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Abstract. In this work, a series of zinc partially substituted magnetite nanoparticles  
(Fe3-xZnxO4, 0  x  0.4), were synthesised through a facile precipitation-oxidation method. The partial substitution of 
zinc into the magnetite (Fe3O4) structure was confirmed by the collective findings of nitrogen sorption, XRD and  
TG-DTG analysis. It was found that the partial substitution of zinc slightly changed the textural properties of the 
resultant Fe3-xZnxO4 nanoparticles. From the XRD analysis, there was no visible formation of secondary phase or 
impurity peaks in the nanoparticles. These findings indicated the partial substitution of zinc into the Fe3O4 crystal 
structure with a good dispersion within the Fe3O4 matrix. 

 

1. Introduction 
Growing research interest has been evoked in the utilization of magnetite (Fe3O4) nanoparticles for the degradation 
of persistent organic compounds due to their unique properties, including decent catalytic, magnetic, 
biocompatibility and low toxicity properties [1-3].Compared to other types of iron oxide, Fe3O4 offers higher 
catalytic activity with several interesting structural features [4]. First, the presence of Fe2+ occupying the octahedral 
site of Fe3O4 plays a key role as an electron donor to initiate decomposition of hydrogen peroxide (H2O2) into 
hydroxyl radicals (HO•) following the Haber–Weiss mechanism [5]. Second, Fe3O4 accommodates both Fe2+ and 
Fe3+ on the octahedral sites, allowing the Fe species to be reversibly oxidised and reduced while keeping the 
structure unchanged [4]. Third, the Fe cations in the Fe3O4 structure can be isomorphically substituted with different 
types of transition metal cations which can significantly affect the microstructure, physicochemical properties and 
catalytic activity of the resulting materials[6, 7]. 
 
On contrary, these nanoparticles prone to losing its catalytic activity after successive cycles of reaction due to the 
considerably slow regeneration of ferrous ions during catalysis[8]. To circumvent this issue, several transition metal 
cations have been isomorphically substituted into the Fe3O4 structure in order to enhance and sustain its long term 
catalytic activity as well as its stability [4, 6, 9, 10]. Recent studies have revealed that the isomorphic substitution of 
Fe3O4 with Mn [6], Ti [10], Cr [9], and Co [4] have significantly enhanced its catalytic activity in various reactions. 
These enhancement were greatly dependent on the types of substituting metals, it’s concentration as well as the 
occupancy of substitution sites which stimulates an effective generation of hydroxyl radicals (HO•) during catalysis. 
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However, to our best knowledge, the influence of isomorphic substitution of zinc (Zn) into the magnetite structure 
has not yet been reported previously. Therefore, this work shows for the first time the physico-chemical 
investigation of a series zinc partially substituted magnetite nanoparticles with various zinc concentrations. 
 

2.  Experimental 

2.1.  Materials 
FeCl3 6H2O (97%), FeCl2 4H2O (99%), Zn(NO3)2 6H2O (98%), NH4OH (30 wt% NH3), were purchased from 
Sigma-Aldrich. All chemicals were of analytical grade and used as received. 
   

2.2.  Synthesis of zinc partially substituted magnetite (Fe3-xZnxO4) nanoparticles 
A series of Fe3-xZnxO4 nanoparticles with a zinc molar ratio (x) ranging from 0 to 0.4 are synthesised through a 
precipitation-oxidation method. The x values are calculated based on the assumption that the amount of zinc being 
substituted into Fe3O4 corresponded to the molar ratio of Zn2+ to Fe2+ salt solutions used in the synthesis method. 
For instance, by taking into account the Fe3-xZnxO4 with x=0.2, the typical synthesis route is described as follows. 
Briefly, 8.64 mmol of FeCl3 6H2O, 4.32 mmol of FeCl2 4H2O and 0.86 mmol of Zn(NO3)2 6H2O were dissolved in 
200 mL deionised water. After stirring for 30 min, this solution is heated to 90 °C. Subsequently, an appropriate 
amount of NH4OH solution  solution was continuously added dropwise into the mixture until the pH reached a value 
of 11. The mixture was cooled to room temperature after being aged for 1 h at 90 °C under constant stirring. The 
resulting black precipitate was magnetically separated and washed three times with deionised water and ethanol and 
then dried at 60 °C for 48 h. For comparison, the same procedure was employed to synthesise Fe3-xZnxO4 
nanoparticles with different cobalt molar ratios (x=0, 0.1, 0.2, 0.4). 
 
2.3. Characterisation 
The textural properties of the resultant samples were characterised by nitrogen sorption using a Tristar II 3020 
(Micromeritics). The specific surface area and pore volume were determined using Brunauer-Emmett-Teller (BET) 
equation and the single point method. The pore size distribution curves were calculated using non-local density 
functional theory (NLDFT), from the desorption branch of the isotherms. The XRD patterns of nanocomposites 
were obtained using X-ray diffraction by a Bruker D8 Advance diffractometer at 40 kV, 40 mA and step size of 
0.02° using a filtered Cu K  radiation (  = 1.5418 Å). Thermogravimetric analysis was performed on a TGA-DSC 1 
Thermogravimetric Analyser (Mettler Toledo). The analysis was carried out by heating the samples from 30 to  
800 °C at a heating rate of 10 °C min–1 under nitrogen atmosphere at a flow rate of 60 mL min–1. 
 

3. Results and Discussion 
The textural properties of the synthesised samples were investigated using nitrogen sorption analysis and results are 
shown in Figure 1. The nitrogen adsorption–desorption isotherms for the Fe3-xZnxO4nanoparticles (Fig. 1a) are of 
type IV with H2 hysteresis, indicating the formation of mesoporous materials. Noticeable changes in the hysteresis 
loops of Fe3-xZnxO4 nanoparticles are observed once the zinc molar ratio (x) increases from 0.1 to 0.4, accompanied 
by the reduction of the total volume. The low x (0 and 0.1) are characterised by narrow hysteresis starting at P/Po= 
0.6. This shape broadens for x=0.2 and 0.4 whilst the hysteresis starting points are P/Po= 0.5 and 0.4, respectively. 
Although these changes in morphology are related to a reduction in interparticle voids, these materials are 
essentially mesoporous. This is further verified by the pore size distributions in Fig. 1b, clearly indicating the 
broadness of the pore size distribution reduces as the zinc molar ratio increases. 
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FIGURE 1. Nitrogen adsorption-desorption isotherms (a) and pore size distributions of Fe3-xZnxO4 nanoparticles (b) 

at different zinc molar ratios (x). 
 
These results can be further supported by more than 30% increase in the specific surface area of the Fe3-xZnxO4 NPs 
(117  185 m2 g–1) as the zinc molar ratio (x) was varied from 0 to 0.4.  The pore volumes were slightly decreased 
from 0.32 to 0.23 cm3 g–1 with the increased in zinc molar ratio. Hence, increasing the amount of zinc led to dense 
structures. 
 
The X-ray diffraction (XRD) patterns of Fe3-xZnxO4 nanoparticles are displayed in Figure 2. The diffraction peaks of 
Fe3-xZnxO4 were approximately similar in both samples without zinc (x=0). The diffraction peaks at the 2  values of 
ca. 30.2°, 35.6°, 43.3°, 53.6°, 57.4° and 63.1° were assigned to the (220), (311), (400), (422), (511) and (440) crystal 
planes of Fe3O4 with spinel structure (JCPDS No. 19-0629). A slight peak shift of (311) planes towards lower angle 
were observed (Figure 2) with increasing the x values up to 0.4, thus suggesting variations in the resultant crystal 
structure possibly due to the effect of zinc partial substitution into the Fe3O4 spinel structure. Moreover, there was 
no visible secondary phase or impurity peaks, thus clearly confirming that zinc was isomorphically substituted into 
the Fe3O4 crystal structure. These results are in good agreement with reports elsewhere by Pati et al. [11] and Byrne 
et al. [12]. 

FIGURE 2. XRD pattern of Fe3-xZnxO4 nanoparticles 
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The crystal domain characteristics of (311) planes of both samples were summarised in Table 1. The crystallite size 
of the samples reduces with increasing the zinc molar ratio (x) from 0 to 0.4. Whereas a slight expansion in the 
interplanar spacing of (311) planes were found from 0.2519 to 0.2544 nm. These findings are attributed to a slight 
alteration in the spinel structural framework due to the difference in ionic radius between iron (Fe2+, 0.645 Å and 
Fe3+, 0.64Å) (12, 6) and zinc (Zn2+, 0.74Å) (22, 27) cations. However, it is interesting that the crystallite size 
calculated according to Scherrer’s equation shows that by increasing the zinc molar ratio, the crystallite size reduces 
by 30% (10.08 to 6.99 nm) for Fe3-xZnxO4 nanoparticles. 
 

TABLE 1. Crystal domain characteristics of Fe3-xZnxO4 nanoparticles 
Samples 2 (311)plane

(degree) 
dspacing (nm) Crystallite size 

(nm) 
Fe3-xZnxO4, x=0 35.64 0.2519 10.08 
Fe3-xZnxO4, x=0.1 35.57 0.2524 11.71 
Fe3-xZnxO4, x=0.2 35.53 0.2526 8.34 
Fe3-xZnxO4, x=0.4 35.31 0.2543 6.99 

 
Figure 3 presents the thermogravimetric-differential thermogravimetric (TG-DTG) curves of Fe3-xZnxO4 
nanoparticles in nitrogen atmosphere. Two mass loss patterns were observed within 30  150°C and 150  400°C for 
Fe3-xZnxO4 nanoparticles. The former pattern is associated with the dehydration of physisorbed water on the surface 
of nanoparticles, while the latter is assigned to the dehydroxylation of surface hydroxyl groups. The mass loss in the 
dehydroxylation process increases from 1.9 to 3.0% as the zinc molar ratio (x) increases from 0 to 0.4. This 
observation corresponds well with the gradual increase in the dehydroxylation temperature as shown by the 
respective DTG curves. The dehydroxylation temperature was found to be at 251, 271, 273 and 282 °C for x values 
of 0, 0.1, 0.2 and 0.4, respectively. The presence of surface hydroxyl groups were mainly derived from the 
dissociation of the water molecules adsorbed on the oxygen defect sites which can be correlated with the isomorphic 
partial substitution of zinc into the Fe3O4 structure [10, 13]. These surface hydroxyl groups can significantly 
influence the surface properties of materials [6, 14] and adsorption of pollutants within the vicinity of the active sites 
during catalysis [15]. 

 
FIGURE 3. The TG and DTG curves of Fe3-xZnxO4 nanoparticles at different zinc molar ratio (x) 
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4. Conclusions
A series of Fe3-xZnxO4 nanoparticles with different zinc molar ratio (0  x  0.4) were prepared through a facile 
precipitation-oxidation method. On the basis of collective results from nitrogen sorption, XRD and TG-DTG analysis; 
therefore, it is reasonable to deduce the successful partial substitution of zinc into the Fe3O4. There was no visible 
formation of secondary phase or impurity peaks were observed in the resultant nanoparticles which indicating the 
partial substitution of zinc into the Fe3O4 crystal structure with a good dispersion within the Fe3O4 matrix. These 
preliminary findings provide the new insight in understanding the effect of zinc partial substitution towards the 
modulation of physico-chemical properties of the resultant Fe3-xZnxO4 nanoparticles at different zinc molar ratio (x). In 
facts, these findings show a promising direction towards further explorations in utilizing the Fe3-xZnxO4 nanoparticles 
for the degradation of persistent organic compounds. 
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