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Abstract. MZFe2O4 (Z = Zn; M = Mn) ferrofluids based on olive oil as liquid carrier was 

successfully prepared by coprecipitation route. The stability of the MZFe2O4 ferrofluids was 

maintained by using oleic acid as surfactant agent. Their morphology, crystal structure, fractal 

structure, and optical behaviours were investigated by means of SEM, XRD, SAXS, and UV-

Vis spectroscopy. Furthermore, the potency as antibacterial agent of the MZFe2O4 ferrofluids 

was explored by dilution method. The analysis for the XRD data presented that the MZFe2O4 

particles as fillers constructed in nanometric scale with cubic spinel structure. The SEM images 

of the MZFe2O4 powders tended to agglomerate with spherical shape. Moreover, the MZFe2O4 

ferrofluids constructed complex structure with aggregated fractal originated by interaction of 

internal force of magnetic particles. Theoretically, such phenomenon is predicted as the effect 

of filler, surfactant, and liquid carrier in the ferrofluids. Interestingly, the MZFe2O4 ferrofluids 

demonstrated superior performance as antibacterial agent than those of MZFe2O4 

nanopowders. Technically, the superior performance of the ferrofluids is believed from its 

significant enhancing inhibition zone diameter as the effect of olive oil as an appropriate 

carrier. 

1.  Introduction 

Study on nanostructure is one of priorities in nanomaterials research field. This case is because the 

structure of particular material in bulk condition is different from nanometric condition. Some studies 

showed that the structural characteristics of nanomaterials influenced other properties such as 

magnetization [1], mechanics [2], optics [3], electrics [4], and biomedicines [5]. One of nanomaterials 

that are massively studied is ferrite-based ferrofluids. In general, the ferrofluids exhibit excellent 

characteristics because they can be confined, deformed, and controlled by an external magnetic field 

[6]. Therefore, in recent years, application of the ferrofluids has increased significantly in various 

areas, especially for nanomedical artificial intelligence [7], [8], [9]. Theoretically, there are three main 

components of ferrofluids, i.e. filler, surfactant, and dispersing agent. In general, ferrofluid fillers are 

magnetic nanoparticles significantly contributing to determine the physical properties of ferrofluids. 

One of the fillers often researched is Fe3O4 since it has chemical stability, photocatalytic properties, 

and good response to external magnetic field. The previous studies showed that the substitution of 

Fe3O4 with Mn atom significantly improved photocatalytic activity and magnetic saturation [10], [11] 

in medical sensor application and drug delivery technology. Meanwhile, the substitution of the non-

toxic Zn atom could improve the biocompatibility of material [12]. Therefore, this work substituted 

metal atoms (Mn and Zn) to form MZFe2O4 compound to enhance its application performance. So far, 

magnetic nanoparticles dispersed in liquid media tend to aggregate due to van der Waals force. Hence, 

a repulsive force is needed to balance the interaction between particles and to prevent aggregation. 
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One of the strategic steps is modifying surfactant using oleic acid. As surfactant, oleic acid can coat 

magnetic particles and create minimum distance between particles by steric repulsive force [13]. 

Besides, oleic acid also can be a linker between filler and appropriate dispersing medium like olive oil. 

In general, olive oil has some advantages such as anti-inflammatory, anti-bacterial, biocompatibility, 

and good health effect that supports ferrofluid potential in the biomedical field. For further benefit of 

application, a hierarchical structure of ferrofluids is essential to be investigated because it influences 

physical characteristics such as magnetization, optic, and stability [14], [15]. Principally, the 

nanostructure, including aggregation structure is strongly influenced by particle size and 

characteristics of fluids [16]. In other words, the aggregation structure between magnetic particles in 

the form of powders is different from ferrofluids. In general, the structural characterization is carried 

out by using a non-destructive method of X-Ray diffraction to identify structure, crystal parameter, 

and particle size. However, this method is limited to the characteristics of the powder sample type. 

Electron microscope method is one of the alternatives since it results in real image data in the form of 

particle size and morphology of material. However, both characterizations have weakness in 

characterizing the samples in the form of fluids. Furthermore, the other weaknesses are 

characterization limited in some sample areas, the difficulty in determining particle size in data 

containing stacked particles, and complicated sample preparation [17]. Therefore, one of very 

promising characterization methods in examining particle behavior in ferrofluids system is by using 

small-angle X-ray scattering (SAXS). As nondestructive test and easy in preparation sample, SAXS 

method informs the particle size, size distribution, and structural hierarchy of various samples. SAXS 

is an indirect method since the characteristics of ferrofluid structure are obtained from scattering 

statistic data. Hence, in this work, we investigated the hierarchical structure of the MZFe2O4 

ferrofluids in olive oil medium using SAXS method. Moreover, the other characteristics related to 

functional groups, optical properties, and anti-bacterial activity of the MZFe2O4 ferrofluids were also 

investigated. 

2.  Methodology 

Magnetite was extracted from iron sand of Sine Beach, Indonesia by using magnetic separation 

method. Extraction was undertaken many times to reduce impurity compounds through washing 

process by distilled water, then following by drying process under sunlight. After the iron sand was 

dry, the samples were sieved to result in fine sand. Subsequently, the magnetite were separated from 

using a permanent magnet. A twenty grams of iron sand which had been separated was dissolved in 58 

ml of HCl (Molarity = 12 M, 99.9%) and stirred in magnetic stirrer for 20 minutes at room 

temperature. The iron sand was dissolved in hydrochloric acid to form a chemical reaction shown by 

Equation (1). 

Fe3O4(s) + 8 HCl(l)→ 2 FeCl3(l) +  FeCl2(l)+ 4 H2O(l)            (1) 

The formed solution was filtered using filter paper. 15 ml of the brown liquid passing the filtering 

was taken to be reacted with metal chloride (MnCl2 and ZnCl2) with a certain concentration and then 

dropped wisely with 20 mL of NH4OH (Molarity = 6.5 M, 99.9%) into hotplate magnetic stirrer with a 

rotation speed of 750 rpm at room temperature for 30 minutes. The reaction mechanism of ferrite 

forming is presented in the following reaction as shown as Equation (2). 

2 FeCl3 + FeCl2 + x (MZ)Cl2+ 8 NH4OH → (MZ)Fe2O4 + 8 NH4Cl + 4H2O            (2) 

After that process, the result was washed repeatedly using distilled water until pH = 7. Finally, one 

gram of the filtering result was taken to be mixed with oleic acid and dispersed into olive oil with a 

ratio of 1:2 mL. Meanwhile, ferrite nanoparticles in powders were obtained by calcination at a 

temperature of 100 οC during 60 minutes and then finely grinded. Characterizations of crystal 

structure, fractal structure, chemical compound as functional groups, optical properties were 
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conducted by means of XRD, SAXS, FTIR, and UV-Vis. Meanwhile, the antibacterial activity of the 

MZFe2O4 ferrofluids was characterized using liquid dilution method for E.coli gram-negative bacteria 

and S.Aureus gram-positive bacteria. 

3.  Results and Discussion 
Functional groups of the MZFe2O4 ferrofluids were characterized using FT-IR spectroscopy in the 

form of a graph of the relationship between wavenumber and transmittance value. The transmittance 

peak showed vibration of the atom bond. The MZFe2O4 ferrofluids consisted of metal bond indicated 

by the wavenumber of 400- 1000 cm-1 [18] and organic bond by olive oil compound and oleic acid 

surfactant. The graph of FT-IR in forming the MZFe2O4 ferrofluids based on olive oil is presented in 

Figure 1. 

The transmittance peaks of the metal can be seen in the wavenumber of 580, 448, and 994 cm-1 as 

the vibration of  tetrahedral M-O and octahedral M-O bonds [19]. This case indicated the forming of a 

spinel structure [20]. The organic compound can be seen in the higher wavenumber. The higher the 

ionic coordination (bond length), the vibration mode would  be weaker due to the stretching force and 

compression of ionic bonds [21], [22] and caused organic bond migrate to the higher wavenumber. In 

detail, the vibrations of the MZFe2O4 ferrofluids observed in the FTIR spectra is tabulated in Table 1.   
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Figure 1. Infra-red spectra of the MZFe2O4 ferrofluids 

Table 1. Functional groups of the MZFe2O4 ferrofluids 

Compound Vibration Peak Note References 

Spinel structure 448 cm-1 Vibration of tetrahedral M-O  [23] 

 580 cm-1 Vibration of octahedral coordinate M-O [23,24] 

 944 cm-1 Vibration of Spinel [24] 

Olive oil 723 cm-1 
Vibration of δCH2 – the bond of 

aliphatic compound 
[25] 

 1162 cm-1 Vibration of C=O and –CH2 ester bonds [25] 

 1460 cm-1 Vibration of δCH2 bond [26] 

 1754 cm-1 
Vibration of νC=O carbonyl 

triacylglycerols [26] 

 2846 cm-1 
νCH2 – the vibration of hydroperoxide 

fat acid [27] 

 2925 cm-1 
CH3 – the vibration of hydroperoxide fat 

acid [28] 
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 3007 cm-1 Unsaturated vibration of C-H, νC-H [26] 

Oleic acid 1621- 1710 cm-1 Absorption peak of carboxyl peak [29,30] 

 
Structural characteristics of the crystal phase, lattice parameters, and particle size of the MZFe2O4 

nanoparticles in powders were analyzed through X-ray diffraction using radiation source of Cu-Kα 

with the wavelength of 1.5406 Å. Figure 2 shows the X-ray diffraction patterns of the MZ.Fe2O4 

nanoparticles in powders. The diffraction peaks detected indicated spinel phase with Fd-3m space 

group with hkl planes of (220), (311), (400), (422), (511), (440), (531), and (442) [31]. The data were 

analyzed using AMCSD 0000945 data model through Rietveld analysis. The analysis results informed 

that the crystal structure of the MZFe2O4 nanoparticles was mixed-spinel structure since the metal ions 

were distributed in tetrahedral and octahedral positions where the lattice parameters as the calculation 

results is presented in Table 2 [32], [33].  
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Figure 2. (A) X-ray diffraction patterns and (B) mixed-spinel structure of the MZFe2O4 nanoparticles 

The analysis results showed that the diffraction peaks of the ZnFe2O4 nanoparticles appearing at the 

value of 2 Theta was in accordance with the data model. Interestingly, there were other peaks at 2 

Theta namely 27.8˚ and 39.61˚ which indicated that there was another phase, namely α-Fe2O3 [34], 

[35]. The α-Fe2O3 phase in MnFe2O4 sample was caused by chemical instability due to excessive iron 

ions in MnFe2O4 phase so that the iron ions unbound with Mn would be bound with free oxygen 

resulting in Fe2O3 [36]. The calculation results of particle size using Scherrer method showed that the 

MnFe2O4 had smaller particles size than ZnFe2O4 because Mn2+ had smaller ionic radius (66 pm) than 

Zn2+ (74 pm). Crystal structure and particle size of the samples are presented in Table 2. 

Spinel structure of MZFe2O4 nanoparticles in this research confirms the study on MnFe2O4 and 

ZnFe2O4 conducted by Silva et al. and Nikolic et al., respectively. The forming of mixed-spinel 

structure coordination in the ferrite phase was reported that it could improve magnetism, electricity, 

and gas sensor capability [37], [38]. Above and beyond, coprecipitation synthesis method using iron 

sand successfully formed MZFe2O4 particles with a particle size of ± 10 nm smaller than the magnetic 

particles prepared by using combustion and gel calcination methods using commercial chemical 

material. The lower the magnetic particle size approaching the single domain of ± 10 nm, the particles 

could behave superparamagnetic character [39]. 

Table 2. Crystal structure and particle size of MZFe2O4 nanoparticles 

Sample Spinel Structure 
2-theta of 

(311) peak 

Lattice 
Parameters 

(Å) 

Particle Size 
(nm) 

MnFe2O4 0.5

2 3 2 2 3

0.5 0.5 0.5 1 4BA
Mn Fe Mn Fe Fe O+ + + + +     

 35.4674ο 8.3947 6.24 

ZnFe2O4 0.5

2 3 2 2 3

0.5 0.5 0.5 1 4BA
Zn Fe Zn Fe Fe O+ + + + +     

 35.4445ο 8.4148 9.49 
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Figure 3. SEM-EDX profiles of MZFe2O4 nanoparticles 

Characterization of morphology, particles size distribution, and content of elements in MZFe2O4 

nanoparticles was carried out using SEM-EDAX. The SEM images as shown in Figure 3 present that 

the MZFe2O4 particles had a spherical form. Quantitative analysis resulted in histogram informs the 

particle size distribution of the MZFe2O4. The histograms indicate that the nanoparticles had 

lognormal distribution pattern where the ZnFe2O4 had mean particle size of 9.24 ± 0.19 nm and 

polydispersity index of 0.20, while the MnFe2O4 had mean particle size of 6.15 ± 0.13 nm and 

polydispersity index of 0.21.  

The elemental content of the MZFe2O4 nanoparticles was analyzed to identify the ratio of elements 

as the results of calculation by synthesis. In Mn.Fe2O4 samples, the synthesis resulted in Mn:Fe of 

0.6:2.4 where the notation of compound formed could be written with Mn0.6Fe2.4O4, while in ZnFe2O4 

the synthesis resulted in the ratio of Zn:Fe namely 0.7:2.3 and thus obtaining Zn0.7Fe2.3O4. The 

synthesis results were different from the calculation results because of the use of iron sand as the 

natural raw material. 
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Figure 4. Illustration of hierarchical structure (A) and scattering profiles (B) of the MZFe2O4 

ferrofluids 

The stability of ferrofluid phase was resulted by the balance of repulsive force provided by a 

surfactant to van der Waals force produced by the interaction between particles resulting in magnetic 

particles. When external magnetic field acts on ferrofluids, the direction of magnetic moments follows 

the external magnetic field resulting an aggregation of the magnetic particles like a chain in which the 

dipole was oriented in the configuration of head to tail. However, another work showed that the chain 

aggregate was formed although without external magnetic field [40]. Therefore, in this work, 

MZFe2O4 ferrofluids were characterized using by SAXS to examine their particle configuration 

without external magnetic field. Figure 4 presents SAXS profiles plotted in the graph of the 

relationship between momentum transfer (q) and scattering intensity I(q). SAXS analysis was carried 

out to identify the distribution of particle size in the range of q (q=2π/d), where d is the particle size of 

the sample. The scattering intensity of the samples informed the form factor P(q, R); structural factor 

S(q, R); and size distribution D(R) written in Equation 3. 

6

0

( ) ( , ) ( , ) ( )np np np np npI q C P q R S q R R D R dR



= 
      (3) 

where Cnp is the factor scale. Analysis of form factor with spherical model and lognormal size 

distribution was applied following SEM analysis results. Meanwhile, the structural factor was 

analyzed using mass fractal model (Exp cut off). Mathematically, the form factor, size distribution, and 

structural factor in SAXS analysis are written in Equation 4-6.  
2

3

sin( ) cos( )
( , ) 9

( )
np

qR qR qR
P q R

qR

 −
=  

         (4) 

 
2 2

2
( ) exp ln( / ) / 2

2
np o

N
D R R R

R



 =
 

      (5) 

( 3) 2

0

0 0

sin( )
( , ) 1 . ( , ). .D

frac D

D qr
S q r R h r r dr

r qr




−= + 
      (6)
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Dnp(R) represents the lognormal distribution; σ is the polydispersity index; Ro is the particle radius 

mean, N is the normalization factor; ξ is the cut-off length of fractal correlation; and D is the fractal 

dimension [6].  

Table 3 provides information on SAXS analysis results. The MZFe2O4 nanoparticles had high 

polydispersity index with primary particle size in the dimension of < 5 nm. The tendency of primary 

particle aggregation caused the forming of higher size dimension reaching 10 nm known as secondary 

particles. Subsequently, the secondary particles correlated each other to form a chain-like aggregate 

with the fractal cut-off correlation length of 100 nm. The aggregate structure was in the form of 

surface fractal with dimension of approximately 2. The structural illustration by SAXS is shown in 

Figure 4A. The secondary particle size attained through SAXS approached that of SAXS and XRD 

analyses.  

This case showed that the things examined in XRD and SEM were contributed by secondary 

particles. Meanwhile, in ferrofluids, the dispersed particles in the fluids indicated monomer 

characteristic with particle size approaching single domain. 

Table 3. Particle sizes, fractal dimension, and distribution of the MZFe2O4 ferrofluids 

 MnFe2O4 ZnFe2O4 

Primary particle size (μ) nm 4.82 4.04 

Secondary particle size (r0)  nm 7.06 9.99 

Fractal cut-off length (ξ) nm 85.0 92.3 

Fractal dimension (D) 1.78 1.90 

 
The optical properties of the MZFe2O4 ferrofluids were characterized by using UV-Vis 

spectrophotometer. The wavelength used in the range of 200 to 800 nm is presented in Figure 5. In 

Figure 5, there is an absorbance peak at the wavelength of around 500 nm as the characteristic of 

absorbance of iron metal element where the MnFe2O4 samples had a bit higher absorbance value than 

ZnFe2O4. Hence, the increasing absorptivity of material caused the increase in absorbance intensity 

based on Lambert beer law in Equation 7,  

0log( / )Abs I I dc= − =
        (7) 

Where I is the light intensity transmitted by the material, I0 is the incident light intensity, ε is the 

absorptivity coefficient, d is the path-length, and c is the liquid concentration. By analysis using Tauc 

equation, the bandgap energy value of each sample could be found. The bandgap energy values were 

calculated by extrapolating the value of α = 0 in the graph of linear relationship between hυ and (αhυ)2, 

which resulted in bandgap energy value of MnFe2O4 ferrofluids  and ZnFe2O4 ferrofluids  of 2.28 eV and 

2.26 eV, respectively. Mathematically, the bandgap energy value was inversely related to particle size due 

to quantum size effect that caused conduction and valence bands shifted to the space boundary between 

charges [41].  
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Figure 5. UV-Vis spectrum (A) and Tauc plot (B) of the MZFe2O4 ferrofluids 

Besides metal compound, there was an absorption spectrum of olive oil compound in the wavelength of 

290 nm appearing in olive oil-based MZFe2O4 ferrofluids. This case is in line with the previous research 

conducted by Fuentes et al. that characterized the olive oil absorption appearing in the wavelength of 300 

nm [42] 

  

Figure 6. Direct bandgap structure of the MZFe2O4 ferrofluids 

In this work, the dilution method was used to examine the antibacterial activity of MZFe2O4 in 

ferrofluids in nanopowders. The antibacterial activity was determined based on the ratio of the number 

of live bacterial colony after being treated by samples. Furthermore, the ability of the samples and 

conventional drug namely erythromycin to kill bacteria was also studied. The fewer the live bacteria, 

the better the anti-bacterial ability [43] proven by the percentage of the dead bacteria. Erythromycin is 

an antibiotic commonly used to kill bacteria since it has a better anti-bacteria ability than 

Sthreptomicyn and Penisilin [44]. 

The dilution characterization results shown in Figure 7 and 8 indicate that the ZnFe2O4 ferrofluids 

could kill the E.Coli bacteria well even better than erythromycin antibiotic. It can be seen that the 

number of E. coli bacteria colony after treated by using the ZnFe2O4 ferrofluids was fewer than 

erythromycin with bacteria mortality of 99.32% while the MnFe2O4 ferrofluids resulted in mortality of 

71.81%. Meanwhile, in nanopowders, the antibacterial activity was unseen. The tendency of 

antibacterial activity was different from B. subtilis bacteria which showed that the MZFe2O4 

nanopowders was less reactive to gram-positive bacteria. 
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Figure 7. Survival colony count of bacterial without treatment (K-), Erythromycin drug (K+) of the 

ZnFe2O4 ferrofluids (ZF), the MnFe2O4 ferrofluids (MF), ZnFe2O4 nanopowders (ZN) and the 

MnFe2O4 nanopowders (MN) by agar dilution methods.  

 

          

Figure 8. Photograph of the bacterial colony without treatment (K-), 

Erythromycin drug (K+). ZnFe2O4 ferrofluids (ZF), MnFe2O4 

ferrofluids (MF), ZnFe2O4 nanopowder (ZN) and MnFe2O4 

nanopowder (MN) by agar dilution methods. 

One of the good antibacterial activities in ferrofluids is resulted by interaction between cation and 

anion compounds contained in the materials. The presence of Zn2+ ion can stop the process of cell 

division when it reacts with enzyme and bacterial protein which then initializes the damage of cell 

wall and cytoplasm [45]. In addition, the use of olive oil containing dialdehyde compound is reactive 

to bacterial cell membrane so that the bacterial growth is inhibited [46]. The process of bacterial 

killing depends on how the material can penetrate cell membrane and diffuse into cell inner, deactivate 

enzyme, inhibit the protease forming, denature protein, and then the bacterial cell will die where this 

case can be done by the MZFe2O4 ferrofluids. The chain structure of the ZnFe2O4 ferrofluids that had 

longer fractal cut-off size than that of the MnFe2O4 ferrofluids helped the material to penetrate and 
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diffuse into cell membrane [47]. This case indicated that antibacterial properties of samples were 

influenced by fractal structure of ferrofluids. 

4.  Conclusion 

Synthesis of the olive oil-based MZFe2O4 ferrofluids by using coprecipitation method resulted in 

nanoparticles with the particle size of <10 nm and mixed spinel structure. The functional groups of the 

MZFe2O4 as fillers, oleic acid as surfactant, and olive oil as dispersing agent were detected on various 

wavenumbers. In the ferrofluids, the particles formed surface fractal structure with fractal dimension 

value of 2. The MZFe2O4 ferrofluids had the primary particle size of 5 nm aggregated to form 10 nm 

secondary particles. The interaction between particles, dispersant, and surfactant in the ferrofluids 

caused particles correlated to form chain-like structure with 100 nm cut-off. The optical properties 

regarding absorbance and bandgap values showed that the MZFe2O4 ferrofluids had absorbance values 

in the wavelength of 500 nm and the direct bandgap in the range of 2.2 eV. The difference in bandgap 

energy value in the MZFe2O4 nanoparticles was influenced by the particle size. Furthermore, the 

antibacterial activity to E.Coli and S.Aureus indicated that the  ZnFe2O4 ferrofluids were excellent in 

killing bacteria colony proven by the percentage of cell mortality reaching 99.32%.  
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