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Abstract : Fe3O4 nanoparticles were synthesized via chemical co-precipitation method using 

Hexamethylenediamine (C6H16N2) as a precipitating agent and a base. It was found that the 

value of pH and temperature influences the reaction mechanism for the formation of Fe3O4 

nanoparticles. The obtained nanoparticles was characterized by X-ray diffraction  (XRD), 
Fourier transform infrared spectrometer (FT-IR), Field emission scanning electron 

microscopy (FE-SEM), Field emission transmission electron microscopy (FE-TEM) and 

thermo gravimetric analysis (TGA), their magnetic study was analysis by vibrating sample 
magnetometer. 
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Introduction 

Magnetite (Fe3O4), has attracted considerable interest because of its remarkable properties, which 

recommended it for a wide field of applications, such as: ferrofluids, magnetic hyperthermia, magnetic 

resonance imaging (MRI), magnetic drug delivery, catalyst, magnetic storage media, removal of different 
containments from water, etc 

1-6
. However magnetic nanoparticles are the most studied materials due to their 

response to magnetic field through the superparamagnetic behavior at room temperature with high saturation 

magnetization, in addition, their non-toxicity and high biocompatibility are also suitable for biotechnology 
areas

7
. The particle size is the main factor that effects many interesting properties, for example, a particle size 

in the nanometer range can pass through a capillary vessel to bind with a protein or DNA, whereas, a 

micrometer particle will react with cells only
8, 9

. Moreover, the critical size should be in the range of 30-50nm 
in order to achieve the single domain particles and the superparamagnetic behavior

10
.  At the same time, the 

production of pure Fe3O4 powders with appropriate features (large surface area, small particle size, narrow 

size distribution, good magnetic properties etc.) has always been a challenge
11

. Therefore several synthesis 

methods have been suggested: sol-gel
12

, hydrothermal
13

, thermal decomposition of different precursors
14-17

, 
spray pyrolysis

18
, carbothermal reduction

19
, co-precipitation method 

20
, etc. For example, the chemical co-

precipitation provides spherical shape with particle size below 25nm 
21

. 

In this work we were able to improve the co-precipitation procedure, through which the exact 
dependence of pH and temperature on the synthesis of Fe3O4 were studied elaborately. 
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Experimental  

     Synthesis of Fe3O4 nanoparticles  

Materials             

For the present investigation, Fe3O4 magnetic nanoparticles are chosen to be the principle component. 

For synthesis Analytical Reagent grade chemicals were used without further purification. Highly purified water 

is used for all dilution process and sample preparation. All the chemicals namely Ferrous chloride, ferric 

chloride, hexamethylenediamine, acetone and methanol were purchased from Sigma Aldrich which has 98% 
purity.For the present investigation, Fe3O4 magnetic nanoparticles are chosen to be the principle component.  

Co-precipitation Process  

 Co-precipitation is a facile and convenient way to synthesize iron oxides (either Fe3O4 or γ-Fe2O3) 
from aqueous Fe

2+
 /Fe

3+
 salt solutions by the addition of a base under inert atmosphere at room temperature or 

at elevated temperatures. The  size,  shape,   and  composition  of  the  magnetic   nanoparticles  very  much  

depends  on the  type  of salts  used  (e.g. chlorides,  sulfates,  nitrates), the Fe
2+

 /Fe
3+

  ratio,  the reaction 

temperature, the  pH value  and  ionic strength  of the  media. With  this synthesis,  once  the  synthetic  
conditions  are  fixed, the  quality  of the  magnetite nanoparticle is fully reproducible. The  magnetic 

saturation values of magnetite nanoparticles are experimentally determined to be in the range of 30-50 emu/g , 

which is lower than the bulk value, 90 emu/g so chemical co-precipitation method was selected to carry out 
the synthesis.   

Mechanism  

The  mechanism of the formation of Fe3O4  nanoparticles with ferrous  and  ferric salts at the ratio of 
1:2, by the ‘co- precipitation’ method  is represented  by the equation  in which stochiometric amounts of 

ferrous and ferric ions react to  produce Fe3O4; 

Fe
2+

 + 2Fe
3+

 + 8OH
-
            Fe3O4 + 4H2O  

Synthesis Procedures  

The variation of pH has significant effect in nanoparticles synthesization. So it is essential to find the 

optimum pH values of the solution from which the nanoparticles are synthesized. To investigate the same, the 

Fe3O4 nanoparticles were synthesized from the solution with different pH values using the procedure as 
follows.  

Ferric chloride (0.033M) and ferrous chloride (0.017M) were mixed in 100 ml water. 

Hexamethylinediamine (0.25M) was added in drop so as to obtain the solution of pH 11.5. The solution was 

continuously stirred using a magnetic stirrer for three hours for the completion of nucleation process. The final 
product was washed 3 times with methanol and distilled water. The precipitate was separated using 

centrifugation and washed to remove excess water contained in it.  The final precipitate was dried in hot air 

oven at 60°C to get the product. The same procedure is repeated to obtain nanoparticles from the solution with 
different pH values, by changing the quantity of the Hexamethylinediamine. The names of the samples with 

their respective pH values were tabulated (Table 1).  

Table 1. pH effect in the synthesis of Fe3O4 nanoparticles 

Sample names pH values Hexamethylinediamine 

Mole concentration  (M) 

S1 11.5 0.25 

S2 10 0.20 

S3 9 0.15 

S4 8.5 0.10 

S5 7.2 0.05 
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Variation of temperature has direct impact on the dispersibility and saturation magnetization of the 
nanoparticles, hence the study of the effect of temperature is inevitable in nanoparticles synthesis. In the present 

work Fe3O4 nanoparticles have been synthesized using   chemical co-precipitation method at four different 

temperatures from 37°C to 80°C in order to study the temperature effect, and are tabulated in (Table 2). 

Table 2.  Temperature effect in the synthesis of Fe3O4 nanoparticles 

Sample names Temperature(°C) 

S1 RT (37) 

T1 40 

T2 60 

T3 80 

 

Characterizations 

Fe3O4 nanoparticles were characterized using various analysis techniques namely XRD, FT-IR, FE-

SEM, FE-TEM, TGA and VSM. The elemental composition of the nano materials were estimated using SEM. 

Morphological information on the nanoparticles was obtained using SEM and FE-TEM. The crystalline phase 
and crystal structure were analyzed using XRD and FE-TEM. Different functional group and their changes 

were analyzed using FT-IR, TGA are chose to analyze the thermal behavior of nano materials and the magnetic 

characterization was carried out using VSM.  

Result and Discussion 

The effect of pH   

XRD Measurement was conducted to identify the sample phase in varying pH. (Figure 1) the XRD 
pattern of sample a, b and c with pH values of 11.5, 10 and 9, the Fe3O4 phase was identified in sample a, b and 

c, all of the peaks were matching with standard file of Fe3O4 (JCPDS#19-029). While three peaks positioned at 

2θ = 30.13˚, 35.48˚, 43.12˚ and 62.81˚ can be assigned to the (220), (311), (400) and (440) planes, respectively, 

which indicates the cubic spinel crystal structure of pure Fe3O4. (Figure 2) show the XRD pattern of sample d 
with pH value of 8.5, the hematite (α-Fe2O3) phase was identified with standard file of α-Fe2O3 (JCPDS#1309-

1) expect two peaks positioned at 2θ = 36.01˚ and 46.98˚ which are (310) and (330) planes. (Figure 3) show the 

XRD pattern of sample e with the pH of 7.23, the maghemite (γ-Fe2O3) phase was identified with standard file 
of γ-Fe2O3 (JCPDS#25-1402), while three peaks positioned at 2θ = 16.83˚, 24.3˚, and 64.6˚. Moreover, the 

average crystallite size can be estimated by X-ray diffraction pattern, using the scherrer,s equation 
22 

: 






cosd

K
  

where, β is the peak width at half of maximum intensity, K is the shape factor, λ is the X-ray diffraction 

wavelength (λ = 0.154 nm), d is the average crystallite size and θ is the bragg angle in degree, it should be 

noted that the shape factor K is rotated with several factors, indicating the miller index of the reflection plane 
and the shape of the crystal, is normally 0.89 

23
. The result, listed in Table 3. Show, in the all entire XRD 

results, the sample a with pH level of 11.5 is the better crystallinity and also Fe3O4 phase is obtained.  
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Figure 1. XRD patterns of sample a, b and c  
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Figure 2. XRD pattern of sample d 
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Figure 3. XRD pattern of sample e  
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Table 3. List of the pH values, 2θ, Chemical phase and particle sizes of the samples. 

Sample pH values 2 values Chemical phase Particle size(nm) 

A 11.5 35.4 Fe3O4 12.8 

B 10 35.5 Fe3O4 10.3 

C 9 35.6 Fe3O4 10.1 

D 8.5 36.0 -Fe3O4 8.3 

E 7.2 16.9 -Fe3O4 8 

 

The effect of reaction temperature (T) 

       (Figure 4) the XRD pattern of sample A, T1, T2 and T3 revealed that the Fe3O4 phase was 

identified from sample A and T1 , all of the peaks were matching standared file of  Fe3O4 (JCPDS#19-029). 

While four peaks positioned at 2θ = 30.13˚, 35.48˚, 43.12˚ and 62.81˚ can be assigned to the (220), (311), 

(400) and (440) planes, respectively, which indicates the cubic spinel crystal structure of pure Fe3O4. Fig.4.4 
shows the XRD pattern of sample T2 and T3 revealed that, the hematite (α-Fe2O3) phase was identified with 

standared file of α-Fe2O3 (JCPDS#1309-1) expect two peaks positioned at 2θ = 36.01˚ and 46.98˚ which are 

(310) and (330) planes moreover, their crystalline size were listed in (Table 4). 

Figure 4. X-ray diffraction pattern of samples A, T1, T2 and T3 
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Table 4. List of the pH values, 2θ, Chemical phase and particle sizes of the samples 

Sample Temperature (°C) 2 values Chemical phase Particle size(nm) 

A 37 35.60 Fe3O4 8.56 

T1 40 35.20 Fe3O4 14 

T2 60 36.01 -Fe2O4 8.26 

T3 80 36.00 -Fe2O4 278 

 
The FT-IR spectrum of the Fe3O4 (sample a with pH level of 11.5) nanoparticles are shown in (Figure 

5). Three absorption peaks are visible the absortion peak at 3421 cm
-1

 corresponds to surface of OH stretching 

vibrations 
24

. The two distinct absorption peaks at 571 and 430 cm
-1

 are attributed to the vibration of Fe
2+

 - O
2-

 
and Fe

3+
 - O

2-
, respectively 

25
. The absorption bands between 450 and 700 cm

-1
 are probably also due to lattice 

vibrations of Fe-O bonds in iron oxide. Therefore as claimed with previous researcher sharp and highly 

intense peak appeared at 571cm
-1

 demonstrates a high degree of crystallinty of Fe3O4 NPs 
24, 26, 27

.  

(Figure 6) shows the FE-SEM image (a), FE-TEM image (b and c) and  SAED pattern (d) of Fe3O4 
nanoparticles (sample A with the pH level of 11.5), as shown in (Figure 6  b and c), the nanoparticles have 

average size of 15 nm with narrow size distribution which is in consistent with the estimation from XRD 

results (dXRD=13 nm).It should be noted that the obtained Fe3O4 nanoparticles posses well-defined and 
homogeneous shape, as shown in (Figure 6 d), the Selected area electron diffraction pattern (SAED) reveals 

that the sample is satisfactory polycrystalline of cubic spinel crystal structure, which is in accordance with the 

XRD result. FE-SEM image, as shown in (Figure 6 a), presents the morphology of the Fe3O4 nanoparticles is 
roughly spherical shape, it has been reported that spherical shape is formed because the nucleation rate per 

unit area is isotopic at the interface between the Fe3O4 magnetic nanoparticles 
28, 29

. 

      TG analysis was carried out to know the temperature at which the precursor is completely 

converted into the desired metal oxide. The curve obtained from the TG analysis is shown in (Figure 7), from 
which, it is evident that the decomposition of the precursor starts at around 85°C and at 475°C it shows 4.5% 

residue, indicating the formation of Fe3O4. The weight loss curve becomes linear after 475°C, signifying no 

further changes in composition of the material. 

The magnetic properties of Fe3O4 (sample a with pH level of 11.5) nanoparticles were measured out at 

room temperature using vibrating sample magnetometer, as shown in (Figure 8), it can be seen that the 

magnetization curves appear s-shaped over the applied magnetic field and the samples exhibit typical super 

paramagnetic behavior, showing zero coercivity, which means that they are attributed by an external magnetic 
field but retain no residual magnetism which the external magnetic field is removed at room temperature.  The 

saturation magnetization (Ms) of the Fe3O4 nanoparticles is 62emu/g, it has been reported that Ms of 7-22 

emu/g is adoptable for biomedical application 
30

. Therefore, the level of saturation magnetization(Ms) achieved 
for Fe3O4 nanoparticles are promising for MRI contrast agent. The inset in Fig. 4.8 shows the efficient magnetic 

separation process in a short time (about 30 s), which was very favorable for the magnetic separation of toxic 

pollutants from extreme environments in practical engineering aspect.   

Figure 5. FT-IR spectra of sample a 
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Figure 6. FE-SEM image (a), FE-TEM images (b and c) and SAED pattern (d) of sample a 

 

 

Figure 7. DGA analysis of sample a 
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Figure 8.Magnetization curves of sample a 
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Conclusion 

The method of synthesis of Fe3O4 nanoparticles by chemical co-precipitation method was investigated 

with a focus on the dependence of pH on the formation of Fe3O4 nanoparticles. It is verified that the value of 

pH has a major role in the formation of Fe3O4 phase XRD reveals that the as-synthesized nanoparticles α-
Fe2O3 or Fe3O4 with an average diameter of 13 to 8nm. The Fe3O4 nanoparticles with optimized shape and 

magnetic properties, synthesized by controlling the pH in the solution containing ferrous and ferric ions can be 

applied in biological and biomedical fields, especially, the high saturation magnetization of  Fe3O4 is a very 
convenient to  magnetic resonance imaging (MRI) contrast agent. 
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