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Abstract 

Environmental contamination, specially water pollution by toxic heavy metals and radionuclides 

from both natural and artificial sources is a big concern all over the world. Groundwater, Irrigation 

water and river water pollution by heavy metals mainly coming from industrial sources is also a 

big problem for Bangladesh. Nanomaterials specially magnetite iron oxide nanoparticles (MNP) 

are recently gained much interest in biomedical, environmental and nuclear application for its high 

surface area, adsorption capacity and excellent superparamagnetic properties. To prevent 

agglomeration, dissolution and leaching of magnetite in aqueous and highly acidic conditions, 

surface modification of magnetite nanoparticles by silica coating or formation of magnetite-silica 

core shell structure gained much popularity among the researchers. Silica coating, not only protects 

the magnetite core but also provides easy conjugation with different application specific functional 

groups and higher adsorption capacity. In this work, Silica coated magnetic nanoparticles (SMNP) 

were prepared by optimized and simplified methods using the available lab facilities. Chemical, 

Structural and Magnetic properties of uncoated and coated samples were characterized and 

measured by Fourier Transforms Infrared Spectroscopy (FTIR), X-ray Diffractometry (XRD), 

Transmission Electron Microscopy (TEM), Energy Dispersive X-ray (EDS), Raman 

Spectroscopy, Differential scanning calorimetry (DSC), Thermogravimetric Analysis (TGA) and 

Physical properties measurement system (PPMS)/Vibrating sample Magnetometer (VSM). The 

results confirmed the successful synthesis of uncoated and silica coated iron oxide nanoparticles 

with average size of 12.19±3.11nm, 14.23±2.79nm and 12.22±2.97nm for uncoated, coated1 and 

coated2 samples respectively with high purity single phase Fe3O4 inverse spinel cubic structure. 

The average coating thickness of coated1 and coated2 samples were found approximately 

1.76±0.48nm and 1.34±0.39nm respectively. DSC and TGA, confirmed the good thermal stability 

of SMNP up to 9000C and revealed that, the silica coating most probably protects the MNP core 

from phase transition near 5900C. The saturation magnetization and coercivity decreased 

continuously with increasing temperature except the Verwey transition point which was observed 

at 120K in MNP, although the effect was not so prominent due to the small particle size effect, 

which is an important characteristic for low temperature applications. Near room temperature 

(300K), The particles obtained better superparamagnetic properties. The saturation magnetization 

of SMNP (54.5emu/g) was found lower than the MNP (62.9 emu/g) due to the coating effect but 

still retained the superparamagnetic properties. Smaller and Uniform particle size distributions, 

possibility to be further modified by functional groups (presence of Hydroxyl groups) required for 

specific heavy metal or radionuclides separation and excellent superparamagnetic properties 

support the potentiality of these synthesized SMNPs to be used in future environmental 

remediation and waste management applications.  
 



1 | P a g e  
 

1. Introduction 

Continuous development of Nanotechnology and its application is playing a very significant role 

in almost every aspects of scientific improvement of modern world. From last few decades, 

numerous research and development works are being carried out on the applicability of 

nanomaterials in many fields from biotechnology, medical science, environmental remediation to 

energy industry [14].  

Environmental remediation or removal of pollutants and contaminants from water, soil, rivers etc. 

is a very serious issue for many countries and the contamination is not only happened by the natural 

sources but largely coming from the human activities such as waste from agricultural, urbanization 

and industrial activities [54, 77]. Although few heavy metals (Fe, Zn, Cu etc.) are necessary for 

biological system in certain amounts, lots of Heavy metals (Pb, As, Ni, Cr, Cu, Zn, Cd, Hg etc.) 

are found in environmental media, irrigation and drinking water, which have very serious health 

effects from various acute to severe diseases (abdominal abnormalities, anemia, hypertension, 

Asthma, cancer, kidney failure etc.) if consumed above the safe limit [65]. Besides heavy metals, 

Radionuclides contaminations from both natural (222Rn, 226Ra, 228Ra, 238U, 232Th etc. mainly found 

in ground water) and artificial radionuclides (131I, 137Cs, 99Tc, 90Sr, 241Am etc.) from industrial and 

medical sources possess big concern for its highly hazardous environmental and health concerns 

[54]. Management of Nuclear Waste coming from the Nuclear power plants, Fuel processing 

plants, nuclear weapon production facilities and other non-power nuclear applications and nuclear 

medicines, is still a very challenging issue to be resolved and lots of research works are being 

carried out to find an appropriate solution using recent development of nanotechnology [24].  

Environmental Pollution specially the water pollution is a big problem in Bangladesh, a country 

with rapidly developing economy. Waste water discharged from the textile, dye, paint, leather, 

ceramic, agrochemical industries and mixed with river and other water sources are reported as the 

main contributor to the water pollution in Bangladesh [59]. In their study (Ahmed, Matsumoto & 

Kurosawa, 2018), authors found the heavy metals Zn (13.7mg/l), Cr (o.85mg/l), Cu (6.4mg/l) and 

As (0.16mg/l) in the irrigation water in Gazipur district, Bangladesh are in much higher 

concentration than the permissible limit (2mg/l, 0.1mg/l, 0.2mg/l, 0.1mg/l respectively). High 

concentrations of As found in groundwater is a major health issue for millions of people in 

Bangladesh [78]. In some other studies (Ahmad et al. 2010; Mokaddes, Nahar & Baten, 2013; 

Bhuyan et al. 2019), many heavy metals such as Pb, Cd, Ni, Cu, Cr, Al, Mn, Co, Hg etc. are found 

with higher concentration than permissible, in sediment and surface water of some rivers 

(Buriganga [56], Brahmaputra[60]). Bangladesh has a research reactor and many radioactive 

wastes are also produced from medicine, research and industries [45] and a nuclear power plant is 

under construction now. Although Bangladesh Government has some long-term policy and plan 

for nuclear waste management [45] but finding a better solution for radionuclides remediation is 

always a research concern along with the world.  

Magnetic nanoparticles (MNP) are already used in many applications and have great potential to 

be used in lot more advance application in Biomedical, Environmental and Nuclear Fields [14]. 

Although MNPs have shown good potentiality but still it has some limitations in aqueous and 

highly acidic solutions such as agglomeration, dissolution and leaching tendencies [2, 53]. 
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Different types of surface treatment or modification techniques such as surface coatings (core-

shell structure) were and are being studied to overcome the limitations of bare MNPs to make it 

more compatible in biological system, and adverse environments [14].   

According to the many recent results, Silica coating can overcome the limitations of bare MNPs 

in aqueous and acidic environment and also increase the adsorption capacity in many cases [53, 

66]. Recently, Silica coated MNP gained a lot of interest in many advance applications such as 

drug delivery [1], Nanowarming [5], DNA extraction [8], Heavy Metal removal (As [17, 55], Cu, 

Pb & Cd [34], Sb [31], Hg [7]), radionuclides separations (I [32], Sr [67], Cs [68]), vitrification, 

compaction of nuclear waste and final disposal [69] etc.  

Nanotechnological approach with silica coated iron oxide nanoparticles (SMNP) could also be a 

good solution for remediation of the water contaminants in groundwater and rivers of Bangladesh 

reported above and in future radioactive waste management. 

The synthesis procedures of MNPs were widely studied by different chemical, physical and 

biological methods. Many studies were also reported for synthesis and characterization of SMNPs. 

There are mainly three methods were reported for synthesis of SMNPs (Stöber [3, 4, 10], 

Microemulsion [11, 18] and Sonochemical [20]. Each method has some advantages, disadvantages 

and requires specific lab facilities. In some cases, the synthesized SMNPs were also further surface 

modified by different functionalization groups such as Amino [34], Thiol [7], Silane [55], 

imidazole [32] etc. The main source of silica used for the coating is tetraethyl orthosilicate (TEOS) 

which is a very expensive reagent. There is lots of variation in amount of concentration of TEOS 

used in previously reported synthesis procedures. The most important Property of SMNPs for its 

wide potential applicability is to prevent agglomeration of MNPs with retaining the 

superparamagnetic nature of it. With variation of TEOS concentration and other reaction 

conditions, these structural and magnetic properties of SMNP are varied. The performance of the 

SMNPs is also depends on the size of the synthesized nanoparticles. 

In this work, the synthesis of Silica coated Iron oxide nanoparticles were performed using the 

available lab facilities choosing the optimized (TEOS concentration and other chemical 

substances) and simplified synthesis approach. Iron oxide were synthesized previously in the lab 

by most widely used and simplified chemical coprecipitation technique. Then the details chemical 

and structural characterizations were performed on both uncoated and coated samples using 

Fourier Transforms Infrared Spectroscopy (FTIR), X-ray Diffractometry (XRD), Transmission 

Electron microscopy (TEM), Energy Dispersive X-ray (EDS), Raman Spectroscopy, Differential 

scanning calorimetry (DSC) and Thermogravimetric Analysis (TGA).  The detail temperature and 

field depended magnetic properties were measured by Physical properties measurement system 

(PPMS)/Vibrating Sample Magnetometer (VSM). All the properties measured, were analyzed to 

confirm the successful synthesis of uncoated and coated MNPs and presence of required properties 

needed for the applicability of these Magnetic nanoparticles for removal of environmental 

pollutants and contaminants in future.  
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2. Literature Review: 

There are lots of interest in synthesis and study the structural, magnetic and other physiochemical 

properties of Magnetic Iron Oxide nanoparticles (MNP) and coated MNPs for their strong potential 

in many advance applications of modern nanotechnological advancement. In literature (Mahmudi 

et al, 2010 [1]; Dave & Chopda, 2014 [2]; Ali et al, 2016 [14]), synthesis, physio-chemical 

properties and applications of Iron Oxide nanoparticles were discussed in details. MNPs are very 

reactive in air/oxidizing agent and become agglomerated easily as large clusters in aqueous 

solution and biological system [2, 6]. It is mentioned (Dave, 2014) that, the presence of Hydroxyl 

groups also makes them to be surface modified by different functional groups to make them 

stabilized and suitable for biological and aggressive environment. With proper surface coating, the 

agglomeration and corrosion of MNPs can be prevented [6, 14]. Various coating materials such as 

gold, silver, silica, TaOx, polymer, carbon etc. are used to protect MNPs [14]. Among these coating 

materials, Silica coated MNP (SMNP) is widely used [6, 7].  The main advantages of silica coating 

are: 

a. Silica Coating makes the MNPs hydrophobic and provide high stability and biocompatibility 

in aqueous conditions in very wide range of pH (Lee, Fatima & Kim, 2018) [4]. 

b. Easy bioconjugation with different chemicals and molecules such as dye, drug and even 

quantum dot can be conjugated (Ali et al, 2016). 

c. High heating and thermal stability with biocompatibility (Gao et al. 2020) [5]. 

d. Silica coating inhibits leaching of MNPs in highly acidic conditions (Han et al. 2010) [53]. 

 

2.1 Synthesis Procedures:  

 

Synthetization of Iron oxide nanoparticles are well established and widely investigated. There are 

mainly three methods (Physical, Chemical and Biological) to synthesize the bare MNPs which is 

summarized in figure 2.  

 

Figure 2.1: Synthesis methods of Iron Oxide Nanoparticles (data adopted from [2, 14]) 
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The most widely used method is chemical coprecipitation due its easy synthesis process, which 

involves the mixture of Fe2+/Fe3+ salt (1:2 molar ratio) in aqueous medium with a base in oxygen 

free atmosphere in the pH range 9-14 to have complete precipitation as the reaction written below 

[2, 14]:  

Fe2+ + 2Fe3+ + 8OH- → Fe3O4 + 4H2O 

Silica coated Iron Oxide nanoparticles (SMNP) are mainly synthesized by following methods: 

1. Stöber / modified Stöber Process [3 - 10] 

2. Microemulsion / reverse microemulsion method [11, 12, 18, 22] 

3. Sonochemical Approach [20, 62] 

The Stöber process is named after Werner Stöber who developed the method (Stöber & Fink, 1968) 

for controlled growth of spherical silica particles. The authors summarized that it was done “by 

means of hydrolysis of alkyl silicates and subsequent condensation of silicic acid in alcoholic 

solutions with ammonia catalyst” [13]. 

During last two decades, many works on synthesis of SMNPs were done using the Stöber process 

with slight modification in chemical reagents (silica source), catalyst, reaction mixing time and 

procedure. In most of the cases, the reagents use for the silica coat is tetraethyl orthosilicate 

(TEOS). The hydrolysis and condensation reaction of TEOS and bond formation with MNP is 

shown below [43, 61]:  

    

 

 

Figure 2.2: Hydrolysis and Condensation of TEOS on MNP [43, 61] 

 

The chemical reagents, catalyst, alcoholic medium (mainly ethanol), distilled water (DI) and their 

concentrations used in some of previous researches for coating different amount of MNPs are 

summarized in Table 2. 

shown below [61]:  

 

     Si(OEt)4 + 4H2O                Si(OH)4                             (SiO2)n + n (H2O) 
hydrolysis condensation 

                                                                    

NH4OH, TEOS 

Ethanol, H2O 

-H2O 

MNP MNP 
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Table 2.1: Materials used in SMNP synthesis (Previous Methods) 

Bare MNP(g) Ethanol (ml) DI (ml) Catalyst (ml) TEOS (ml) References 

0.045 80 16 
2 

(25wt% NH4OH) 
0.8 [21] 

0.1 80 20 
1 

(28wt% NH4OH) 
0.1 [17] 

0.1 80 20 
1 

(28wt% NH4OH) 

1-7 

(in 47ml ethanol) 
[4] 

0.1 80 20 
1 

(2M NaOH) 
0.1 [16] 

0.5 50 5 
5 

(10wt% NaOH) 
0.2 [10] 

0.5 80 20 
2 

(25% NH4OH) 
0.2 [27] 

2.0 160 40 
5 

(25% NH4OH) 
1-7 [19] 

 

The effect of type of alcohol, alcohol/water ratio, amount of catalyst and TEOS on the synthesis 

of SMNP with 2g of bare MNP were investigated by Deng, Wang, Hu, Yang & Fu (2005). In this 

study (Deng et al, 2005), methanol, ethanol, isopropanol and n-propanol were used as alcoholic 

medium and ethanol was found as the best alcohol type to get uniform SMNPs. Deng (2005), also 

varied ethanol/water ratio from 1 to 5 and concluded that, ethanol/water ratio at 4 is the best option 

to get SMNPs with better morphological (regular shape) and dispersion properties. They varied 

the ammonia solution from 1 to 9 ml keeping ethanol/water ratio at 4 with 1ml of TEOS. The data 

in Table 2 shows that, most of the researcher followed these findings to keep the ethanol/water 

ratio at 4. Authors (Deng et al, 2005) found, SMNP can formed for good range of ammonia solution 

concentration (1-5ml) and explained that, for higher concentration of ammonia solution (> 7ml for 

1ml TEOS) can lead to formation of core free small silica particles due to rapid hydrolysis of 

TEOS [19]. Effect of TEOS concentration was also studied (Deng et al, 2005; Lee et al, 2018) and 

summarized that thickness of silica coating increases with increasing concentration of TEOS, 

although higher TEOS can also lead to form core free silica particles besides SMNPs. Some articles 

(Ahangaran, Hassanzadeh & Nouri, 2013 & Lee et al. 2018) also suggested to pretreat the bare 

MNPs with HCL solution prior coating process to avoid the possibility to form blank silica 

microspheres [4, 27]. Another study (Sharafi, Bakhshi, Javidi & Adrangi, 2018) suggested that, by 

decreasing the initial concentration of catalyst and increasing later gradually, may prevent MNP 

particles agglomeration without any pretreatment or surface modification [16].  

Some of the researches also used microemulsion/reverse microemulsion to produce SMNPs. 

Antonio Cid (2018) described, microemulsion is a thermodynamically stable and isotropic mixture 

of two immiscible liquid (Oil, Water) with surfactant. It is summarized in the chapter (Cid, 2018), 

Controlling the reaction condition time, temperature, surfactant type, it is possible to control the 
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size, shape, crystal structure and production of different geometries by this method [23]. Ali et al 

(2016) mentioned, that removal of residual surfactants and difficulty in scale-up production is the 

main limitations of this methods [14]. 

Sonochemical approach to synthesis the SMNPs was explored by Morel et al (2008) and reported 

that, using powerful ultrasound for main reaction of the synthesis process, can overcome the main 

problems (slower process, agglomeration) of earlier Stöber Process using conventional 

magnetic/mechanical stirring for reaction mixing. Morel (2008) used 0.35mmol Fe3O4, 30ml 

ethanol, 0.7ml concentrated ammonia in 9.3ml water and 1.8mmol TEOS (99%) for the synthesis 

and described the detail procedure in his article. Morel reported that, ultrasonication can cause 

5times faster hydrolysis of TEOS than conventional which decrease the reaction time significantly, 

prevent agglomeration and produce uniform single core SMNPs [20]. 

 

2.2 Properties, Analytical tools and Previous Results: 

 

To confirm the successful production of MNPs and SMNPs and to explore the possibility of these 

particles to use in different applications, it is necessary to characterize and measure the required 

properties of these nanoparticles. There are lots of characterization tools are available to analyze 

and measure the structural, magnetic and other physiochemical properties. Some of the most 

important Properties and analytical methods used by the researchers in this field and their findings 

are briefly described below. 

 

2.2.1 Chemical properties: 

 

To identify the materials and functional groups present in the synthesized particles, widely used 

tool is Fourier Transforms Infrared Spectroscopy (FTIR), because of its easy and simple 

measurement technique. In this analysis, Infrared radiation (IR) is applied by the machine to 

analyze the chemical properties through radiation absorption and transmission of specific 

frequency by the sample. For the conventional FTIR technique, the powder samples need to be 

mixed with a salt (usually KBr) to make it translucent to the IR radiation. But, with ATR 

(Attenuated Total Reflectance) tool, there is no sample preparation needed because of using 

reflectance technique instead of transmission [61]. 

The main absorption bands of MNPs and SMNPs reported by the some of the previous researches 

are summarized in Table 2.2. 

Table 2.2: IR absorption bands, cm-1 (Previous Results) 

 

 

Tools 

Fe-O stretching 

vibration Si-O-Si, Si-OH, Si-O stretching and 

bending vibrations 

 

Reference 

MNP SMNP 

FTIR 580 580 1119, 963, 796 [4] 
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Tools 

Fe-O stretching 

vibration Si-O-Si, Si-OH, Si-O stretching and 

bending vibrations 

 

Reference 

MNP SMNP 

FTIR 441, 

585, 632 

- 
1095,945,802 

[35] 

FTIR 572  1086, 949 [9] 

FTIR 582 574 1080, 798 [43] 

FTIR 584 574 1080 [17] 

ATR 544, 399  1050,112 [38] 

ATR 523, 311 553 1055,789 [40] 

ATR 548 - - [37] 

 

According to the previous results listed in Table2.2, The characteristic bonds of Silica shell (Si-O-

Si/Si-OH/Si-O) in SMNP were identified in the region 800-1200 cm-1. The main silica 

characteristic peak (Si-O-Si stretching) was found near 1080 (FTIR) or 1055 (ATR), main Fe-O 

vibrational bond of Fe3O4 was near 580 cm-1 (FTIR) 0r 545 cm-1 (ATR). The results are little bit 

deviated between conventional FTIR (with KBr pellet) and ATR (no additional sample 

preparation). The Fe-O bond position in SMNP can be shifted little bit due to formation of Fe-O-

Si bond [9]. The hydroxyl groups (-OH) were also reported in FTIR analysis in both MNP and 

SMNP near 1614cm-1 and 3000cm-1 region [9, 15, 38]. The presence of hydroxyl groups is 

important for further functionalization related to different applications [2]. 

 

2.2.2 Structural Properties: 

 

The structural properties of the nanoparticles are mainly characterized by X-Ray Diffractometry 

(XRD) and Transmission Electron Microscopy (TEM).  

In XRD, the structural properties such as crystallinity, crystallite size, Phase Purity, Lattice 

constants etc. are measured from the angle and intensity of the diffracted beam by the 

crystallographic planes in response to the incident X-ray beams on the sample. The peaks in 

different diffraction angle, can characterize the specific crystal plane in crystalline samples. The 

brag angles, dhkl (distance between two parallel planes) and corresponding planes of different Iron 

oxide phases in the magnetite rich powder reported in the study (Noval & Carrazo, 2019) is 

adopted in Table 2.3.  

Table 2.3: dhkl and Planes of different Iron oxide Phases in Magnetite rich Powder (Noval & 

Carrazo, 2019) [12]: 

 

angle, 2θ0 dhkl, Å Miller indices (hkl) Phase 

18.4 4.81 (111) Fe3O4 
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angle, 2θ0 dhkl, Å Miller indices (hkl) Phase 

24.2 3.67 (012) α-Fe2O3 

30.1 2.96 (220) Fe3O4 

33.2 2.70 (104) α-Fe2O3 

35.5 2.52 (311) Fe3O4 

37.2 2.41 (222) Fe3O4 

41.8 2.16 (200) FeO 

43.2 2.09 (400) Fe3O4 

49.6 1.84 (024) α-Fe2O3 

53.5 1.71 (422) Fe3O4 

54.1 1.69 (116) α-Fe2O3 

57.0 1.61 (511) Fe3O4 

60.6 1.52 (220) FeO 

62.6 1.48 
(440) 

(214) 

Fe3O4 

α-Fe2O3 

74 1.28 (533) Fe3O4 

 

For pure single-phase magnetite (Fe3O4), Most of the previous results reported the corresponding 

planes and angles are, 2θ = 30.1, 35.5, 43.2, 53.5, 57, 62.6 & 74 for plane (220), (311), (400), 

(422), (511), (440) & (533) respectively [4, 17, 27, 42, 44]. 

In TEM, the surface morphology, particle size measurement and distribution can be measured 

directly at much higher resolution than other microscopy techniques by using electron beam. In 

HRTEM (High Resolution TEM), study of materials properties can be done at atomic scale. With 

EDS (Energy Dispersive X-ray spectroscopy) attachment of TEM, the elemental analysis and 

compositional mapping can be done [63].  

Comparative particle size, crystallite size of MNPs and SMNPs synthesized by different methods 

and reported by previous researches are summarized in Table 2.4. 

Table 2.4: Particle size, crystallite size of MNPs and SMNPs synthesized by different methods 

(Previous Results) 

 

Synthesis 

method 0f 

SMNP 

Particle size, nm (TEM) Crystallite size, nm (XRD) 

Reference 
MNP SMNP MNP SMNP 

Modified 

Stöber 
14.29±4.05 15.41±4.11 12.7 - [44] 

Modified 

Stöber 
8-16 16-24 12 

20 

(agglomeration 
[10] 
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Synthesis 

method 0f 

SMNP 

Particle size, nm (TEM) Crystallite size, nm (XRD) 

Reference 
MNP SMNP MNP SMNP 

inside 

nanosphere) 

Modified 

Stöber 
9 

53 (5 

aggregate) 
- - [3] 

Modified 

Stöber 
- - 46.7 26.3 [41] 

microemulsion 24 (mean) 35.3±0.04 9.44±0.02 

16±0.14 (large 

amount of 

silica, resulted 

in expansion 

micelles) 

[11] 

Reverse 

microemulsion 
20.6±-1 30.2±1.7 - - [18] 

coprecipitation 13.4 16.6 12.09 13.02 [34] 

coprecipitation 100 (agg) 30-100 - - [6] 

sonochemical 4-10 

10 (core) + 

shell 

3.5 (3h)/ 

1.1 (1h) 

- - [20] 

sonochemical 6-15 
6nm silica 

shell 
10 - [9] 

 

From Table2.4, it is confirmed that MNPs has large tendency to aggregate in many cases. For most 

of the applications, large aggregate need to be avoided. Smaller particles have more surface area, 

superparamagnetic properties and uniform distribution for better applicability. with optimization 

of reagent and catalyst concentration, ethanol/water ratio and controlling hydrolysis rate of TEOS, 

it is possible to produce better SMNPs [19, 20]. 

 

Another analytical tool, Raman spectroscopy is used to determine the formation of vibrational 

modes present in MNPs and SMNPs to confirm chemical bonds and phases present in the samples 

[49, 64]. Majumder et al. (2015) [41], reported the characteristics bonds of Fe-O stretching at 678 

cm-1 and Vibrational modes related to Fe3O4 at 545 cm-1 and 300 cm-1. Similar stretching and 

vibrational bonds of Fe-O related to Fe3O4 were reported at 596, 489 and 396 (Yew et al. 2017 

[63]), at 670, 538,306 (Yuvakkumar and Hong, 2014 [64]). Majumder et al. (2015) also reported 

the peaks at 480, 365 and 216 cm-1 are characteristic bond of silica and mentioned that presence 

of silica bonds with decreased intensity and slight positional shift of Fe-O bonds confirms the silica 

coating on Fe3O4. 
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2.2.3 Magnetic Properties: 

 

The magnetic properties of Iron nanoparticles gained great interest for its superparamagnetic 

behavior or very low remanence and coercivity with greater surface area. These properties make 

them very suitable candidate for many applications in biomedical, environmental and nuclear field 

[14]. 

The magnetic properties are mainly investigated by Vibrating sample Magnetometer (VSM) or 

Physical properties measurement system (PPMS). VSM can measure the magnetic moment as a 

function of applied Magnetic field at different temperatures. Under an external magnetic field 

applied, magnetic moment is increasing until it reaches a saturation value termed as Saturation 

Magnetization (Ms) and the value of magnetic field where the magnetic moment is zero is termed 

as coercivity/coercive field (Hc). 

Magnetic properties depend on various conditions such as particle shape, size, spin canting, crystal 

defects, temperatures etc. (Hu et al. 2018) [72]. Li et al. (2017) explored the size effect on magnetic 

nanoparticles in terms of critical size to change from single domain to multidomain structure and 

they found 76nm is the critical size for magnetite nanoparticles [71].  

Temperature dependent Saturation magnetization (Ms) and Coercivity (Hc) is expressed by 

Kneller’s Law and Bloch’s Law (Nayek et al. 2017) [70] as follows: 

 

 

 

 

Where, 

M0 = Magnetic Moment at 0K 

T0 = Temperature at Zero Magnetic Moment 

Tb = superparamagnetic blocking temperature below where the single domain, uniaxial anisotropy 

is present [70] 

αβ and αk is the Bloch’s and Kneller’s exponent respectively with well-known values of 0.5 and 

1.5 for bulk materials.[70].  

In their study (Nayek et al. 2017), authors explored that the Kneller’s and Bloch’s exponents values 

were changed with decreasing the particle size and mentioned that finite size effects or large 

anisotropy in nanoparticles, inter-particle interactions and spin-glass structure formation could be 

the reasons [70]. 
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Another important phenomenon for low temperature applications of Magnetite nanoparticles is 

Verwey transition (Tv), where sharp transition in magnetic properties is happened at 120K-130K 

region [72, 74]. Although the authors (Bohra, Agarwal & Singh, 2108) mentioned that the Verwey 

transition is weakly size dependent but suppressed below 20nm particle size and completely 

disappear below 6nm [74]. 

The temperature and size dependent Magnetic properties of Magnetite (Fe3O4) nanoparticles are 

summarized in Table 2.5 from the data of previous results reported.  

Table 2.5 Magnetic Properties of Magnetite nanoparticles (Previous Results) 

 

Temperature 

(K) 

Particle size 

(nm) 

Ms (emu/g) Hc (Oe) 
References 

MNP SMNP MNP 

2 

12 

78 

- 

250 

[70] 

50 77 80 

100 77.5 40 

200 74 39 

300 70 38 

5 

2-20 

84.6 

- 

584.7 
[72] 

 
128 86.2 280.3 

300 79.7 338.1 

300 

- 86 62 95 153 [40] 

10 68 36.2 80 60 [20] 

200-300 

(agglomerated) 
85 67 

low 

(hysteresis 

loop) 

[4] 

100 44.8 30.2 [6] 

6-15 79 46.99 [9] 

8-16 64.8 40.3 [10] 

100 78 58 [17] 

13.4 68 36.2 [34] 

9.6 54.7 
- 

Near Zero 
[71] 

287 84.7 190 

 

From table2, it is seen that, with increasing temperature the saturation magnetization and coercivity 

is decreased except near 128K which can be attributed to the Verwey transition mentioned above. 

The Ms and Hc values for all the reported cases in Table2.5, indicate the superparamagnetic 

behavior of Fe3O4 near room temperature. Although, the Ms values for the SMNP is lower than 

the bare MNPs because of the coating effect, still it has enough magnetic properties to retained the 
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superparamagnetic nature of bare magnetite [40]. The extend of decrease in magnetization values 

in coated sample depends on the thickness of silica coating, as the coating thickness increases, the 

magnetization decreases [19].   

 

2.2.4 Thermal properties: 

 

The thermal properties are measured by Differential Scanning Calorimetry (DSC) and 

Thermogravimetric Analysis (TGA) techniques. DSC measures the heat flow and TGA measures 

the sample mass changes against temperature and/or time changes. These experiments provide 

information regarding thermal stability, weight loss (decomposition of chemical compound or 

evaporation of volatile elements etc.), weight gain (oxidation, adsorption etc.), phase transition, 

decomposition kinetics etc. over the tested temperature ranges [66]. 

According to the previous reported results (Du, Liu, chu & Zhang, 2005 [43]; Sneha, Nachiappan, 

Sundaram, 2015 [25]) both MNPs and SMNPs show good thermal stability. In their studies, (Du 

et al. 2005) and Sneha et al. 2015), the initial endothermic peak around 100-3000C was reported 

as removal of physical/chemical water and decomposition of alcohol or any residual chemical 

substances. In their studies (Sneha, 2015 and Aghazadeh, Karimzadeh & Ganjal, 2019 [29]) a 

small endothermic peak in DSC curve with little weight loss near 550-600C was reported as 

probable crystallization of magnetite phase or phase transition of Fe3O4 to FeO. 

 

2.2.5 Adsorption properties: 

 

MNPs and SMNPs with proper surface functionalization, exhibit very good adsorption properties 

for removal of heavy metals and radionuclides from aqueous solution [2, 6, 7, 17, 31, 32, 34, 54, 

55]. The required amount of adsorbent (SMNP) is dispersed in the solution containing the elements 

(natural or stock solution prepared) and adsorption reaction is performed for certain times. Then 

the adsorbent is separated magnetically from the solution. The adsorption capacity is mainly 

measured from the concentration of the element to be adsorbed in the solution before and after the 

adsorption reaction with SMNPs as following simple formula [6, 17]: 

 

Qad = 
𝐶0− 𝐶𝑡

𝑊
 

%C =  
𝐶0− 𝐶𝑡

𝐶0
 × 100 

 

Where, 

Qad (mg/g) = adsorption capacity (weight of adsorbed element per gram of adsorbent) 

C0 (mg/l) = initial concentration of element in the solution 

Ct (mg/l) = concentration of residual element in the solution (mg/l) at time t of adsorption reaction 
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W (g/l) = amount of dry mass of adsorbent (SMNP) used per solution volume. 

The concentrations are mainly measured by Atomic Absorption Spectrometry (AAS) [7, 31] or 

UV spectrophotometer [6, 32]. The maximum adsorption capacity can be determined from 

adsorption isotherm models. The general form of Langmuir model (L. Langmuir, 1918) and 

Freundlich model (Carr, Freundlich and Sollner, 1941) are as follows (as cited in Madrakian et al. 

2012) [32]: 

Langmuir model,  

𝑎𝐿𝑞𝑒

𝐾𝐿
=

𝐾2 𝐶𝑒

1 + 𝐾2𝐶𝑒
 

 

Freundlich model,  

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
2 

 

Where, 

Ce (mg/l) = equilibrium concentration of the element in the solution (mg/l in Langmuir, mmol/l in 

Freundlich model)  

qe (mg/g) = adsorption capacity (weight of adsorbed element per gram of adsorbent) 

aL (l/mg) and KL (l/g) are the Langmuir constants with aL related to the adsorption energy  

Kf (mmol1−1/n L1/n /g) and 1/n (n related to adsorption energy distribution) are Freundlich constants  

Maximum adsorption capacity, qm (mg/g) = KL/ aL [32]. 

The detection and adsorption capacity of SMNP are presented in Table 2.7. 

 

2.3 Applications of SMNPs: 

 

2.3.1 Biomedical Applications: 

Some of the important biomedical application of silica coated Iron oxide nanoparticles are 

summarized in Table 2.6. 

Table 2.6: Biomedical Applications of SMNPs 

Applications Scope 
Particles and 

advantages 
References 

Diagnostic 

MRI contrast Agent for Magnetic 

Resonance Imaging (MRI) (cancer 

diagnosis, stem cell tracking, gene 

expression etc) 

Surface modified 

SMNP (negligible side 

effect, Biocompatible) 

[1, 26] 
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Applications Scope 
Particles and 

advantages 
References 

Therapeutic 

targeted drug delivery (anti-

arthritic, anti-inflammatory, 

hyperthermia, radioactive, 

chemotherapeutic etc.) 

Nanowarming 

promising solution to rewarm 

organ rapidly and uniformly which 

is very important for 

cryopreservation (long term 

banking of biological system) 

SMNP (High heating, 

stable and easy wash 

out) 

[5] 

Detection of 

Pathogenic 

Viruses 

PCR based detection 
SMNP (Faster, Higher 

Sensitivity) 
[15] 

DNA extraction Extraction, Purification 

Amino functionalized 

SMNP (high acid 

resistance, better 

adsorption and purity) 

[8] 

 

From Table 2.6, it is seen that the biocompatibility, high aqueous and thermal stability, easy 

separation, higher sensitivity and easy conjugation with application specific functional groups 

make the SMNPs ideal choices for diverse biomedical applications. 

 

2.3.2 Environmental Applications  

 

SMNP can be used for both detection and removal of toxic elements from aqueous environment. 

The adsorption capacity of SMNP for different elements and sources, reported in some of the 

previous articles are summarized in Table 2.7.  

Table 2.7: Adsorption capacity of SMNP for Metal and Radionuclides (Previous Results): 

 

Element Source 

Detection 

limit 

(ng/ml) 

Adsorbent 
Adsorption 

capacity 
Reference 

As(III) stock solution - SMNP 67.92 µg/g [17] 

As(V) 

Sodium 

Arsenate 

heptahydrate 

- 
MNP 

Silane modified SMNP 

157 µmol/g 

170 µmol/g [55] 

Cu(II) 

Ni(II) 

Co(II) 

Cd(II) 

Stock solution 

4.7 

9.1 

9.5 

2.3 

Modified SMNP - [66] 
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Element Source 

Detection 

limit 

(ng/ml) 

Adsorbent 
Adsorption 

capacity 
Reference 

Pb(II) 

Mn(II) 

7.4 

15.3 

Hg 

Rain water 1.41±0.17 

Thiol modified SMNP 101 mg/g [7] Well waters 0.34±0.02 

Sewage water 1.3±0.17 

Humic 

Acid 
water - 

MNP 

SMNP 

95.15 

196.07 mg/g 
[6] 

Cu(II) 

Pb(II) 

Cd(II) 

Stock solution - 
Amino functionalized 

SMNP 

0.47 mmol/g 

0.37 mmol/g 

0.20 mmol/g 

[34] 

Sb(III) 

Strong acid 

solution 

(2.5M H2SO4) 

- 
Amino functionalized 

SMNP 
45.3mg/g [31] 

I Stock solution - 
Imidazole modified 

SMNP 
140.84 mg/g [32] 

Sr(II) SrCl2 solution - 

Titanium modified 

SMNP 

(Fe3O4@SiO2@TiO2) 

37.1 mg/g [67] 

Cs-137 
Contaminated 

sea water 
- 

Ptassium Titanium 

Ferrocyanide SMNP 

(Fe3O4@SiO2@KTiFC) 

43.09 mg/g [68] 

 

It is seen in Table-2.7 that, Silica coated Magnetite with surface modified by target specific 

functional groups/chelators are preferred over bare magnetite and shows higher adsorption 

capacities. 

 

2.3.3 Nuclear Waste Management: 

 

Removal of radionuclides from contaminated solution and nuclear waste is a challenging task due 

to its highly acidic and hazardous environment. Magnetic nanoparticles (MNP) shows great 

potentiality for removal for radionuclides from contaminated solution by adsorption and magnetic 

separation technique as the steps summarized below (D. Nath, 2018) [24]. 

1. Synthesis of MNPs with higher Magnetic Susceptibly and surface area 

2. Surface coating and functionalization for higher stability in highly acidic environment and 

adsorption capacity 

3. Conjugation with Chelators/functional groups for specific radionuclides/actinides 

4. Radionuclides/actinides extraction reaction 
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5. Separation and stripping of Radionuclides 

6. Recycling of MNPs and Actinides or waste disposal 

Agglomeration, Dissolution and leaching of bare MNPs in acidic solutions and external 

environmental conditions limit their applicability. Silica coat can protect MNPs from these 

limitations and make it suitable for applications in aggressive environment (Han et al. 2010 [51], 

Yi et al. 2014 [68]. 

Silica coated MNPs (SMNP) conjugated with proper functional groups (shown in table-2.7) has 

shown good separation and adsorption efficiency for many radionuclides/actinides from stock 

solutions, contaminated water, seawater sources [ 32, 51, 53, 54, 68]. 

Lіtvіnenko, Zabulonov, Kadoshnikov & Yurzhenko, 2012 [69], also explored the possibility of 

Fe3O4/SiO2 nanocomposite for vitrification, compaction and disposal of nuclear waste. According 

to their study (Litvinenko et al. 2012), Fe3O4/SiO2 forms glass phase at 10000C which produce the 

solid matrix for retention of incorporated radionuclides by it and this can be useful for vitrification, 

compaction and further waste disposal. 
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3. Objectives of the Present Work: 

The main objective of this internship/thesis work is to synthesize the silica coated magnetite 

nanoparticles to be used in future applications for environmental remediation (separation of toxic 

heavy metal/radionuclides), keeping in mind the alarming water pollution by heavy metals from 

Bangladesh perspectives. The following tasks are associated with the main work: 

1. To synthesize silica coated Magnetite nanoparticles by most widely used Stöber method 

taking into account the recent improvements and less frequently used sonochemical 

approach claimed better performance in terms of agglomeration tendency of magnetite 

nanoparticles with faster synthesis process.  

 

2. To characterize the synthesized uncoated and silica coated magnetite nanoparticles in 

details to confirm their successful synthesis and obtain the information on chemical 

bonding, crystallographic information, surface morphology, dimensions, thermal stability 

and magnetic properties. In addition, To measure detail temperature dependent magnetic 

properties of magnetite nanoparticles to observe some interesting low temperature 

phenomena reported in literatures. 

  

3. To analyze all the properties measured to comment qualitatively on the feasibility of these 

synthesized nanoparticles to be used in future applications for removal of heavy 

metal/radionuclides from aqueous solution by adsorption process. 
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4. Experimental Methods and Setup: 

 

4.1 Materials and Synthesis 

 

Silica Coated Iron Oxide nanoparticles (SMNP) were synthesized via modified Stöber and 

sonochemical approach reported in many earlier researches [4, 9, 19, 20] with slight modifications 

and using the available laboratory facilities. Uncoated Iron Oxide Nanoparticles (MNP) were 

previously synthesized by chemical coprecipitation Method from mixing of FeCl3 and FeSO4 

solution at 2:1 ratio on a hot plate (250C at 300rpm) under N2 atmosphere with NH4OH catalyst. 

The reaction was completed at pH 11. 

Then, the silica coating was performed on these nanoparticles and detail characterizations were 

performed on both uncoated and silica coated MNPs. 

Two Coated MNPs (Coated1 and Coated2) were prepared by two modified processes shown in 

table 4.1. Reaction Mixing was done by Ultrasonic Probe Sonicator for Coated2 instead of 

Magnetic stirrer used in Coated1. MNPs were treated in HCL before performing Coated1 process 

but not for Coated2 less amount of chemical substances was used for Coated2, although keeping 

same volume ratio of Ethanol/water and NH4OH/TEOS. 

 

Table 4.1: chemicals used for synthesis of coated nanoparticles  

 

Sample 

weight 

of 

MNP 

Pretreatment 

in HCL 
Ethanol DI 

NH4OH 

(28%) 

TEOS 

(≥98%, 

Sigma 

Aldrich) 

Methods 

Coated1 1g Yes 120ml 30ml 5ml 
6ml in 44ml 

ethanol 

Modified 

Stöber  

Coated2 1g No 60ml 15ml 1.4ml 2ml Sonochemical 

 

The TEOS concentration were kept as low as possible for the following reasons: 

1. To avoid/minimize the formation of blank silica microspheres.  

2. To not compromise much with the superparamagnetic properties of magnetite core. 

3. To ensure optimize use of expensive TEOS reagent. 

Synthesis process of SMNPs is described step by step below: 

 

1. Coated1 Sample: 

 

a) 1g of MNP was treated in 50ml 1M HCL by Ultrasonic Probe Sonicator (heilscher 

UP400St) for 5minutes. 50ml 1M HCL solution was prepared from standard 37% HCL 

solution (4.15ml 37% HCL + 45.85ml Distilled Water (DI)). 
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b) Treated MNPs were separated from HCL and washed thrice with DI. 

c) MNPs were homogenously dispersed in mixture of 120ml ethanol and 30ml DI.  

d) 5ml of 28% NH4OH was added to the mixture slowly. 

e) The mixture (MNP + Ethanol + DI + Ammonia) was place on Digital Hotplate Stirrer 

(LabTech LMS-2003D) and heated to 400C. 

f) 6ml of 98% TEOS (in 44ml ethanol) was added dropwise to the mixture while 

continuing stirring by magnetic stirrer. 

g) The magnetic stirring was continued at 300rpm and 400C for 4.5hrs. 

h) The synthesized particles were separated from the mixture by ultrasonic centrifuge 

separator (Hitachi CP 80NX) and washed several times with ethanol and DI. 

i) The separated particles were dried in oven at 700C for 12hrs and kept in airtight 

container for characterization. 

 

2. Coated2 Sample: 

 

a) 1g of MNPs were homogenously dispersed in 60ml ethanol and 15ml DI and sonicated 

for 30minute by ultrasonic probe Sonicator at 30W. 

b) 1.4ml of 28% NH4OH was added slowly to the mixture and the sonication was 

continued. 

c) 2ml of 98% TEOS was added dropwise to the mixture while continuing sonication. 

d) The Sonication was continued for 2.5hrs and the solution was kept overnight for 

complete condensation. 

e) The synthesized particles were separated from the mixture by ultrasonic centrifuge 

separator (Hitachi CP 80NX) and washed several times with ethanol and DI. 

f) The separated particles were dried in oven at 700C for 12hrs and kept in airtight 

container. 

Figure 4.1 shows some of the samples and apparatus used in this work for synthesis process (a. 

Magnetic hot plate stirrer, b. Ultrasonic Probe Sonicator, c. UltraCentrifuge, d. Synthesized 

Samples kept in Ethanol, e. Magnetic separation, f&g. Dried Sample). 

 

 

   
(a)                                     (b)                                              (c) 
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(d) 

 

   
                              (e)                                                (f)                                          (g) 

Figure 4.1: Apparatus used for synthesization process and separation of synthsized samples 

 

4.2 Sampling and characterization: 

 

Sample preparation for different charcaterization techniques and characterization tools used in this 

work, are briefly described below: 

 

4.2.1 Fourier Transforms Infrared Spectroscopy (FTIR): 

 

For, FTIR analysis, generally the powedered samples were prepared as pellet mixing with KBr. In 

this work, the ATR attachment (UATR Two) of the Machine ‘Spectrum Two FTIR Spectrometer 

– PerkinElmer’ was used to measure the FTIR spectrum directly on the dried powdered samples. 
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This machine has a diamond crystal with a pressure arm to ensure the good contact of the sample 

with diamond crystal. The diamond crystal was cleaned with alcohol before each measurement to 

avoid any previous contamination. After correcting background response and adjusting the force 

gauge, ATR spectra of each sample were collected in the wavelength range 350cm-1- 4000cm-1 

with accumulation of 100scans.  

 

4.2.2 X-ray Diffractometry (XRD): 

 

The powder samples were placed on the XRD sample holder uniformly and put in the XRD 

machine (Rigaku SmartLab). The incident X-ray wavelength was 1.54Å and the spectrum was 

collected in the angle range 10-800 with 0.020 step width. Crystallinity, crystallite size, interplanar 

spacing, Phase Purity, Lattice constants etc. are determined by analyzing the XRD data. The 

crystallite size, interplanar spacing or distance between two parallel planes and lattice constant 

were measured using the following Debye-Scherrer formula [44]. 

Crystallite size,  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

Interplanar spacing,  
       

                                                                      dhkl =
𝜆

2𝑠𝑖𝑛𝜃
 

Lattice constant,   

                                                                a = dhkl (h
2+k2+l2)0.5 

 

Where, k = shape factor = 0.9 

            λ = incident x-ray wavelength (Å) 

            β = Full Width Half Maximum (radian) 

            θ = Brag Angle (radian) 

            h, k , l = miller indices of plane 

 

4.2.3 Transmission Electron Microscopy (TEM): 

 

The bright field image, dark field image, EDS (Energy dispersive x-ray spectroscopy) spectrum 

and Mapping were taken by TEM (Talos TEM, ThermoScientific) to analyze the particle size and 

distributions, crystallographic information and elemental analysis of uncoated and coated samples. 

Small amount of the dried powder samples was sonicated in ethanol for 15 minutes by ultrasonic 

probe Sonicator to form solution. Then very small amount of the solution was put on the copper 

grid, dried and inserted to TEM for analysis. The particle sizes, crystalite size and dhkl were 

measured manually by image processing software (Digimizer) on the images taken by TEM.  
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4.2.4 Raman Spectroscopy: 

 

For Raman analysis were done with the The MonoVista CRS+ (S&I) Raman Microscope. the 

powdered sample were pressed with KBr salt to form pellet to analyze and the light source used 

was 785nm Laser beam.  

 

4.2.5 Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA): 

 

DSC and TGA analysis were performed by putting the nanoparticles in the sample crucible of the 

DSC instrument (NETZSCH STA 449 F3). The test temperature range were set from 280C to 

1020oC at 400/min rate. The differential weight loss curve was plotted to observe any sharp changes 

in mass of the sample. 

 

4.2.6: Magnetic Properties Measurement: 

 

The detail magnetic properties of MNPs were measured by Physical properties measurement 

system (Dynacool PPMS by Quantum Design). 10 mg of uncoated and 5mg of coated sample were 

used for all the test measured by PPMS system and normalized the values for per gram of sample. 

The magnetic properties of uncoated sample were measured at temperature range 5K-920K and 

applied field range ±20Oe upto ±5T. The coercivity (field needed to reverse the magnetization or 

field at zero magnetic moment) for each temperature and field is measured from the extrapolation 

of the data obtained from hysteresis loop of each temperature and field.  

  

FTIR                                                                     XRD 
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                                 TEM                                                                            PPMS/VSM 

Figure 4.2: Some of the characterization and measurement tools used 
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5. Results and Discussion 

5.1 FTIR Spectra:  

 

The ATR/FTIR spectra from wavelength 350 to 4000 cm-1 of uncoated/bare Magnetite 

nanoparticles (MNP) and silica (SiO2) coated MNP (SMNP) is presented in figure 5.1.  

 

 
 

        Figure 5.1: ATR spectra of Uncoated and Silica Coated MNP 

 

The sharp band at 546 cm-1 following a small shoulder near 626 cm-1 represent the Fe-O stretching 

vibrational band [37, 38, 41] in bare MNP. Although in some articles, the Fe-O stretching vibration 

was reported around 572-588 cm-1 [9,10,17,35], Lesiak et al., 2019 mentioned that those 

measurements were done on MNP pellet formed with KBr, which may shift the peak position [37]. 

Bands near 1382 cm-1 and 1628 cm-1 corresponds to Fe-O groups vibration [42] and O-H stretching 

[35,38]. Peaks around 3000 cm-1 represents hydroxyl groups [15, 38]. The introduced silica 

network (different silica functional groups) in SMNPs is revealed between 800 to 1100 cm-1 region 

in both coated 1 and coated 2 spectra. The strong band near 1054 cm-1 corresponds to Si-O-Si 

stretching vibration mode [38, 40], weak bands near 946 cm-1 and 814 cm-1 are for Si-OH 

stretching and Si-O bending [4, 17, 35]. Besides, the Si-O stretching and bending vibration, some 

literatures [15, 40, 50, 51] also reported, Si-O-Fe bond formation in this region (945-1250 cm-1) 

for SMNP. The Fe-O bond, slightly shifted in coated 1 (534 cm-1) and in coated 2 (544 cm-1) 

indicates the presence of Fe-O-Si bonds [41-43] in the SMNP. The above results (Fe-O bonds, 

formation of silica matrix and Si-O-Fe bond) confirm the successful synthesis of bare MNPs and 

Silica Coated MNPs. Silica coating with presence of increasing hydroxyl groups will facilitate the 

easy conjugation with other target specific functional groups for different applications. 
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5.2 XRD Patterns:  

 

The XRD pattern of uncoated and coated MNP are presented in Figure 5.2 and the characteristic 

reference peak and experimentally obtained peak values of MNP are shown in Table 5.1. 

 

 

 
Figure 5.2: XRD patterns of MNP and SMNP 

 

     

                   Table 5.1: Main XRD Peaks  

 

2θ (Experiment) 2θ (Reference) 

JCPDS 19-0629 [42,44] 

Miller Indices 

(Plane) 

30.33 30.10 220 

35.77 35.40 311 

43.44 43.10 400 

53.80 53.40 422 

57.21 56.90 511 

62.87 62.60 440 

 

The obtained peak values are in good agreement with above reference and previously reported 

results [4, 6, 9,10, 31] and indicates pure Magnetite (Fe3O4) cubic inverse spinel structure [44]. 

The SMNPs XRD patterns show similar peaks which indicates that crystallinity of the core is 
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retained. The slightly shifted peak position in SMNPs and significantly reduced peak intensities 

indicate a good shell surrounds the magnetite core or formation of silica coated magnetite 

nanoparticles [12, 48]. The crystallite size (DXRD), interplanar spacing (dhkl), lattice parameter (a) 

are calculated for most prominent peaks (311), (511) and (440) of all samples using Scherrer 

formula and presented in Table 5.2. 

 

Table 5.2: XRD Data Analysis 

 

Plane Size, DXRD (nm) dhkl (Å) a (Å) 

 Uncoated Coated1 Coated2 Uncoated C1 C2 Uncoated C1 C2 

311 13.76 13.43 10.47 2.51 2.53 2.51 8.32 8.40 8.34 

511 11.48 15.72 9.25 1.61 1.61 1.60 8.36 8.37 8.32 

440 10.52 12.41 13.04 
1.48 1.48 1.47 8.35 8.37 8.34 

avg 11.23 13.85 10.92 

 

The average (Major peaks) crystallite size is 11.23nm, 13.85nm, 10.92nm in uncoated, coated1 

and coated2 sample respectively. The lattice constants are almost unchanged between uncoated 

and coated MNPs. These results are further discussed with TEM particle sizes in section 5.3 

 

 

5.3 TEM and EDS Images: 

 

The TEM images, EDS spectrum of uncoated , coated1 and coated2 sample are presented in figure 

5.3, 5.4 and 5.5 respectively. The particles sizes of uncoated and coated samples are presented in 

Table 5.3. 

 

Table 5.3: Particles sizes of Uncoated and Coated samples measured from TEM image 

 Particle size 
Coating 

Thickness 

Sample No of measurement Mean, nm Min, nm Max, nm Mean, nm  

Uncoated 74 12.19±3.11  7.41 28.62  

Coated-1 84 14.23±2.79 9.41 20.03 1.76±0.48 

Coated-2 43 12.22±2.97 8.05 19.15 1.34±0.39 

 

The particles sizes are very near to the crystallite sizes calculated by XRD analysis, which indicates 

that overall uniform distribution or less agglomeration in all the samples. The uncoated particles 

are ranged between 7.41nm to 28.62nm averaging 12.19±3.11nm. The average coating thickness 

were found 1.76±0.48nm and 1.34±0.39nm for coated1 and coated2 samples. Although the 

particles size is not much changed in uncoated and coated sample but still there is better uniform 

distribution in silica coated samples. (ranges 9.41 to 20.43nm in coated1 and 8.05 to 19.15nm in 

coated2). In some previous results [3, 10, 11] reported (presented in table 2.4) that, they found 

much larger particle size and crystallite size in coated sample because of the agglomeration of 

MNPs inside the nanosphere which is not happened in this study. So, the results of this work 

indicate almost no agglomeration in the coated samples. The coated1 sample (prepared by sol-gel 

and magnetic stirring) has little bit higher size (both in XRD and TEM) than uncoated which is 
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well matched with previous results of sol-gel synthesis reported by Farimani et al. 2013 [44] and 

coprecipitation synthesis reported by Wang et al. 2010 [34]. The almost unchanged particles size 

and very little less crystallite size of coated 2 sample (prepared by ultrasonic stirring) indicates, 

the particle is not damaged in high ultrasonic field and show even better uniform coating of each 

particle. The faster hydrolysis of TEOS in ultrasonic field than magnetic/mechanical stirring 

(slower hydrolysis process) may be the contributing factor for these small differences in results 

[20]. The decrease in crystallite size may be also happened due to the lattice contraction and 

macrostrain enhancement of Fe3O4 due to SiO2 coating [41].  

  

  
(a) (b)   

  
                                   (c)                                                                       (d) 

                                       

Figure 5.3: TEM Images of Uncoated MNP - (a) Bright field (b) Dark field (c) SAED Pattern 

(d) EDS spectrum 
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The prominent SAED (Selected area electron diffraction) rings comes from the planes (220), (311), 

(400), (422), (511), (440) (shown in Figure 5.3c and 5.4a) for both MNP and SMNP, confirms the 

excellent crystallinity of cubic Fe3O4 without presenting any other phase. 

 

  
(a)                                                                           (b)      

                                                                      

  
(c)                                                                             (d)     

 

Figure 5.4: TEM Images of Coated1 MNP - (a & c) Bright field and SAED pattern (b) Dark 

field (d) EDS spectrum 
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(a)                                                                          (b) 

 

 
                                (c)                                                                                (d) 

 

Figure 5.5: HRTEM Images of Coated2 MNP – (a & c) Crystallite, (b) EDS spectrum, (d) dhkl 

  

The HRTEM analysis of coated2 sample presents the excellent crystallite distributions with almost 

no agglomeration (figure 5.5a & 5.5c). A single crystallite of 9.935nm size with 0.294nm 

interplanar distance corresponds to the (220) plane of Fe3O4 core is presented in figure 5.5c & d. 
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Figure 5.6: EDS Mapping of Coated2 MNP  

 

The silica coating is further analyzed by EDS mapping of Coated2 sample shown in figure 5.6. 

The blue and red color indicates the Fe and Si elements representing Fe3O4 core and SiO2 shell. It 

indicates uniform particle distributions and shows almost every MNP is coated by Silica. The 

uniform coating distribution with higher surface area should provide better adsortion efficiency 

for the heavy metal/radionuclides seperation. 

 

 

5.4 Raman Spectra: 

 

The uncoated and coated MNP were further characterized by Raman spectroscopy. The sharpest 

peak found at 625, 564, 451 and 386 cm-1 (figure 5.7) are the probable characteristics Fe-O 

stretching and vibrational bonds of Fe3O4 [41, 63, 64]. Depending on the Laser wavelength used 

the values can be shifted as reported by Panta & Bargmann (2015) [49]. There are some other 

peaks also appeared in the spectrum of uncoated sample, most probably due to the oxidation 

happened during the Raman experiment which was also reported by Panta & Bargmann (2015) 

and Yew et al. (2017) [63] or may be cosmic effect. Instead of sharp oxidation band near 200-210 

cm-1 region in uncoated sample (probable oxidation peak), a wider peak is found near 210 cm-1 

and most probably small wider peaks at 378 and 470 cm-1 are the peaks of silica [41]. The reduced 

intensities and slightly shifted Fe-O bonds in the coated sample are indicatives of the coating of 

magnetite nanoparticles by silica which was also reported by Majumder et al. (2015). 
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Figure 5.7: Raman spectra of uncoated and coated sample 

 

 

5.5 DSC and TGA Curves:  

 

The DSC and TGA curves of uncoated and coated MNPs are presented in figure 5.8a, 5.8b and 

5.8c.  
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(b)                                                                      (c) 

 

Figure 5.8: DSC and TGA curves of coated and uncoated MNP- a. DSC, b. TGA_uncoated c. 

TGA_coated 

 

The endothermic peaks in figure 5.8a around 900C for both uncoated and coated indicate the 

removal of water and around 150-3500C removal and decomposition of residual 

chemicals/substances on the surface of Uncoated and Coated MNPs. This information is in line 

with TGA curves (mass% and dM/dT plots) shown in figure 5.8b & 5.8c, which show rapid weight 

loss (5-6%) around 100-3000C. For uncoated MNP, another endothermic peak in DSC curve with 

little mass loss in TGA curve around 590-6100C may be due to the phase transition of Fe3O4 to 

FeO [29]. This peak was not found in coated sample, so most probably the silica coat prevents the 

phase transition of Magnetite that means thermal stability is increased in SMNP. the Coated MNPs 

show slightly more weight loss initially than uncoated because of decomposition/evaporation of 

more surface water, chemical/ethanol content. The weight loss from 4000C to 9000C is not that 

significant, which confirms the good thermal stability of SMNP up to this temperature. 

 

 

5.6 Magnetic Properties: 

 

The hysteresis loops of magnetite from 5K to 400K is presented in figure 5.9. It is clearly seen that 

the coercivity and remanence are very low which indicates the superparamagnetic nature of the 

synthesized nanoparticles. Although the hysteresis window is very low for all the temperatures 

(5K-400K) shown in figure 5.9a, the hysteresis window become more narrower with the increasing 

temperature in the magnified image shown in figure 5.9b and values in Table 5.4. So, the 

superparamagnetic behavior is increasing with temperature and around the room 

temperature(300K), magnetite became perfectly superparamagnetic [72]. The increasing magnetic 
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anisotropy with increasing temperature is the reason for the increasing superparamagnetic 

behavior. The exact values of saturation magnetization (Ms), Coercivity (Hc) and anisotropy 

constant, k is calculated following the Néel k, the magnetic energy barrier, Hc = 2k/Ms [76] at 

some of the selected temperatures are presented in Table 5.4. 

 

 

  
 

Figure 5.9: Hysteresis loop of MNP at different Temperatures 

 

     

     Table 5.4: Ms and Hc values of Magnetite 

 

Temperature, 

K 

Saturation Magnetization, 

Ms (emu/g) 

Coercivity, 

Hc (Oe) 

Anisotropy 

Constant, 

k (=Ms*Hc/2) 

 

5 71.44 193.14 6898.96 

55 70.39 100.02 3520.20 

110 69.55 30.96 1076.63 

115 69.53 26.61 925.09 

120  69.58 40.54 1410.38 

125 69.56 37.28 1296.59 

130 69.54 25.37 882.114 
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Temperature, 

K 

Saturation Magnetization, 

Ms (emu/g) 

Coercivity, 

Hc (Oe) 

Anisotropy 

Constant, 

k (=Ms*Hc/2) 

 

135 69.53 31.39 2182.55 

210 67.53 7.4 249.86 

310 62.19 4.87 151.43 

360 58.82 3.76 221.16 

 

 

 
 

Figure 5.10: Saturation Magnetization of MNP vs Temperature  

 

The decreasing Ms, Hc, and k with increasing temperature (as shown in figure 5.10, 5.11a and 

table 5.4) follow the same trend except the region around 120K, where there is sudden increase of 

Ms and Hc happened. This is due to the Verwey Transition (Tv) which reported by many other 

earlier findings mainly near 120-130K [72, 74]. In our case, the transition is not so prominent or 

small increase in Ms and Hc value is most probably due to small particle sizes (12.19±3.11nm) as 

it was mentioned earlier that, below 20nm particle size, Verwey effect becomes suppressed and 

below 6nm completely disappeared (Bohra, Agarwal & Singh, 2108) [74]. Although the exact 

explanation of Verwey transition still not concrete, the most probable reason stated by the 

researchers (as cited by Hu et al. 2018) are may be the changed charged-ordered structures of Fe3+ 

and Fe2+ and the lattice distortions of the cubic structure [72]. Coercivity increased sharply with 

increasing field as shown in figure 5.11b as the rapid change in anisotropy initially with external 

applied field until reaches the saturation point. 
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(a)                                                                          (b) 

 

Figure 5.11: Temperature (a) and Field (b) dependent coercivity of MNP 

 

 

 
 

Figure 5.12: Magnetic Properties of SMNP at 300K 
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The change in magnetic properties due to the silica coating on MNPs is reported at room 

temperature (300K) in figure 5.12. The Ms of coated sample (54.5 emu/g) is expectedly lower than 

the uncoated sample (62.9 emu/g) and Hc of coated sample slightly higher than the uncoated 

sample. The very narrow hysteresis window indicate that the coated sample still retain the 

superparamagnetic nature of the bare Magnetite. The decrease in magnetization of the coated 

sample is due to the formation of Fe-O-Si bond upon silica coating which increases the surface 

spin disorder and the silica surface reduces the magnetic dipole-dipole interactions in coated MNPs 

[70, 75]. The Magnetic properties of the MNP and SMNP confirms that they can be separated very 

easily by magnetic forces after adsorption of heavy metals/radionuclides from aqueous solution. 
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6. Conclusion: 

The main findings of the thesis work carried out are pointed out below: 
 

• All the nanoparticles (uncoated and coated) were synthesized successfully. 

• The FTIR spectra, x-ray and electronic diffraction patterns, crystallite images confirmed 

the presence of the high purity single phase Fe3O4 nanoparticles with inverse spinel cubic 

structure.  

• The reduced intensities and shifted magnetite characteristics peak positions in FTIR 

spectra, X-ray diffraction pattern, Raman spectra and moreover, EDS mapping in TEM for 

elemental position of Fe and Si confirmed the formation of Fe-O-Si bond or formation of 

core-shell structure of Fe3O4/SiO2 nanoparticles. 

• The average particle sizes measured manually from TEM images were 12.19±3.11nm, 

14.23±2.79nm and 12.22±2.97nm for uncoated, coated1 and coated2 samples with average 

coating thickness of 1.76±0.48nm and 1.34±0.39nm for coated1 and coated2 sample 

respectively. 

• Successful synthesis of both coated samples with uniform particle size distributions and 

not much evidence of blank silica spheres validated the optimization in use of chemical 

reagents and synthesis procedure followed. Although a little bit more TEOS concentration 

can be used to increase the silica coating thickness little bit for more surface stability. 

• The little bit better particles uniformity and slightly lower crystallite size of coated2 

samples can be attributed to use of high-power ultrasonic stirring which provided the faster 

hydrolysis of TEOS and prevent agglomeration. Although pretreatment with HCL done in 

coated1 synthesis done by magnetic stirring also prevent large agglomeration. To 

understand better and observe the difference between mechanical/magnetic stirring and 

ultrasonic stirring effect, some more works need to done with keeping all other variables 

unchanged.  

• The oxidations/phase transition of Fe3O4 observed in Raman spectroscopy and DSC 

analysis is suppressed in coated sample, so most probably the silica coating protects the 

magnetite core from oxidation/phase transition or provide better thermal stability. 

• The temperature dependent hysteresis loops of Magnetite nanoparticles revealed the better 

superparamagnetic behavior near Room temperature.  

• The Verwey transition effect was observed near 120K, although not so prominent because 

of the size effect (less than 20nm) of nanoparticles in this case.  

• Although the saturation magnetization was decreased in coated sample but still, they 

showed enough superparamagnetic properties for easy magnetic separation from solution.  

 

It can be concluded that, the large surface area given by the fact of very smaller particles with 

uniform size distributions, formation of protective silica layer with presence of hydroxyl groups 

for easy conjugation with further application specific functional groups if needed and 

superparamagnetic properties of these synthesized nanoparticles make them potential candidates 

to be used for separation of toxic heavy metals/radionuclides from contaminated aqueous medium. 

. 
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