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ABSTRACT 
 
Synthesis of superparamagnetic nanoparticles of Fe3O4 was carried out via coprecipitation using NH3.H2O and 
NaOH solutions in Ar and N2 atmosphere. The obtained magnetic nanoparticles were characterized using X-ray 
diffraction, Fourier transform-infrared, scanning electron microscopy, variant strength magnetization and N2 gas 
adsorption–desorption techniques. The results indicated that all samples exhibit superparamagnetic properties, 
although the saturation magnetization of the Fe3O4 nanoparticles prepared with NaOH under Ar atmosphere was 
higher in contrast to other samples. The crystalline structural study of different samples of Fe3O4 nanoparticle 
demonstrates the magnetite crystal with a cubic spinel structure. Morphology of the particles was uniform and 
semispherical shape nanoparticles were approximately in the range of 15-25 nm.  
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INTRODUCTION 

 
Studies of nanoscale materials have captured significant scientific and industrial interest in recent years [1]. 
Research in magnetic nanoparticles has increased due to their potential in a variety of applications [2]. Magnetic 
nanoparticles possess some extra ordinary physical and chemical properties and find applications in many industrial 
and biological fields such as medical treatment, drug delivery systems, magnetic resonance imaging (MRI), cancer 
therapy, and in making membranes, generating electricity, and fabricating memorizer for electronic and quantum 
computers [3].Transition metal oxides have been of scientific and technological interest for many decades due to 
their interesting optical, magnetic and electrical properties. Iron oxides exist in many forms in nature, with 
magnetite (Fe3O4), maghemite (γ-Fe2O3),and hematite (α-Fe2O3) being probably the most common magnetic 
nanoparticles and are also very important technologically [4]. Among these, magnetite, is a common magnetic iron 
oxide that has a cubic inverse spinel structure with oxygen forming afcc (face-centered cubic) closed packing and Fe 
cations occupying interstitial tetrahedral sites and octahedral sites (Fig. 1) [5-7]. 
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Fig. 1. Crystal structures of magnetite 
 
Magnetite particles exhibit superparamagnetic behavior under optimum conditions of size and operating 
temperature. The magnetite can be synthesized by various methods, including: hydrothermal synthesis, micro 
emulsion, thermal decomposition and chemical co-precipitation. Thermal decomposition and co-precipitation are 
most commonly used [8-10]. The main advantage of the co-precipitation is that it can generate nanoparticles in large 
quantity and in general, the size distribution is relatively narrow. Nanoparticles can be prepared with or without a 
surfactant. In co-precipitation, a stoichiometric mixture of ferrous and ferric precursors in a molar ratio of 2:1, are 
used as an iron source, which under alkaline conditions yield superparamagnetic nanoparticles. Two methods were 
reported to prevent the change of the ratio caused by air oxidation. One is to conduct the reaction under an inert 
environment with nitrogen gas. Another is to set the initial Fe3+:Fe2+ molar ratio less than 2:1 so that after the 
oxidation of Fe2+ to Fe3+, the ratio approaches to 2:1[11,12]. During synthesis of magnetite nanoparticles by 
coprecipitation technique, magnetite or goethite (α-FeOOH) or mixture of magnetite-goethite is obtained depending 
on the process conditions. When magnetite-goethite mixtures are formed, quantification of the magnetite phase is 
essential for correlating with magnetic and chemical properties of synthesized nanoparticles [13]. Depending on the 
reaction procedure, Massart method and titration hydrolysis method are recognized. In the Massart approach, an 
alkaline solution, is introduced into the Fe2+ and Fe3+ iron solution. While in titration hydrolysis, the Fe2+ and Fe3+ 
iron solution is added gradually into the alkaline solution. Magnetite is sensitive to oxygen and in the presence of air 
might undergo oxidation to Fe(OH)3 or to hematite phase and lose its magnetic property. On the other hand, 
magnetite is transformed into maghemite in the presence of H+. Therefore, to avoid side reactions, a careful control 
of pH value of reaction mixture during precipitation is necessary [14-16]. Reaction temperature also affects the 
particle size in that higher temperature gives larger particles. Base on the thermodynamics of the reaction, it was 
suggested that in order to obtaining particles of pure phase, nanoparticles should be prepared by addition of the 
ferrous and ferric precursor to a strong alkaline solution, e.g. NaOH, or NH4OH at a pH value between 8 and 14. 
Moreover, to maintain a suitable redox potential, the ratio of Fe3+:Fe2+should be carefully controlled at 2:1 in a non-
oxidizing environment [17]. 
 
Dang et al showed that the monodispersibility and magnetic properties of magnetite particles were improved 
significantly through the sonochemical synthesis under ultrasonic irradiation [18]. Faiyas et al found that the value 
of pH influences the reaction mechanism for the formation of Fe3O4, shows that while maintaining a pH value of 6 
and 9 in a solution containing iron salts II and III ions produces ε-Fe2O3. Whereas a pH value of 11 produces 
magnetite phase [19]. Gnanaprakash et al. showed when the initial pH (prior to alkali addition) of the salt solution 
was below 5, the nanoparticles formed were 100% spinel iron oxide. The initial pH and temperature of the ferrous 
and ferric salt solution before initiation of the precipitation reaction are critical parameters controlling the 
composition and size of nanoparticles formed. As the reaction temperature was increased, maintaining a pH, the 
amount of goethite increased [20]. The synthesis of magnetite by coprecipitation using different precipitation agents 
and different atmosphere appears of interest, because there is few investigations about it. In the present 
investigation, magnetite nanoparticles were prepared by coprecipitation using different precipitation agents, NaOH 
and NH3.H2O and different atmosphere, Ar and N2, and were characterized by different techniques. 
 

EXPERIMENTAL SECTION 
 

All the reagents were of analytical purity, and were used without further purification and all of the solutions were 
prepared with distillated water. The experimental apparatus for preparing magnetite nanoparticles is a three-neck, 
250-mL, round bottom flask equipped with a mechanical stirrer that spaced in an ultrasonic bath (Fig. 2). Solutions 
of ferric chloride (1 mM) and ferrous chloride (2 mM) in water with molar ratio of 2:1 were prepared and mixed 
together and deoxygenated by bubbling of inert gas. Initial pH of solutions was controlled about 2 with HCl 2M. 
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Alkaline solution was added dropwise to the suspension while the mixture was vigorously mechanical stirred under 
ultrasonic irradiation and inert gas atmosphere for 1 h. A moment later, a black suspension appeared, and alkaline 
solution was dropped into the mixture continuously and slowly until the pH value of the solution reached ~11. Then, 
the reaction (eq. 1 and 2) was continued for 30 min. The black samples indicate the formation of magnetite. The 
resulting black mixture was then collected by a magnetic field, rinsed with deionized water 4 times, and completely 
dried at 80°C for 1 h for characterization.  

 
FeCl�.4H�O + 2FeCl�.6H�O + 8NaOH → Fe�O� + 8NaCl� +20H�O            (1) 
FeCl�.4H�O + 2FeCl�.6H�O + 8NH�. H�O → Fe�O� + 8NH�Cl +20H�O           (2) 

 
Table 1. Experimental parameters for samples 

 

Sample Alkaline Solution Atmosphere 
Alkaline Solution 

(Volume-ml) 
S1 NH3.H2O (50%, v/v aqueous) Ar 5 
S2 NaOH (1 M) Ar 9 
S3 NH3.H2O (50%, v/v aqueous) N2 5 
S4 NaOH (1 M) N2 9 

 
 

Fig. 2. Apparatus for preparing magnetite nanoparticles 
 
MPMS-5 SQUID magnetometer (Vibrating Sample Magnetometer (VSM)) used for making very high sensitivity 
magnetic measurements. The X-ray diffraction (XRD) with Cu Kα radiation was used to measure the crystallinity of 
samples by the JEOL JDX-8030 diffractometer. The FTIR (Fourier transform infrared spectroscopy) spectra were 
recorded in the range of 400–7,000 cm−1 to study the structures of samples, utilizing a Bruker Tensor 27 
spectrophotometer. Scanning electron microscopy (SEM) was applied to measure the morphology and particle size 
of the synthesized nanoparticles. For this purpose a gold cover was dripped onto samples then the SEM observations 
were carried out using a Zeiss EVO50 electron microscope. Surface area was measured by nitrogen adsorption at 77 
K utilizing NanoSORD analysis instrument (SENSIRAN Co.).  
 

RESULTS AND DISCUSSION 
 

The magnetization curve for different synthesized magnetite nanoparticles showed in Fig.3 does not demonstrate 
any hysteresis behavior for any of the samples and exhibits immeasurable values of coercivity field and remnant 
magnetization. This confirms that the synthesized particles exhibit superparamagnetic properties. In the absence of 
applied magnetic field, the magnetization vectors of the magnetic particles were order-less because of thermal 
movement, and did not exhibit any overall magnetism[3]. However, the magnetization vectors of magnetic particles 
followed quickly an external magnetic field, making the particles highly magnetic. Compared to other samples, the 
magnetic nanoparticles prepared by coprecipitation under Ar atmosphere, showed higher saturation magnetization 
and the nanoparticles prepared using NaOH under Ar atmosphere (S2), showed the highest saturation magnetization.  
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Fig. 3. The magnetization curve for different samples 

 
Fig. 4 shows the IR absorption spectrum of all samples of Fe3O4 nanoparticles. In all samples, the FTIR band at 
around 3432 cm−1 can be assigned to the stretching modes of H2O molecules or OH groups on the surface of 
magnetite particles; the IR band at around 1625 cm−1 is assigned to the H2O bending vibrations [9,18]. Metal-
oxygen band, observed at 564 cm−1 corresponds to intrinsic stretching vibrations of the metal at tetrahedral site 
(Fetetra↔O), whereas metal-oxygen band observed at 400 cm−1, is assigned to octahedral-metal stretching (Feocta↔O). 
The IR band (S3 and S4) at around 1422 cm−1 is assigned to the hematite and maghemite formation[6,9]. 
 

 
 

Fig. 4. FTIR of different Fe3O4 samples 
 

The crystalline structure of different samples of Fe3O4 nanoparticles, is characterized by XRD as shown in Fig. 5. 
The diffraction peaks of (2  2  0),  (3  1  1),  (4  0  0),  (4  2  2) and  (4  4  0)  reflect  the  magnetite crystal  with  a  
cubic  spinel  structure [21].  The unit  cell  of  cubic spinel  structure  consists  of  eight  ferric  ions  at  tetrahedral  
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sites(A  sites)  each  with  four  oxide  ions  nearest  neighbors,  and  eight ferric  ions  and  eight  ferrous  ions  at  
octahedral  sites  (B  sites)  each with six oxide ions as the nearest neighbors [9]. During synthesis of magnetite 
nanoparticles by co-precipitation technique, maghemite or hematite phases is obtained depending on the process 
conditions and lose its magnetic property, which undergo in S4, S3, S1 and S2, respectively (confirms the VSM and 
FTIR results). XRD spectra shows there are many weak but obvious peaks showing that the Fe3O4 nanoparticles 
were oxidized to hematite and maghemite (especially in S3 and S4). In addition, the peaks were widened, implying 
the small size of the particles. An estimation of the magnetite nanoparticles size has been performed from the 
Scherrer formula [8]: 
 

� �
��

�����
                                                                                                       (3) 

 
where λ is the X-ray wavelength (0.15406 nm), β is the full width at half maximum (FWHM); θ is the corresponding  
Bragg  angle; and K is the shape parameter, which  is  0.89  for  magnetite. Taking the highest intensity peak, 
namely the (3 1 1) plane, at 2θ, and the half maximum intensity width of the peak after accounting for instrument 
broadening, the particle sizes are calculated (Table 2). By using the coprecipitation method over this condition at 
room temperature, it is easy to prepare magnetite nanoparticles with an approximate size of 20 nm, also the diameter 
of Fe3O4 nanoparticles prepared by coprecipitation using NaOH under Ar atmosphere, was the smallest. 
 

 
 

Fig. 5. X-ray diffraction of various magnetite nanoparticle samples  
 

Table 2. Estimation of the magnetite nanoparticles size from the Scherrer formula 
 

sample β 2θ D(nm) 
S1 0.7092 35.599 22.50633 
S2 0.9700 35.497 18.0862 
S3 0.6878 35.602 23.14608 
S4 0.6666 35.698 22.06786 

 
Fig. 6 shows the SEM photographs of different samples. Morphology of the particles was uniform and semispherical 
shape nanoparticles were approximately ranging between 15 and 25 nm, which was also indicated by the previous 
XRD measurement. Samples show slight agglomeration, which may be due to the magnetic interaction of naked 
nanoparticles.  
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Fig. 6. Scanning electron micrographs of different Fe3O4 samples 
 
The specific surface area of the magnetite nanoparticles synthesized at various conditions measured by the BET 
method. The samples were degassed at 423 K for 20 min, then surface area were measured by nitrogen adsorption 
at77 K. BET surface area (SBET (m

2/gr)) for S1, S2, S3 and S4, measured 71.962, 68.309, 49.371 and 94.709, 
respectively. All of the samples had SBET in similar range, but the Fe3O4 nanoparticles prepared by coprecipitation 
using NaOH under N2 atmosphere, has larger surface area, compared with the other samples. 
 

CONCLUSION 
 

The following conclusions can be drawn for the present investigation. (1) The saturation magnetization of the Fe3O4 

nanoparticles prepared by coprecipitation using NaOH under Ar atmosphere was higher compared to other samples, 
although any of the samples exhibit superparamagnetic properties. (2) Morphology of the particles was uniform and 
semispherical shape nanoparticles were approximately ranging between 15 and 25 nm. The diameter of Fe3O4 

nanoparticles prepared by coprecipitation using NaOH under Ar atmosphere was the smallest, but agglomeration 
was severe. (3) The crystalline structure study of different samples of Fe3O4 nanoparticles, reflect the magnetite 
crystal with a cubic spinel structure. (4) All of the samples had SBET in similar range, but the Fe3O4 nanoparticles 
prepared by coprecipitation using NaOH under N2 atmosphere, has larger surface area, compared with the other 
samples. 

 
Acknowledgements 
The financial support of this project by Isfahan University of Technology (IUT) is gratefully acknowledged. 
 

REFERENCES 
 

[1] CS Sharma; RK Nema; SN Meyyanathan, Academic J. Cancer Res., 2009, 2(1), 19-24. 
[2] FY Cheng; CH Su; YS Yang; CS Yeh; CY Tsai; CL Wub; MT Wu; DB Shieh, Biomaterials, 2005, 26, 729-738. 
[3] CVL Calero-Ddel; C Rinaldi, Journal of Magnetism and Magnetic Materials, 2007, 314, 60-67. 
[4] R Hong; J Li; J Wang; HZ Li, China Particuology, 2007, 5, 186-191. 



Seyyed Mohammad Ghoreishi et al  J. Chem. Pharm. Res., 2016, 8(4):846-852 
_____________________________________________________________________________ 

852 

[5] P Xu; GM Zeng; DL Huang; CL Feng; S Hu; MH Zhao; C Lai; Z Wei; C Huang; GX Xie; ZF Liu, Science of the 
Total Environment, 2012, 424, 1-10. 
[6] AK Gupta; M Gupta, Biomaterials, 2005, 26, 3995- 4021. 
[7] T Ozkaya; MS Toprak; A Baykal; H Kavas; Y Koseoglu; B Aktas, Journal of Alloys and Compounds, 2009, 472, 
18-23. 
[8] AS Teja; PY Koh; Progress in Crystal Growth and Characterization of Materials, 2009, 55, 22-45. 
[9] MC Mascolo; YB Pei; TA Ring, Materials, 2013, 6, 5549-5567. 
[10] K Petcharoen; A Sirivat, Materials Science and Engineering B, 2012, 177, 421-427. 
[11] JH Wu; SP Ko; HL Liu; MH Jung; Lee JH; Ju JS, Colloids and Surfaces A: Physicochem. Eng. Aspects, 2008, 
313–314, 268-272. 
[12] Lu AH.; Salabas EL; Schuth F, Angew. Chem. Int. Ed,. 2007, 46, 1222-1244. 
[13] Mahadevan S; Gnanaprakash G; Philip J; Rao BPC; Jayakumar T, Physica E, 2007, 39, 20-25. 
[14] Hua M; Zhang S;  Pan B;  Zhang W; Lv L; Zhang Q., Journal of Hazardous Materials, 2012, 211–212, 317-
331. 
[15] Faraji M; Yamini Y; Rezaee M, J. Iran. Chem. Soc., 2010, 7(1), 1-37. 
[16] Wu W; He Q; Jiang C, Nanoscale Res Lett, 2008, 3, 397. 
[17] McCarthy SA; Davies GL; Gun’ko YK, Nature protocols, 2012, 7(9), 1677-1693. 
[18] Li XM; Xu G; Liu Y; He T, Nanoscience & Nanotechnology-Asia, 2011, 1, 14-24. 
[19] Dang F; Enomoto N; Hojo J; Enpuku K, UltrasonicsSonochemistry, 2009, 16, 649-654. 
[20] Faiyas APA; Vinod EM; Joseph J; Ganesan R; Pandey RK, Journal of Magnetism and Magnetic Materials, 
2010, 322, 400-404. 
[21] Gnanaprakash G; Mahadevan S; Jayakumar T; Kalyanasundaram P; Philip J; Raj B,  Materials Chemistry and 
Physics, 2007, 103, 168-175. 
[22] Liu XM; Kim JK, Materials Letters, 2009, 63, 428-430. 

 


