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Abstract. Were continued the studies of nanopowders (NP) of iron oxide produced by radiation-

chemical method at irradiation of iron sulfate solutions in water and iron nitrate in isopropyl alcohol 

on electron accelerator URT-0,5. With an increase in the concentration of iron sulfate in the solution, 

the specific surface area of the NP decreases, and the yield increases. For iron nitrate, with an increase 

in its concentration in solution, both the yield of NP and the specific surface area grow under 

irradiation under the same conditions (absorbed dose of 2.3 MGy at an accelerator frequency of 

10 Hz). Since the particles produced from the iron nitrate solutions are amorphous, they were 

annealed, followed by X-ray phase analysis. It has been found that these are hematite, Fe2O3 particles 

(unlike maghemite C, γ- Fe21.33O32 particles from iron sulfate). The specific surface area of the 

particles increases with the annealing temperature (from 2.4 nm at 400°C to >> 200 nm at 1200°C). 

The produced NPs can be used to create promising upconversion materials for medicine based on 

them. 
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1. Introduction 

Iron oxide nanoparticles (NPles) are used in many areas of human activity [1] and are of 

particular interest for research in biology and medicine [2, 3]. The main requirements that determine 

the effectiveness of NPles for use in these areas are biocompatibility and non-toxicity. Magnetic 

iron oxide nanoparticles are used for cell separation [4]; production of contrast agents for magnetic 

resonance imaging [5]; magnetically controlled medicinal products for targeted delivery of 

medicinal products [6]; purification and isolation of proteins [7]; immobilization of enzymes [8], 

magnetic sorbents for isolation of cell populations, subcellular cultures, proteins and DNA [9]; 

hyperthermia [10]; immunodiagnostics [11]. Fe2O3 iron oxide nanoparticles coated with dextran are 

used to treat malignant tumors [12]. It is possible to use nanopowders (NP) based on iron oxides to 

create fuel cells on solid solutions [13], synthesis of high-strength laser ceramics [14], etc. 

There are many ways to produce NP: chemical (precipitation [4, 12], pyrolysis, plasma 

chemical synthesis, etc.), physical (spraying, evaporation – condensation, electrical explosion, etc.), 

mechanical (by mechanical grinding). The most common are chemical methods. 

The purpose of this work was to produce by the radiation-chemical method [15], the essence of 

which is to initiate a chemical reaction in precursor solutions with a nanosecond electron beam, 

which leads to the formation of an insoluble compound falling out in the form of NP, and to study 

the properties of NP iron oxides.  

2. Materials and methods 

Solutions of iron sulfate (FeSO4) in water and iron nitrate (Fe(NO3)3∙9H2O) in isopropyl 

alcohol were used to prepare iron oxide nanopowders. The solutions were prepared by adding 0.6 g 

of sulfate or nitrate, respectively, to 100 ml of solvent. Irradiation was carried out in Petri dishes on 

an electron accelerator URT-0,5 [16] (electron energy 0.5 MeV, beam current about 300 A, pulse 

duration 50 ns) at different pulse repetition rates. The thickness of the solution layer did not exceed 

1 mm. 

The resulting powders were produced by the following methods. The X-ray diffraction analysis 

(XRD) used a D8 DISCOVER copper diffractometer (Cu Kα1, Kα2 γ = 1.542Å) with a graphite 

monochromator on a diffracted beam. Processing was performed using the TOPAS 3 program. 

Isotherms of nitrogen adsorption and desorption at 77 K were obtained on a Micromerics TriStar 
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3000 V6.03 A. Thermal analysis was performed by differential scanning calorimetry (DSC-TG) on 

a synchronous thermoanalytic complex NETZSCH STA-409 with dynamic heating in an argon 

atmosphere at the rate of 10 °C/min. 

3. Results and discussions 

According to the XRD, by irradiation of the iron sulfate solution yielded single-phase NPles 

maghemite C, γ – Fe21.33O32 with a cubic lattice (a ≈ 8.40 (±0.57), coherent scattering region 

(CSR) ≈ 2.3 nm), the specific surface area (SSA) of which reached 12.57 m2/g. Amorphous 

particles with specific surface area up to 186 m2/g were produced from iron nitrate solutions [17]. 

 

Fig.1. Thermogram of amorphous sample heating. 

 

On the DSC curve of the amorphous NP sample (Fig.1) are observed four thermal peaks: an 

endothermic peak (1) associated with evaporation of adsorbed water and three exothermic peaks of 

unknown nature. In order to determine the start temperature of crystallization of the amorphous 

phase, isothermal annealing of the amorphous sample was carried out at the temperature of T = 

400°C in air, and then was performed the XRD of the annealed sample. XRD (Fig.2) showed that 

after crystallization of the amorphous phase were formed hematite particles Fe2O3 with a 

rhombohedral lattice (periods a = 5.036 (4) Å, c = 13.757 (8) Å). The thermal stability of crystalline 

NPles hematite was tested by isothermal annealing at 500 and 1200°C (according to Fig.1 thermal 

analysis). 

Annealing showed high thermal stability of NPles hematite up to 1200°C. After annealing, the 

CSR of the particles increased from 2.4 nm (T = 400°C) to 39 nm (T = 500°C). CSR increased 

significantly after annealing at T = 1200°C – >>200 nm, which indicates the formation of 

submicron powder at this temperature. 

Was investigated the effect of the concentration of precursors in solutions on the specific 

surface area (SSA) and the yield of the resulting particles under radiation under the same conditions 

(absorbed dose 2.3 MGy at a pulse repetition rate of 10 pps, Table 1). The SSA of maghemite C 

drops with increasing concentration and the surface area of hematite grows (Fig.3). At the same 

time, the yield of powders increases in both cases (Fig.4). 
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Fig.2. XRD result for NP, produced from iron nitrate solution (S0 – initial NP; S400, S500, S1200 – 

after annealing at the temperatures 400, 500 and 1200°С). 
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Table 1. Specific surface area and NP yield 

Concentration, 

a. u. 
SSA, m2/g Yield, mg 

maghemite hematite maghemite hematite 

0.25 18.7  35.8 - 

0.5 14.7 17.9 57.2 84.9 

1.0 12.1 45.7 117 201.8 

1.5 6.9 - 157 - 

2 7.9 80.8 146 362.6 

2.5 2.4 - 180 - 

 
Fig.3. Specific surface of NP when changing the concentration of precursors. 

 
Fig.4. NP yield when changing the concentration of precursors. 

4. Conclusion 

Thus, it has been found that irradiation of an iron nitrate solution in isopropyl alcohol produces 

hematite particles Fe2O3 in an amorphous phase with high thermal resistance during annealing up to 

1200°C. Changing the concentration of precursors in solutions at a constant dose and dose rate of an 

electron beam can control the size and output of the producing nanopowders. 
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