the response is 

significantly influenced by independent variables which indicate that the used quadratic 

model was effective for the current study. Moreover, from Table IV. 1 it can be seen that 

predicted R² and adjusted R2 values are in reasonable agreement of 0.9861 and 0.9956 
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respectively. The adjusted R2 is in good agreement with the R² of 0.9977, suggesting a high 

correlation between the actual and the predicted values. These three values are close to unity 

(1) which confirms the adequacy of the model in prediction within the studied range. 

Adequate precision was used to measure the signal to noise ratio, a ratio more than 4 

favorable. In this model the ratio of adequate precision is 66.84, another proof for the model 

adequacy. 

Table IV. 1 Analysis of variance (ANOVA) results for the experimental design. 

Source Sum of 

Squares 

DF Mean 

Square 

F-value P-value 

Model 2473.70 9 274.86 481.81 < 0.0001a 

A-Concentration 1022.57 1 1022.57 1792.52 < 0.0001 

B-Reaction Temperature 65.62 1 65.62 115.03 < 0.0001 

C-Annealing Temperature 669.91 1 669.91 1174.32 < 0.0001 

AB 17.43 1 17.43 30.56 0.0003 

AC 44.04 1 44.04 77.20 < 0.0001 

BC 10.65 1 10.65 18.67 0.0015 

A² 308.70 1 308.70 541.14 < 0.0001 

B² 285.79 1 285.79 500.99 < 0.0001 

C² 173.03 1 173.03 303.31 < 0.0001 

Residual 5.70 10 0.5705   

Lack of Fit 4.27 5 0.8533 2.97 0.1289b 

Pure Error 1.44 5 0.2876   

Cor Total 2479.40 19    

R2 = 0.9977; Adjusted R2 = 0.9956; Predicted R2 = 0.9861. Adequate Precision = 66.84 

DF degree of freedom. 

aSignificant  

b Not significant  

In Figure IV. 8, the relationship between the predicted and actual values of IONPs 

crystallite size is shown. The actual values are the calculated values of the crystallite size, 

which are determined experimentally [9]. On the other hand, predicted values are the values 

generated by the obtained mathematical model. According to Figure IV. 8, the predicted 

values of the crystallite size are in respectable agreement with the actual experimental data. 

The value of the coefficient of determination (R2 = 0.9977) indicates that there is a good 
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relationship between the predicted and experimental responses. It can be concluded that the 

model had a great prediction of the studied process within the studied range. 

 

Figure IV. 8 Predicted vs Actual plot. 

IV.3.3 Residual’s analysis 

the difference between the observed value of the dependent variable or response (y) and 

the predicted value (ŷ) is called the residual (e). Each data point has one residual. 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =  𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 −  𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 

𝑒 =  𝑦 –  ŷ 

Both the sum and the mean of the residuals are equal to zero. That is, 𝛴 𝑒 =  0 and 𝑒 =  0. 

The residual plot is a graph that shows the residuals on the vertical axis and the 

predicted dependent variable on the horizontal axis. If the points in a residual plot are 

randomly dispersed around the horizontal axis, a linear regression model is appropriate for 

the data; otherwise, a nonlinear model is more appropriate. 
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The residual plot in Figure IV. 9 shows a fairly random pattern; some residuals are 

positive, and some others are negative in random manner. This random pattern indicates that 

a linear model provides a decent fit to the data. 

 

Figure IV. 9 Residuals vs Predicted. 

Figure IV. 10 shows the normal probability plot of residuals. This plot indicates 

whether residuals are normally distributed. If they are normally distributed, the points should 

lay on an approximately straight line [24,25]. A nonlinear pattern implies that the distribution 

is not normal, which could be corrected using proper transformation. Worth noting that 

scattering may be observed even with normal data. According to Figure IV. 10; data are 

placed on a relatively straight line and, therefore, it can be supposed that they are of normal 

distribution [26]. 



 

 

 

 76 

Results and discussion Chapter IV 

 

Figure IV. 10 Normal plot of residuals. 

 

IV.3.4 Response surface analysis 

 The interactive effects of the biosynthesis variables on the response (Crystallite size), 

is represented as response surfaces with two-dimensional (2D) and three-dimensional (3D) 

contour plots. Each plot represents the interaction of two biosynthesis parameters while 

keeping the other parameter at their central level (0). This allows predicting the values 

crystallite size for different combinations and levels of the biosynthesis parameters. 
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Figure IV. 11 2D and 3D response surface of the combined effect of reaction temperature 

and precursor concentration on the crystallite size of IONPs. 

 The 2D contour and 3D surface plots in Figure IV. 11 shows the response surface 

with respect to precursor concentration and reaction temperature. As shown, IONPs 

crystallite size increases directly proportional to both precursor concentration and reaction 

temperature when they increase from (0.03 to 0.06M) and (65 to 80°C) respectively. Further 

increase in reaction temperature (more than 80°C) have resulted a slight decrease on the 

crystallite size. 

 

Figure IV. 12 2D and 3D response surface of the combined effect of annealing temperature 

and precursor concentration on the crystallite size of IONPs. 
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 The precursor concentration verses annealing temperature effect is plotted as 2D and 

3D surface plots shown in Figure IV. 12. It’s noted that increasing both precursor 

concentration and annealing temperature have increased the crystallite size significantly. In 

other words, the crystallite size increases directly proportional to both the annealing 

temperature and the precursor concentration. 

 

Figure IV. 13 2D and 3D response surface of the combined effect of annealing temperature 

and reaction temperature on the crystallite size of IONPs. 

 Figure IV. 13 display the interactive effect of reaction temperature and annealing 

temperature as 2D and 3D contour plots. The response surfaces indicate that while increasing 

annealing temperature and reaction temperature, the crystallite size increases significantly 

until the temperature of reaction passes 80°C; then, the size back to reduce slightly. 

 The results observed in Figure IV. 11 and Figure IV. 13 demonstrates a trend 

behavior for reaction temperature effect on the crystallite size; increasing the reaction 

temperature increases the crystallite size meanwhile at high temperatures (more than 80°C 

in this work) causes a slight decrease in crystallite size. This finding broadly supports the 

work of previous studies linking reaction temperature with nanoparticles crystallite size [24]. 

Which explained this increase of crystallite size with the fact that increasing reaction 

temperature increases the nucleation rate, resulting in more precursor monomers to be 

consumed and become crystal nucleus. At this point, if the precursor concentration is 

sufficient, the precursors would grow faster on the nucleus due to the increased growth rate 

at high temperatures. In contrast, if there is unsatisfaction in precursor concentration, the 
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growth would be limited due to the lack of precursor monomers. Consequently, the crystallite 

size of the NPs decreases [24]. 

 The direct proportional correlation between crystallite size and precursor 

concentration observed in Figure IV. 11 and Figure IV. 12 are in accord with recent studies 

indicating that [3,25] the increase of the precursor concentration with sufficient surfactants, 

increases the concentration of monomers by increasing the number of monomers (growth 

species) at the same volume. Consequently, the diffusion distance between monomers 

decreases, leading to higher mass transfer and higher growth. As a result, the crystallite size 

increases [25]. 

 According to Figure IV. 13 and Figure IV. 12 results, the increase in crystallite size 

is directly proportional to annealing temperature. This observation may support the 

hypothesis that increasing annealing temperature increases the amount of thermal energy 

given to the nanoparticles, leading them to earn a sufficient energy for diffusive motion in 

what is known by the Oswald ripening process [26]. which is a diffusion process where 

bigger particles are formed at the expense of small particles [27,28]. 

IV.3.5 Optimization using the desirability functions 

 Numerical optimization using the desirabilty function was used obtain the optimum 

conditions. The possible optimization goals were to maximize, minimize, obtain a solution 

in specific range or obtain a targeted value of the response. In our case, the optimization goal 

was set to minimize the response while keeping the rest of the variables “in rage” wich is 

their maximum (+1) and minimum (-1) levels. Using the previous optimization criteria, a 

maximum desirability of 0.998 related to minimum crystallite size of 29.26 nm is achieved 

by setting all the biosynthesis parameters at their inferior levels; i.e., precursor concentration 

= 0.03 M, reaction temperature = 55°C and annealing temperature 500°C. The optimal 

condition and their related desirability are shown in Figure IV. 14 and Figure IV. 15  The 

experimental run executed at the suggested optimal conditions exhibited a crystallite size of 

29.18 nm which is in close arrangement with the predicted response, approving the model 

suitability in the studied range. 
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Figure IV. 14  Desirability ramp for the optimal conditions. 

 

 

Figure IV. 15 Desirability cube for the optimal conditions. 

IV.4 Scanning Electron Microscopy (SEM) 

 Scanning Electron Microscopy was employed to scan the surface of the 

biosynthesized IONPs sample at the optimum conditions and study their morphology. The 

nanoparticles were imaged using (FEI, QUANTA-250 FEG) microscope under a high 

vacuum and a voltage of 20 Kilovolts. 

Annealing 
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 The SEM analysis exhibited an image shown in Figure IV. 16, between the diverse 

irregular shapes, it’s possible to recognize the trend distorted cubes (rhombohedral) 

structure  which further support XRD findings, similar results were demonstrated in prior 

studies [29],[3]. 

 

Figure IV. 16 SEM image for the biosynthesized IONPs under the optimum conditions. 

IV.5 The Energy Dispersive X-ray analysis (EDX) 

 EDX was employed to identify the elemental composition of biosynthesized iron 

oxide nanoparticles at the optimal conditions (Figure IV. 17). The spectrum shown that the 

sample contains of both Iron (Fe) and Oxygen (O) with different quantities. The weight 

percentages of Iron and Oxygen were 67.84% and 25.71% respectively. The spectrum also 

shows the presence of unimportant fraction of Chlorine which may be due to the mineral cell 

used. Similar results were stated in former works [30,31]. 
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Figure IV. 17 EDX spectrum of IONPs at the optimal conditions. 

IV.6 Antibacterial activity of IONPs 

 The disk diffusion method was used to study the antibacterial activity of IONPs 

against both gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli) 

bacteria. Furthermore, the effect of crystallite size on antimicrobial activity was investigated 

by measuring the inhibition zone of different size samples of IONPs. The results of the 

antibacterial test are shown in Figure IV. 18 and Figure IV. 19. 

Table IV. 2 The inhibition zones for the different samples. 

Sample 
Crystallite size 

(nm) 
Escherichia coli Staphylococcus aureus 

Control - 0 0 

Gentamicin 

(120 µg) 
- 36.3 ± 1.98 32.7 ± 2.31 

Run 01 61.76 13 ± 2.09 12.4 ± 1.9 

Run 05 29.34 22 ± 1.22 20 ± 1.04 

Run 17 50.35 16 ± 0.89 14 ± 0.62 

Run 20 45.09 18 ± 2 17 ± 0.83 
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Figure IV. 18 The antibacterial activity of IONPs against (A) Escherichia Coli and (B) 

Staphylococcus aureus. R5-run 05, R1-run 01, R17-run 17, R20-run 20, ATB-Antibiotic 

(Gentamicin 120 µg). 

 The results indicate that the biosynthesized nanoparticles and antibiotics inhibited 

the growth of both gram-positive and gram-negative microorganisms. Comparing the 

inhibition zones for each sample against gram-positive and gram-negative bacteria shows 

that gram-negative bacteria have more significant inhabitation zones. Pervious study have 

demonstrated that the variance in antibacterial activity is due to the differences in each 

bacteria type's construction and composition of cell membranes [32]. Gram-negative bacteria 

have thinner peptidoglycan cell membranes compared to Gram-positive bacteria. Therefore, 

IONPs penetrates it easier, causing a higher antibacterial activity [33]. 

IV.5.1 The effect of the crystallite size on the antibacterial activity of IONPs 

 The different sizes of IONPs have resulted different inhabitation zones diameters. 

The effect of IONPs crystallite size on the antibacterial activity against gram-positive and 

gram-negative bacteria is shown in Figure IV. 20, higher antibacterial activity was obtained 

at lower crystallite sizes. In other words, decreasing the crystallite size increases the 

antibacterial activity. This result is in accord with recent studies indicating that the smaller 

the nanoparticles size the higher antibacterial activity; the smaller sizes NP penetrates in to 

the cell easier compared the bigger counterparts, which causing more damage to the bacteria 

[34–37]. 
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Figure IV. 19 The antibacterial activity of different samples of IONPs against (A) 

Escherichia Coli and (B) Staphylococcus aureus 

 

Figure IV. 20 The effect of IONPs crystallite size on the antibacterial activity against 

gram-positive and gram-negative bacteria 
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IV.5.2 The antibacterial mechanisms of IONPs 

 The three proposed antibacterial mechanisms of IONPs against bacterial cells are 

shown in Figure IV. 21. The first mechanism suggests that IONPs enable the formation of 

reactive oxygen species (ROS) such as hydroxyl ions and hydrogen peroxide, which causes 

oxidative stress and damages the cell membrane and DNA, leading to bacterial death [38]. 

The second mechanism by the dissolution of IONPs into iron ions, which is known to inhibit 

several bacterial cells activities by interfering with enzyme, amino acid, and protein 

metabolisms causing bacterial death [39]; and the third mechanism propose that IONPs 

interact directly with cell membrane through electrostatic forces, which damages the 

membrane plasma, and causes intracellular content leaks [40]. 

 

Figure IV. 21 Schematic illustration shows the proposed antibacterial mechanisms of 

IONPs against bacterial cells [40]. 
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General conclusion 

Nanoscience and nanotechnology have attracted the interest of research committees 

in many specialties due to their exceptional features applicable in many fields. It represents 

a mutual interest that unites physics, chemistry, and biology to resolve many challenges 

exploiting the unique features of nanomaterials. 

These unique properties of nanomaterials are strongly dependent on their size and 

shape, which has motivated many studies to search for a size-controlled synthesis of 

nanomaterials. It was found that synthesis parameters affect the size of the nanomaterials, 

making it possible to control the size by adjusting synthesis parameters. 

The development in nanomaterials has been followed by rising concerns about the 

toxic methods used for their production. These concerns are faded by implementing 

sustainable green chemistry in nanomaterials production, which allowed the production of 

low-cost, non-toxic, and eco-friendly nanomaterials. 

Since the reduced size is assigned to more desirable properties, this work aims to 

optimize the biosynthesis temperature of IONPs by obtaining the optimal conditions that 

result in a minimum IONPs crystallite size and to study their biological activity. A green and 

non-toxic method was used to biosynthesize IONPs using Moringa Oleifera leaves extract. 

Different characterization techniques were used to confirm and study the biosynthesized 

IONPs. The optical characterization techniques UV-visible and FTIR analysis showed 

characteristic absorption bands assigned to IONPs confirming their formation. Furthermore, 

FTIR analysis results indicated that the polyphenolic groups presented in Moringa Oleifera 

leaves extract played a vital role in reducing and stabilizing IONPs. 

XRD analysis results showed common peaks in all the samples, indicating the 

formation of a pure Hematite (α-Fe2O3) with a rhombohedral geometry. XRD patterns and 

Scherrer's formula allowed the estimation of IONPs crystallite size that ranged from 29.26 

to 64.55 nm. 

SEM analysis indicates that the biosynthesized IONPs are of different sizes and shapes; 

however, a trend shape of distorted cubes (rhombohedral) was observed on the sample 

surface, which agrees with XRD results. 

Unlike the non-efficient traditional studies that study individual factors, this study 

uses a modern optimization technique that efficiently studies the combined effect of different 

factors known as design of experiments (DOE). Response surface methodology (RSM) 
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based on central composite design (CCD) was used to study the combined influence of three 

different biosynthesis parameters; reaction temperature, annealing temperature, and 

precursor concentration on IONPs crystallite size.  

The ANOVA results have proven the model validity for this study and shown that 

the size of IONPs is significantly influenced by all the studied factors and their interactions. 

Within the studied range, an optimal crystallite size of 29.26 nm was obtained using 

numerical optimization and the desirability function. The optimum crystallite size was 

reached at a reaction temperature of 55 °C, annealing temperature adjusted to 500 °C, and 

the precursor concentration of 0.03 M. 

The Normal plot, ANOVA, and R2 values suggest a good correlation between the 

experimental and the predicted values; additionally, a confirmatory run at the suggested 

optimal conditions exhibited a crystallite size of 29.18 nm, which is in good concordance 

with the predicted response confirming the model adequacy in prediction and finding the 

optimal conditions within the studied range. 

The antibacterial activity of IONPs was tested using the disk diffusion method. The 

biosynthesized IONPs have shown significant antibacterial activity against both gram-

positive and gram-negative bacteria. However, the activity was strongly influenced by the 

crystallite size of IONPs; higher antibacterial activity was obtained at smaller sizes. 

This study has gone some way towards enhancing our understanding of the combined 

effect of different biosynthesis parameters on the crystallite size, allowing better control over 

the size and optimizing the biosynthesis by selecting optimized synthesis conditions, 

including temperature.  

Further studies can extend the present work to consider investigating more 

biosynthesis parameters added to the ones examined in this study, allowing better control 

over the IONPs size and enhancing the biosynthesis process by obtaining more precise 

optimal conditions. 
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Appendix I 

The used software  

Design Expert 13 

 

Design Expert (version 13) statistical software was employed to constructing the 

experimental design and analyzing the obtained data by generating the different statistical 

reports and plots, investigating the different effects of the chosen variables, and 

determining the optimal conditions 

VESTA software 

 

Vesta software was used to draw the Crystal structures of hematite, magnetite, and 

maghemite 
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Additional model graphs 

 

 

 

 

Figure 1 Residuals vs Run Plot 
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Appendix II  

 

Figure 2 Perturbation vs response plot. 
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