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ABSTRACT 
 

Scrutinizing the remarkable and tunable properties of magnetic materials at a nanoscale size " 

There's Plenty of Room at the Bottom…” Richard Feynman, this study attempts to find 

sustainable solutions to some of the deteriorating environmental, health, and energy problems the 

world is encountering. Due to their simple preparation, surface adaptability, tunable magnetic 

and optical properties, magnetic nanoparticles have been extensively investigated in water 

treatment, cancer therapy, data storage, and more. However, relying on non-reusable and 

chemical-based treatment agents in water, complex and costly cancer treatment procedures and 

molecular magnets that operate far below room temperature limited those attempts from 

feasibility. Thus, green, and sustainable materials and methods have long been in high demand. 

Here in we developed novel and optimized in organic and organic soft magnets suitable for water 

treatment, tumor cell obliteration, and room-temperature molecular magnets as energy-efficient 

data storage and spintronic devices. Green synthesized nanoparticles removed MB and 4-NA 

above 80% efficiency under a wide range of conditions and 94% under optimum conditions in 2 

– 160 minutes. Moreover, nanoparticles were successfully grown on PVA surfaces as alternative 

recyclability for weakly magnetic materials. We introduced secondary metabolites as novel 

platform in magnetic hyperthermia for the first time that showed a temperature in the therapeutic 

limit, Tmax=45oC, high dT/dt and SAR = 230.61 W/g, and improved dispersion. Different sizes 

(Ave. DSEM = 64 nm) and magnetic properties (106 emu/g – 241emu/g) were tuned at various 

reaction temperatures and concentrations. Ultra-high magnetic saturation (241 emu/g) observed 

in response to low reaction temperature. We also discovered graphene-based, stable, and room-

temperature molecular magnets (2.9 emu/g at 300K) with magnetocrystalline anisotropy of 8 

x105 and 3x 107 J/m3 in aminoferrocene and graphene-based aminoferrocene respectively. These 
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values are comparable and even two orders of magnetiude larger than the pure iron metal under 

normal conditions.  
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation and Approach 

 

Nanotechnology is coined as promising advancement to bring novel solutions to many of the 

problems seen in some of the large sectors: water, health and energy worldwide 

(Aghebati‐Maleki et al., 2020; Pasinszki & Krebsz, 2020; Sekoai et al., 2019; X. Sun et al., 

2017). As a result, the use of nanomaterials in general and particularly magnetic nanoparticles 

has been a heated source of research interest due to tunable and remarkable properties that the 

particles show relevant to the  desired applications (A. Ali et al., 2021; Kianfar, 2021). Till 

today, nanoparticles have proven practical uses in industry, manufacturing, agriculture, 

environment, technology, medicine, electronics, and energy (A. Ali et al., 2021). Nanoparticles 

encompass wide range classes of materials that differ in physical and chemical properties. It is 

generally agreed that the nanoscale size is a parameter used to identify these particles. Up to 

around 250nm size, nanoparticles has used for many applications (Meng & Li, 2018). 

Researchers have used the advantage of reduced surface area due to size differences, shape and 

structural variations, distinct optical and electronic and mechanical features, thermal 

conductivities and modifiable surfaces properties and applied in chemical and photocatalytic 

reactions as catalysts, in water treatment as adsorbents and other biomedical applications. 

Moreover, magnetic properties of nanoparticles added novel advantages making them suitable 

agents in drug delivery and magnetic hyperthermia (A. Ali et al., 2021; Joudeh & Linke, 2022; I. 

Khan et al., 2019). 
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Undoubtedly, the potential application nanoparticles further open solutions to the deteriorating 

environmental, health and energy problems across the globe.  However, there are also 

shortcomings with respect to chemical and physical nature of the materials, their sustainable use 

in water treatment and biomedical applications.  For instance, inadequate distribution of particles 

in water hinders efficacies and selectivity among pollutants despite large group of contaminants, 

long-term health impacts from toxic compounds leached from the particles surface and limited 

performance after the instant interaction with pathogens to mention some (Gehrke et al., 2015).  

Similarly, there is significant issue with transport of nanoparticles through biological 

environment and extended localized heating in magnetic hyperthermia(Rytov et al., 2022; 

Włodarczyk et al., 2022). In this project, we attempt to establish novel solutions to several of 

drawbacks associated with rigid properties of nanoparticles particles from preparation to 

application. We placed our emphasis on monitoring surface, textural and magnetic properties.  

1.2. Multiple Contaminants in Drinking Water and Water Treatment Process  

 

Fresh water gets its contaminants from municipal, industrial and agricultural waste, animal 

manures, sewage sludge, pesticides, and nutrient run-off, power generation, heavy industry, 

automobiles, mine tailings, disposal of high metal wastes, leaded gasoline and paints, land 

application of fertilizers, coal combustion residues, spillage of petrochemicals, and atmospheric 

deposition wastewater and other anthropogenic activists (Garcia-Ordiales et al., 2017; I. Khan et 

al., 2019; Wuana & Okieimen, 2014; Zhou et al., 2020). According to UNEP 2017, 2 billion 

tonnes of human waste pollute water on a regular basis.  The contamination level of organic 

pollutants has already reached extreme that in Africa, Asia, and Latin America it about 14.28 

percent of all the rivers are rich in organic pollutants and this trend has been steadily increasing 

for years. In organic pollutants are other major classes of pollutants abundant in water 
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constituting most of hazardous heavy metal. They have extended toxic effect due to their 

inability to side reaction that led to further degradation to less harmful biproducts same as 

organic pollutants. It is believed, many fresh water sources all over the world has elevated 

number of heavy metals as well. The concentrations of these contaminates is much higher in the 

rivers of the continents mentioned above. The type and number of metal pollutants has also been 

progressively growing (Garcia-Ordiales et al., 2017; Qa & Ms, 2016; Zhou et al., 2020). Water 

used for drinking purposes is also host for many photogenic organisms. Reports indicate that 

4,000 children die every day from diseases associated with polluted water and inadequate 

sanitation. Diarrhoea is one of the most popular water borne diseases responsible for 1.8 million 

deaths each year. Recently, Wolf-Baca & Piekarska, (2020) detected four pathogenic bacterias 

namely Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria. Moreover, alarge number 

of pathogenic microorganisms that exist in water has been summarized elsewhere (Pandey et al., 

2014). List of those organisms abundant in freshwater systems can be seen in Figure SA 14. The 

resulting economic shock is considerable and demands attention UNEP, 2017. Furthermore, all 

of these pollutant groups has substantial health and environmental impacts on humans and on the 

ecosystem (Chen et al., 2019; Haseena, 2017; Jayaswal et al., 2018; Shakoor et al., 2017).  

1.2.1. Water treatment processes and some advancements  

 

In a typical water treatment process contaminated water passes five major steps after heavier dirt 

is removed, Figure 2. The steps include coagulation, flocculation, sedimentation, filtration, and 

disinfection. In coagulation chemicals with charges are added to contaminated water. As a result, 

negatively or positively charged pollutant particles will interact with the chemicals to form 

bigger neutral particles that settles down Figure 1. The purpose of the is step along with 

flocculation and sedimentation is to minimize particles from reaching the filtration process and 
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hence blocks the filter. However, it also leaves large volume of hazardous sludge that still pose 

health and environmental treat but also the disposal process is expensive making the entire 

technique unsustainable solution. Some substances from both treatment agents and pollutants 

will remain suspended in the water.     

 

Figure 1: Coagulation process in water treatment. Reproduced from (Barrera-Díaz et al., 2018). 

 

In the filtration process, the water with dissolved solids is allowed to pass through the filter to 

remove remaining particles and germs(Pai et al., 2020; Qian et al., 2014; CDC, 2022).   

Some of the recent water treatment plants are using various membrane purification techniques 

including microfiltration, ultrafiltration, nanofiltration and reverse osmosis.  Advanced 

membrane techniques such as nanofiltration and reverse osmosis have small pores and are 

believed to remove smaller particles and microorganism such as and parasites, bacteria, and 

viruses. However, slow flow rate hinders its efficiency for large scale purification. Moreover, 

membrane fouling has been a permanent problem in filtration. It endangers the membrane and 

worsens the slow rate. Consequently, it has been requiring installation of pressure feed 

equipment and several filters before the final membrane to supplement the filtration process. 
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This has increased the cost of operation as well as threaten long term use of the technique 

(Archismita et al., 2020; Belli et al., 2021; Yuan & He, 2015) .  

 

Figure 2: Drinking water treatment process. Adpated from CDC.gov/drinkingwater 

 

1.2.2. Chemicals used in water treatment process 

 

Aluminum sulfate, aluminum chloride, and sodium aluminate are aluminum-based coagulants 

and ferric sulfate, ferrous sulfate, ferric chloride, and ferric chloride sulfate are iron based 

inorganic coagulants. Additionally, Polyamines, Polydiallyldimethylammonium chloride (Poly 

DADMACs) and Polytannate are organic coagulants used in typical water treatment (MCS, 

2022). To produce the sludge appropriate amount of these chemicals should added proportional 

to the particles and in terms of the affluent effluent quantity, this amount, with even excluding 

acids and bases added to adjust solution pH and coagulant aid chemicals, is huge. Additionally, 
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all effluents are not neutralized by a specific chemical at the same time. Thus, it requires 

additional chemicals and supplementary techniques. The fate of all added chemicals is to be 

discarded along with the sludge and those that do not settle will float in water. Figure 3 below 

lists some of the common chemicals used in water treatment process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Chemicals used in water treatment in 2016. Reproduced from (Gitis & Hankins, 2018; 

Rehwoldt, 1982)  

Contaminated water is rich in pathogenic microorganisms as shown Figure SA14. Worldwide, 

chlorine is major disinfectant in drinking water systems. Other chlorine-based treatment agents, 
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such as chloramine, or chlorine dioxide are also added to inhibit parasites, bacteria, or viruses. 

Chlorine was argued by many because of its reduced efficiency in turbid waters and incapability 

to inhibit protozoa. Customers has complained test and odor issues with chlorinated waters. 

Consequently, chlorine-based treatment agents were launched.  Chloring and all other substances 

in water can reside as well as undergo side reaction in water creating long term health impacts 

(Clayton et al., 2019; How et al., 2017).  The fact that all these chemicals including chlorine are 

not recyclable, it poses health impacts long term, even though some water treatment plants 

employed UV or Ozone to disinfect water. (CDC, 2022). Moreover, the side reaction of this 

chemicals with organic matter would lead to different bi products that could result in direct 

health impacts.  

Therefore, despite the advancement of water treatment techniques, the amount of chemicals used 

in water has also been increased throughout the period. Figure 4 (a -e) shows the increasing 

treatment trend in different groups of water treatment chemicals, their market value, and the 

water treatment technology in relation to chemical consumption. This urges a search for 

alternative materials with sustainable use in water treatment. Especially those produce safe 

water, with high reusability and efficient recovery (Hadi et al., 2019; Ang, et.al., 2015; Neoh et 

al., 2016; Werber et al., 2016).  
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Figure 4: Groups of chemicals in water treatment chemical market 2009 and 2019 where 2019 

projection is by Zion Research Analysis (a), production of water treatment chemicals worldwide 

(b) changes in freshwater consumption (billion m3), population growth (billion capita), water 

treatment equipment (billion $) and water treatment chemicals market (billion $) from 1990 to 

2020(c), Water treatment chemicals market from 2014 to 2020 by volume and revenue (d) and 

The progress in technology and water quality over the years(e) (Gitis & Hankins, 2018; 

Rehwoldt, 1982).  

 

 

1.2.3. Magnetic nanoparticles in water treatment  

 

Adjustable surface property at appeal to pollutant nature and magnetic property for easily 

recycling of particles after treatment are two novel advantages that attract mass research on 

application of magnetic nanomaterials for purification of contaminated water following the 

growing limitations in the conventional water treatment process including the alarming issue of 

membrane fouling. (Archismita et al., 2020; Sharma et al., 2018)  So far, 75–99 mol% removal 

efficiency of several organic and in organic pollutants and microorganisms has been reported by 

polyoxometalate-supported ionic liquid phases (magPOM-SILPs) nanoparticles, 60- 100% 

efficiency for adsorption of Pb(II) and methylene blue using cellulose@ultrasmall iron oxide 

nanoparticles (Xiong et al., 2014),  above 95% removal of erythrosine from tab, karoon and 

maroon water by iron oxide nanoparticles coated with  methyl trioctyl ammonium chloride 

(Aliquat 336)Pourreza et al. ( 2016) and removal of cadmium and lead by EDTA functionalized 

iron oxide nanoparticles Chin et al. (2011) to mention some. However, surface coated substances 

on magnetic particles are often vulnerable to leaching. Hence, chemical-based surfactants 
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detaching into the water has similar health impacts to conventional materials used in water 

treatment. Thus, green synthesized nanoparticles has been rapidly growing. Yet, incapability of 

natural products to fully reduce particles into their high magnetic states turned researchers to use 

chemical based and complex synthesis process (Chin et al., 2011; Xiong et al., 2014; Pourreza et 

al., 2016).  

 

 

 

1.3. Magnetic Nanoparticles in Biomedical Applications 

1.3.1. Magnetic hyperthermia  

Magnetic nanoparticles have many possible uses in biomedical and other applications(Biehl et 

al., 2018; Frey et al., 2009; Gul et al., 2019; Pinto et al., 2020). Magnetic hyperthermia is an 

experimental technique for cancer treatment through magneto thermal heat originated from 

magnetic particles (X. Liu et al., 2020; Mahmoudi et al., 2018;Blazar et al., 2021 Thiesen & 

Jordan, 2008). Pertaining to benefits from the technique, an intensive research has been 

conducted for several tens of years (Mahmoudi et al., 2018; X. Liu et al., 2020; Thiesen & 

Jordan, 2008). Heating efficiency of particles is determined by their magnetic saturation and 

other morphological properties. While their ability to accumulate cancerous cells depends on 

their surface affinity towards the biological medium usually hydrophilic (Fatima et al., 2021; X. 

Liu et al., 2020; Rytov et al., 2022).   

1.3.2. Superparamagnetic property and heating efficiency 

Nanosized ferromagnetic particles with small number of domains possess superparamagnetic 

property. The magnetization of these type of nanomaterials is vulnerable to changes in magnetic 
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field and temperature. This gives advantage to monitor particles’ magnetic behavior for desired 

biomedical applications (Enriquez-Navas & Garcia-Martin, 2012). In magnetic hyperthermia 

treatment technique, when magnetic nanoparticles are exposed to external alternating magnetic 

field (AMF), they generate heat through three major mechanisms pertaining to their size and 

magnetic domains. The AMF induce eddy currents in multidomain nanoparticles, eventually 

causing heat or trigger hysteresis loss because of flipping the magnetization of the particles 

which causes heat(Ahmed et al., 2020). In the case of small size superparamagnetic 

nanoparticles, the first and most dominant heat is created from Neel and Brownian relaxations. 

The former refers to heat produced from energy loss due to reorientation of each magnetic 

moment within a particle causing displacement of domain walls and the later due to rotation of 

the whole particles (Figure 5 (a)) (Fatima et al., 2021; Suriyanto et al., 2017). In addition to the 

above properties of magnetic particles, high magnetic saturation (Ms) in nanoparticles is 

proportional to the large thermal energy release during treatment. As a result, less dose will be 

needed to kill many cancer cells. The treatment time will be significantly reduced(Obaidat et al., 

2015). Particles with high Ms also allow monitoring during transport towards cancerous cells 

across biological medium. In both single and multidomain nanoparticles, the interaction of the 

nanoparticles with themselves and the surrounding medium also contributes some amount of heat 

into the system(Abenojar et al., 2016).  
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Figure 5: Mechanisms of heat generation in magnetic nanoparticle during hyperthermia 

treatment (top).  Short straight arrows represent the magnetic moment direction, the curved 

arrows represent the movement or change in direction, and the dash lines represent the domain 

boundaries in multi-domain particles. Estimation of hysteresis loss from hysteresis cycle of a 

ferromagnetic multidomain particle (bottom). Reproduced from (Ahmed et al., 2020; Suriyanto 

et al., 2017). 

1.4. Organic and Molecular Magnets in Data Storage Applications and its Implication in 

Global Energy Consumption. 

In the human history, data storage has evolved from storing data in memory to stone and papers 

to a more reliable and retrievable tools. According to Cloudesene 2022 

(https://www.statista.com/statistics/1228433/data-centers-worldwide-by-country/), today, there 

6334 data centers in just 15 countries of the world. Magnetic data storage is one of the recent 

advancements introduced around 100 years ago and has been through several advancements in 

access capability, storage capacity per square inch (kb/in2) Table 1 and Figure 6 below. It is 

evidence that magnetic materials have a vital role in the evolution of modern data storage 

(Chong & Piramanayagam, 2012, p 1-9). There has been extreme demand long ago for magnetic 

materials with improved areal density. In modern data storage materials, magnetic particles 

including thin metallic films of Iron (Fe), Cobalt (Co) and Nickel (Ni) and their alloys and with 

other nonmagnetic metals are being extensively used in high density disk drives(Comstock, 

2002).  Organic and molecular magnets were introduced in late 60’s with promising applications 

in data storage and quantum computing. Till today, they have been an area of intensive research. 

For example, Figure 7 shows some of the early organic and molecular magnets investigated and 

many are still under investigation. The reason for this is due to molecular magnets compared to 

https://www.statista.com/statistics/1228433/data-centers-worldwide-by-country/
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conventional magnets present novel advantages. First, data is recoded based on spin up and down 

and requires magnetic field instead of electric field and require minimal energy. Fifteen of the 

world large data centers consume 1% of global electricity. For US, it reaches around 2% 

(Masanet et al., 2020; W. Zhang et al., 2022). Thus, using molecular magnets means significant 

energy save. Second, data is secure and remains for operation even after the devices is switched 

off or under the absence of magnetic fields (Lapo, Bogani & Wolfgang, Wernsdorfer, 2008). It is 

evident that the next generation data storage devices are going to depend on this materials. This 

may be a revelation to IBM which revealed the scaling limitation of data magnetic storage 

materials at affected real density in around 20 years now. Lately, the realization of graphene 

based molecular magnets opens more opportunities in data storage given the remarkable 

properties of graphene for instance, low-temperature fabrication, low density, transparency, 

electrical insulation, and photo responsiveness in addition to the increase in magnetic ordering to 

above room temperature compared to traditional molecular magnets (Sato, 2012; Spree & Popov, 

2019; Woodruff et al., 2013). Besides, molecular magnets suffer from tunneling at zero field, a 

major cause for their inefficiency for information storage (Wernsdorfer et al., 2002). 

  Table 1: The chronology of data storage devices  

Year  Storage 

Device  

Capacity  Size  Materials  Remark 

1725 Punch Cards   960bites  7 3/8”x 3 

¼” 

Card stock paper  Store data through a 

pattern of punched holes 

and blank spaces  

1956 Hard drive  5MB 50 x 24” Aluminum or glass and coated 

with a magnetic material 

 

1971 Floppy disk 80KB 8” Magnetic film  8” read only  

1979 Compact disk 700MB 4.7” Polycarbonate plastic  Optical disks 

1985 CD-ROM 900MB 4.7” Polycarbonate plastic  Read and Write  

1994 CompactFlash 100GB 6.8” x 

4.7” 

Semiconductor  Heavily used by DSLR 

Cameras 

1995 DVD 8.5GB 4.7” Polycarbonate plastic - 

2000 USB Flash 8MB - Metal oxide semi-conductor   Multipurpose  
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Drive  

2005 Portable Hard 

drive  

1TB 2.5” Aluminum alloy, glass, or 

ceramic 

Multipurpose 

2006 Blue -Ray 50GB 4.7” Polycarbonate plastic Recording, rewriting, 

playing back high-

definition video 

2013-

2020 

Cloud storage  Petabytes   Spintronic devices  General purpose 

2020+  Spintronic 

devices 

1TB/In2  Metal 

-insulator-metal sandwiches 

Molecular magnets  

Source: adapted from (Chong & Piramanayagam, 2012; Comstock, 2002; Bhushan, 2018) 
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Figure 6: The history of magnetic data storage devices. Reproduced from (Bhushan, 2018).  

 

 

Figure 7: Some of the first studied organic magnets and precursors(left) and molecular magnets 

(adapted from (Blundell & Pratt, 2004) 

1.5. Problem Statement and Research Goals  

Relying on the core physical and properties of magnetic materials and taking advantage of 

tunability of those properties this study attempts to find sustainable solutions to deteriorating 

environmental, health and energy situation the world is facing now and expected to worsen in the 

future. Non-renewable energy sources are among the major causes of environmental pollutions 

and environmental pollution is direct threat to the life of all living things. Moreover, severe 

environmental factors speedup the depletion of natural resources. Given the complex and 

interrelated nature of these problems it is recent policy and research direction to novel material 
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and technology solutions (Olivetti & Cullen, 2018). Magnetic materials beginning from their first 

use as compasses has been progressing to advanced used in data storage materials and recently in 

water treatment and biomedical applications. Their intrinsic properties unfold opportunities for 

research and manipulation of those properties made these materials candidates in many 

applications. We focused on surface modification, size control, composition and magnetization 

to develop novel in organic and organic soft magnets suitable for water treatment, magnetic 

hyperthermia and energy applications. Therefore, the fundamental goal of this study is to 

synthesis, characterize and optimize magnetic nanoparticles for multifunctional use in water 

treatment, hyperthermia cancer treatment and room temperature graphene based molecular 

magnets for quantum computing and data storage devices.  

To address the long-therm health impacts posed by chemicals used in conventional water 

treatment methods we suppose that; 

Hypothesis:  

Magnetic nanoparticles can be synthesized using green method with comparable potential in 

water treatment to their corresponding chemical-based treatment agents and nanoparticles.  

To test this research statement, this study will address the following objectives:  

Aim1:  

For water treatment, recyclability and alternative recoverability we aim to producing efficient 

materials prepared using simple green and eco-friendly methods with improved recyclability and 

recoverability to treat water from various pollutants. The materials will have simultaneous 

degradation of multiple pollutants in very short period with high performance over wide range 

temperature and pH.  

Objective 1:  
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• To synthesize nanoparticles using plant phytochemicals as reducing and caping agents 

capable of removal of multiple organic pollutants (MO, 4-NA) and test their recyclability, 

introduce alternative recoverability and efficiency at different water conditions.  

Objective 2:  

To synthesize ZVI@Citrate coreshell nanoparticles using coprecipitation method for 

rapid removal of organic and inorganic pollutants and inhibition of pathogenic and 

compare them with relevant studies. 

To address the limitation of suitable platform and tunable size magnetic nanoparticles used for 

magnetic hyperthermia we hypothesize:  

Hypothesis:  

The right composition of core and shale substance will enhance thermal stability of the 

core and dispersion of the material as well as novel coating platform on nanoparticles will 

improve agglomeration problem. Moreover, the nature of the coating agent will ether 

contain the heat produced due to magnetothermal heating or involve in maximizing the 

heat due to electron transition. 

Aim 2:  

Optimize core/shell magnetic nanoparticles with different size, high magnetic properties and 

efficient magnetothermal heat to be used for magnetic hyperthermia as an alternative cancer 

therapy. To make an effort on solving agglomeration problem by functionalization of those 

MNPs by novel surfactants and tailoring their size to produce heat in the therapeutic limit of 

applied magnetic field.  

Objective 1:  
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To synthesize Fe3O4@SM nanoparticles and examine its suitability for magnetic 

hyperthermia, in in-vitro.   

Objective 2:  

To synthesize Fe@CIT Core-shell nanoparticles with different size and examine their 

suitability for magnetic hyperthermia.   

Despite the promising advantages to replace conventional magnets, the operating conditions 

of previously developed molecular magnets are far from pertinent conditions. Thus, 

Hypothesis: 

Creating charged/ organometallic compound will lead to emergence of electron spins within 

the molecule and eventually introduce magnetism into a surrounding molecule and stacking 

this charged intermediate between graphene layers will disseminate the charge over the six 

membered chain of graphene layers and sustain the magnetic property for the whole 

assembly. 

• Aim 3:  

To produce room temperature graphene based molecular magnets using simple 

coprecipitation reaction and heat treatment. A charged amino ferrocene will serve source of 

spin to graphene layers above and below the structure.  

Objective 1:  

To synthesize amino ferrocene and assemble it between graphene layers and study its 

morphological and magnetic properties.    
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CHAPTER 2 

PROBLEM AND RATIONALE 

2.1. Health, Water and Energy Crisis  

Several studies claim that the world is in a great disaster in terms of health - so many 

complications, especially cancer cases are growing, clean water scarcity is seen in every corner 

of the world, and massive energy demand and depletion of non-renewable energy sources(Alola 

et al., 2019; Boretti & Rosa, 2019; S. Khan et al., 2017, 2022; Sung et al., 2021; Tipantuna & 

Hesselbach, 2020). At this moment in time, millions of people are experiencing water related 
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problems and water pollution is among the major contributors.  Reports from World vision, 

(2021) UNESCO, (n.d.) and WHO (2019) reveal that 2 million tons of sewage drain into water 

every day. Out of this 300-400 megatons/year are industrial discharges. In developing countries 

90% sewage are untreated.  Above 673 million people defecate in the open. As a result, 2 billion 

people live without access to adequate sanitation, 785 million people lack access to clean water. 

Every day 800 children under 5 die from water borne diseases e.g.  diarrhea.  All problems 

collectively are expected to put half of the world in water stress in less than 10 years from now 

and to significantly diminish biodiversity. This clearly shows high demand for efficient water 

treatment methods.  Sustainable and efficient water treatment methods are necessary, especially 

water used for drinking needs to be accessible and safe. With efficient recyclability, magnetic 

nanoparticles have been one of the best candidates in water pollution and related problems 

(Deshpande et al., 2020; Tom, 2021).   

Cancer has become the top cause of death and a major contributor to the weakening of to 

increasing life expectancy in all corners of the globe.  In the year of 2020 alone, there has been 

19.3 million new cases and 10million deaths, and this is expected to increase by 47% and the 

world new cases will tool in to 28.4 million by 2040. In developing countries like Africa, the 

incidences may be higher (Njuguna et al., 2020; Sung et al., 2021). The global trend of rates is 

breast cancer (11.7%), lung cancer (11.4%), colorectal cancer (10.0 %), prostate cancer (7.3%), 

and stomach cancer (5.6%). In Latin America and the Caribbean, a study showed 1.5 million 

new cancer cases and 700,000 deaths occur annually. It is estimated that with 67% increase there 

will be 2.4 million new cases annually by 2040. Among the prevalent occurrences in this region 

are prostate (15%), breast (14%), colorectal (9%), lung (7%) and stomach cancer (5%). Globally, 
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female breast cancer is the most dragonized type of cancer. In 2020, lung cancer was the first 

cause of death in Latin America (Njuguna et al., 2020; Sung et al., 2021).  

 Corresponding to diverse cancer disorders i.e. lung, colon, breast and prostate cancer types, 

many treatment techniques exist. Deprived of the technical difficulties and side effects of the 

treatment techniques (CDC, 2022), complexity, site specificity and unaffordability for the 

general public are some of the most drawback associated with those techniques (Damyanov, 

2018; Lettieri-Barbato & Aquilano, 2018).  Magnetic hyperthermia is an experimental cancer 

treatment technique. Heat generated from magnetic nanoparticles up on exposure to alternative 

magnetic field is used to burst cancer cells onsite. Despite extensive research on this technique 

efficient heating and biocompatible surface for nanoparticles has been among drawbacks for 

practical application of the technique(Albarqi et al., 2019; X. Liu et al., 2020; Patil-Sen et al., 

2020).  

Depletion of non-renewable energy sources in contrast to increase in energy consumption and 

the climate impacts by which those sources pose on the planet has been an alarming issue (Bekun 

et al., 2019). The recent economic development is powered by use of non-renewable energy 

resource which always resulted in pollution of the air, water, and soil. Greenhouse gases, rapid 

increase in surface temperature, chronic respiratory diseases, acid rain, organic, heavy metal, 

pollutants and nutrients endangering the accessibility of clean water and the life plants and 

animals that depends in it (W.-J. Guan et al., 2016; Ibrahim & Ajide, 2021) . Solar, wind, and 

hydro powers has intensively introduced to tackle the problem. However, climate and geographic 

challenges limit their extensive use. As a result, world energy coverage from renewable energy 

accounts for 30% of the total(Aleixandre-Tudó et al., 2019; Bekun et al., 2019). Therefore, the 

urgency of the situation demanded policy action in addition to research and societal measures. 
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For example, upgrading the current vehicle fuel and public transportation, cooking fuel and 

ventilation, industrial technology, building up healthy cities, and implementing environmental 

policies introducing novel medications(W.-J. Guan et al., 2016).  

To realize sustainable environment for forthcoming societal and economic development, 

preparation of energy efficient materials and renewable source of energy and technology has 

been the focus of policy and research. Evaluating the overall trend in health, water sand energy 

crisis the conventional substitute for non- renewable energy is far behind to answering climate 

challenge and lacks sustainability. Despite fast advancement in water treatment materials and 

technologies, provision of safe and affordable water to the public is a worldwide problem. The 

case with cancer is similar. Fast predominance, complicated, high-priced and extended medical 

procedures leave the issue without sustainable solution. Magnetic nanoparticles and their flexible 

properties have potential application in these areas and has been used for several ten years 

now(Aghebati‐Maleki et al., 2020; A. Ali et al., 2021; Gehrke et al., 2015; Joudeh & Linke, 

2022; I. Khan et al., 2019; kianfar, 2021; Meng & Li, 2018; Pasinszki & Krebsz, 2020; Sekoai et 

al., 2019; X. Sun et al., 2017; Yang et al., 2021). Therefore, this project with an interdisciplinary 

approach from Chemistry, Physics and Biomedical concepts uses magnetic nanoparticles in 

attempt to provide sustainable solutions to water pollution, cancer, energy storage and efficiency 

as part of research approach for sustainable solutions. Figure 8 lists key nanoparticles controlling 

parameters and prospective applications which this study is based on.  
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Figure 8: Control parameters of magnetic nanoparticles and sustainable prospective applications  

2.2. Green and Recyclable Materials for Water Treatment  

Water treatment is one of the most important technologies extensively explored due to various 

point and non-point sources of pollution that has been increasing parallel to agriculture and 

industrial developments. This made clean water crisis in every corner of the world(I. Ali & 

Gupta, 2006). Contaminated water cannot be used for may purposes before its pass different 

levels of purification. Especially, water used for domestic purposes needs to meet quality 

standards(Agrawal & Bhalwar, 2009; US EPA. n.d.; CDC 2020 and WHO, 2011) Consequently, 

many treatment technologies have been developed and are operating in large scale adhering to 

regulations on water quality standards. However, typical water treatment processes are full of 

organic and inorganic residuals from added coagulants, flocculants, disinfectants as well as 

biproducts resulted from reaction of those chemicals with the organic matter in addition to 

pollutants from non-point sources (WHO, 2011). The property of most of these substances does 

not allow complete recovery from water which brings an extra challenge of long-term health 

impact. Perhaps, the only way of managing them to meet water standards is limiting their amount 

while addition (WHO, 2011). Magnetic nanoparticles (MNPs) has been used in water treatment 
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taking their magnetic property an advantage for recyclability (J. Guo et al., 2012). Higher surface 

area and minimal residual after treatment are key advantages in using these the particles water 

treatment purposes. Additionally, less toxicity of iron oxide nanoparticles has made them 

excellent choice for many biomedical and environmental applications including water 

remediation (Mahanty et al., 2019; Malhotra et al., 2020). Moreover, the surface chemistry of 

MNPs can be tuned to optimize recovery as well as improve adsorption affinity to specific metal 

and non-metal pollutants (J. Guo et al., 2012).  

Magnetic iron oxide nanoparticles are synthesized by physical, chemical, and biological 

methods. Physical and chemical methods involve a set of complex processes(Kostyukova & 

Chung, 2016; Kumfer et al., 2010). Additionally, chemical methods use hazardous chemicals 

during synthesis and functionalization which adds another treat to clean water (Arakha et al., 

2015; J. Guo et al., 2012; Herlekar et al., 2014). In contrast, biological synthesis methods provide 

safer particles with simple reaction procedures. For example, bacterial enzymes can synthesize 

iron oxide MNPs, although the process takes several days to weeks. Many of the particles 

synthesized this way also suffer from weak magnetic property compared to those synthesized 

using chemical methods.  Besides, after reduction of metal precursors, functionalization must 

continue in distinct process with newer compounds (Majeed et al., 2020). Some other researches 

have produced iron oxide nanoparticles from plants. Nevertheless, many of those studies that 

argue to use plant extracts also used strong alkaline solutions while synthesis or foreign 

chemicals during functionalization to increase the magnetic property of their products. For 

example, synthesis of F2O3 MNPs from orange peel (Bashir et al., 2020), Fe3O4 MNPs from 

Azadirachta indica (Samrot et al., 2020). Thus, chemicals used in processing the nanoparticles 

become source of their toxicity during application. In the present study, only plant extracts were 
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used as reducing and coating agents. Plant secondary metabolites are made up of various 

functional groups known for their biological activity but also capable of reducing nanoparticles 

(Arakha et al., 2015; Marslin et al., 2018; Mohan Kumar et al., 2013). On the top of their 

reducing power, those phytochemicals can serve as coating agents, both to stabilize the 

nanoparticles as well as for multidimensional absorption. Reduction and functionalization were 

done simultaneously using aqueous extracts of shade dried Azadirachta indica leaf. Crude leaf 

extracts of this plant has diverse metabolites including alkaloids, saponins, flavonoids, tannins 

and phenolic compounds (Samrot et al., 2018; Devatha et al., 2016). As a result, it has been used 

for synthesizing magnetic nanoparticles for water treatment and in various medicinal 

applications (Alzohairy, 2016; Kostyukova & Chung, 2016& Samrot et al., 2018).  Instead of 

chemical modification as synthesized nanoparticles were used directly to preserve the active 

ingredients by growing them on a solid material to compensate the loss in magneticity that 

drastically diminishes their recyclability. Thus, in addition to magnetic manipulation, particles 

were grown on solid PVA surface to enable alternative recovery. PVA  is chosen as solid support 

due to its thermal stability up to 354.8 oC and can withstand extreme acidity and basicity 

conditions (Feldman, 2020). Generally, green and one spot synthesis is preferred health, 

environmental and economic wise. Moreover, multifunctional group compounds on the surface 

of the nanoparticles improvises absorption of multiple organic pollutants as well as inorganic 

ions existed in the polluted water. The present findings motivated us to further study adsorption 

efficiency to specific heavy metals and efficacy to inhibit microbes of sample nanoparticles 

which is already included in our upcoming work. 
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Using magnetic particles as water treatment agents not only is efficient and effective but also 

transforms the ordinary water treatment processes to safe and cost effective as it requires much 

less infrastructure. 

2.3. Magnetic Hyperthermia  

Since the onset use of magnetic hyperthermia as an alternative technique to cancer therapy 

around 50’s for breast cancer, it has been area of research interest till the p\resent day 

(Mahmoudi et al., 2018; Blazar et al., 2021). Various advantages including site invulnerability, 

target specific mode of action and synergy with other techniques such as chemotherapy and 

radiotherapy as well as anticipated affordability compared to other techniques X. Liu et al. ( 

2020); Thiesen & Jordan, (2008), makes the technique promising especially looking at the 

exponential increase in cancer cases all over the globe (Sung et al., 2021). The technique uses 

nano sized magnetic nanoparticles (MNs) to dissipate heat that destroy cancerous cells. These 

particles are prepared using several methods among them reduction of metal salts is commonly 

employed technique(Majidi et al., 2016; Masunga et al., 2021). Among the diverse applications 

of magnetic nanoparticles, their ability to produce heat when exposed to alternating magnetic 

field made them important agents in cancer therapy. Suitable particles for hyperthermia are those 

with right size, high magnetic saturations and biocompatible. These particles are prepared using 

several methods and among them reduction of metal salts is commonly employed technique 

(Majidi et al., 2016; Masunga et al., 2021). Their ability to produce heat when exposed to 

alternating magnetic field made them important agents in cancer therapy (Gul et al., 2019; Blazar 

et al., 2021; X. Liu et al., 2020; Mahmoudi et al., 2018; Thiesen & Jordan, 2008). However, the 

technique has limited clinical trials and application in human cancerous cells and still not 

recognized as standard therapy Mahmoudi et al., (2018), due to inability to measure the 
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temperature raise with in biological medium and in consistent heating of the particles (Hergt & 

Dutz, 2007; Mahmoudi et al., 2018; Peiravi et al., 2022). Moreover, biocompatibility of particles 

with right magnetic property and ease of transport in the biological medium impacts their 

abundance in the tumor surrounding eventually, their efficiency (Hergt & Dutz, 2007; Peiravi et 

al., 2022). One way to improve their transport in \biological medium is to enhance their 

dispersion in aqueous medium which is done by adapting their surface properties through 

functionalizing with appropriate platforms. For example, iron oxide nanoparticles coated with 

1,4- diaminobenzene (14DAB), 4-aminobenzoic acid (4ABA) and 3,4-diaminobenzoic acid 

(34DABA) and their combination Kandasamy et al., (2018), graphene oxide(GO), reduced 

graphene oxide [rGO], and PEGylated rGO Podolska et al., (2020); Sugumaran et al., (2019), 

alginate and cell-targeting ligands ( D-galactosamine) Wu et al., (2015), glutamic acid (GA), 

citric acid (CA), polyethylene glycol (PEG), polyvinylpyrrolidine (PVP), ethylene diamine 

(EDA) and acetyl-trimethyl ammonium bromide (CTAB) Rajan et al., (2020) and folate-

conjugated poly(ethylene glycol) Piazza et al., (2020), were found efficient for magnetic 

hyperthermia. Alternatively, core shell nanoparticles recently show prospective application for 

hyperthermia due high superparamagnetic properties(Gupta et al., 2021; Horny et al., 2021; 

Martinez-Boubeta et al., 2021; Patil-Sen et al., 2020; Sanad et al., 2021). However, the heat 

yielded was below 45oC as a result week dT/dt and specific absorption rate (SAR) Horny et al., 

(2021); Sanad et al., (2021), attributed to shape and size differences (Vasilakaki et al., 2015). 

Moreover, aggregation of the particles within the medium confines heat for few of the cancerous 

cells thus remarkably diminish efficiency of nanoparticles to destroy maximum of those cells 

(Hergt & Dutz, 2007; Peiravi et al., 2022). Thus, even though materials with superior magnetic 

saturation that potentially produce high heat are prepared, it requires both high 
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superparamagnetic property and successful functionalization to be able to produce heat per 

individual particle to reach all malignant cells within the tumor. This research introduces novel 

green functionalizing material that satisfies those key properties. With consideration to 

biomedical application, these materials are biocompatible because compounds on the surface are 

secondary metabolites of a plant material prepared with water as a medium. Chemical nature of 

the metabolites and their effective coating ability produce efficient nanoparticles with enhanced 

calorimetric properties: higher rate of solution temperature and specific absorption. In this study 

a novel green platform is introduced and compared against the common platform used in the 

technique. Magnetic nanoparticles were prepared using simple coprecipitation metal precursor 

and further heated in a pressure reactor to yield super paramagnetic nanoparticles, then the 

particles were coated with two formulated platforms. 

2.4. Tunable ZVI@CIT For Water Treatment, Magnetic Hyperthermia and Energy 

Applications 

Core-shell nanoparticles of zerovalent iron (CZVI) provide a vast opportunity in water treatment, 

catalysis, biomedical and energy applications and has received wide attention in recent years due 

to their remarkable chemical and physical properties which allow easy monitoring with magnetic 

field, effective surface dispersion, fast reactivity and surface modification(Ghosh Chaudhuri & 

Paria, 2012; Kwizera et al., 2016, 2017a; X. Li et al., 2006; Tiwari et al., 2021; Yelenich et al., 

2015). Today, ZVI nanoparticles are extensively investigated for environmental, biomedical and 

energy candidate materials due to high demand for materials of high specific area, specific heat 

absorption, efficient reactivity and tunable surface properties since these problems are amongst 

the major current problems across the globe (Kumar et al., 2013; X. Li et al., 2006). As a result, 

several kinds of core-shell nanoparticle have been introduced suitable for each application. With 
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respect to the nature of the core and the shell, nanoparticles are grouped in to four categories 

namely metal/metal, metal/non-metal, non-metal/metal and non-metal/non-metal in order of core 

and shell component of the core-shell nanoparticles(Adamiano et al., 2018; Dembski et al., 2018; 

Ghosh Chaudhuri & Paria, 2012; Nomoev et al., 2015). Amongst them metal/metal and 

metal/non-metal are commonly used core-shell nanoparticles due to simple and efficient 

synthesis including various synthesis options as well as wider range applications. Choice of 

proper synesthetic procedure is an important step for preparation these particles for the desired 

purposes(Ghosh Chaudhuri & Paria, 2012). Much research use both bottom-up and top-down 

synthesis methods. Indeed, bottom up synthesis approaches is preferred at it allows complete 

control over the process at minimal energy expense(Dodd, 2009; Khatami et al., 2018). Some of 

the bottom up synthesis approaches include, hydrothermal synthesis, solvothermal synthesis, sol-

gel method, emulsion polymerization, microemulsion polymerization, chemical synthesis, 

chemical vapor deposition, laser-induced assembly, self-assembly, colloidal aggregation, film 

deposition and growth and co-precipitation (Baig et al., 2021; Ghosh Chaudhuri & Paria, 2012; 

Kumar et al., 2013; Rane et al., 2018). However, most of these approaches are complex, energy-

demanding and uncontrollable.  If conducted cautiously, co-precipitation is possibly a very facile 

and convenient way for preparation of homogeneous small size core-shell nanoparticles because 

synthesis of the core and attachment of the shell is achieved in controllable surface adsorption, 

ion exchange, surface precipitation or occlusion mechanisms. In preparation of ZVI 

nanoparticles, oxidation in to oxidized iron compounds and aggregation of product particles are 

two major challenges(Alterary & AlKhamees, 2021; Chekalil et al., 2019; Primc et al., 2016; 

Salehizadeh et al., 2012). While, previous research demonstrated running coprecipitation 

reactions to prevent oxidation this approach is still cost-ineffective and time consuming. Another 
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important factor in synthesis using coprecipitation to control the pH of the solution (Dembski et 

al., 2011; K. Wu et al., 2015). The means to control pH is by controlling the addition of reducing 

agent. Nevertheless, controlling pH neither avoids oxidation nor determines the size and 

homogeneity of the particles. Nevertheless, small and narrow size distribution of particles are 

efficient candidates for removal of wide range of pollutants from contaminated water and show 

efficient heat capacity in magnetic hyperthermia(Abenojar et al., 2016; Guibert et al., 2015; 

Yelenich et al., 2015).  In consideration of the above challenges the present study attempts to 

achieve comprehensive textural and magnetic properties by monitoring source of the core and 

shell materials as well as the reducing agent. 

2.5. Room Temperature Molecular Magnets  

Graphene based molecular magnets (G-MMs); especially those with near room temperature 

magnetic susceptibly are in need at most in prospective applications to replace recent magnets in 

spintronic and quantum computing. They exhibit longer magnetic order than ligand based 

molecular magnets. Besides, ligand based molecular magnets suffer from tunneling at zero field, 

a major cause for their inefficiency for information storage (Wernsdorfer et al., 2002). Even 

though, graphene sheets lack magnetic property, structural change due to oxidation to graphene 

oxide and structural defects introduces ferromagnetism. In both graphene oxide and reduced 

graphene oxide Diamantopoulou et al. (2017) and Sarkar et al. (2014) reported weak 

superparamagnetism at room temperature.  Epoxide functional groups, composites are 

responsible for magnetic susceptibility of graphene oxide Galpaya et al. (2014), creating 

unpaired spins on the carbon radicals (Lee et al., 2015a; M. Wang & Li, 2010). Surface N-

doping also increases magnetization in graphene oxide sheets to ca. 1.66 emu/g (Y. Liu, Tang, et 

al., 2013) and by 64.1% when annealed at 500 °C  (Y. Liu, Feng, et al., 2013a). Hong et al. 
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(2013) has published nitrophenyl functionalized graphene based molecular magnet with long-

range magnetic order above 400K. The high surface area in graphene integrated with aryl radical 

on the surface created out-of-plane antiferromagnetic ordering. In recent study, attachment of 

electron withdrawing substituted ligands to the graphene enhanced charge transfer revealing 

magnetic and electronic properties (Zhu et al., 2020). Similar to this study, magnetic property of 

graphene oxide surface functionalized by amino ferrocene revealed magnetization as collective 

effect of the sheets and the ferrocene moiety (Sakurai et al., 2019). The research trend in this area 

indicates, molecular magnets are expected to be available with several characteristics including 

low-temperature fabrication, low density, transparency, electrical insulation, and photo 

responsiveness in addition to the increase in magnetic ordering to above room temperature. That 

is, if they are to be used in practical applications (Sato, 2012; Spree & Popov, 2019; Woodruff et 

al., 2013). In this study, we aimed to solve two major gabs in G-MMs. First, to synthesize the 

molecular magnet that can operate at room temperature. Second, to increase magnetic order 

stability by attempting to locate the ligand inside graphene layers. For this reason, we select 

ferrocene as magnetic ligand to be embedded to graphene oxide layers. Graphene oxide layers 

are stable single chemical based structural frameworks, which will behave uniformly throughout 

the assembly. Ferrocene is a choice of ligand for its efficacy to participate in electron transfer (L. 

Guan et al., 2005).  The more favorable interaction of the graphene oxide layer and the ferrocene 

in a way that does not alter their chemical properties is a noncovalent week interaction resulted 

from near proximity of delocalized 𝜋 − electrons (Lopes et al., 2010). Moreover, the use of 

amino ferrocene charged is crucial for the formation of our molecule-based magnet (Wainwright, 

1999).  
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2.6. Conclusions  

Contemplating the nature of our research problems, it requires manipulation of surface and grain 

size (for both water treatment and magnetic hyperthermia) and magnetic properties in all 

applications. In water treatment the magnetic materials are recycled by a magnet after treatment 

while in magnetic hyperthermia particles need magnetic property for easily transport on 

biological medium and to provide magnetothermal heat for destroying cancer cells during the 

treatment. For molecular magnets imposing spin coupling thus stable moment in the molecule is 

important part of the investigation. On assembly of an organometallic compound to a graphene 

framework a charge transfer from the organic moiety to graphene is targeted to produce long 

rearrange magnetic order. List of the parameters controlled here and corresponding applications 

are listed in Figure 9 below.    

 

Figure 9: Selected controlling parameters of inorganic and organic(molecular) magnetic 

materials and their respective applications in this project. 
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CHAPTER 3 

METHODS 
 

3.1. Materials 

 Chemicals used in this study include iron (III) chloride (Fe(Cl)3.6H2O), iron (II) chloride 

(Fe(Cl)2.4H2O), methylene blue, sodium hydroxide (NaOH), and hydrochloric acid (HCl), 

Sodium chloride (NaCl), sulfuric acid (H2SO4), phosphoric acid (H3PO4), potassium 

permanganate (KMnO4), iron sulphate heptahydrate (FeSO11H2), Sodium citrate 

dihydrate(C6H9Na3O9), NaBH4,  sodium sulphate (Na2SO4), sodium nitrate (NaNO3), sodium 

bicarbonate (NaHCO3), magnesium sulphate (MgSO4.7H2O), calcium sulphate (CaSO4) and 

potassium chloride (KCl), hydrogen peroxide (H2O2), nitric acid (HNO3), 4-nitroaniline, Tin 

granules,  single layer graphene, graphite, ferrocene were purchased from Sigma Aldrich and 

Fisher scientific (USA). Ultra-pure Argon gas (analytical grade) was obtained from Air Gas, El 

Paso, USA). All chemicals were analytical grade and used in this study without further 

purification. Distilled water and Milli Q water were used as a solvent in all the experiments 

while distilled water and mixture distilled water and ethanol was employed for washing 

nanoparticles.   

3.2. Methods  

3.2.1. Preparation of secondary metabolites in crude extracts    

Fresh leaves of Neem (Azardica indica) were collected and washed with distilled water and 

shade dried for ten days. Then, dried leaves were hand crushed and stored at 20oC. In a 250ml 

Erlenmeyer flask, 10g of power leaf was soaked in 100ml distilled water for 10 minutes and then 
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heated with incessant stirring for one hour at 80oC. Extract solution was double filtered using 

Whatman filter paper and centrifuged to remove any unfiltered dusts and stored at -10oC for 

further use (Hashim et al., 2021; Naz et al., 2022). 

3.2.2. Green synthesis of bare and secondary metabolite coated iron oxide coated with 

nanoparticles     

Solution of metal precursors: 0.1M of Fe (Cl)3.6H2O and 0.2M of Fe (Cl)2.4H2O (1:1) were 

prepared in one flask. Plant extracts were added to the flask dropwise with vigorous stirring. The 

solutions turned black in each addition until completely became black when the whole volume of 

extracts (1:1) was added. This black suspension of nanoparticles was divided in to two portions. 

The first half (Y0PL) were immediately centrifuged and washed then dried at 60 oC for 6hr 

before further analysis. The second half was introduced into pressure reactor and heated at 250 

oC and 1000psi for two hours. The reactor chamber was allowed to cool, and particles were 

collected with ethanol and then washed several times in distilled water and then in mixture of 

distilled water and ethanol. Oven dried nanoparticles were characterized and studied for 

absorption. In the case of plant-based nanoparticles (Y0PL), two solutions that vary in the ratio 

of plant extracts, 1:1 and 1:2 metal - plant ratios were prepared. However, both samples showed 

the same performance in absorption and similar spectra in UV and XRD but the former one has 

higher yield. As A Result, only the first solution i.e., 0.1M of Fe (Cl)3.6H2O and 0.2M of Fe 

(Cl)2.4H2O and plant extracts (1:1) was used in all experimentations in the study. 

3.2.3.  Functionalization of magnetic nanoparticles 

 During the synthesis process, plant phytochemicals serve as reducing and functionalizing agents 

in concerted process. Hence, as synthesized nanoparticles are produced with their surfaces 
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modified. However, magnetic moment of these particles is very low. To enhance their magnetic 

property the particles were put in the pressure reactor at elevated conditions. The conditions have 

transformed the particles into complete phase iron oxide nanoparticles with enhanced magnetic 

property but lost their surface modifiers in the process. These particles are labelled Y0PR. Thus, 

subsequent functionalization was necessary to recover plant-based compounds on the surface of 

the nanoparticles. For this purpose, 50mg of the nanoparticles were taken and added in to 3ml 

solution of extracts and stirred overnight for 12 hours. Then, particles were washed first with 

distilled water then with the mixture of distilled water and ethanol and dried at 60oC(Y0PRP). 

3.2.4. Synthesis of Fe3O4@GO nanoparticles  

To 20 mL of solutions of iron dichloride (FeCl2. 4H2O), iron trichloride (FeCl3. 6H2O) (2:1) 

2.5mL (50mg/L) of graphene oxide was added and stirred vigorously.  Then 1M of NaOH was 

added until pH of the solution reaches 12. The whole process was done inside a chamber of 

glove box flashed by Argon. Dark brown particles started to form after pH 10 and finally they 

were collected and washed with ethanol several times and dried at room temperature for 8hrs 

(Hanh et al., 2018).  

3.2.5.  Synthesis of Fe@CIT nanoparticles 

In 15ml centrifuge tubes, various concentrations of reactants were dissolved in 10 milliliters of 

distilled water.  Concentration of iron sulphate were pre-prepared in 111.2, 55.6, 27.8, 18.5, 13.9, 

11.12, and 9.27 mole/L and sodium citrate in 73.53, 49.01, 36.76, 29.41 and 24.50 mole/L and 

that of sodium borohydride in 18.92, 9.45, 6.30, 4.72, 3.78, 3.15mole/L. Synthesis was 

conducted in four batches. The goal of the first batch is to research the optimum concentration of 

metal core. Thus, reactions were run at variable concentrations of iron sulphate heptahydrate and 

fixed concentrations of sodium citrate and sodium borohydride as well as time of addition of the 
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reducing agent. Iron sulphate heptahydrate and sodium citrate were mixed by magnetic stirring at 

1500rpm for 5 minutes while sodium borohydride was dissolved separately and added after the 

five minutes, drop wise 1drop/second. Additions were made in 150ml three necked round bottom 

flask to give final ratio of 1.25:1:5, 2.5:1:5, 5:1:5, 7.5:1:5, 10:1:5, 12.5:1:5 for Iron sulphate 

heptahydrate, sodium citrate dihydrate and sodium borohydride respectively. Similarly, to 

identify suitable concentrations of the shell material (sodium citrate) different concentrations of 

sodium citrate mentioned above to attain a final ratio of 10:1:5,10:2:5, 10:3:5,10:4:5 and 

10:5:5(second batch). The third batch aims to study the right amount of reducing agent. For this 

end, seven concentrations of sodium borohydride were mixed with iron sulphate heptahydrate 

and sodium citrate in a solution to give a final ratio of 10:1:1, 10:1:2, 10:1:3, 10:1:4, 10:1:5, 

10:1:6 as shown in Table SA1 of the supporting information. Except for the study of effect of 

reaction temperature, all other reactions were conducted under the laboratory temperature(21-

250C). Effect of sodium citrate dihydrate and sodium borohydride were studied in similar manner 

by varying the concentration of target reactant and the ratio of the reactants as shown in the 

supplementary material, Table SA1. The first batch of experiments for optimization of iron 

sulphate heptahydrate concentrations were run with and without argon atmosphere while all 

other reactions were conducted under standard conditions. Effect of temperature was studied on 

selected sample ratio (10:1:5) which showed ultra-high magnetic properties. For this approach, 

reaction temperature was adjusted to 0, 10, 30, 40, 60 and 80oC through the entire reaction 

process.  

3.2.6.  Synthesis of graphene oxide  

The synthesis of graphene oxide was done using the modified Hummer method mentioned 

elsewhere (Zaaba et al., 2017). To be specific, we added 3ml of phosphoric acid (H3PO4) to 27ml 
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of sulfuric acid (H2SO4) and stirred for ten minutes. While stirring, 225 mg of graphite powder 

followed by1.32g of potassium peroxide (KMnO4) was added and the mixture was allowed to 

stir for seven hours. Finally, 0.675 ml of hydrogen peroxide (H2O2) was added and stirred for 10 

minutes. The product was centrifuged five times with hydrochloric acid in distilled water and 

finally with ethanol and left to dry overnight. 

3.2.7.  Synthesis of amino ferrocene 

The cyclopentadienyl ligands in ferrocene are aromatic (considering the cyclopentadiene anion) 

hence can undergo electrophilic aromatic substitution reactions which is characteristics of 

aromatic compounds mainly benzene (Rausch, 1963; Woodward et al.,1952). However, nitration 

of ferrocene has been deemed un-attainable (Woodward et al., 1963). Regard as the aromaticity 

character of the ferrocene, the well-known mechanism of nitration of benzene with slight 

modifications was followed (Olah et al., 1987). First, 1ml of sulfuric acid (H2SO4) and 3ml of 

nitric acid (HNO3) were mixed in a 250 round bottom flask and placed in in ice bath for 15 

minutes. To this mixture, 0.8 g of ferrocene was added slowly in portions. This nitro-ferrocene 

was transferred to three neckd round bottom flask for reduction. By the opposite arm of the flask, 

1g of Tin granules and 7ml of hydrochloric acid (HCl) was poured and closed by a cork fitted 

with thermometer. With drop wise release of the nitro ferrocene, the mixture was refluxed for 45 

min at 75 oC, the set up was allowed to cool and then disassembled. The product was washed and 

centrifuged several times.  The final product [C10H9FeN]+ was formed by the mechanism as 

shown as Figure 10. 
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Figure 10: Reaction mechanism for synthesis of amino ferrocene [C10H9FeN]+ 

3.2.8.  Synthesis of G-MMs  

Similar setup was assembled as above, this time, to the supersaturated solution of amino 

ferrocene semi-crystals in the flask, 0.02 graphene oxide dissolved in 10 ml of dimethyl formal 

amide (DMF) was added. After refluxing for 45 minutes at 60oC, the product was centrifuged 

and washed several times before further analysis. The chemical structure of the anticipated final 

product is illustrated in Figure 11. 
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Figure 11: Reaction Mechanism for synthesis of GOFR-MM1 

3.2.9.  Growth of magnetic nanoparticles on solid support  

Using lesser cutter, PVA disks of diameter 7mm and 2mm thickness were prepared first. Next to 

that, Y0PL was synthesized following similar procedure as above. Then, some amount of Y0PL 

was dispersed in Mili Q water in 50ml centrifuge tube to give 5mg/L concentration. After that,  

PVA sponge disks were inserted into solution and stirred overnight in orbital shaker at 150rpm. 

The disks were white at the beginning but then turned black same as the solution containing the 

nanoparticles in the first 10minutes indicating growth of the nanoparticles on their surfaces. For 

the sake of stability however, the disks were allowed to stir for 15 hours. They were then takeout 

from the flask and air dried for 14 hours after rinsing them with distilled water. 

3.2.10.  Assembly of particles grown on PVA into microfluidic chip  

The chip was prepared from 1.5 mm an acrylic glass (Poly (methyl methacrylate), (PMMA)) and 

designed with inlet, outlet channels and nanoparticles grown on PVA surface in the middle, and 

all connected in channels as shown in Figure SA 3. After nanoparticles/ PVA is inserted in the 

GO 
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middle section, clamped with flat mechanical compressors and placed in the oven for 30 minutes 

at 120oC. The final chip would look like as shown in Figure 12 below. 

 

Figure 12: Continuous single adsorbent Microfluidic chip design: a) 3D-model and b) image of 

the actual chip. 

3.2.11.  Characterization  

Except molecular magnets and the first green synthesized particles (also semi-crystalline), all 

particles are crystalline as confirmed by advanced instrumental technics. Our aim is to study 

their property label them as candidates for water treatment, magnetic hyperthermia and data 

storage. Thus, we used some of the powerful tools to examine their structural, elemental, and 

magnetic properties to strengthen our argument and before proceeding to their actual application 

assay.   

X-ray diffraction (XRD) 

After purification and drying at desired temperature all sample nanoparticles are powders thus 

powder XRD measurements were carried out using a PANalytical X’Pert PRO XRD with Cu K 

radiation (lamda= 0.1548 nm). Each run was set between 20 degrees and 90 dgrees of reflection 

angle (2𝜃) in a scan rate between 0.01 to 0.3 second which account 10 minutes to 120 minutes 

Of scanning time and results were analyzed in Origin software.  Average size was calculated 

using Scherer formula:  

a) b) 
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D=K 𝜆/βCosθ……………………………………………………………………………………1 

Where: D is , K is a constant, 𝜆 is the X-ray wavelength, β is the line broadening at half the 

maximum intensity (FWHM), in radians and 𝜃 is the diffraction angel. 

Scanning electronic microscope (SEM)   

Sample nanoparticles were mounted on a carbon tape and their SEM image of was recorded. The 

topography of powder particles was studied using Hitachi S-4800 Field Emission Scanning 

Electron Microscope (FE-SEM) detector type XFlash 6|60 ex, equipped with EDX from Bruker 

Nano GmbH Berlin, Germany at 15keV primary energy and current 7mAm. From the resulting 

images size distribution was estimate and number of atoms were calculated by the following 

formula. 

No. Atoms = 
4/3𝜋𝑟3

𝑎3 ……………………………………………………………………………….1 

Where, r is the radius of particles and a is lattice constant (El-Gendy et al., 2010).  

Energy dispersive X-ray spectroscopy (EDS) 

Simple operation on SEM machine also serves as EDX which provides information related to 

elemental composition. From each sample, an SEM image between 1 to 5 micrometers was 

scanned by the detector and surface analyzed for composition and abundance of elements by 

EDS immediately. Most compositions are average taken from larger area in 5µm resolution. 

Moreover, particle distribution was analyzed using ImageJ and data were processed in Origin 

software.  

https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Intensity_(physics)
https://en.wikipedia.org/wiki/Full_width_at_half_maximum
https://en.wikipedia.org/wiki/Radian
https://en.wikipedia.org/wiki/Bragg_diffraction
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Ultraviolet-visible spectroscopy (UV-Vis) 

Nanoparticles excites electrons at certain wavelength which the resultant  𝜆- max is taken as 

characteristic identification for that particle. For identification of nanoparticles and determination 

of their Band gap energy (Eg) we used V-770UV-Visible/NIR spectrophotometer (a single 

monochromators and dual detectors, 190 to 2700nm, Jasco) in 200 to 800nm range. For 

adsorption assays SpectraMax Plus 384 Absorbance Plate Reader was used.  

Fourier Transform Infra – Red spectroscopy (FTIR) 

For understanding surface functional groups in nanoparticles and major bonds in molecular 

magnets infrared vibration measurements were carried out between 400 and 4000 cm-1 with a 

vacuum based Bruker IFS 66v spectrometer, equipped with a DTGS detector and a KBr beam 

splitter. The samples for the IR studies were prepared in form of pellets by embedding the 

nanoparticles in a transparent polycrystalline CsI matrix. An accumulation of 256 scans was 

performed for each spectrum. The data were normalized at each frequency to a vacuum 

throughput spectrum. The spectra were matched to the standard vibration and bending 

wavelengths for various functional groups.  

Raman spectroscopy 

When analyzed by Raman spectroscopy graphene has two distinctive bands regardless of small 

modifications or attachments. We used this tool to detect the quality of D and G bands for our 

molecular magnets. Interpretation was made by reference vibrational, rotational, and other states 

given wavelengths.   

Vibrating sample magnetometry (VSM)  

Magnetic saturations (Ms) and temperature dependent magnetizations at 300K and 50K was 

obtained from vibrating sample magnetometry (temperature:50 – 400 K and 3 tesla platform), 
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Quantum Design PPMS® VersaLab, North America. Both coercivity (Hc) and domain size 

(Dmag) were obtained from hysteresis loops at 300K. To calculate grain size, we used the 

following formula(El-Gendy et al., 2010; Glaspell et al., 2006).  

Dmag = 
18KBT

(𝑑𝑀)

(𝑑𝐻)

𝜋𝜌𝑀𝑠2  ……………………………………………………………………...………….2 

Where, KB is Boltzmann constant, T is temperature in Kelvins, dM/dH is the initial slope 

near zero field, 𝜌 is the bulk density and Ms is magnetic saturation of the sample. 

3.2.12.  Adsorption assay 

Nanoparticles were examined for their absorption efficacy towards methyl blue, a model 

industrial contaminant and 4-nitroanilline, an additional organic pollutant that exist in polluted 

water which also has serious health consequences. Stock solution of methylene blue (MB) was 

prepared in Milli Q water at 10, 20, 40, 80 and 140mg/L and that of 4-NA at 0.5mM and 1mM 

concentration. Following this, as synthesized, bare, and functionalized nanoparticles were 

dispersed in each pollutants concentration to give final concentration of 5mg/L. Before the 

absorption experiment, mixture solutions were sonicated for 1minutes. This mixture was then put 

in orbital shaker from 5 to 160minutes where sample were taken at 5, 10, 20, 40, 80 and 

160minutes. Magnetic particles were removed easily from eluates using a magnet whereas non-

magnetic nanoparticles were removed by centrifugation at 12800rpm for 10minutes. Absorbance 

of the final solutions was measured in UV-spectroscopy at 200-800nm for MB containing 

solutions and 250 to 550 for 4-NA containing solutions. On the other hand, PVA disks with 

nanoparticles grown on their surface were assembled into microfluidic chip system. The system 

comprises inlet, outlet and the disk connected in a linear fashion. An appropriate amount of MB 
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solution(5ml) was transferred to a syringe and fixed at the plumber. The needle is connected to 

the inlet by polyethylene tube and the outlet to receiving clean vial with the same tube. At the 

same concentration of MB used above, absorption performance of sample nanoparticles was 

studied.  Furthermore, time elapse was reduced to a range of 2-12minutes. Optimum temperature 

and pH conditions for the performance of nanoparticles incorporated in PVA sponge was also 

analyzed in a similar setting. Finally, removal efficiency of nanoparticles was calculated as 

follows (J. Guo et al., 2012): 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (1 −
𝐶𝑖   

𝐶𝑒
)𝑥100%..................................................................................(1) 

Where Ci and Ce are initial and equilibrium concentrations of adsorbent. 

Similarly, concentration of pollutants at equilibrium by sample absorbents was calculated by the 

following formula(Ayawei et al., 2017).  

𝑞𝑒 = (
𝐶𝑒−𝐶𝑖

𝑚
)𝑥𝑉…………………………………………………………………………………(2) 

Where Ce is adsorbate concentration at equilibrium(mg/L) and Ci is initial adsorbate 

concentration in solution respectively, m is mass of the adsorbent in grams per unit volume and 

V is the volume of the mixture solution in litters.  

The nonlinear Langumir model was calculated as:  

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑓

1+𝐾𝐿𝐶𝑓
…………………………………………………………………………………...(3) 

3.2.13.  Investigation of specific heat adsorption of nanoparticles  

To assess feasibility of each nanoparticle for hyperthermia application, 5mg of each nanoparticle 

was added to a 2ml vial with 1ml distilled water and sonicated for 10minutes. The vial was 
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cupped with water-cooled magnetic coil and inserted into hyperthermia chamber. Then, an 

alternating magnetic field was released in a range of 100 to 400Oe at 304 kHz frequency for the 

period of 120 seconds. The fiber-optical sensor measures temperature raises against time and 

displays it for every temperature increase in a second (El-Gendy et al., 2009a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 
 

 

CHAPTER 4 

GREEN SYNTHESIZED IRON OXIDE NANOPARTICLES FOR 

WATER TREATMENT WITH ALTERNATIVE 

RECYCLABILITY 

4.1.  Introduction  

Widely used water treatment methods are based on chemicals that leave residual unwanted 

impurities, instigating long-term health impacts. Hence, functionalized magnetic nanoparticles 

(MNPs) have been used to fill those gabs and are commonly used for metallic adsorption in 

contaminated waters(Archismita et al., 2020; Pinto et al., 2020; Tom, 2021). High surface to 

volume ratio of those MNPs allows for a larger capacity of pollutant adsorption. In this study, 

functionalized iron oxide MNPs are synthesized by novel green approach using plant 

phytochemicals with the capability of absorbing multiple organic pollutants. Herein, we studied 

synthesis of iron oxide MNPs with crude plant extracts using simple maceration technique. The 

reaction was supported further by heat treatments to complete the reduction process to 

superparamagnetic iron oxide nanoparticles. Our XRD result show formation of spherical and 

cubic Fe phase, goethite (before treatment-Y0PL) and magnetite (after treatment -Y0PR) and 

magnetite (after treatment and functionalization-Y0PRP) with average size ranging from 29 to 

277nm. Phytochemicals increased the size and altered texture of nanoparticles. The magnetic 

properties were measured for magnetization dependence on external magnetic field to show 

ferromagnetic behavior with Ms =43.6(HC=0.015 Oe), 36.41(HC=0.01 Oe) and 
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13.12(HC=0.001 Oe) emu/g for Y0PR, Y0PRP and Y0PL respectively. Absorption/reduction 

efficiency of nanoparticles was studied against MB (10-140mg/L) and 2-NA (0.5-1mM). As 

synthesized green nanoparticles absorbed the model dyes above 80% efficiency under wide 

range conditions in a very short time and 94% under optimum conditions. Moreover, this paper 

introduces successful alternative recyclability especially, for weak magnetic nanoparticles by 

growing them on the surface of polyviniyl alcohol solid support. Green synthesized magnetic 

nanoparticles prepared in this study are easy to synthesize, cost-effective and enviro-friendly 

water treatment agents also illustrated in Figure 13 below.  

 

 

 

 

 

 

    

 

Figure 13:  Green synthesis and preparation of alternative recyclability. PVA = polyvinyl 

alcohol.  

4.2. Structural and Morphological Properties  

X-ray diffraction (XRD) 
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XRD measurements were carried out using a PANalytical X’Pert PRO XRD with Cu K radiation 

(lamda= 0.1548 nm). Average size was calculated using Scherer formula: D=Kl/βCos𝜃. As 

synthesized nanoparticles are larger size goethite iron oxide with characteristic hkl plans (120, 

130, 041, 151). This size increment is due to concentrated solution of crude extracts possesses as 

many as compounds for the solvent molecules used during extraction. Thus, the surface of 

nanoparticles is covered by a group of these compounds resulting in a significant transformation 

of their sizes (Borowik et al., 2019). Bare and functionalized nanoparticles have comparable 

sizes because they are same phase nanoparticle except thin layers of surface compounds from 

plants during functionalization after they transformed to stable magnetic nanoparticles.  
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Figure 14: XRD pattern of green synthesized nanoparticles(a) crystalline size and phase derived 

from XRD data (b). 

Scanning electronic microscope (SEM) and size distribution  

Shown below are the SEM image of nanoparticles at two different resolutions recorded on 

Hitachi S-4800 Field Emission Scanning Electron Microscope (FESEM) detector type XFlash 

Material  Crystalline 

size (Av.) 

in (nm) 

Phase structures  

Y0PR 29 Fe3O4- magnetite  

Y0PRP 45 Fe3O4- magnetite 

Y0PL 277 α-FeOOH- goethite  

a) 

b) 
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6|60 ex, equipped with EDX from Bruker Nano GmbH Berlin, Germany. As synthesized iron 

oxide nanoparticles display majority of spherical with a few of cubic particles. When these 

particles were exposed to high pressure and temperature, this texture would be lost getting down 

to agglomerated mixtures of spherical and cubic texture with larger surface area but higher 

magnetic attraction. In the first phase nanoparticles, surface modification by plant extracts 

meaningfully impacted their complete synthesis to magnetic particles, increased size and 

interaction. Plant phytochemicals are composed of large number of functional groups that would 

chelate the metallic nanoparticles eventually building strong shell that lessens the magnetic 

property and crystallographic presentation of particles blocking the electron beams in the SEM 

machine, hence blurry images (Figure 15).   

Energy dispersive X-ray spectroscopy (EDS) 

Simple operation on SEM machine also serves as EDX which provides information related to 

elemental composition.  Prominent peaks with Fe and O label are for iron and oxygen which are 

the primary elements in the synthesized sample magnetic nanoparticles, which indicates 

formation of iron oxide nanoparticles. Other peaks with different elements must have originated 

from the metal precursors and plant during synthesis or functionalization. Due to their magnetic 

nature, samples were attached on carbon tape before measurement. Due to that a peak for carbon 

is shown in the far left in all the EDX graphs. 
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Figure 15: Morphological structure measurement including SEM images, EDX analysis and size 

distribution of Y0PL (a-d), Y0PR (e-h) and Y0PRP (i-l).  

4.3. Absorbance and Bandgap Energy  

Iron nanoparticles typically display maximum absorbance (λ max) between 300 and 450 which is 

also shown on the sample nanoparticles synthesized in the present study (Figure 16 (b)). The 

difference between Y0PR and Y0PRP is in the surface property since the latter is modified by 

plant phytochemicals. Thus, both Y0PR and Y0PRP has similar absorbance maxima. Similarly, 

Y0PL has identical λ max but narrow peak. Owing to all samples were measured at the same 
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scan rate, the peak broadening could have been caused by distortion of the electrons while 

collision at extreme conditions in the pressure reactor (Jiang et al., 2010).  

 

 

 

 

 

 

 

 

 

Figure 16: Green synthesized magnetic nanoparticles: a) Image after synthesis and dispersion 

(I=Y0PR, II=Y0PRP and III(Y0PL) and b) UV-Vis spectra of the nanoparticles. Band gap 

energy of nanoparticles(c). 

Bandgap energies of nanoparticles were determined from the absorbance curves Fig 4b. It can be 

shown that all particle has bandgap energy above 2.5 i.e., 3.17, 2.57, 2.78 eV for Y0PL, Y0PR 

and Y0PRP respectively as shown in Figure (4c-d). Some efficiency of a photocatalyst is in its 

capability to absorb light up to visible region and complete use of the solar energy. To do so, 
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nanoparticles must have bandgap energy less than 3 eV. In this regard, only Y0PR and Y0PRP 

will be efficient for photocatalytic degradation of organic compounds. Which is also in 

agreement to their efficient degradation of 4-NA to 1,4-diaminobenezen (Ansari & Cho, 2016; 

Olivetti & Cullen, 2018).  

4.4. Surface Properties   

The infrared transmission measurements were carried out between 400 and 4000 cm-1 with a 

vacuum-based Bruker IFS 66v spectrometer, equipped with a DTGS detector and a KBr beam 

splitter. The samples for the IR studies were prepared in form of pellets by embedding the 

Goethite (Y0PL), Magnetite (Y0PR), and Magnetite (Y0PRP) nanoparticles in a transparent 

polycrystalline CsI matrix. An accumulation of 256 scans was performed for each spectrum. The 

data were normalized at each frequency to a vacuum throughput spectrum. In Figure 17, the 

hydroxyl liberation and the changes in the Fe-O or O-H bonding associated with rearrangement 

of the oxygen close packing during thermal dihydroxylation from goethite (blue line spectrum) 

to magnetite (black and red line spectra) are observed. For example, the strong hydroxyl 

vibrations at 3392 cm-1 (stretching), 1629 cm-1 (bending), 1398 cm-1 (deformation), and 1070 cm-

1 (deformation) almost disappear in the magnetite spectra of YOPR and YOPRP samples after 

heat treatment. The Fe-O bands at 687 and 501 cm-1 associated with a goethite structural 

configuration transition to two vibrational modes of FeIII -O at 584 cm-1 and 402 cm-1 (see black 

spectrum of YOPR) that correspond to a magnetite structure. With nanoparticle 

functionalization, a downshift in the 584 cm-1 vibration to a value of 574 cm-1 and disappearance 

of the 402 cm-1 features are also observed, demonstrating a further structural transformation. 
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Figure 17: FTIR measurements of Y0PL, Y0PR, Y0PRP samples. 

4.5. Magnetic Properties 

A single step addition of extracts to metal precursors did not result in superparamagnetic 

nanoparticles suitable for water treatment application at room temperature. Hence, supporting the 

reaction by further heat treatments was necessary. A portion of these particles was thus heated in 

pressurized environment. All particles were magnetic and further their magnetic property was 

quantified in vibrating sample magnetometry (VSM) at 300K and 50k. At that 

temperature(250oC) where the nanoparticles are formed, it is unlikely plant phytochemical will 

exist in their natural form. Thus, particles were immersed in extract solution and functionalized 
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over 12 hours period at room temperature while stirring at 850 rpm. Similarly, these particles 

were washed and dried before analyzed in the VSM. 

Magnetic saturation (Ms) of both heat-treated nanoparticles has been more than adequate for the 

intended application. Which was possible to easily manipulate the particles in water by a 

physical magnet as less as 0.5 Tesla. Moreover, magnetic property did not show such a change 

over a wide range temperature difference from far below room temperature to 450K. However, 

magnetic property of functionalized nanoparticles was lower by about 7emu/g compared to bare 

counterparts. It is important to note that the first plant-based nanoparticle has Ms=13.12emu/g 

which is not feasible for environmental application. For example, water treatment and 

hyperthermia or other applications (Blazar et al., 2021).  
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Figure 18: Hysteresis loop of sample magnetic nanoparticles at room and below room 

temperature. 

4.6. Dispersion in Water 

Well dispersions of nanoparticles in aqueous medium enables effective interaction with 

pollutants in water. Non- functionalized iron oxide nanoparticles are believed to weakly disperse 

a) b) 
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pertinent to metal surface with no binding sites, lacking affinity to water. Good dispersion is also 

a measure of successful surface modification. In the case of the present magnetic particles, 

functionalized nanoparticles stood comparatively well dispersed after they were sonicated for 

1hour and allowed to stand for another hour. An important finding worth mentioning here is as 

synthesized nanoparticles (Figure 19 (III)) were highly dispersed for more than 72 hours even 

after the dispersion. Simultaneous reduction and coating tend to form stable nanoparticles 

allowing functional groups to grow on the surface during synthesis than attaching on previously 

stabilized nanoparticles because the attachment is stronger. Nevertheless, their weak magnetic 

properties would have also significant contribution in weakening fast aggregation.  

 

 

 

Figure 19: Dispersion of sample nanoparticles in water at 1min(A), 30min (B) and 60min(C). 

Where, I=Y0PR, II=Y0PRP and III=Y0PL. 

4.7. Adsorption Efficiency of Nanoparticles Towards Organic Pollutants 

4.7.1. Absorption efficacy of nanoparticles towards methylene blue 

The graphs in Figure 20 represent outputs from absorption experiments of nanoparticles (5mg/L) 

added as powders against solution methylene blue at different concentrations (10 to 140mg/L-

Figure SA1) and times (5 to 160minutes) without addition of catalysts. Despite its weak 

magnetic property, Y0PL showed super performance at all concentrations with above 85% 

removal efficiency in less than 20 minutes time. Same amount of adsorbent removed wide range 

C 
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concentration of methylene blue from polluted water. As shown in Figure 20 (a-f) and Figure 

SA4, all nanoparticles have high rate of adsorption at their optimum adsorbate concentrations. 

Both high magnetic samples also showed comparable efficiency for removal of methylene blue 

at 10mg/L concentration. Above this concentration, however, Y0PL has better efficiency than 

both bare and functionalized nanoparticles. Y0PR and Y0PRP have comparable small size hence 

higher surface area, an important factor in absorption mechanism of particles. However, less 

hydrophilic surfaces prevent them from excellent dispersion in water. This further limit their 

interaction with pollutants in water at reasonable appropriate time. Even though Y0PRP is 

functionalized with same solution of extracts, the interaction of the phytochemicals and the 

nanoparticles should be inadequate due to lack of functional surface on nanoparticles from the 

pressure reactor.  

The adsorption of methylene blue on to sample adsorbent follows Langmuir isotherm. Moreover, 

calculation of separation factor (RL) by the formula (3) gives 0.798. RL value between 0 and 1 

signifies favorable adsorption(Ayawei et al., 2017).  

𝑅𝐿 =  
1

1+𝐾𝐿𝐶𝑜
……………………………………………………………………………………..(4) 
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Figure 20: Absorption efficiency of magnetic nanoparticles towards methylene blue at different 

time and concentrations (a to f) and non-linear Langmuir isotherm of the highest efficient 

nanoparticle(g). 
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4.7.2. Absorption Efficacy of Nanoparticles Towards 4-Nitroaniline 

Nanoparticles capable of removing multiple organic pollutants are most preferable in water 

treatment the fact that contaminated water is rich of many organic and inorganic pollutants. 4-

Nitroaniline(4-NA) is another organic pollutant targeted here because of its abundance in the 

environment and serious health consequences. Removal of 4-NA was studied at 0.5 and 1mM 

(Figure SA2) over an interval of time ranging from 5 to 160 min. Findings indicate, Y0PR, 

Y0PRP and Y0PL absorb/reduce 2-NA  96%, 85% and 26% respectively at 0.5mM 

concentration. Absorption/reduction increased with increase in contact time but decreased with 

increase in concentration. Looking at the transformation of the peaks it is important to conclude 

that the absorption process incorporates reduction of 4-NA to 1, 2- diaminobenzene. Because, 

before treatment, 2-NA has two prominent peaks with λ max at 290 and 410nm. After the 

treatment, the peak at 410 disappears whereas, the peak at 290nm increases in intensity. This 

indicates the reduction of nitro into an amine group. The reduction process has non-linear 

isotherm with RL= 0.9542. 
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Figure 21: Absorption/Reduction efficiency of all samples against 4-NA(a), time dependent 

degradation of 4-NA by Y0PR(b), absorbance of degradation of 4-NA by Y0PR at different 

times(c), Langmuir isotherm for the degradation of 4-NA by Y0PR(d). 

4.7.3. Absorption efficacy of nanoparticles grown on PVA sponge 

Effective recyclability of nanoparticles after absorption is the other most important goal of this 

study. Although, Y0PL were targeted for this part of the study, all particles grown on PVA disks 

for comparison purposes between the particles as well as between the methods. Removal 

efficiency of Y0PL is almost similar whereas, that of Y0PR and Y0PR was substantially 

increased to above 80%. Additionally, contact time have improved for all nanoparticles to two 

minutes. As a result, the rate of pollutant removal also improved. This is because the 

microfluidic system removes the factor of dispersion out of the equation. First, the particles are 

localized on PVA disks at the beginning and fixed in adsorbent hole having the size of the disk. 

Moreover, the system allows small amount of adsorbate to pass through adsorbents at specific 

time making many active sites available.  When particles are grown on PVA surface during 
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synthesis, excess particles synthesized in the solution may also settle on the top for grown 

nanoparticles. Some of these do not go even washed away with distilled water. Nevertheless, 

after the disk is dried and placed in the chip system, pollutant solution tends to wash these 

particles because of pressure. Hence, loosely bound particles along with the die elute in the first 

two minutes.  At optimum conditions, Y0PL has the highest absorption efficacy followed by 

Y0PR and Y0PRP nanoparticles with comparable performance. The temperature of pollutants 

during the experiment was from 21.3 to 23.2 oC and pH of methylene blue solution was 6.5. 
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Figure 22: Percentage of removal of nanoparticles grown on PVA sponge against MB (10mg/L), 

pH=6.6, temperature 21.5 to 23.2. 

4.7.4. Effect of pH and temperature on absorption performance of nanoparticles 

Effect of temperature and pH on efficiency of nanoparticles both coated with plant 

phytochemicals and bare was investigated in normal and anticipated extreme conditions in water 

environment. Absorption results of the particles with respect to temperature and pH reveals 

temperature between 20 to 30oC and pH between 8-12 are conditions for optimum performance 

for all nanoparticles. Lower temperature affects the affinity of pollutants towards the adsorbent 

due to pollutants agglomeration in condensed water. Similarly, lower pH can dissolve 

a) b) 
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nanoparticles as well as alter the surface binding sites of the adsorbent. Since methylene blue is a 

cationic dye, hydrogen ions must have protonated heteroatoms of surface functional groups 

creating repulsions between the adsorbent and adsorbate (Amode et al., 2016). Hence, reduced 

adsorption. 
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Figure 23: Optimum conditions for performance of nanoparticles grown on PVA disk. a) 

temperature and b) pH 

4.7.5. Effect of ions on removal MB from contaminated water  

To investigate performance of nanoparticles under both organic and inorganic pollutants multiple 

ions with concentration that resemble brackish water has added to solution of methylene blue 

(The concentration of the added ions can be found in the supporting information Table SA1. All 

other conditions were kept the same with the treatment process done above. No significant 

change observed at all contact times and concentrations. On one hand it signifies strong affinity 

of nanoparticles towards multiple organic pollutants. On the other hand, it is a clue that sample 

nanoparticles would have similar efficiency if tested against inorganic ions. 

a) 
b) 
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Figure 24: Effect of ions in the absorption performance of nanoparticles towards methylene blue. 

NPs-1 is without ions and NPs-2 is in the presence of ions. 

4.8. Recyclability  

After each treatment, powder nanoparticle was soaked in acetone overnight with vigorous 

stirring. Then the particles were collected, washed and centrifuged several times with acetone, 

distilled water and finally with ethanol and allowed to dry over nigh at 120oC in an oven. Power 

nanoparticles were recovered without losing their efficiency for 5 cycles while particles grown 

on PVA sponge were washed out after four cycles. As a result, their absorption capacity declined 

below 50% after four cycles as shown in Figure 25 below. Performance of the particles at their 

highest efficiency can be seen in color photo in Figure SA5.  
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Figure 25: Recyclability efficiency of powder nanoparticles(left) and when nanoparticles are 

grown on PVA surface (right) 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

4.9. Comparison with other studies  

Table 2: Pollutant removal comparison of our nanoparticles with recent published work 

Material  Concentration Optimum 

conditions  

% 

Removal

/Reducti

on 

 Contact 

time 

 Ref 

Adsorbent(

m)  

Absorbate  

(MB/2-NA) 

 pH Temperature 

(oC)  

γ-

Fe2O3@Cynom

etra 

ramiflorafruit 

30mg 20mg/L(MB)* -  94% 120min (Bishnoi et 

al., 2018) 

γ-Fe2O3@ 

cellulose 

0.4mg/ml 20mg/L(MB) 5.7 - ~40% 420min (Xiong et 

al., 2014) 

Fe3O4@graphe

ne oxide 

15mg/L 50mg/L(MB) - 30 90% 180min (Othman et 

al., 2018) 

Fe3O4/Fe/Fe3

C@PCNF1 

40mg + 

H2O2 

catalyst(0.

32 M) 

100mg/L - 85  30min (Zhang et 

al., 2015; 

Jang et al., 

2016) 

Fe3O4-

GO@Polyacryl

ic acid (PAA) 

8mg/ml 20mg/L 11 - 100% 1500 (J. Zhang 

et al., 

2015) 

IL/ Fe3O4/Ze 0.2mg/ml 

+ 

NaBH4(0.5

M) 

0.05M(2-NA) -  ~28% - (Arumuga

m et al., 

2021)31w 
0.005M(MB) - - ~47% - 

NiO 5mg 0.0145mM(2-

NA) + 

NaBH4(13.4m

M) 

- 40.15 97% 100min (Jeon et al., 

2020) 

Ag@Polymer 

Microgels 

25.2 

µg/mL 

0.06mM(2-

NA) + NaBH4 

(12.64 mM) 

9.42 21.1 ~90% 22min (Farooqi et 

al., 2015) 

AgNPs-rGO 1mM 2mM(2-NA) + 

NaBH4 (0.2 

mM) 

- - ~87% 20min (Y. Zhang 

et al., 

2012) 
AgNPs ~88% 55min 

Fe3O4/α-

FeOOH@Aza

dirachta 

indica extract 

5mg/ml 140mg/L(MB) 6-12 10-30 99.96%

% 

4min 

(Chip)/2

0min 

(Powder) 

This study  

0.5mM(2-NA) - - 83% 160min 

(Powder)  
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4.10. Conclusion  

In this study, iron oxide nanoparticles are synthesized using green method free of additional 

chemicals at all process. Plant phytochemicals acted as reducing and caping agents to form stable 

nanoparticles. All nanoparticles showed significant pollutant removal efficiency towards 

methylene blue and 2-Nitroaniline at wide range time. Despite their week magnetic property, as 

synthesized nanoparticles showed high percentages of removal even at high concentration of 

pollutants. Whereas, bare nanoparticles more efficient in reduction of 2-NA to 2-AB. Particles 

are efficient at higher pH’s of pollutant solution and temperature from 10 to 30oC which makes 

them good candidates in water treatment pertinent to  their efficient performance and 

recyclability at conditions that resemble the actual waste water. Moreover, this paper introduces 

successful alternative recyclability especially, for weak magnetic nanoparticles by growing them 

on the surface polyvinyl alcohol sponge as solid support. In general, green synthesized magnetic 

nanoparticles in this study are easy to synthesis, cost-effective and enviro-friendly water 

treatment agents. In our next projects we plan to further investigate absorption efficacy of 

nanoparticles towards heavy metals as well as study their toxicity to pathogenic microorganisms 

believed to exist in water. 
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CHAPTER 5 

SUPERPARAMAGNETIC NANOPARTICLES COATED WITH NOVEL 

BIOCOMPATIBLE MATERIALS PRODUCED HIGH SPECIFIC 

ABSORPTION RATE IN MAGNETIC HYPERTHERMIA 

5.1. Introduction 

With the growing cancer cases and prevalence of various cancer types, cancer treatment methods 

are many but complex and expensive (Kantarjian & Rajkumar, 2015; Mariotto et al., 2011). 

Despite its promising applications for various cancer types, magnetic hyperthermia (MH) lacks 

adequate clinical reports (X. Liu et al., 2020; Thiesen & Jordan, 2008). Two of the important 

factors worth of study are superparamagnetic nature of the particles and the platform by which 

the particles are coated (Albarqi et al., 2019; Kandasamy et al., 2018; Patil-Sen et al., 2020). In 

this study a novel green platform is introduced and compared against the common platform used 

in the technique. Magnetic nanoparticles were prepared using simple coprecipitation metal 

precursor and further heated in a pressure reactor to yield super paramagnetic nanoparticles 

coercivity = 0 at 300 and 50K, then the particles were coated with two formulated platforms. 

XRD peaks look a lot like characteristic magnetite iron oxide nanoparticle for all the particles. 

SEM images further proof spherical shaped face-centered cubic spinel iron oxide structure.  

Compared to non-functionalized and graphene oxide functionalized particles those with 

secondary metabolites in their surfaces showed a temperature in the therapeutic limit, 

Tmax=45oC, higher dT/dt and SAR and improved dispersion in distilled water in longer period 

after the assay.     
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5.2. Characterization  

X-ray diffraction (XRD)  

As shown in the XRD peaks in Figure 26 below It is evident that all the nanoparticles are iron 

oxide nanoparticles with prominent peaks at 30, 37, 44, 57 and 62 degrees corresponding to 220, 

311, 400, 511,440 and 533 crystal plans which in turn are characteristic peaks for crystalline iron 

oxide nanoparticles (Zhuang et al., 2015). Non-functionalized nanoparticles tend to show more, 

and high intensity peaks due functionalizing agents are amorphous organic compounds.   
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Figure 26: XRD spectra of synthesized nanoparticles. Red rectangular dots are peaks common in 

all nanoparticles also characteristic peaks of Fe3O4 nanoparticles.  

Scanning Electron Microscope (SEM) 

SEM is a strong tool for physical visualization of the nanoparticles and efficient for shape and 

size evaluation.  All the nanoparticles were spherical in majority. In particles resulted from the 

pressure reactor and those synthesized in an inert atmosphere, uniformly dispersed nanoparticles 

are seen compared to those particles synthesized under ambient conditions. Particles sizes range 

from 29 to 357 nm where, secondary functionalized nanoparticles have relatively homogeneous 
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size distribution with majority of their nanoparticles between 50 to100nm. Graphene oxide 

functionalized nanoparticles show most of their particles greater than 29 less than100nm but with 

few particles nearly three times larger than average. Similar to SM functionalized nanoparticles, 

non-functionalized particles have majority of their particles with size between 50 to 140nm 

(Figure 27. c), f), and i)). 

 

 

 

 

 

 

 

 

 

Figure 27. SEM images at different resolutions Fe3O4(a and b); Fe3O4@SM (d and e) and 

Fe3O4@GO (g and h) and their size distribution c), f) and i) respectively. 

5.3. Magnetic Properties  

Particles were superparamagnetic above room temperature which is also confirmed by 

ferromagnetic property below room temperature. With respect to magnetic property, graphene 

functionalized nanoparticles have higher magnetic saturation, Ms=70.99 emu/g compare to bare 
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and particles with secondary metabolites which were 60.29 emu/g and 50.51 emu/g respectively. 

Fe3O4@GO were synthesized under inert atmosphere thus less susceptibility to oxidation hence 

fewer other forms of less magnetic iron oxide nanoparticles. Similarly, the pressure reactor is 

filled with vacuumed and the particles were dispersed in ethanol before inserted to the pressure 

reactor which limits oxidation of particles while being transformed to Fe3O4 iron oxide 

nanoparticles. The secondary metabolites on the other hand are extracted with distilled water and 

possibly will add up more oxygen to the particles during functionalization unbalancing the ratio 

of oxygen i.e. exceeds than the empirical formula which impacts the magnetic property. As an 

indication, both Fe3O4 and Fe3O4@GO were dark whereas Fe3O4@SM nanoparticles were 

brown.    
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Figure 28:  Magnetic property of nanoparticles at 300K(right) and 50K(left) for Fe3O4(black); 

Fe3O4@SM (green) and Fe3O4@GO (maroon) 

5.4. Heating Efficiency Under Magnetic Field 

 Nanoparticles suitable for hyperthermia application would respond to alternating magnetic field 

and the temperature of the solution with the nanoparticles shall rise with increase in magnetic 

field and frequency of the field. As shown in Figure 29 a), b) and c)), increase in temperature 
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proportional to raise in magnetic field substantiates this situation. Therefore, in terms of 

magnetic saturation all particles are super paramagnetic strong enough to produce heat within the 

allowed limit during treatment (Mahmoudi et al., 2018). Despite its higher magnetic property and 

successful coating, the case with graphene is that multilayer graphene prevents effective 

dissipation of temperature to the surrounding even at higher magnetic fields thus temperature 

raise saturates after short time during the treatment. 

Compared to all other nanoparticles SM functionalized particles has higher localized temperature 

(45.376 oC) which vastly acceptable in in-vitro or in-vivo hyperthermia application as 

temperature between 40 and 44 oC is adequate to inhibit cancer growth or incapacitate 

tumors(Mahmoudi et al., 2018). SM possess polar functional groups which enhanced dispersion 

in water which in turn elevate the temperature of the solution because of collective heating from 

each nanoparticle. In connection with actual test for cancerous cells this means enough heating to 

destroy most cells or make them susceptible to further treatment(Rajan et al., 2020). 
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Figure 29: Magnetic hyperthermia feasibility of nanoparticles. Time dependent temperature raise 

of nanoparticles at different filed strengths(a) to c)). Observed maximum heating capacity of 

nanoparticles(d)); rate of change in temperature per time(e)) and specific absorption rate of 

nanoparticles in watt per gram at various magnetic field strengths; where all those parameters for 

Fe3O4, Fe3O4@SM and Fe3O4@GO are labelled black, green and maroon respectively.  
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Moreover, looking at time dependent heating and specific absorption rate of the nanoparticles a 

gradual increase of temperature over time with increase in magnetic field shows the stability of 

the nanoparticles for this application where the most favorable result is seen for Fe3O4@SM 

nanoparticles. Our SAR is even higher than our previous work with highly superparamagnetic 

(165emu/g) for similar application Sanad et al. (2021) due to surface properties rather than 

geometry (Sugumaran et al., 2019).  

5.5. Related Studies and Significance of The Present Finding  

We attempt to compare our findings with similar studies by other researchers as shown in Table 

3 below. Our particles are higher in their heating capability taking average size, and the 

parameters used during the study into account. 

Table 3: Comparative study of the present research with similar research done elsewhere 

Particles  Concentratio

n  

H Contac

t   time 

Frequenc

y  

SAR References  

Fe3O4@

 34DAB

A* 

4mg/mL 130.654O

e 

1800 s 330.3 37.2(W/g) (Kandasam

y et al., 

2018) 

Fe3O4@GO** 0.167mg/mL 257.55 Oe 

 

100s 400 kHz 705ab(W/g) (Sugumaran 

et al., 2019) Fe3O4@PVP*** 323ab 

Fe3O4@folate-

conjugated 

PEG# 

13mg/mL 125.66 Oe  420kHz 10.3(W/g) (Piazza et 

al., 2020) 

Fe3O4@GO 5mg/mL 400Oe 60s 304kHz 147.84(W/g

) 

This study 

Fe3O4@SM   230.61(W/g

) 

• *34DABA= 3,4-diaminobenzoic acid ** GO= graphene oxide, ***PVP = 

poly(vinyl)-pyrrolidone a= particle size = 20nm, b = invitro study, # PEG = poly 

(ethylene glycol). 

 

 



74 
 

5.6. Conclusion  

Iron oxide nanoparticles are produced through simple and enviro-friendly method. Powerful 

tools were used confirm formation of spherical iron oxide structures. Furthermore, these particles 

were functionalized with biocompatible secondary metabolites introduced for the first time for 

magnetic hyperthermia application. Time dependent temperature rise, and SAR indicates 

Fe3O4@SM is higher than graphene oxide coated nanoparticle and bare nanoparticle. This 

efficiency is directly associated to appropriate magnetic properties, successful coating and 

interaction with aqueous medium during the treatment process. Therefore, it is possible to say 

that these particles can be promising for magnetic hyperthermia application. The authors also 

anticipate to further study the nanoparticle in-vitro and in-vivo.   
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CHAPTER 6 

PREPARATION OF NANOENGINEERED ZVI@CIT CORE SHELL 

WITH ULTRA-HIGH MAGNETIC SATURATION AND TUNABLE 

MAGNETIC PROPERTIES AS CANDIDATES FOR TREATMENT 

WATER, BIOMEDICAL AND ENERGY APPLICATIONS 

6.1. Introduction  

Nanomaterials with superparamagnetic properties based on nanoscale crystalline zero valent iron 

(cZVI) have generated a great deal of interest in recent years due to their potential in water 

treatment energy and biomedical applications with enhanced performance at lower magnetic 

field gradients (Adamiano et al., 2018; Chatterjee et al., 2014; Ghosh Chaudhuri & Paria, 2012; 

Gupta et al., 2021; Khatami et al., 2018; Kwizera et al., 2017b). Iron based core-shell magnetic 

nanoparticles are one of the most intensively studied nanomaterials due to their non-toxicity 

especially in environmental and biomedical conditions (Galdames et al., 2020; Koo et al., 2012; 

X. Li et al., 2006; W. Xu et al., 2022; Zambrzycki et al., 2021; G. Zhang et al., 2010). To find 

out candidates for water treatment, hyperthermia and in energy applications as anode materials in 

lithiumion batteries, as catalysts and for oil purification, the present study demonstrates synthesis 

and elucidation of Fe (core) and citrate (shell) based nano-systems prepared at various 

temperatures and concentrations of the core metal, ligand and reducing agent at standard 

conditions. We studied the effect of reactants ratio and reaction temperature on magnetization of 

nanoparticles and their crystal structure. We found out that, at optimal metal concentrations, 

magnetic saturation increases with increase in concentrations of capping and reducing agents but 

decrease as the temperature of the reaction increases. Particles have average size (DSEM = 39±13 
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nm) with spherical shape. Ultra-high magnetic saturation (241 emu/g) observed in response to 

low reaction temperature is associated with relaxation of magnetization behavior. Hence, we 

demonstrate that the concentration of the reducing agent and temperature of the reaction 

environment are crucial for monitoring the tunability of magnetization in ZVI@CIT core-shell 

nanoparticle systems. This work uncovers essential information on tuning magnetization and 

crystal properties of nano-scale core-shell particles for the purpose of using them in various 

applications. 

 

Figure 30: Schematic illustration of synthesis, functionalization and application of ZVI@CIT 

core shell  

6.2. Structural and Phase Properties  

XRD patterns of ZVI(Fe0) coated in citrate are displayed in Figure 31. Peaks at 44.48, 65.72 and 

83.12 reflection angle (2𝜃) correspond to 110, 200 and 211 miller indices for body-centered 

cubic crystal (bcc) iron (Araújo et al., 2019; Gaona et al., 2021; Kržišnik et al., 2014; Mühl et al., 

2003). Low intensity peaks at farther reflection angle tells us the position of atoms within a 

lattice structure which signifies variations in morphology. However, SEM images show uniform 
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to morphology in average. Thus, lower intensities seen are associated with variable size shown in 

size distribution bar graphs in Figure 32 and lattice defects. This defect can arise form impurities 

and the organic ligand on the surface. Citrate is a five-carbon organic molecule that contribute to 

peak broadening and dropped intensity especially, subsidence of all Fe0 peaks at higher 

concentration of citrate. Figure 31(b) supports this argument. Minor peaks to the left of 40 

degree are possibly from iron oxide nanoparticles (Kržišnik et al., 2014).    

 

 

 

 

 

 

 

 

 

 

 

Figure 31: XRD patters of core shell nanoparticles. Particles prepared at variable concentrations 

of iron sulfate heptahydrate (a), sodium citrate dihydrate (b), sodium borohydride (c) and at 

variable reaction temperatures(d) 

6.3. Morphology, Size and Elemental Composition  

The morphology of ZVI was examined employing scanning electron microscope (SEM). For the 

output, we were able to identify shape of particles, determine area and average size of 

nanoparticles. As shown from Figure 32 (a-f), Figure SA6 (a -g), Figure SA7(a -e) and Figure 
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SA8 (a -f) particles are spherical in shape with an average size between 36 and 81 nm. Increase 

in average size is linked to the increase in reaction temperature, concentration of sodium citrate 

(Figure SA7) and decrease in concentration of iron sulphate heptahydrate (Figure SA6) and 

decrease pH of the solution (Figure SA8, Figure SA12). 
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Figure 32: ZVI@CIT particles prepared at various reaction temperatures: 0, 10, 30, 40, 60, and 

80oC (a -f).   

We also analyzed elemental composition of sample nanoparticles from SEM images using 

Energy Dispersive X-Ray. The EDS/X spectra for iron sulphate batch are shown in Figure 33  

below and Figure SA9. Only four peaks for carbon from the citrate but majority from the carbon 
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tape and oxygen from contamination, also from the environment during sample storage and 

transportation and FeK and FeL for iron in the K and L shell are seen (Chang & Kang, 2009). 

Similar data is has been obtained for second third and fourth batch experiments (see Figure SA 

9) but not included here to omit redundancy. As from the bar graphs, the amount of Fe is much 

higher than that of oxygen which is a clear indication of which almost majority of the sample is 

composed of zero-valent iron nanoparticles. Presence of significant amount of oxygen could be 

attributed to the normal reaction conditions. 
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Figure 33:  EDS/X spectra of particles synthesized at variable concentration of metal(core):  

111.2, 55.6, 27.8, 18.5, 13.9, 11.12, and 9.27 mole/L (Inset bar graph is elemental compositions).  

6.4. Magnetic Properties of cZVI Nanoparticles 

Freshly prepared nanoparticles were investigated for magnetic behavior at a range of magnetic 

field and temperature with the help of vibrating sample magnetometer.  
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Figure 34: Hysteresis loops for sample core-shell nanoparticles. Those synthesized at variable 

concentrations of iron sulphate, a) at 300K and b) at 50K; at variable concentrations of sodium 

citrate, c) at 300K and d) at 50K; at variable concentrations of sodium borohydride, e) at 300K 

and f) at 50K and at variable reaction temperature, g) at 300K and h) at 50K. Inset in a), c), e) 

and g) are patterns in magnetic saturation with respect to concentration of the material 

understudy while h) is magnification of the hysteresis loop at 50K for the reaction batch at 

variable reaction temperature. 

From the above hysteresis curves, it can be deduced that all sample core-shell nanoparticles have 

superparamagnetic behavior indicated in very low coercivity at 300K and 50K in Figure 36 (also 
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see Figure SA10). Assessment of the results in terms of stable and high Ms from first and second 

batch of the experiments, it is clear that iron concentration 27.8 mole/L and hydride 

concentration below 73.53 mole/L are appropriate for synthesis of the required core shell 

nanoparticles with favorable magnetic properties. This is also without the need for use of an inert 

gas as in many studies (Hauser et al., 2015). 

Addition of sodium borohydride impacts hydrogen generation and nucleation of the 

nanoparticles by altering the basicity of the solution. In line with this, linear increase in Ms can 

be seen with increase in the concentration of sodium borohydride. Taking the results which show 

linear relationship, the concentration of the reducing agent affects nucleation of nanoparticles 

hence their magnetic behavior. We believe the nucleation process of the nanoparticles supports 

the order of ZVI core – iron oxide and citrate caping rapidly thus the role of an inert gas is 

compensated. Ultrahigh magnetic saturation (241emu/g) observed in response to low reaction 

temperatures. Furthermore, this particular sample was run in VSM for consecutive 14days 

(Figure SA11). Magnetization decreased over the 14-day time period and then started to increase 

after 14th day. The reason for this change is beyond the scope of the researchers but we believe it 

occurred due to slow magnetic relaxation behavior.  

6.5. Absorbance Band Gap Energy  

Band gap energy (Eg) of ZVI nanoparticles was evaluated in V-770UV-Visible/NIR 

spectrophotometer (a single monochromators and dual detectors, 190 to 2700nm, Jasco). Eg is 

associated with reaction temperature and pressure, surface and interface, crystal structure and 

lattice strain thus, useful to assess application of nanoparticles in photocatalysis, antibacterial, 

magnetic storage and hyperthermia (Akbari et al., 2019; Fonseca-Cervantes et al., 2020; 

Getsoian et al., 2014). For example, increase in band gap has shown to relate with decrease in 
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grain size aka quantum size effect (Deotale & Nandedkar, 2016; Singh et al., 2018). The Eg of 

our nanoparticles is above 6eV in average and direct allowed transitions, see Figure 35 below 

and Figure SA13. It has net increase with increase in amount of core metal, the ligand and 

reducing agent as well as reaction temperature subsequent to decrease in sizes of nanoparticles in 

those conditions. However, due to higher band gap prevents them from harvesting light at visible 

region, these particles cannot be good candidates for photocatalytic reactions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: UV-Vis spectra and bandgap energy of selected nanoparticles for sample core-shell 

nanoparticles at increasing concentrations of iron sulphate, I), sodium citrate II), sodium 

borohydride, III) and at increasing reaction temperature, IV).   

6.6. Relationship Between Magnetic and Textural Properties of Nanoparticles  

It has been well established that magnetic behavior of magnetic nanoparticles is associated with 

their textural and optical properties. The goal of this work is also to investigate this relationship 

by tuning synthesis parameters in response to change in magnetic and textural properties of 
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nanoparticles. Related to magnetization, we extracted domain size (Dmag) and magnetic 

saturation (Ms) and coercivity (Hc) from hysteresis loops, and related to the structural properties, 

particle diameter (Dsem) and number of atoms was estimated from SEM images of nanoparticles 

at a specified resolution. Particles with small domain size showed high magnetic saturation (Ms) 

and this observance supports the presence of ZVI nanoparticles with single domain also due to 

their ultra-high superparamagnetic behavior corresponding to their domain size (Deotale & 

Nandedkar, 2016). Dmag is a more accurate description for size dependent magnetic saturation 

since the coating and additional impurities alter the trend in size consequently, Ms on per-gram 

unit basis. Apparently, in samples with less impurity or thin coating Dsem and Dmag are 

correlated. Moreover, number of atoms is correlated with high coercivity as in most of 

nanoparticles synthesized here regardless of change in composition of reactants. Nevertheless, in 

addition to reduced coercivity of nano spheres attributed to shape anisotropy, wide range and 

variable sizes tend to fluctuate the sequential increase or decrease of properties of the particles.  
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Figure 36: Relations ship between domain size and magnetic saturation; coercivity and number 

of atoms for second batch experiments (changing ligand concentration) a) and b) and third batch 

experiments (changing amount of reducing agent) c) and d).   

5.7. Comparison with other studies and prospective applications 

Compatibility for water treatment  

Simple coprecipitation reaction liberates iron and covers it with thin iron oxide and many 

molecules of citrate. Citrate compounds not only stabilize the iron core nano particles but also 

modify the surfaces. Hence, two reaction sites i.e. a nucleophilic oxygen from the sodium oxide 

component and an electrophilic oxygen from the carbonyl carbon exists. This cites are one of the 

most common among adsorbents existed in many nano adsorbents including carbon nano tubes 

(CNT), graphene-based nanocomposites and metal oxides(Assis et al., 2019a; Awad et al., 2020). 

Additionally, the synthesis and functionalization of citrate on iron surface is a single step 

process. The resulting particles were very well dispersed in water due to hydrophilic nature of 

the ligand and efficient attachment to the nanometal (Qureashi et al.2021). Moreover, the 

synthesis procedures did not involve organic solvents, the materials have high salt tolerance 

which makes them cheap and biocompatible(Kotsmar et al., 2010).   
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Table 4: Findings from related studies in comparison with the present findings  
No Nanoparticles Ms@300

K 

Size 

(nm) 

Shape Hc Purpose Result  Active site Mechanism Ref 

1 ZVI  - 20– 
30  

Nanofl
owers 

 Antimicrobial 
activity 

100% inactivation 
for P. fluorescens; 80-100% for 

B. subtilis; no effects for 

Aspergillus versicolor in 5 min 

 Reaction with membrane, 
generation of reactive oxygen 

species; physical coating 

(Diao & Yao, 
2009) 

2 ZVI  - 50  Spheric
al  

- Removal  
 of Zn2+, Zn(II)– 

EDTA and 

Zn(II)–citrate  

At pH of 7, 5 mg Zn2+ L−1  in 1hr Iron oxide adsorption (Kržišnik et al., 
2014) 

ZVI @ Silica fume         

ZVI @ 
octa(cholinium)-

polyhedral 

oligomeric 
silsesquioxane  

       

3 ZVI  - 3 and 

30 mm 

spiral 

coils 

- Removal of As 

and phosphates 

~100% removal of Fe(II) and 85% of 

As 

Iron oxide Adsorption, ferrous ions co-

precipitate 

As(III), Fe(II), PO42-  

(Kowalski & 

Søgaard, 2014) 

4 

 

 
 

ZVI  - (purity 

>98%, 

400 
mesh) 

- - Swine  

wastewater 

treatment 

COD 

Removal (89.2% a) and methane 

production (~128mL at rZVI/VSS = 2.63) 

Precipitatio

n  

Dissolved ferrous ions, 

flocculation, adsorption and 

precipitation, corrosion-
induced H2 

(D. Wu et al., 

2015) 

5 nZVI@ SiO2 

decorated with 
biotinylated peptide 

(Pe) 

119.482 54 ± 10  Spheric

al  

33

8.5

73 

Magnetic 

resonance imaging 

peptide was  

effectively conjugated with the 

superparamagnetic nZVI 

Peptide biomarker of 

neuroinflammation 

(Gaona et al., 

2021) 

 
 

 

6 nZVI@ 

polydopamine 

- 

 

69 Amorp

hous  

- Dual-Modality 

Photothermal and 
Photodynamic 

Breast 

Cancer Therapy 

- 26.3°C increase up on irradiation 

- ROS accumulation was increased by 
3.3 fold compared to control cell 

induced  

-apoptosis in MCF-7 cells under NIR 
illumination 

polydopami

ne 

Heat and ROS generation (Yu, Hsin Her et 

al., 2020) 
 

7 Fe3O4@Citrate 

(500oC)  

58.8 276±12

9 

  Anode material for 

Li-ion batteries 

 Fe2O3@C Oxidation of magnetite into 

hematite 

(Jung et al., 

2018) 

Fe3O4@Citrate 

(600oC) 

43.2 759±17

2 

   

Fe3O4@Citrate 

(700oC) 

19.6 1158 

±122 

   

8 This study  241 65 Spheric

al  

0- 

15
0 

Synthesis and 

tuning  

 Citrate and 

Iron oxide 

Adsorption , Reduction , 

Catalysis  

This study  
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Adsorption/degradation of organic pollutants  

Almost all organic pollutants bear hydrogen and carbon in their structure others possess 

heteroatoms such as oxygen, nitrogen, or sulfur in saturated and unsaturated bonds. Thus, the 

most common surface sorption mechanisms are hydrogen bonding, π-π interaction, electrostatic 

interaction, and van der Waals force Kotsmar et al., (2010); F. Wang et al., (2020) which both 

kinds of reactive oxygen cites, the pi bonds and hydrogen bonds on the methylene carbons  are 

readily available for attracting organic pollutants in the capping citrate compounds. For example, 

citrate-coated magnetic iron oxide nanoparticles (IONPs) also with good dispersion in water 

adsorbed methylene blue (MB) between pH = 4−11) and Methylene orange (MO) at pH 4, 139 ± 

4 mg/g and and 257 ± 16 mg/g respectively at 99% adsorption efficiency for nine consecutive 

cycles(Talbot et al., 2021). Additionally, citrate stabilized Ag nanoparticles showed efficient and 

superior catalytic ability on reduction of Rhodamine B compared to same nanoparticles coated 

by polyvinylpyrrolidone(Bastús et al., 2014).  The major mechanism of removal of the pollutants 

dyes is through electrostatic interactions with the citrate ions. Adsorption of citrate-coated silver 

nanoparticles from aqueous dispersions of electrolytes (trisodium citrate (Na3C6H5O7), sodium 

chloride (NaCl) and sodium nitrate (NaNO3) by using activated carbon demonstrate affinity of 

the citrate ion towards both organic pollutants and heavy metals(Gicheva & Yordanov, 2013).                           

Adsorption of inorganic pollutants 

Surface interaction of citrate to nanomaterials and heavy metals is theoretically supported and 

practically proven(Assis et al., 2019b). Gold and silver coated with citrates showed efficiency 

towards adsorption of several heavy metals including (Pb2+). In the similar study, gold 

nanoparticles (AuNPs) have been shown to be effective heavy metal sensors(Frost et al., 2017). 

In another study Au coated with citrate successfully reduced Hg(II) even in the presence of other 
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competitive ions(Ojea-Jiménez et al., 2012). Similar findings on Au, Ag are also reviewed 

elsewhere (Mensah et al., 2021). 

Inhibition of waterborne pathogens   

The well-known mechanism of antimicrobial action in nanoparticles are oxidative and non-

oxidative stress induction and metal ion release that disrupt bacterial membranes by interfering 

in synthesis of bacterial proteins, hinder biofilm formation due to size and shape features 

penetrate the biofilm matrix and inhibit organism and other physicochemical properties (they are 

good carriers of antibiotics, prevent microbial resistance by increasing the serum, ease of 

transport is certain and  controllable especially, if magnetic nanoparticles) (Hooper, 2001; 

Webster & Seil, 2012). In citrate functionalized Ag nanoparticles, size and shape was responsible 

for their efficiency against both gram – positive and gram – negative bacteria (Flores et al., 

2013). Most of the particles synthesized here has size less than 100nm which is in the range of 

suitable size for such applications (Dey et al., 2015). The main source of antimicrobial efficacy 

of nanoparticles lies in the property of their surface. A single nanoparticle can be coated with 

several antibiotics with different mechanism of action which not only inhibit the microorganisms 

but also face little resistance (L. Wang et al., 2017; Webster & Seil, 2012).  

cZVI nanoparticles have small proportion of iron oxide nanoparticles between the core and the 

shell. Thus, metal ions released from those oxides interact with the functional groups of proteins 

and nucleic acids, such as amino (–NH), mercapto (–SH), , and carboxyl  (–COOH) groups in the 

cell membrane, and interfere in enzyme activity, inhibiting the microorganism or in the transfer 

of transmembrane electrons (L. Wang et al., 2017; Webster & Seil, 2012). Additionally, In 

citrate coated iron nanoparticles, surface functional groups are likely to interact with cell walls 
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and membranes of the pathogenic microorganisms since they are the first defensive 

mechanisms(Flores et al., 2013).  

Catalytic efficiency  

Citrate capped iron oxide nanoparticles efficiently catalyzed the condensation of barbituric acid 

and cinnamaldehyde to produce (E)-5-(3-phenylallylidene)pyrimidine2,4,6(1H,3H,5H)-trione 

with 83% yield with little amount ( 7.5% mole) of the particles (Cahyana et al., 2017)(46c). 

Their super paramagnetic property makes them recyclable catalysts but the surface chemistry, 

the carboxyl group in this case is the catalytic cite eventhough the present particles demonstrated 

band gap energy Eg = 6 which makes them inappropriate for photocatalytic reactions. 

Compatibility for biomedical applications 

The effectiveness of magnetic nanoparticles for magnetic hyperthermia and as contrast agents, 

biosensing and drug delivery has been extensively studied and specific feature of these particles 

which tend to estimate of their performance are identified. Some of these features are size, shape, 

composition, and shell-core structure on saturation magnetization, coercivity, blocking 

temperature, and relaxation time. Data collected from structural and magnetic properties of as 

synthesized nanoparticles have shown to satisfy most of those features. The discussion with 

respect to each application is elaborated below.  

Application in magnetic hyperthermia 

On application of alternating current magnetic field heating arises either from rotation of 

magnetic moments (Neal relaxation) or rotation of the magnetic particle itself (Brownian 

relaxation) or hysteresis loss. For superparamagnetic nanoparticles such as Fe@CIT the first 

factors are always prominent than the latter. As a result, the  heating efficiency of nanoparticles 
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with coercivity greater than zero is usually calculated by the following formula (Kolhatkar et al., 

2013).   

SAR(W/g) = C
∆𝑇

∆𝑡
= 𝐴𝑣 ………………………………………………………………………….1 

Where C is specific heat capacity of water, 
∆𝑇

∆𝑡
 is the rate of change of temperature. A is area of 

hystresis loop and v is frequency.  

If experimental data is used, the heating capacity that originate from the relaxation processes are 

associated with magnetic saturation (Ms) and magnetic anisotropy.  

SAR(W/g) = C
∆𝑇

𝑚∆𝑡
=………………………………………………………………………….2 

 Previous studies on magnetic hyperthermia established certain size based on optimum heat 

generated in the experimental application. Most of the cZVI nanoparticles synthesized here has 

magnetic saturation between 106 and 241 emu/g and grain size 30 and 70 nm. The high magnetic 

property enables heat generation at minimum dose of nanoparticles because mass of the 

nanoparticles is inversely proportional to SAR and efficient transport across the biological 

medium. In many studies the SAR was observed to increases with domain size(Kolhatkar et al., 

2013).  

The value of blocking temperature (TB) is a starting point where ferromagnetic and 

ferrimagnetic nanoparticles show superparamagnetic property and is associated to slow 

relaxation of magnetization. In hyperthermia, blocking temperature is aids in determining the 

maximum heating capacities of nanoparticles. As determined from their zero-field cold and field 

cold curves, most nanoparticles have TB greater than 200K. 
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As contrast agents  

In a study by Saraswathy et al., (2014), citrate coated iron nanoparticles synthesized by 

coprecipitation are studied as contrast agents at various concentrations of iron using longitudinal 

(T1) and transverse (T2) weighted MRI.  On in vivo MR imaging of liver fibrosis model in 

rodents, sample nanoparticles showed nearly 79% increase in T2 and relaxivity ratio (r2) of 

37.91compared to particles that lack citrate on their surface. This increment was proportional to 

concentration of samples. The cell viability and blood compatibility assay showed that particles 

have the right surface chemistry. Since size, magnetization, surface chemistry, stability, coating 

thickness and biocompatibility are parameters advantage for particles used in biomedical 

application in general and as  contrast agents specifically, in line with these studies, the present 

particles are single domain and the citrate on the surface facilitates hydrogen bonding with 

aqueous solution hence improved dispersion compared to ferromagnetic materials and stable as 

confirmed by high zeta potential and 1200 oC decomposition temperature to remove citrate from 

the surface and storng Fe---O bond shown  in IR spectra (Nimi N. et al., 2018; Saraswathy et al., 

2014). 

Compatibility for energy applications 

Citrate capped Fe3O4 and related nanoparticles have significant use in lithium-ion batteries as 

anode material due to their light weight, resistance to change in volume while lithiation and 

enhanced electrical conductivity improve storage capacity and cyclic stability (J.-S. Xu & Zhu, 

2012; Yu et al., 2022). Calcinating these nanoparticles at temperature above 500oC transform 

into carbon coated Fe2O3 which is the active material in anode(M. Gao et al., 2013; Jung et al., 

2018; Petnikota et al., 2015). At 700oC, exfoliated graphene oxide caped FeO(EG/FeO) reduced 

from Fe3O4 is an active material in the anode, selected for its ability to prevent excess Li2O 
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formation and hinder decaying compared to Fe2O3 and Fe3O4. Where, the GO coating serves as 

stabilizing agent and source of hydrogen and carbon dioxide that facilitate the reduction process 

at 650oC reaction temperature. EG/FeO has shown 674 mAh/g reversible capacity at 400 mA/g, 

78% capacity retention after 60h charge and 94% coulombic efficiencies(Jung et al., 2018). In a 

different study, three-dimensional composite (Fe3O4-C-rGO) used as anode for lithium ion 

batteries showed specific capacity of 842.7 mAh/g after 100 cycles. Theoretically, Fe3O4 has 925 

mAh/g specific capacity and graphene oxide is known for high conductivity and surface area and 

excellent stability (B. Li et al., 2011).  

Citrate coated iron nano particles are also suitable for enhanced oil recovery as nanoparticles, 

nanosensors, nanocomposites, coated nanoparticles, nanofluids due to several advantages with 

regard to adsorption capacity and affinity, nanoparticle adsorption of asphaltene, resistant to pH 

and salinity and interaction with precipitated asphaltenes at the interface between the two fluids 

and cost-effectiveness and reusability (Kotsmar et al., 2010; Sircar et al., 2022). Iron and other 

nanoparticles of different size aid into isolation and purification of polymers at certain 

temperature, pH and salinity conditions. In chemical flooding method of oil recovery, addition of 

nanoparticles increases viscosity, disjoining pressure, pore channel discharging, charging 

wettability and asphaltene precipitation. The resultant fluid is enhanced and stable with ease of 

mobility control(Amrouche et al., 2021; Betancur et al., 2020; Cheraghian et al., 2020; Franco et 

al., 2020; H. Zhang et al., 2014).  

6.8. Conclusions 

 

Simple and efficient synthesis platform lead to superparamagnetic crystalline iron nanoparticles 

stabilized in citrate compounds. We gained important knowledge of tuning magnetic and 
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structural properties of core shell nanoparticles by varying the composition of reactants. Our data 

revealed that at optimum concentration of the core metal and shell ligand magnetic saturation 

increased with increasing reducing agent and decreases with increasing reaction temperature. On 

average, particles with high Ms has small grain size and larger particles were less magnetic. 

Most importantly, most of the samples has magnetic saturation higher than all other similar 

stadies. And such tunable properties of magnetic nanoparticles have found advantage in water 

treatment and catalysis, magnetic hyperthermia, as contrast agents and in energy applications. In 

the second phase of this project we intend to study particles performance as efficient adsorbents 

to wards wide rang organic and in organic pollutants and inhibition of microorganisms. Invitro 

and In vivo hyperthermia bioassays are being studied and will be compiled and presented in our 

future report (research article). 
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CHAPTER 7 

ROOM TEMPERATURE SUPERPARAMAGNETIC ORDER WITH 

COLOSSAL MAGNETOCRYSTALLINE ANISOTROPY IN 

AMINOFERROCENE-BASED GRAPHENE MOLECULAR MAGNETS 

7.1. Introduction  

Since the discovery of molecular magnets Coronado (2020); Luneau (2001) there has been 

growing interests to develop molecular materials that can exhibit cooperative magnetic 

interactions at room temperature. Molecular magnets (MMs) are a relatively new class of 

magnetic materials, in which molecular moieties bearing unpaired spin density interact 

electronically and magnetically (Coronado, 2020; Kahn, 1985). Because of their quantum size 

effects, lightweight, mechanical flexibility, tunable color or transparency, low-temperature 

processing, solubility, and compatibility with polymers and other classes of molecular materials, 

MMs have great advantages and unique properties compared to conventional magnets in high-

density data storage. Furthermore, the use of MMs in the area of spintronic and qubits for 

quantum computing has the potential to become a disruptive technology, since organic materials 

can enhance preservation of electron spin orientation lifetime relative to inorganic conductors 

due to their inherently weak spin–orbit coupling.  

However, producing room temperature molecular magnets was and still is a challenge. Only the 

work done by Manriquez et al.  (Manriquez et al., 1991) regarding the reaction of bis (benzene) 

vanadium with tetra cyanoethylene, TCNE, affords an insoluble amorphous black solid that 

exhibits ferromagnetism at room temperature. The origin of the magnetic behavior was based on 
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three-dimensional antiferromagnetic exchange of the donor and acceptor spins resulting in 

ferromagnetic behavior. Then, this work has been continued to include other 3d metals such as 

Mn (Olson et al., 2015). Since then, the scientists have been focusing on development of new 

molecular magnets that operate near room temperature with the goal of enabling spintronic 

applications. Recently, a new MM system has been discovered by Guo et. al. (F.-S. Guo et al., 

2022) that contains Dysprosium metallocene with magnetic hysteresis observed up to 70K. Such 

behavior is originated from spin-phonon coupling regimes. Since discovery of graphitic carbon 

on 1991 by Ijima (Lijima, 1991), there has been working on developing magnetic graphene or 

graphene based molecular magnets that might show a room temperature ferromagnetic behavior 

(Blundell & Pratt, 2004). Most of the graphene based molecular magnets (G-MMs); in particular 

those with near room temperature magnetic susceptibly are promising for the prospective 

applications in spintronics and quantum computing (Hong et al., 2013b; Sakurai et al., 2019). 

They  exhibit long-range magnetic order more than other ligand based molecular magnets. 

Besides, ligand based molecular magnets suffer from tunneling at zero field, a major cause for 

their inefficiency for information storage (Wernsdorfer et al., 2002). Even though, graphene 

sheets lack magnetic property, structural change due to oxidation to graphene oxide and 

structural defects might introduce ferromagnetism (Diamantopoulou et al., 2017; Sarkar et al., 

2014). In both graphene oxide and reduced graphene oxide, (Diamantopoulou et al., 2017; Sarkar 

et al., 2014) reported weak superparamagnetism at room temperature.  Epoxide functional 

groups, composites are responsible for magnetic susceptibility of graphene oxide (Galpaya et al., 

2014), creating unpaired spins on the carbon radicals (Lee et al., 2015b; M. Wang & Li, 2010). 

Surface N-doping also increases magnetization (M) in graphene oxide sheets to ca. 1.66 emu/g at 

2 K (Y. Liu, Tang, et al., 2013) and by 64.1% when annealed at 500 °C(Y. Liu, Feng, et al., 
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2013b). Hong et al., (2013a) have also published nitrophenyl functionalized graphene based 

molecular magnet with long-range magnetic order above 400K. The high surface area in 

graphene integrated with aryl radical on the surface created out-of-plane antiferromagnetic 

ordering. In a recent study, attachment of electron withdrawing substituted ligands to the 

graphene enhanced the charge transfer revealing magnetic and electronic properties (Zhu et al., 

2020). Similar to this study, examined magnetic property of graphene oxide surface 

functionalized by aminoferrocene found out magnetization as collective effect of the sheets and 

the ferrocene moiety with critical temperature at 2 K(Sakurai et al., 2019).  

In this study, we aimed to solve two major technical impediments for use and delivery of G-

MMs. The first is the challenge to synthesize molecular magnets that can operate at room 

temperature. The second is to increase magnetic order stability by attempting to locate the ligand 

inside the layers and rely upon slight metallic behavior to increase the onsite magnetic anisotropy 

and strongly couple neighboring magnetic intercalants. For this reason, we select aminoferrocene 

for its efficacy to participate in electron transfer L. Guan et al. (2005) to be intercalated within 

the graphene oxide layers. The more favorable interaction of the graphene oxide layer and the 

aminoferrocene that does not alter their chemical properties is a noncovalent weak interaction 

that resulted from near proximity of delocalized 𝜋 − electrons (Lopes et al., 2010) 

7.2. Structural Elucidation    

The crystal structure was characterized using XRD as shown in Figure 37. A sharp peak at a 

range of 10o is a good signifier of graphene oxide formation(Arthi G & Bd, 2015). Our 

calculation of the interlayer spacing using the Bragg law (Order of reflection (n) × Wavelength 

(λ) = 2 × Interplanar spacing (d) × Sinθ), Where,  λ - wave length of incident X-ray, theta(θ)= 

peak position in radians) also indicated that GO layers have wider spacing (d001= 1.0365 nm) 



97 
 

than the repeatedly reported d-spacing, which is less than 1 nm(Arthi G & Bd, 2015;Su et al., 

2009). Some studies have also reported larger d-spacing claiming that d-spacing show an 

increase following the oxidation of graphite and effect of solvents (Blanton & Majumdar, 2012). 

This spacing will be filled with aminoferrocene sandwiched between the layers (Su et al., 2009). 

This also supports the ferrocene to stay trapped (e.g. intercalated) between the layers. In addition 

to the weak van der-waals interaction existed between the double conjugation of the graphene 

oxide and the diene in ferrocene (Avinash et al., 2010), the hydrogen bonding within the amino-

group of ferrocene and oxygens of the GO-layer might have contributed to the stabilization of 

the interaction. The strongest interaction is expected to be columbic due to charge transfer 

between the aminoferrocene and the bilayer. In addition, as seen in Figure 37, the XRD peaks 

confirm the presence of the aminoferrocene and the GO-aminoferrocene molecular magnets and 

no presence for any related iron oxide phase structure.   
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Figure 37: XRD spectra of GO-MM2, GO-MM1, aminoferrocene [C10H12FeN]+  and Graphene 

oxide.  

Fourier Transform Infrared Radiation Spectroscopy (FT-IR) 

In order to verify the presence of the functional groups, FT-IR studies were performed under 

vacuum in transmission mode.  

 

Figure 38. FT-IR spectra of amino ferrocene [C10H12FeN]+(blue line), GO-MM1(red line) and  

GO-MM2 (black line). 

For easier comparison and vibrational line assignments, in addition to the IR spectra of GO-

MM1 and GO-MM2 samples, the aminoferrocene spectrum is also presented in Figure 38. The 

spectrum shows dominant vibrational lines at 520 cm-1 (ring-Fe-ring stretching), 968 cm-1 (CH 

bending), 1120 cm-1 (anti-symmetric cyclopentadienyl ring breathing mode), 1384 cm-1 (CC 

stretching), 1530 cm-1 (CC stretching), 1658 cm-1 (CO, CC, and the amino group stretching), 

2162 cm-1 (CO and CC stretching), 3230 cm-1 (CH and OH stretching), and 3394 cm-1 (OH 

stretching) [41]. All these amino ferrocene vibrational lines exhibit shifts of ~ 35 cm-1 in average 
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from the vibrational frequencies characteristic to ferrocene(Lippincott & Nelson, 1958). A quick 

comparison between the IR spectra of GO-MM1 and GO-MM2 samples with the spectrum of 

amino ferrocene reveals a much stronger presence of aminoferrocene in the GO-MM1 sample, 

presence almost absent in the case of GO-MM2 sample. This remark is based on the similarity of 

vibrational lines observed in both, the GO-MM1 and the amino-ferrocene spectra. However, a 

closer look at these two spectra demonstrates that there are some vibrational differences, such as 

the decreases in the intensities of the 968 cm-1and 1384 cm-1 bands and the disappearances of the 

1530 cm-1 and 2162 cm-1 vibrations in the GO-MM1 spectrum. While these observations suggest 

a potential interaction between GO and aminoferrocene, it also masks the visualization of the 

characteristic GO vibrational modes, which can be depicted only by the weak vibrations at 2932 

cm-1 (sp2 CH stretching) and 3230 cm-1 (OH stretching) (Avinash et al., 2010; L. Guan et al., 

2005). Since the GO contains epoxide and hydroxyl functional on its basal plane, as well as 

carboxyl moieties at its edges, these two IR vibrations could be also associated with produced 

defects on the graphene network (Arthi G & Bd, 2015; Lee et al., 2015b). The IR spectrum of 

GO-MM2 shows absences of the amino-ferrocene absorptions at 520 cm-1, 968 cm-1, 1384 cm-1, 

and 2162 cm-1, upshifting of the amino-ferrocene lines at 1120 cm-1 and 1530 cm-1 to 1198 cm-1 

and 1565 cm-1, respectively, suggesting again a potential interaction between the GO and the 

amino-ferrocene. It also shows a slightly more visible presence of GO, with characteristics 

vibrations at 1630 cm-1 (CC stretching) and 1730 cm-1 (C=O stretching), besides those already 

observed in the GO-MM1 spectrum at 2932 cm-1 and 3230 cm-1. The absence of 2162 cm-1 

feature in both spectra of GO-MM samples, vibrational lines that could also be assigned to -

N=C=O groups, implies a potential intercalation/absorption of aminoferrocene between GO 

layers or at its edges. It also could imply a complete reaction of the organic material with the 
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hydroxyl groups of GO. Moreover, since GO is highly hydrophilic, the strong, broad band at 

3394 cm-1 is attributed to water absorption, as some water molecules might remain attached 

(Arthi G & Bd, 2015).  

Raman Spectroscopy 

 

To verify the presence of the aminoferrocene and graphene in the samples, Raman spectra of the 

GO-MM1 and GO-MM2 samples together with the aminoferrocene spectrum have been 

measured and are presented in Figure 39. It is conventional to investigate the quality of a carbon-

based sample by employing the intensity and broadness of the characteristic GO Raman features, 

the D and G bands, with the D mode known to correspond to the disordered carbon line and the 

related symmetry lowering or finite-size effects in GO, and the G mode related to the graphitic 

sample properties (J. Gao et al., 2010; Kaniyoor & Ramaprabhu, 2012; Kudin et al., 2008; 

Yamada et al., 2013). The observed D and G peaks in Fig. 5 at 1336 cm-1 and at 1598 cm-1, 

respectively, as well as the 2D bands at 2678 cm-1 and 2935 cm-1 are in good agreement with 

their reported literature values(J. Gao et al., 2010; Kaniyoor & Ramaprabhu, 2012; Kudin et al., 

2008; Yamada et al., 2013). Comparison between the Raman spectra of the GO-MM1 and GO-

MM2 samples reveals an enhancement of the G peak in the spectrum of the former sample. This 

increase in the ratio of the intensity of the D peak to that of the G peak, ID/IG, from a 1.1 to 1.4 

value for the GO-MM1 and GO-MM2 samples, respectively, is an indicative of a recovery of sp2 

domains in the GO and a reduction of its surface. This observation corroborates with the 

information obtained from other techniques used to analyze the samples, such as XRD and FT-

IR. A slight increase is also observed in the intensities of 2D bands in the case of GO-MM2 

sample, being attributed to the restoration of C-C interatomic distances and angles characteristic 

to GO.  Also, the absence of the intense ferrocene vibrational lines at 307 cm-1 (ring-Fe-ring 
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stretching), 391 cm-1 (ring-Fe-ring stretching), 1108 cm-1 (symmetric ring breathing mode), 3100 

cm-1 (symmetric CH stretching)  in the spectra of the two GO-MM samples, again indicates a 

potential interaction between the organic material with the GO, in agreement with our previous 

FT-IR analysis. 

 

Figure 39. Raman spectra of amino-ferrocene (blue line), GO-MM1 (red line) and GO-MM2 

(black line). 

7.3. Magnetic Properties 

In order to determine the magnetic range order of the prepared systems, magnetic measurements 

were carried out by using the vibrating sample magnetometer (VSM) in magnetic field range of -

3T to 3T and temperature range from 50 to 400 K. The measurements include hysteresis loop at 

room temperature (300 K), 50 K and 350 K and the magnetization dependence on temperature at 

constant magnetic field of 200 Oe. 
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Figure 40. Hysteresis loop at room temperature (a), Magnetization at zero-field-cooled (ZFC) 

and field-cooled (FC) at 200Oe (b) and Magnetization dependence of external magnetic field ((c) 

at 50K and (d) at 350k). 

Aminoferrocene and GO-MM1 displayed closed hystersisis loops at room temperature with 

coercivity (HC) close to zero of 0.34 and 12.82 Oe, respectively, revealing superparamagnetic 

behavior with magnetization (Ms) of 3.06 and 2.762 emu/g and GO-MM2 showed paramagnetic 

behavior (Figure 40 (a)). The MxT data were recorded by the ZFC/FC measurements at 200 Oe, 

which show the long-range magnetic order up to 400 K and confirm the superparamagnetic 

behavior of the amino-ferrocene and GO-MM1 samples with blocking temperature (TB) of 75 
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and 95 K respectively (Figure 40 (b)). The GO-MM2 shows zero magnetization with no 

magnetic range order. The MxH data at 50 K and 350 K shows ferromagnetic behavior which 

confirm the long range ferromagnetic magnetic order of the amino-ferrocene and GO-MM1 

samples and show paramagnetic behavior for the GO-MM2 sample (Figure 40 (c, d)). Since the 

samples have superparamagnetic behavior, the magnetocrystalline anisotropy was determined 

using Neel-Brown equation(El-Gendy et al., 2009a). The aminoferrocene and GO-MM1 samples 

show colossal magnetocrystalline anisotropy with 3 x 107 and 8 x 105 J/m3 respectively.  These 

values are comparable with pure iron metal for graphene based aminoferrocene (GO-MM1) and 

two order of magnitude larger than pure iron and one order of magnitude larger than CoFeC 

permanent magnet for aminoferrocene molecular magnets(El-Gendy et al., 2009b, 2015). The 

observed superparamagnetic behavior in amino-ferrocene might originate from the free electron 

that appear in iron caused by regenerated excess of sulfuric acid after elongated reaction time 

(Fig. 5). Or since the charged amino-ferrocene persists, the reason for magnetization is possibly 

due to electron withdrawing and deactivating effect of the charged nitrogen that is more 

electronegative than neighboring atoms. This decreases the 𝜋 − while increasing the 𝜎 −

 electron density in ortho and para positions of the ring creating a paramagnetic coupling and de-

shielding between the occupied 𝜎 with the unoccupied 𝜋 orbitals and the unoccupied 𝜋* orbitals 

with the occupied 𝜎 orbitals(Viesser et al., 2017). While in GO-MM1, the magnetization is a 

collective action between the graphene oxide and the ligand-ferrocene (Sakurai et al., 2019). 

Interaction between π-orbitals in the sp2-bonded  carbon atoms of graphene oxide sheets Enoki 

et al. (1996); Lopes et al. (2010) and ferrocene contribute to the magnetization of the graphene 

oxide assembly (Kaniyoor & Ramaprabhu, 2012). Furthermore, the magnetic de-shielding effect 

of charged amino-group facilitates magnetic field stream between each of these two agents 
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(Viesser et al., 2017). This interaction is further stabilized by hydrogen bond, more strong 

intermolecular interaction between the amino group and the nearby oxygen layers of the 

hydroxide or epoxide groups assuming that amino-ferrocene locates at the C-axis (center) of the 

layer. Some studies also reported that, the disorder in this intermolecular interaction is a cause 

for unmoved points by the symmetry operations (monocyclic symmetry and or space group) 

which are associated with induced ferromagnetism in that compound (W. Wang et al., 2013). If 

the amino ferrocene is at the edges, its interaction with OH of the carboxyl group will lead to 

different argument, which also make electron transfer very difficult. The low magnetization of 

similar structure reported in a study by (Sakurai et al., 2019) could be due to this reason. The 

results are even recorded at T=2K. In a separate experiment, when we changed the synthesis into 

a one-step mechanism where all the ingredients are added at once, including the separate 

procedure for preparation of amino-ferrocene,  the product, (GO-MM2), was non-magnetic at 

room temperature. Clearly, amino-ferrocene should not be formed in this assembly because the 

nitration and reduction process should be done separately. Observing at FT-IR spectra of the 

structure, small peak for the graphene oxide with the carbonyl carbon and fewer hydroxyl groups 

support the above information. The purpose of sulfuric and nitric acid reaction is to produce an 

electrophile known as nitoronium ion (NO2
+)(Olah et al., 1987). However, in the formation of 

GO-MM2 the acids are added collectively with other reagents including ferrocene. If ferrocene 

reacts with sulfuric acid or with nitric acid independently, the reaction distorts the link between 

cyclopentadiene anion with the metal leading to ferricinium ion, an inert compound which does 

not undergo electrophilic aromatic substitution reaction (Rausch, 1962; Woodward et al., 1951).  
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7.4. Theoretical Evidence (DFT Calculations) 

In order to understand the reason for the observed magnetic properties in the aminoferrocene and 

GO-MM1, we have done theoretical studies using density of function theory (DFT) to verify the 

energy stability for the aminoferrocene to persist in between the layers. This interaction is 

exhibited constant energy with that bridge positions. In this case amino-ferrocene is situated 

perpendicular to both the layers. It was also found out that this bind energy is comparable to that 

of calculated benzene adsorption on graphene (Avinash et al., 2010).  

 

Figure 41. Pictured above are the gas-phase structure of aminoferrocene (a) and the unrelaxed (b)  

and relaxed (c)   [C54(OH)7]2 @ Fe[C5H5 C5H4NH2] system. The initial graphene sheets were 

flat with chemisorbed OH on them. The final structure shows movement of the hydroxyl groups 

to the edge sites, chemisorbed, and, in two cases, into physisorbed phases. The graphene sheets 

are bent significantly at equilibrium. 

Within the generalized-gradient approximation the aminoferrocene, C5H5FeC4H4NH2, neutral 

molecular resides in a singlet state and as expect from its iso-electronic counterpart, ferrocene, it 

has a large HOMO/LUMO gap. However, if two electrons are removed, the di-cation, converts 

to a S=1 state with two unpaired d-electrons on the Fe+2 center. The system has a 

HOMO/LUMO gap of 0.62 eV In the gas phase, the dication has a magnetic anisotropy of 9.1K 

and is primarily easy axis albeit with an appreciable transverse anisotropy due to the presence of 

the amine group. For the gas-phase dication, there is significant departure from parallel 

(a) 
(b) 

(c) 



106 
 

pentacene planes in the gas phase as shown in Figure 41. To model the behavior of the amino 

ferrocene between two sheets of hydroxylated graphene, we have placed the molecule between 

two highly ordered hydroxylated sheets and allowed the structure to relax.  For the overall 

neutral structures, several structural affects are observed. First, the OH radicals migrate away 

from the interior of the parallel sheets and bind to dangling bonds on the graphene sheets have 

been identified in previous work(Hooshmand et al., 2021; Pederson et al., 2000; Pederson & 

Jackson, 1990; Pederson & Khanna, 1999; Perdew et al., 1992; Porezag & Pederson, 1996, 

1999).  Second, there is a significant internal pressure induced by the presence of the 

aminoferrocene island, which leads the isolated graphene sheets taking on a spherical shape. 

Third, the OH radicals at the center of the parallel sheets steal some electrons from the 

aminoferrocene which causes a moment to form on the amino ferrocene. Based on numerical 

analyses of charge near the Fe ion, it appears that full charge transfer of two electrons to the two 

OH radicals does not appear (Table 5). The distortion of the aminoferrocene, found in the gas-

phase dication, also does not occur as dramatically which is in accord with an incompletely 

ionized island. The strong bowing of the isolated graphene sheets suggests that the charge 

transfer and resulting magnetization could be strongly influenced by pressure effects.   

Table 5: Magnetic anisotropy of the idealized intercalated structure as a function of constrained 

charge transfer. The physical structure considered here has two hydroxyl radicals in close 

proximity which are expected to steal two electrons from the aminoferrocene. The table below 

shows that the magnetic anisotropy of the system in close proximity to hydroxyl radicals 

increases which is consistent with the observation that the hydroxyl groups steal electrons from 

the metal center. 

Island 

Charge 

Island 

Spin 

Charge 

State 

Bond 

Descriptor 

 Magnetic 

Anisotrop
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Descriptor (Fe-N) y 

Isolated 

0 (constrained) 0 0/0 3.25 Ang  0    K 

1 (constrained) 1 1.01/29.2 3.28 Ang  3.3 K 

2 (constrained) 2 1.94/28.2 3.49 Ang  9.1 K 

Between Sheets 

(OH)2  (Target) 2 0.38/29.5 3.26 Ang  6.9K 

F2      

F  Cation      

 

We have calculated the vibrational spectra of the aminoferrocene in the neutral and +2 charge 

state (Figure 42).  There is a qualitative difference in the Raman spectra at 1500 1/cm which 

should be a very clear indicator of the S=1 aminoferrocene. 

 

 

 

Figure 42: (a) Raman spectra of the +2 and neutral Fe[C5H5 C5H4NH2] molecule. Structure at 

1500 1/cm is a clear indicator of a ionized aminoferrocene molecule. (b) Raman spectra of the +2 

and neutral Fe[C5H5 C5H4NH2] molecule in the 300-700 1/cm range which show signatures 

that would help with identification of double cations of the aminoferrocene structure. 

From the charge-Transfer Analysis (Table 6), the structural effects suggest that, at least within 

PBE-GGA, the capacity for electron withdrawing of the OH radicals from the aminoferrocene is 

(a) (b) 
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not, by itself, strong enough to create a dication with strong anisotropy between the two-

graphene sheets. For the OH case, the calculated moment in charge suggest that a half of an 

electron is shared with the two OH radicals.  These findings confirm the experimental 

observation of the magnetic order in both the aminoferrocene and GO-MM1 systems. 

Table 6: Calculate charge-transfer energetics needed for predicting final charge state of the 

aminoferrocene. The resulting charge transfer (0.63 eV) is consistent with the slightly reduction 

of magnetic anisotropy calculated here. The distance between the Fe and OH is approximately 

10.0 bohr. The distance between the two OH molecules is approximately 20.0 bohr. Therefore 

the coulomb energy gained when Q electrons equally transferred between the two OH radicals is 

given by (Q/2)2 /20- 2(Q)(Q/2)/10 )*27.2116=-2.38Q2. The data indicates E(Q)= -3.69Q 

+2.85Q2   which predicts a metallization of the di-hydroxylated aminoferrocene system with a 

total Fe to OH charge transfer of 0.63 electrons. 

Electron Transfer 

(Q) from Fe to 

(OH)2 

2 

Hydroxyls 

 (eV) 

1 

Aminoferrocene 

Coulomb 

Attraction 

0 

0 0 0 0 0 

1 -4.52 6.13 -2.38 -0.77 

2 -3.97 17.66 -9.52 4.17 

 

7.5. Conclusions 

Unlike graphene oxide, aminoferrocene in its ionic form (before deprotonated by a strong 

base) was successfully synthesized to appositely locate it between graphene oxide layers. The 

as-synthesized aminoferrocene molecular magnet shows unexpected colossal 

magnetocrystalline anisotropy with two order of magnitude larger than pure iron (Fe) and an 

order of magnitude larger than CoFe2C magnet. Such colossal anisotropy leads to thermal 
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stable long-range superparamagnetic order. The magnetic order originates from electron 

withdrawing capacity of the electron deficient nitrogen. Within the layers, this effect will 

transcend to the layers to enhance magnetization in addition to interaction of double bond 

electrons between each ring. The DFT data indicates E(Q)= -3.69Q +2.85Q2, which predicts 

a metallization of the di-hydroxylated amino-ferrocene system with a total Fe to OH charge 

transfer of 0.63 electrons. Furthermore, the results of the DFT calculations suggest that 

external effects such as pressure are likely to control the degree of charge transfer between 

the graphene sheets and the aminoferrocene. The DFT calculations confirm the experimental 

observation of the magnetic order in aminoferrocene and GO-MM1 systems. These 

outstanding observation open new routes for novel room temperature molecular magnets, 

which will have a great potential in spintronic and quantum computing devices.    
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CHAPTER 8 

CONCLUSION, DISCUSSION, AND FUTURE DIRECTION 

Because of their magnetic property (an advantage for recyclability (Guo et al., 2012)), less 

toxicity and effective recoverability, MNPs have great significance for many environmental and 

biomedical applications (Mahanty et al., 2019; Malhotra et al., 2020). Moreover, the surface 

chemistry of MNPs can be tuned to optimize recovery as well as improve adsorption affinity to 

specific metal and non-metal pollutants (J. Guo et al., 2012). We usefully demonstrated 

simultaneous reduction and coating of nanoparticles using phytochemicals extracted from plants. 

Functionalized crystalline iron oxide was formed, and results were confirmed using experimental 

and powerful instrumental techniques. Despite large number of phytochemicals believed to exist 

with all plant materials, high phenolic content is necessary for the plant extract to reduce 

nanoparticles. Otherwise, the reaction should be conducted under strong alkaline solutions using 

one of the strong basic solution. The reaction is also mediated by ionic and electrostatic 

interaction between phytochemicals such as phenols, alkaloids, terpenoids, flavonoids, reducing 

and sugars proteins, and metal precursors which some of them may not exist in some plants in 

abundance. In general, there needs to be acidic hydrogen that liberates from those compounds 

and reduces the metal in to lower oxidation states (Sahni et al., 2015). We recommend that future 

works to incorporate preliminary phytochemical test and identification and quantification of the 

major constituents prior to synthesis and applications.  Additionally, a simple heat treatment 

improved magnetization of nanoparticles which is advantageous for ease manipulation of 

particles in actual water treatment with large amount of polluted water and need to be conducted 
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under supercritical condition of ethanol in the pressure reactor. It should be rational to assume 

some significant organic compound are lost during this process and the product should be 

regarded as bare nanoparticle. Growing nanoparticles on temperature and pH stable polymer is a 

novel approach as it helps to incorporate weak magnetic and non-magnetic particles that showed 

efficient capability for the purpose of reusing. Nevertheless, particles have more affinity to the 

aqueous medium that to the polymer PVA. As a result, reusability is determined by how stable 

phytochemicals are on the PVA surface. We suggest polishing the surface of PVA for example in 

polar organic solvent and increasing shaking time during growth of the nanoparticles to 

minimize the problem. The pressure on microfluidic device exacerbates the detachment of 

phytochemicals thus, the minimum possible pressure should be used, or the technique can be 

replaced by flash column chromatography at the expense of increased treatment time but 

efficient purification at larger scale. It is our believe that high removal efficiency for two organic 

pollutants under brackish water in a wide range temperature and pH conditions reported here will 

contribute to attract researchers and policy makers towards sustainable water treatment agents. 

Another asset of magnetic nanoparticles comes from their response towards alternating magnetic 

fields that produces heat sufficient to burst cancerous cells and this therapy called magnetic 

hyperthermia treatment. We attempt to solve two challenges associated with this technique. We 

introduced plant origin natural product as a coating material on the nanoparticles for the first 

time. These compounds were extracts using distilled water and are hydrophilic. This should 

solve the issue of dispersion of nanoparticles which is a limiting factor during transport and 

distribution around tumor cells at the target location. The natural products are antioxidants hence 

can savenge free radicals that would lead to a more serious cancer disorder. Studying this 

efficiency is worth of a separate project other researchers would like to pursue(Heyman et al., 
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2017; Saleh Al-Hashemi & Hossain, 2016).  Furthermore, particles with ultrahigh magnetic 

saturation and controllable size were developed. Since, high magnetic saturation produces large 

magnetothermal heating, it also means less dose and very short contact time. This will reduce 

duration of treatment for patients hence the pain that comes with it. Controlling particle size has 

been challenging research. The fact that many of the application of nanoparticles are sensitive to 

size, it became one area of research and technology interest(S. Sun & Zeng, 2002). 

Magnetic materials have significant value in the history of modern data storage devices. Despite 

the introduction of advanced data storage devices, the next generation massive data storage 

devices still rely on magnetic materials. Thus, molecular magnets have been a center of scientific 

research and technological significance since long. However, before using molecular magnets for 

such applications, realization of stable molecular magnets that function at room temperature is 

still a challenge. With the help of our expertise with organic compounds and magnetic materials 

we prepared room temperature molecular magnet with long-range magnetic order that exhibits 

colossal magnetocrystalline anisotropy of two orders of magnitude higher than the pure iron 

metal. To prove this experimentally, a single layer graphene was oxidized to graphene oxide and 

further treated with amino ferrocene in similar procedure. The final product was nonmagnetic. 

To model the behavior of the aminoferrocene between two sheets of hydroxylated graphene we 

have used density functional theory by placing the aminoferrocene molecule between two highly 

ordered hydroxylated sheets and allowing the structure to relax. The strong bowing of the 

isolated graphene sheets suggests that the charge transfer and resulting magnetization could be 

strongly influenced by pressure effects.  In contrast to strategies based on ligands surface 

attachment, our present work that uses interlayer intercalated amino ferrocene open new routes 

for the future molecular magnets as well as design of qubit arrays and quantum systems. 
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SUPPLEMENTARY DATA AND APPENDIX 
 

Table SA1: concentration ions added during the study of the effect of ions in methylene blue 

absorption towards nanoparticles. 

Ions   Concentration(mg/L)  Concentration(mmol/L)  

NaCl  1295  37  

Na2SO4 249  3  

NaNO3  50  0.5  

NaHCO3 242  4  

MgSO4.7H2O  63  3  

CaSO4 159  4  

KCl  50  0.67  

 

Table SA2: Ratio of reactants, experimental yield, of core shell nanoparticles  

No Concentrations FeSO11H2: 

Na3C6H5O7: 

NaBH4 

Yield(mg) 

Analyte mg/ml mole/L 

1 Iron sulfate heptahydrate 

(FeSO11H2) 

2.5 111.2 1.25:1:5 2.89 

2 5.0 55.6 2.5:1:5 6.4 

3 10.0 27.8 5:1:5 16.4 

4 15.0 18.5 7.5:1:5 27.3 

5 20.0 13.9 10:1:5 43.7 

6 25.0 11.12 12.5:1:5 49.1 

7 30.0 9.27 15:1:5 52.2 

8 Sodium citrate dihydrate 

(Na3C6H5O7) 

4.0  73.53 10:1:5 31.1 

9 6.0 49.01 10:2:5 8.7 

10 8.0 36.76 10:3:5 7 

11 10.0 29.41 10:4:5 9.5 

12 12.0 24.50 10:5:5 1.4 

13 Sodium borohydride 

(NaBH4) 

2.0 18.92 10:1:1 33.4 

14 4.0 9.45 10:1:2 8.4 

15 6.0 6.30 10:1:3 16.4 

16 8.0 4.72 10:1:4 36.3 

17 10.0 3.78 10:1:5 33 

18 12.0 3.15 10:1:6 37.6 

19 Temperature 0oC  

 

10:1:5 

32.8 

20 10 oC 32.8 

21 30 oC 37.2 
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22 40 oC  37.2 

23 60 oC 24.2 

24 80 oC 32.6 
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Figure SA1: Methylene blue at different concentrations  
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Figure SA2: 2-Nitro aniline at different concentrations 
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Figure SA3: Continuous single adsorbent Microfluidic chip design 
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Figure SA4: Absorption performance of Y0PL at 20, 40 and 80mg/L 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SA5: Photograph images of MB and 4-NA of before and after treatment by the sample 

nanoparticles at 160minutes. 

 

 

 

 

 

Y0PL Y0PR Y0PRP 

MB 4-NA MB 4-NA MB 4-NA 

140mg/L 10mg/L 10mg/L 0.5mM 1mM 0.5mM 80mg/L 

160min 160min 160min 160min 160min 160min 160min 

MB 

Before 

After 



155 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure SA6:  SEM images of particles synthesized at variable concentration of metal(core):  

111.2, 55.6, 27.8, 18.5, 13.9, 11.12, and 9.27 mole/L (a-g). 
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Figure SA7:  SEM images of particles synthesized at variable concentration of ligand (Citrate 

shell):  73.53, 49.01, 36.76, 29.41 and 24.50 mole/L (a-e). 

 

 

 

0 20 40 60 80 100 120
0

20

40

60

80

100

120

C
o

u
n

ts

DSEM (nm)

DSEM = 50±4 nm

20 40 60 80 100 120 140
0

10

20

30

40

50

C
o

u
n

ts

DSEM (nm)

DSEM = 52± 4.8 nm

20 40 60 80 100
0

20

40

60

80

100

120

C
o

u
n

ts

DSEM (nm)

DSEM = 42±6 nm

40 60 80 100 120 140
0

5

10

15

20

25

30

35

C
o

u
n

ts

DSEM (nm)

DSEM = 71±6 nm

20 40 60 80 100 120
0

10

20

30

40

C
o

u
n

ts

DSEM(nm)

DSEM= 54±16 nm

a) 

b) 

c) 

d) 

e) 



157 
 

 

Figure SA8:  SEM images of particles synthesized at variable concentration of reducing agent 

(NaBH4):  18.92, 9.45, 6.30, 4.72, 3.78, 3.15mole/L (a-f) 
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Figure SA9:  EDX spectra of particles synthesized at variable reaction temperature:  0 to 80 oC 

(Inset bar graph is elemental compositions). 

 

 

Figure SA10:  Relations ship between domain size, magnetic saturation e) and coercivity and 

number of atoms f) for the first batch experiments (changing metal concentration) e) and f) and 

fourth batch experiments (changing reaction temperature) g) and h). 
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Figure SA11: Change in magnetic saturation over time of nanoparticles with the highest 

magnetic saturation (10:1:5 at 0oC). 

20 40 60 80 100 120

3

4

5

6

7

8

9

10

p
H

NaBH4 Concentration (mg)
 

Figure SA12: Change in pH at a reaction chamber as influenced by change in concentration 

sodium borohydride at 22- 24 0oC). 
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Figure SA13: Band gap energies of some selected nanoparticles; at variable metal 

concentrations, a) to c), variable ligand concentrations d) to f), variable concentrations of 

reducing agent, g) to i), and increasing reaction temperature, j) to l).  
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Figure SA 14: Pathogen contamination in freshwater environment (ground water, rivers and 

lakes and reservoirs) Reproduced from (Pandey et al., 2014) 
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