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Abstract 
 

This paper reports the additives free sonochemical synthesis of manganese ferrite and cobalt ferrite nano–particles 
using metal acetate as precursors. The synthesis of the ferrites occurs in three steps, viz. hydrolysis of acetates, 
oxidation of hydroxides and in–situ micro–calcination of metal oxides, and these are facilitated by physical and 
chemical effects of cavitation bubbles. The collisions between metal oxide particles induced by shock waves generated 
by transient cavitation are able to cross the activation energy barrier leading to formation of ferrites. The analysis of 
experimental result showed that MnFe2O4 and CoFe2O4 are found to be in nano scale, with uniform morphology and 
well crystalline nature. Thus, sonochemical route is one of the facile and environmental friendly techniques for 
synthesis of ferrite nano–particle. 
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1. Introduction 
Metal ferrites or spinel ferrites nano–particles are one of the most interesting research areas due to their extra ordinary 
properties and their applications such as magnetic sensors, medical implants, watches, transformer circuits, generator, 
telecommunications, magnetic fluids and magnetic resonance imaging, microwave absorbers and similar other 
applications [1–3]. In the last few decades, numerous scientists have reported various conventional techniques for 
synthesis of metal nano–particles, such as: sol–gel method [4,5], micro–emulsions [6,7], reverse micelles [8], auto–
combustion [9] and co–precipitation [10]. Recently few papers are published which dealt with sonochemical route for 
synthesis of ferrite nano–particles [11–14], in which the reaction mixture is exposed to ultrasound irradiation to provide 
a required activation energy to overcome the barrier to form ferrites. In sonochemical synthesis of ferrites, acetate metal 
salts are hydrolyzed followed by oxidation of ferrous hydroxide and the reaction of two metal oxides.  
 

In this study, we have tried to emphasize the links between chemistry of ferrite synthesis and physics of ultrasound 
and cavitation bubbles by coupling the experimental results with numerical simulations of cavitation bubble dynamics. 
In sonochemical route, Fe2O3 is formed in two step reactions: (i) hydrolysis of iron acetate and (II) oxidation of ferrous 
hydroxide by H2O2

• •
2H O OH + H→

 generated by transient collapse of cavitation bubbles. Another effect of ultrasound is the 
shockwaves which helps the particles of metal oxide to undergo in–situ calcinations in reaction mixture itself due to 
highly energetic collisions between them induced by it. During the transient collapse, the temperature and pressure 
inside the bubble reach extremely high, approximately 5000 K and 500 bar respectively. At these extreme conditions of 
the bubbles, these particles can also undergo in–situ micro–calcination in the thin liquid shell surrounding the bubble 
where the temperature reaches very high [15–17]. The general mechanism of ferrite synthesis using sonochemical 
method is as follows [Eqn. 1-6]: 
Generation of oxidizing species through sonolysis of water: 

                     (1) 
•

2 22 OH  H O→                       (2) 
Hydrolysis of metal acetate to form their respective hydroxide and oxides: 
        3 2 2 2 3Fe(CH COO) + 2 H O  Fe(OH) + 2 CH COOH→             (3) 

3 2 2 3 2X (CH COO) + 2 H O  XO + 2 CH COOH + 2 H O→            (4) 
Where, X represents the metals either Mn or Co. Then the ferrous hydroxide again undergoes a reaction to form its 
oxide by reacting with H2O2 generated by transient collapse of the cavitation bubble. Consequently, the two metal 
oxides, XO and Fe3O4 can react to form XFe2O4

2 2 2 3 4 23 Fe(OH) + H O  Fe O + 4 H O→
 through the following reaction) to form. 

                (5) 
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[O]
3 4 2 42 Fe O + 3 XO  3 XFe O→                   (6) 

For this present study, XFe2O4 is the representative of MnFe2O4 and CoFe2O4. 
2. Materials and methods 
Materials: The following chemicals were used for synthesis of ferrites nanoparticles: iron (II) acetate (AR Grade, 
Sigma–Aldrich), manganese acetate (AR Grade, Sigma–Aldrich), cobalt acetate (AR Grade, Sigma–Aldrich), HCL 
(AR Grade, Merck), NaOH (pellets form, Merck). All the chemicals were used as received from the suppliers. 
 
Methods: In 20 mL de–ionized water, a 0.2 M of manganese acetate or cobalt acetate was prepared with 0.4 M of iron 
(II) acetate. Then the reaction mixture was sonicated for 30 min in pulse mode (20 s on 5 s off) using an ultrasonic 
probe (13 mm OD, 20 kHz) driven by micro–processor controlled unit (Model: VCX500, 500 W). The probe was 
operated at 20% amplitude with theoretical power dissipation of 100 W. The temperature of the reaction mixture was 
maintained at 70oC (±4oC) during all the experiments. The pH of the solution was controlled by drop–wise addition of 
either 0.1N HCl or 0.1N NaOH solution. One should be noted that, there was no addition of external H2O2
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 to the 
reaction mixture during the synthesis of ferrite nano–particles, as required for the oxidation of ferrous hydroxide. 
Moreover, no external calcination was employed to the obtained solid products after the sonication. 
 
Numerical modeling of cavitation bubble dynamics: The physical and chemical effects induced by ultrasound 
and cavitation bubbles in the system were estimated using the diffusion limited ordinary differential equation (ODE) 
model with boundary layer approximation proposed by Toegel et al. [18]. This model is basically derived from the 
comprehensive partial differential equation (PDE) model of Storey and Szeri [19], which demonstrated that vapor 
entrapment in the cavitation bubble, leading to formation of radicals is essentially a diffusion limited process. The main 
components of the model are set of 4 ODEs as follows: (1) Keller–Miksis equation for the radial motion of the bubble 
[20]. (2) Equation for the diffusive flux of water vapor and heat conduction through bubble wall. (3) Overall energy 
balance treating the cavitation bubble as an open system. For greater details readers may see our previous papers 
[21,22]. The set of 4 ODEs are also given below [Eqn. 7-18]: 

1. Radial motion of the cavitation bubble:  (7) 

Internal pressure in the bubble:  
( )3 3
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                (8) 

Pressure in bulk liquid medium:  ( )0  sin 2t AP P P ft= − π                  (9) 
 

2. Diffusive flux of water molecules: ,2 2
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Instantaneous diffusive penetration depth: min ,w
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3. Heat conduction across bubble wall: 2 2 04 4
r R th
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dt r l
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Thermal diffusion length: min ,th
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                    (13) 

 
4. Overall energy balance: ( ),  / / / /V mix i W W WC dT dt dQ dt PdV dt h U dN dt= − + −             (14) 

Mixture heat capacity: , ,  V mix V i iC C N=∑ (where, i = N2/O2/H2O)               
 (15) 

Molecular properties of water: Enthalpy: hw = 4kTo
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 (16) 

Internal energy:                    (17) 

Heat capacity of various species (i = N2/O2/H2 ( ) ( ) ( )( )( )( )22
, 2 exp exp 1V i i i i i iC N k f T T Tθ θ θ= + −∑O):   

 (18) 
The initial conditions of the ODEs are as follows: at t = 0, R = Ro, dR/dt = 0, Nw = 0, Q = 0, T = T0. Thermodynamic 
data for various species is given in Table 1. The thermal conductivity and diffusion coefficient (transport parameters for 
the heat and mass transfer) are determined using Chapman–Enskog theory using Lennard–Jones 12–6 potential at the 
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bulk temperature of the liquid medium [23–26]. As the time scale for the diffusion of gases is much higher than the 
time scale of bubble dynamics, this model ignores the diffusion of gas across bubble interface. The ODEs in the bubble 
dynamics model are solved simultaneously using Runge–Kutta adaptive step size method [27]. Various parameters 
used in the simulation of bubble dynamics equation (air bubble) and their numerical values are as follows: ultrasound 
frequency (f) = 40 kHz; ultrasound pressure amplitude (PA) = 150 kPa; bubble radius (Ro) = 5 µm and 10 µm; water 
vapor pressure = 2500 Pa (calculated using Antoine type correlation). Various physical properties of water are as 
follows: density (ρL) = 1000 kg/m3, kinematic viscosity (ν) = 10–6

Au P cρ=

 Pa–s, surface tension (σ) = 0.072 N/m and velocity 
of sound (c) = 1481 m/s. 
Physical effect of ultrasound: Ultrasound propagates through the medium in the form of longitudinal wave with series 
of compression and rarefaction, and causes rapid oscillatory motion of fluid elements called as microstreaming. This 
motion gives rise to intense micro–mixing in the medium. The magnitude of the microstreaming velocity is given by: 

. Substituting values of PA as 1.5 × 105 Pa, ρ = 1000 kg/m3

( )
2

2,    turb
R dRV r t
r dt

 =  
 

, and c = 1481 m/s, gives u = 0.101 m/s. 
Sonochemical effect of cavitation bubbles: The numerical solution of bubble dynamics model predicts the temperature, 
pressure and the number of gas & solvent molecules in the bubble at transient collapse. At transient collapse, 
temperature and pressure reach in extreme conditions, which result dissociation of molecules to form various chemical 
species. To calculate the composition of the bubble at the time of collapse, we assume that thermodynamic equilibrium 
is attained [28]. The equilibrium mole fraction of different chemical species in the bubble at the peak conditions 
reached at transient collapse is estimated using Gibbs free–energy minimization technique [29]. The radial motion of 
cavitation bubbles generates intense convection in the medium through two phenomena [Eqn. 19-20]:  

(i)  Micro–convection [30]:                   (19) 

(ii)  Shock waves (or Acoustic waves) [31,32]:  
22 2
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     (20) 

Where, Vb

Species 

 is the volume of the bubble. A representative value of r is taken as 1 mm. In bubble dynamic model, direct 
estimation of initial bubble radius is very difficult. Several phenomena such as rectified diffusion, fragmentation of the 
bubble etc. cause continuous change in this parameter. In a multi–bubble system, a large variation in this parameter 
may be expected. In order to investigate the influence of this parameter, two numerical values for this parameter, viz. 5 
and 10 µm, are selected for this present study. The equilibrium composition of the bubble contents was determined 
using the FactSage software [33], which is based on the free–energy minimization algorithm proposed by Eriksson 
[29]. 
 

Table 1. Thermodynamic data for various species (data taken from ref. [23–25]) 

Degrees of freedom  
(translational + rotational) (f i

Lennard–Jones force constants 
) 

Characteristic vibrational 
temperatures θ (K) σ (10–10 ε/k (K)  m) 

N 5 2 3.68 92 3350 

O 5 2 3.43 113 2273 

H2 6 O 2.65 380 2295, 5255, 5400 
 
3. Results and Discussion 
We would like to mention that no external calcination was applied to the solid particle after the sonication. The product 
was characterized using Xray powder diffractometer (Bruker, Advanced D8) with monochromatic Cu–Kα (λ=1.5406 
Å) radiation operated in the range from 20 to 70o. The mean crystallite particle size (Dxrd

xrdD  = 0.9λ (β×cosθ)
) of the product was calculated 

from the most intense peak (311) using Debye–Scherrer equation [34,35]: , where, λ is the X–ray 
wavelength, β is the half width of the relevant diffraction peak; θ is the Bragg’s angle. The morphology of the nano–
particles was determined using field emission scanning electron microscope (FE–SEM, Model: SIGMA VP, Make: 
Carl Zeiss Microscopy GmbH, Germany). The experimental results are presented in Figs. 1 and 2. The FE–SEM 
micrograph of the as–synthesized ferrite particles are shown in Fig. 1a and 1b. It could be seen that the ferrite particles 
are more or less spherical in shape and with narrow size distribution. 
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(a) MnFe2O4 

 
(b) CoFe2O

 
Fig. 1. Field emission scanning electron microscopic (FE–SEM) images of manganese ferrite and cobalt ferrite 

The X–ray diffractogram of the solid product obtained after sonication is given in Fig. 2. Fig. 2 shows the diffraction 
peaks corresponding to the characteristics crystallographic planes of the spinel structure of ferrites [(112), (220), (311), 
(400), (422), (440)]. These miller indices indicate the single phase ferrites with face–centered cubic (FCC) crystal [36]. 
The average crystal size of the particles was calculated using Debye–Scherrer equation and it has been found to be 39 
nm and 24 nm for MnFe

4 

2O4 and CoFe2O4, respectively. It should be noted that the ferrite nano–particles are formed 
during sonication itself, without any external calcination of the material. This essentially indicates the hypothesis of in–
situ micro–calcination of the oxide precursors induced due to the energetic collisions between the particles, as they get 
drifted in high pressure amplitude shock wave generated by the cavitation bubble during transient collapse. 

 
Fig. 2. XRD results of manganese ferrite and cobalt ferrite (without any external calcination) 
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Fig. 3. Simulations of radial motion of 5 micron air bubble in water (A.1) and 10 micron air bubble in water (A.2). f = 
20 kHz; PA= 150 kPa; Po

Conditions at the first collapse of the bubble 

= 101.3 kPa (atmospheric). Time history of (A) radius of the bubble; (B) temperature inside 
the bubble; (C) water vapor evaporation in the bubble; (D) pressure inside the bubble; (E) microturbulence generated 
by the bubble; (F) acoustic waves emitted by the bubble. 
The simulation results of the bubble dynamic model are presented in Fig. 3, while the equilibrium composition of 
bubble contents is given in Table 2. The results of the bubble dynamic model shown in Table 2 also give an estimation 
of the temperature and pressure during the first collapse of the bubble. It could be seen from Table 2 that the number of 
water molecules in the bubble at the first collapse are 4–15 times higher than the number of gas molecules; and this is 
because, at the bubble interface the evaporation and diffusion of water vapor in the bubble is proportional to the vapor 
pressure of water, as a result a large amount of water vapor enters into bubble during expansion and gets entrapped in 
the consequent collapse phase. Also at the extreme conditions of the bubble, the temperatures reached at 2683 and 1844 
K for 5 and 10 µm bubbles, respectively. These temperatures are quite high, which causes in–situ micro–calcination of 
the metal oxides. That is why no external calcination is needed for formation of ferrite nano–particles. The temperature 
peaks for 5 µm bubble are higher than that of for 10 µm bubble. This can be attributed to the higher expansion of 5 µm 
bubble during the rarefaction cycle of ultrasound, as a result of which it undergoes more intense collapse during 
cavitation. Table 2 also gives the magnitude of the shock waves and the velocity of the micro–turbulence generated by 
the bubble. The micro–convection velocity for 10 µm is two folds higher than the micro–convection velocity for 5 µm. 

 
Table 2. Summary of simulation results at the first collapse of bubbles (air bubble) 

5 µm air bubble 10 µm air bubble 
Tmax = 2683 K 

Pmax = 175.3 MPa 
Vturb = 1.083 m/s 
PAW

T

 = 4.097 MPa 

max = 1844 K 
Pmax = 39.72 MPa 
Vturb = 2.204 m/s 
PAW = 1.751 MPa 

NN2 = 1.13 E+10 
NO2 = 3.02 E+09 
NW

N

 = 8.17 E+10 

N2 = 8.07 E+10 
NO2 = 2.15 E+10 
NW = 3.41 E+11 

 
Table 3. Summary of equilibrium composition of species in the bubble at the first collapse 

 Equilibrium composition of species in the bubble at collapse 
Species 5 µm air bubble 10 µm air bubble 
N 1.16 × 102 1.81 × 10–1 –1 
O 2.83 × 102 4.73 × 10–2 
H

–2 
2 2.80 × 10O 7.69 × 10–2 

O 

–1 
5.69 × 10 1.99 × 10–5 

H 

–6 
2.57 × 10 – –6 

O 2.28 × 103 – –7 
H 2.29 × 102 1.42 × 10–5 
OH 

–5 
8.08 × 10 3.92 × 10–4 

HO

–4 
4.22 × 102 1.16 × 10–5 

H

–5 
2O 4.60 × 102 3.56 × 10–6 

NO 

–6 
4.57 × 10 1.17 × 10–3 

NO

–3 
1.11 × 102 2.37 × 10–4 

N

–5 
2 8.69 × 10O – –6 

HNO 9.69 × 10 – –7 
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HNO 1.76 × 102 5.29 × 10–5 –6 
4. Conclusion 
In this study, we have presented the additives free sonochemical route for synthesis of ferrite nano–particles. Under the 
ultrasound irradiation, the metal acetates as precursors are hydrolyzed and oxidized to form metal oxides. High energy 
collisions between the particles due to the shock waves generated by transient collapse of cavitation bubble causes 
synthesis of ferrites through in–situ micro–calcination of the oxide particles. Most notably, no external calcination is 
needed for formation of ferrites. Experimental results showed that spinel crystalline structure ferrite nano–paticles can 
be synthesized using only sonochemical method. We believe that results of this preliminary study could form useful 
guidelines for further research in the area of sonochemical synthesis of nano–sized ferrites. 
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