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Abstract. Magnetite is an iron oxide that has been extensively investigated for its 

utilization in the development of drug delivery nanocarriers. Generally, magnetite 

nanoparticles are obtained through the chemical route of co-precipitation. However, 

since the outcome properties of the resulted nanoparticles are limited in terms of 

possibility to control the size and size distribution and to ensure the reproducibility of the 

synthesis process, unconventional synthesis routes are constantly investigated. 

Specifically, the microwave-assisted hydrothermal method represents an alternative with 

tremendous potential owing to the possibility of varying the treatment parameters, i.e., 

pressure, temperature, time. Thus, the present study aimed to investigate the influence of 

time and temperature upon the structural and physico-chemical properties of magnetite 

nanoparticles. 
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1. Introduction 

Iron oxides represent transition metal oxides that occur naturally in numerous 

polymorphs with varying stoichiometries and structures and have important roles 

in numerous geological and biological processes [1, 2]. Additionally, iron oxide 

nanoparticles possess unique properties, such as superparamagnetic behavior, high 

saturation magnetization, good dispensability, and biocompatibility [3]. Among 

them, magnetite (Fe3O4 or FeO·Fe2O3) is one of the most intensively studied and 

applied forms owing to its unique magnetic properties that are of significant 

importance in medical and technological applications, such as such as separation 
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and purification, drug delivery, localized therapeutic hyperthermia, biosensing, or 

as contrast agents in magnetic resonance imaging [4-6]. 

In terms of crystalline properties, the mineralogical structure of magnetite 

involves a spinel cubic crystal system (Fd3m space group) [4-8], with the face-

centered cubic lattice formed by the oxygen ions where the iron(II) ions are 

occupy half of the octahedral sites, while the iron(III) ions are distributed within 

the tetrahedral sites and the other half of the octahedral sites [4-6]. Generally, the 

size of magnetite nanoparticles can range between 5 and 100 nm, among which 

the nanoparticles with sizes below 25 nm exhibit superparamagnetic behavior. In 

regard to shape, magnetite nanoparticles are most commonly spherical [9, 10]. 

Magnetite nanoparticles can be obtained through a variety of methods that can be 

divided into chemical, physical, and biological methods. Owing to its rapidness, 

simplicity, and cost-effectiveness, the chemical route of co-precipitation remains 

one of the most commonly applied techniques [11], which involves the co-

precipitation of iron(II) and iron(III) precursors at a 1:2 molar ratio in an alkaline 

medium in the form of hydroxides and the subsequent formation of the mixed iron 

oxide [12, 13]. However, the co-precipitation technique is characterized by several 

disadvantages that constrain its suitability for developing drug delivery systems 

based on magnetite nanocarriers, such as broad nanoparticle size distributions and 

limited batch-to-batch reproducibility [6, 14]. 

Therefore, unconventional synthesis methods are constantly investigated for 

overcoming the limitations of the co-precipitation method. Among them, the 

microwave-assisted hydrothermal synthesis represents a promising alternative. In 

this case, the precursor solutions are exposed to a sealed container, under high 

temperature and pressure conditions [15-18], which lead to a high degree of 

crystallinity and well-defined morphology and size [19-21]. Furthermore, the 

microwave-assisted hydrothermal method allows for a highly homogenous 

internal heating that rapidly rises the temperature by avoiding heat conduction due 

to the excitation produced by the interactions of the microwave electromagnetic 

radiations and the material [1, 22-26]. 

In this manner, the present study aimed to investigate the influence of the 

parameters involved in the microwave-assisted hydrothermal process, i.e., 

treatment time and temperature, upon the structural and physico-chemical 

properties of magnetite nanoparticles. 

2. Materials and methods 

Ferric chloride hexahydrate (FeCl3·6H2O), ferrous sulfate heptahydrate 

(FeSO4·7H2O), and ammonium hydroxide 25% (NH4OH) were purchased from 
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Sigma-Aldrich Merck (Darmstadt, Germany) and they were used with no further 

purification. 

The magnetite nanoparticles were synthesized through the microwave-assisted 

hydrothermal method based on a procedure described in our previous studies [27, 

28]. Briefly, the precursors were dissolved in ultrapure water (at a molar ratio 

FeCl3·6H2O:FeSO4·7H2O of 1:2) and further dripped into the alkaline NH4OH 

solution through a peristaltic pump. The obtained mixture was transferred into a 

Teflon vessel that was subjected to the microwave-assisted hydrothermal 

treatment using the Milestone Synthwave equipment. Table 1 summarizes the six 

different parameter regimes that led to the obtaining of six different samples. 

After naturally cooling to room temperature, the nanoparticles were decanted with 

a high-power magnet, washed several times with ultrapure water until the pH was 

neutral, and dried overnight at 60 °C. 

Table 2. The parameter regimes used for obtaining the magnetite nanoparticles through the 

microwave-assisted hydrothermal method. 

The magnetite nanoparticles were further characterized through X-ray diffraction 

(XRD) in order to assess the mineralogical phases present within the samples. The 

measurements were performed between the 2θ angles of 10 and 80° using a CuKα 

radiation source within a PANalytical Empyrean diffractometer (PANalytical, 

Almelo, The Netherlands). Subsequently, the obtained diffractograms were 

subjected to the Rietveld refinement algorithm for calculating the unit cell 

parameters, the average crystallite size, and the crystallinity of the nanoparticles. 

Furthermore, the samples were evaluated through dynamic light scattering in 

order to assess the hydrodynamic diameter and polydispersity index and zeta 

potential measurements for investigating their stability in aqueous media. The 

measurements were performed in triplicate in ultrapure water with a pH of 6.9, 

using a DelsaMax Pro equipment. 

3. Results and discussion 

The obtained magnetite nanoparticles were evaluated in regard to the influence of 

time and temperature of the microwave-assisted hydrothermal treatment upon 

their structural and physico-chemical properties. 

Sample code Pressure [bar] Temperature [°C] Time [min] 

3-30-15 

3 

30 

15 

3-30-30 30 

3-30-60 60 

3-60-15 

60 

15 

3-60-30 30 

3-60-60 60 
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In this manner, Fig. 1 depicts the diffractograms acquired for the 3-30-15, 3-30-

30, 3-30-60, 3-60-15, 3-60-30, and 3-60-60 samples, respectively. As the 

diffractograms show through the characteristic Miller indices (JCPDS 00-019-

0629 [29, 30]), all samples contain magnetite as the unique mineralogical phase in 

the cubic crystallization system with the Fd3m space group. By contrast to our 

previous study, the parameter regimes used in the current study did not lead to the 

formation of secondary phases, e.g., goethite [27]. 

 

Fig. 2. Diffractograms acquired for the 3-30-15, 3-30-30, 3-30-60, 3-60-15, 3-60-30, and 3-60-60 

samples. 

Moreover, the acquired diffractograms were fitted using the Rietveld refinement 

algorithm in order to determine the unit cell parameters, the average crystallite 

size, and the crystallinity of the samples (Table 2). As the results show, when 

applying a temperature of 30 °C, increasing the time of the microwave-assisted 

hydrothermal treatment leads to a proportional increase of the average crystallite 

size due to the particle growth processes that occur. However, the crystallinity of 

the samples increases up to the time of 30 min, followed by a significant decrease. 

Thus, longer treatment times lead to the formation of an amorphous phase.  A 

similar behavior was observed for the samples obtained at the temperature of 

60 °C, with values higher than the samples obtained at a lower temperature. In 

regard to the average crystallite size, the variation is proportional to the 

crystallinity values, as it increases up to the time of 30 min, followed by a 

significant decrease for the time of 60 min. 

Table 3. The parameter regimes used for obtaining the magnetite nanoparticles through the 

microwave-assisted hydrothermal method. 

Sample 
Unit cell parameters 

Average Crystallite Size [nm] Crystallinity [%] 
a = b = c [Å] α = β = γ [°] 
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Furthermore, the hydrodynamic diameter and the polydispersity index of the 

obtained magnetite nanoparticles was evaluated through dynamic light scattering 

(Fig. 2). As it can be observed, when applying a lower temperature of the 

microwave-assisted hydrothermal treatment, the hydrodynamic diameter and the 

polydispersity index decrease with the time, which demonstrates that longer 

treatments lead to the obtaining of more monodisperse nanoparticles. This 

observation is in accordance with the size distribution graphs depicted in Fig. 3. 

By contrast, when applying the temperature of 60 °C, the polydispersity index 

increases with the treatment time, as also shown in the size distribution graphs. 

However, in this case, the lowest hydrodynamic diameter value was registered for 

the 3-60-30 sample, which could be associated with a lower agglomeration 

tendency. 

 

Fig. 3. Hydrodynamic diameter (left) and polydispersity index (right) values for the for the 3-30-

15, 3-30-30, 3-30-60, 3-60-15, 3-60-30, and 3-60-60 samples. 

3-30-15 8.369 90 8.23 18.61 

3-30-30 8.360 90 8.45 19.02 

3-30-60 8.363 90 10.78 15.85 

3-60-15 8.369 90 9.09 19.92 

3-60-30 8.373 90 10.03 20.00 

3-60-60 8.364 90 9.81 17.74 
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Fig. 4. values for the for the 3-30-15, 3-30-30, 3-30-60, 3-60-15, 3-60-30, and 3-60-60 samples. 

The previously mentioned observations were further confirmed by the zeta 

potential measurements (Fig. 4). Samples 3-30-15, 3-30-30, and 3-60-30 exhibit 

zeta potential values higher than 25 mV, which is generally associated with an 

increased electrostatic stability and low agglomeration tendency when dispersed 

into fluid media [31]. 

 

Fig. 5. Zeta potential values for the for the 3-30-15, 3-30-30, 3-30-60, 3-60-15, 3-60-30, and 3-60-

60 samples. 
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Therefore, based on the obtained results, it could be safe to assume that the 

optimal results regarding nanoparticle crystallinity, size distribution, and 

electrostatic stability were obtained for the sample obtained in the 3 bar, 60 °C, 

and 30 min parameter regime. 

Conclusions 

Although it is the most widely applied synthesis procedure for the obtaining of 

magnetite nanoparticles, the co-precipitation method is characterized by a series 

of disadvantages in regard to broad nanoparticle size distributions and limited 

batch-to-batch reproducibility. Therefore, novel and unconventional synthesis 

techniques are constantly being investigated for their potential to outcome such 

limitations. In the current study, the microwave-assisted hydrothermal method 

was employed for the obtaining of magnetite nanoparticles at six different 

parameter regimes involving pressure, temperature, and time. 

Based on the obtained results, it was concluded that higher temperatures lead to 

increased crystallinity of the nanoparticles with narrower size distributions and 

increased dispersion stability. 

However, longer time treatments, i.e., 60 min, lead to a decrease in both 

nanoparticle crystallinity and zeta potential values.  

Thus, the optimal results were obtained for the sample obtained at 3 bar, 60 °C, 

and 30 min, which could be further used in the development of magnetite-based 

drug delivery systems for the targeted and controlled release of bioactive 

substances. 
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