Chemical Engineering Journal 164 (2010) 261-266

Chemical Engineering Journal

Contents lists available at ScienceDirect

Chemical
Engineering
Journal

journal homepage: www.elsevier.com/locate/cej

Sono-synthesis of Mn304 nanoparticles in different media without additives

T. Rohani Bastami, M.H. Entezari*

Department of Chemistry, Ferdowsi University of Mashhad, 91775 Mashhad, Iran

ARTICLE INFO

Article history:

Received 15 March 2010

Received in revised form 12 August 2010
Accepted 13 August 2010

Keywords:
Hausmannite
Nanoparticle
Ultrasound
Aqueous medium
Olive oil

Almond oil
Paraffin

ABSTRACT

Hausmannite (Mn30O4) nanoparticles were prepared by ultrasound in various media for the first time
under ambient conditions without any additives. The synthesis was carried out by direct sonication of
manganese acetate in water. The nanoparticles with high crystallinity and sizes less than 4 nm appeared
after 3 min of sonication. Water in oil emulsion was selected as another medium for the synthesis. In
this case, the water phase containing manganese acetate was dispersed into the oil phase. Two different
types of oil were chosen as a medium for the synthesis—paraffin as a mineral oil; olive and almond
as vegetable oils. In all selected media, hausmannite was prepared with different sizes, shapes, and
crystallinity. In the vegetable oils, the nanoparticles were larger than the nanoparticles prepared in water
but the crystallinity was lower than in the water phase. In contrast, the crystallinity of the product in
mineral oil was higher than in vegetable oil and lower than in water but the particle size in mineral oil was
larger than the two other media. TEM (transmission electron microscopy) and XRD (X-ray diffraction)
were used for characterizing the products. The XRD patterns confirmed that different media yielded to
the same product, Mn3 04 nanoparticle. The TEM images showed that the size and shape of nanoparticles
were different in the different media. In vegetable oil, nanoparticles had a spherical shape with maximum
~7nm in size. Using mineral oil, the shape of nanoparticles was diamond form and maximum ~50 nm

in size. In water phase, the size of nanoparticle is less than ~4 nm with spherical shape.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nanotechnology as a field of applied science has been focused
on the design, synthesis, characterization and application of nano-
materials. This branch of knowledge is a sub-classification of
technology in colloidal science, biology, physics, chemistry and
other scientific fields and involves the study of phenomena and
manipulation of materials in the nanoscale [1,2]. The properties of
transition metal oxide nanoparticles are different from those of the
bulk materials in many areas such as optical, magnetic, and elec-
trical properties [3-5]. Sonochemistry as an effective and powerful
technique is used for the synthesis of different compounds under
normal conditions (ambient pressure and temperature). Acoustic
cavitation is responsible for the physical and chemical changes dur-
ing the sonication [6,7]. The chemical effects of ultrasound were
explored for many years [6]. Ultrasonic irradiation of aqueous solu-
tion leads to hydrogen and hydroxyl radicals [8,9]. These radicals
can recombine to return to their original form or combine to pro-
duce H, and H;0,. They can also produce HO5 and other radicals
with different combinations. These types of radicals act as strong
oxidants and reductants in different sonochemical reactions. Phys-
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ical effects of ultrasonic waves such as the enhancement of mass
transfer, induction of primary nucleation at lower supersatura-
tion, shortening the induction time and chemical effects such as
radical formation through cavitation can affect on the crystalliza-
tion process. Suslick et al. [10,11] prepared unusual nanostructure
materials by using some volatile organic liquids. Recently, this tech-
nique provides a new approach for the synthesis of nanostructure
materials [12-18].

In addition, this method has many advantages not found with
conventional methods. Under sonication, it is possible to synthe-
size the nanoparticles in normal conditions without additives, and
avoiding calcinations at high temperatures [19]. Transition metal
oxides in the form of nanomaterials have prepared by ultrasonic
methods [20-23]. Manganese oxide nanoparticles have been syn-
thesized by many methods. There are different forms of manganese
oxide such as MnO, MnO,, Mn;03, MnOOH, and Mn304 [24]. Haus-
mannite as a brown to black metallic mineral is a complex oxide
containing both di- and tri-valent manganese. The formula can
be represented as Mn2*(Mn3*),04, Mn3* in an octahedral position
and Mn2* in a tetrahedral position of the spinel structure. Mn304
has different applications in industry such as applying as a cat-
alyst for oxidation of CHy, for the reduction of nitrobenzene, for
the decomposition of waste NOy [25-28], and the oxidation of C3
organic compounds like: propane, propene, acetone and acrolein
[29].
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Several methods were used for the synthesis of Mn3Og4
nanoparticles with different sizes and shapes. Reflux of hydrated
manganese hydroxide at 100 °C produced Mn304 with the average
particle size of 50 nm [30]. A hydrothermal method was performed
under normal condition at different pH values, leading to the forma-
tion of Mn3 0,4 at higher pH and formation of y-MnOOH nanowire at
lower pH [31]. Mixing of manganese nitrate and hexamethylenete-
tramine solutions at different temperatures between 20 and 80°C
resulted in 18-41 nm Mn304 nanoparticle [32]. Benzyl alcohol with
two precursors of potassium permanganate and manganese acety-
lacetonate led to the formation of Mn304 and MnO as the dominant
phases [33]. Mn304 nanoparticles in the range of 10-20 nm were
obtained by using the metallic salt and hydrazine [34]. Hausman-
nite nanoparticles with spherical shape and particle diameter of
35nm were synthesized at low temperature by using starch as
capping agent[35]. Sonochemical method on different salts of man-
ganese(Il) was applied at pH=28.3 and led to particle sizes between
30 and 80 nm which was depended on the type of salt [36].

The aim of the current research is the synthesis of manganese
oxide nanoparticle (hausmannite) under normal conditions in
different media with ultrasonic waves. Aqueous solutions of man-
ganese acetate(Il), and the dispersion of aqueous phase containing
manganese salt in different oils were used for this synthesis.

2. Experimental
2.1. Materials

Paraffin liquid and manganese(Il) acetate, 4 H,O were purchased
from Merck Company. Olive and almond oils with high purity were
purchased from local market and n-hexane as a solvent for washing
the particles from the oil phase was from Fluka. Distilled water was
used with a resistivity about 0.33 M2 cm.

2.2. Instruments

The ultrasonic irradiation was carried out with equipment
operating at 20 kHz (XL-2020, Misonix, 550 W). The X-ray of prod-
uct was recorded on Bruker, DSADVANCE, Germany (X-Ray Tube
Anode: Cu, Wavelength: 1.5406 A (Cu Ko) Filter: Ni). The morphol-
ogy and size of the particles were characterized by transmission
electron microscopy (TEM, LEO 912 ab, Zeiss Germany, 120kV).

2.3. Procedure

2.3.1. Synthesis of manganese oxide in aqueous medium

Manganese acetate was used as a precursor for this synthesis
and 4.6 g of this compound was dissolved in distilled water (30 mL).
This solution was poured in a 100 mL beaker as a sonochemical
reaction vessel and then sonicated. A small amount of water was
added to the reaction vessel during the sonication to compensate
for the loss of evaporated water. The temperature was raised and
reached to about 80 °C after 6 min. The reaction products were cen-
trifuged, washed with distilled water and dried at 100 °C. Only one
experiment was run under these same mentioned conditions with
an Ar atmosphere in neutral pH and sonicated for 45 min. The other
experiments were carried out in neutral pH and air atmosphere at
the same temperature. For the comparison, one experiment was
designed as a control by using a stirrer 500 rpm instead of ultra-
sonic waves and other conditions were the same as in the ultrasonic
experiments. But, the time of procedure was 3 h.

2.3.2. Synthesis of manganese oxide in emulsion medium
In this part of experiment, 4mL of saturated solution of
Mn(OAc); and 30 mL of oil were added in a 100 mL beaker. The two
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Fig. 1. Temperature versus sonication time (4 ml of distilled water + 30 ml of oil).

immiscible phases were uniformed and the emulsion was estab-
lished by sonication of solution at initial temperature of 20°C. The
temperature of immersed vessel in an ice bath was increased to
about 73°C during the initial 5min and then by removing the
ice bath, the temperature was raised to about 95°C. The posi-
tion of probe was fixed by its immersion to 1cm in the initial
oil phase. The sonication was continued to 35, 20, and 17 min for
paraffin, almond oil and olive oil, respectively. The reaction prod-
ucts were centrifuged at 15000 rpm for 20 min and then washed
with n-hexane and boiled water many times to remove the oil
phase from the solid particles. Finally, the solid particles were
dried at 100°C. These experiments were also carried out in an air
atmosphere.

In addition, two sets of experiment were designed to study of
temperature changes versus time during the process. One of them
is the mixture of 4 mL of saturated solution of Mn(OAc), and 30 mL
of oil, and another one is the mixture of 4 mL of distilled water with
30 mL of oil. In both experiments, the sonication time for paraffin,
almond, and olive oil were 35, 20, and 17 min, respectively. Ini-
tial temperature was 20°C in all cases. Vessel was immersed in ice
bath just for initial 5min and then removed and the position of
the probe was the same as mentioned above. Results are shown in
Figs. 1 and 2. The physicochemical properties of the liquids and
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Fig. 2. Temperature versus sonication time (4 ml saturated solution of manganese
acetate +30 ml oil).
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Table 1
Physicochemical parameters of liquids.

Liquid Density (kgm~—3) 25°C Viscosity (cp) 25°C Acidity Peroxide value Iodine value Water and volatile
(mequiv. O2/kg) (gl2/100g) content %(10%°C)

Water 995.7 1.002 - - - -

Olive oil 913.2 61.39 0.53 8.9 82.6 <0.1

Almond oil 920.2 52.83 0.6 0.5 97.9 <0.1

Paraffin 877.2 77.66 - - - -

chemical analysis of vegetable oils are given in Tables 1 and 2,
respectively.

3. Results and discussion
3.1. Proposed mechanism

Aqueous solutions of manganese(ll) salts in the presence
of strong bases form the pink-colored, insoluble manganese(Il)
hydroxide, Mn(OH),. In the presence of air and oxygen, Mn(OH),
is gradually oxidized to form dark-brown products which contain
Mn(OH)3 or possibly MnO, and MnO,-nH;0. Manganese(Il) hydrox-
ide is a fairly weak base and when heated in air, it forms Mn304
[24].

In the case of sonication, the chemical reactions driven by
intense ultrasonic waves can occur in three different regions
[37,38]: (a) the inner environment of the collapsing bubble (gas
phase), where high temperatures (several thousands of degrees)
and pressures (hundreds of atmospheres) are produced and caus-
ing the pyrolysis of water into H and OH radicals, (b) the interfacial
region between the cavitation bubbles and bulk solution, and (c)
the bulk of the solution. The temperature in case (b) is lower than
that in case (a) but, the temperature is still high enough to rupture
chemical bonds. In the bulk solution, the reaction between reactant
molecules and OH or H radicals produced by the cavitation can take
place at the medium temperatures.

In this study, the nanoparticles were obtained without any basic
additives. For finding the role of oxygen, the sono-synthesis of
Mn304 nanoparticles was done in neutral pH under Ar atmosphere
and this experiment did not lead to any product. Therefore, oxygen
is necessary for the synthesis of Mn304 nanoparticles. In addition,
there was a negligible amount of product in control method when
the synthesis was carried out under an air atmosphere. It is known
that the sonochemical reaction does not occur inside the cavity
which is due to the ionic structure of initial components (man-
ganese acetate). Therefore the reaction can facilitate in interface of
the bubble or in the bulk of the solution. A suggested mechanism
for the formation of Mn3 04 from aqueous manganese acetate in the
presence of O, molecules are as following:

Mn(CH5C00), + 2H,0 — Mn(OH), + 2CH3COOH (1)
H,022H° + OH* 2)
Table 2
Chemical analysis of olive and almond oils.
Olive oil Almond oil
Acid CAN? Conc% Acid CAN? Conc.%
Palmitic 16:0 12.67 Palmitic 16:0 5.5
Palmitoleic 16:1 0.61 Palmitoleic 16:1 0.2
Stearic 18:0 2.97 Stcaric 18:0 2.8
Oleic 18:1 71.01 Oleic 18:1 70
Linoleic 18:2 10.40 Linoleic 18:2 21
Linolenic 18:3 0.58 Linolenic 18:3 0.1
Eicosenoic 20:1 0.29 Eicosenoic 20:1 0.1
Arachidonic 20:4 0.14 Behenic 22:0 0.1

a Carbon atom number.

According to Okitsu et al. [39], OOH radicals are formed by the
reaction of H radicals with O, molecules under the air atmosphere
and then the recombination of OOH radicals proceed to form H,05:

H* + 0, — "O0H (3)
2°00H — H;0, + 0, (4)

The oxidant generated by ultrasound can initiate the oxidation
of Mn(OH),:

3M1‘1(OH)2 + H,0; - Mn304 + 4H,0 (5)

It should be mentioned that, the synthesis of Mn304 in neutral
medium without sonication leads to a negligible amount of product
after 3h.

3.2. Temperature versus time of sonication in different media

Fig. 1 shows the effect of sonication time on the temperature of a
mixture containing 4 mL of distilled water dispersed in 30 mL of oil
(paraffin, olive, and almond oils). Results indicate that the increase
of temperature is slower for paraffin than for the two other veg-
etable oils. In addition, the temperature was constant for a longer
time for paraffin than for the two other oils at 95 °C which is due to
the evaporation of the dispersed phase (water) from the oil phase.
After complete evaporation of the water, the mixture changed from
a milky emulsion to a suspension containing solid particles. Three
reasons may be claimed for the behaviors of temperature versus
time of sonication in different media. One is related to the heat
capacity of the medium which is higher for paraffin than for the
two other oils [40], and the second is related to the viscosity which
is also higher for paraffin. Viscosity for paraffin, olive, and almond
oil are 77.66, 61.39, and 5283 cp, respectively (Table 1). The third
one may be related to the cavitation process which occurs more
easily in a medium with lower viscosity. Due to the lower viscosity
of olive and almond oils and higher activity of cavitation process
in these media, the number of cavities should be higher. Therefore,
the evaporation of water is faster and easier in these media than in
paraffin and a shorter time is required for the total evaporation of
water from the mixture.

Fig. 2 shows temperature versus sonication time for the disper-
sion of saturated solution of manganese acetate (4 mL) in 30 mL of
oil. As it is shown, the rise of temperature is different from that
in Fig. 1. The temperature was not constant during the evapora-
tion of water from dispersed solution and increased gradually. In
addition, loss of water phase from the solution in Fig. 2 occurred at
higher temperature than in Fig. 1. These differences are due to the
presence of salt in distilled water. The concentration of solution
was increased during the evaporation and led to a higher boil-
ing point and therefore, the temperature was increased gradually.
Another difference is related to the final temperature and time of
product formation. Paraffin as a mineral oil has a final temper-
ature lower than the vegetable oils (almond and olive oils). The
product appeared after 2 min in paraffin and after 10-12 minin veg-
etable oils. This behavior may be attributed to the higher viscosity
and lower density of paraffin (Table 1). The difference of densi-
ties between water and paraffin are greater than water and the
two other oils. In addition, the viscosity of paraffin is higher than
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Scheme 1. Schematic representation of nanocrystal synthesis.

the two other oils. The densities of water, paraffin, olive oil, and
almond oil are 995.7, 877.2, 913.2, and 920.2 kg m—3, respectively.
Therefore, the resistance to mix of two phases is different. Soni-
cation under the same conditions can emulsify water in vegetable
oils easier than the water in mineral oil. It seems that the droplet
size of water in paraffin should be larger than water in vegetable
oils under the same conditions. If the water droplet in oil phase
assumes as a reactor, larger droplet has higher amount of salt and
can lead to an observable particle in a shorter time.

According to the nucleation theory, the increase of temperature
leads to anincrease of nucleationrate [41,42]. Asitis showninFig. 2,
the induction period for mineral and vegetable oils were occurred at
70 and 107 °C, respectively. Therefore, the temperature of reaction
in vegetable oil is higher than the mineral oil. This means that the
nucleation rate is higher in vegetable oil than mineral one. There-
fore, a fast nucleation resulted in the generation of a larger number
of seed nuclei and yields to smaller nanoparticles (see Scheme 1).

Cavitation also plays an important role in the increase of nucle-
ation rate. As it was mentioned, the cavitation process occurs more
easily in the vegetable oils than in mineral oil due to its lower vis-
cosity. Therefore, the number of cavitation bubbles and possible
nucleation sites for crystallization can be increased.

In aqueous solution the product appeared in about 5-7 min and
the temperature reached about 80 °C after 6 min. The temperature
was self-maintained at about 80 °C until the end of the reaction.

3.3. XRD results

The X-ray diffraction patterns of the samples prepared in differ-
ent media under ultrasound are shown in Figs. 3 and 4. It is found
that all the products are in agreement with the XRD pattern of haus-
mannite. The crystalline patterns are matched with the reported
values for the tetragonal Mn304 phase (JCPDS; 24-734). The miller
indices are exhibited in XRD patterns in Figs. 3 and 4. The calcu-
lated lattice parameters are also shown in Table 3. The XRD pattern
related to the sample prepared in aqueous medium have the greater
intensity than the others. The X-ray diffraction pattern for the sam-
ple synthesized in paraffin as an oil phase shows the sharper and
higher peaks than olive and almond oils. The XRD patterns related
to the olive and almond oils show lower intensity and wider peaks.
This means that the samples prepared in aqueous and paraffin have
higher crystallinity than the sample prepared in vegetable oils as

a continuous phase. As it is shown in Figs. 1 and 2, the behavior of
temperature versus sonication time is approximately the same for
water dispersed in paraffin and for the water phase alone (Section
3.1). But, the behavior mentioned is the same for the two selected
vegetable oils with high variation of temperature versus sonication
time. The species can be crystallized at about constant temperature
better than at the variable temperatures.
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Fig. 3. X-ray diffraction patterns of the hausmannite synthesized in: (a) aqueous
medium and (b) water/paraffin emulsion.

Table 3
Lattice parameters of Mn3;04.

Medium a(A) c(h)
Aqueous 5.76 9.44
W/paraffin 5.75 9.43
W/olive oil 5.75 9.46
W/almond oil 5.73 9.46
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Fig.4. X-ray diffraction patterns of the hausmannite synthesized in: (a) water/olive
oil and (b) water/almond oil emulsions.

3.4. TEM results

Fig. 5 shows the TEM measurements of the sample prepared in
aqueous medium. The picture shows that the nanocrystal is nearly
spherical shape with very small size less than ~4 nm. Fig. 6 isrelated
to the TEM micrographs of the sample synthesized in aqueous solu-
tion dispersed in paraffin as an oil phase. The nanocrystals are
diamond shaped with sharp-edges and with the size in the range
of 5-50 nm. Figs. 7 and 8 show the TEM micrographs of samples
prepared in olive, and almond oil, respectively. According to these
pictures, both samples exhibit spherical shape with sizes less than
~7 nm. The results show that the type of oil has an effect on the
size and shape of nanoparticles. The sample prepared in vegetable
oils as an oil phase shows spherical shape with maximum size of
~7 nm, but in mineral oil as an oil phase, the nanoparticle exhibits
diamond shape with maximum size of 50 nm.

Fig. 6. TEM image of hausmannite (Mn304) (water/paraffin emulsion).

The reason for the change of the grain size in mineral oil and
vegetable oil may be related to the nucleation rate and the growth
of nanoparticles. According to Figs. 1 and 2, the rate of increase of
temperature for vegetable oil is higher than for mineral oil. There-
fore the nucleation rate of nanoparticles is higher in vegetable oil
medium than in mineral oil. So, a higher rate of nucleation leads
to a decrease of the average particle size. In contrast, in mineral oil
the nucleation rate is lower and this leads to the larger grain size.
The crystallinity of the product in paraffin is higher than vegetable
oils which may be due to the stability of temperature during the
crystallization in paraffin.

Fig. 5. TEM image of hausmannite (Mn304) (aqueous medium).

Fig. 7. TEM image of hausmannite (Mn30O4) (water/olive oil emulsion).



266 T.R. Bastami, M.H. Entezari / Chemical Engineering Journal 164 (2010) 261-266

Fig. 8. TEM image of hausmannite (Mn304) (water/almond oil emulsion).

4. Conclusion

This study has demonstrated that manganese acetate is a proper
precursor for the formation of Mn3 04 nanoparticles. The synthesis
was carried out under normal condition and without any additives
by applying ultrasonic waves in different media. The results show
that the size and shape of the nanoparticles depends on the type of
medium and the same product was formed in different media. The
XRD patterns confirm that the ultrasound can crystallize the prod-
uct without calcination. The higher crystallinity was found when
the continuous phase was water or mineral oil. Ultrasound itself
generates strong forces for proper dispersion of oil phases in water.
The droplets act as a reactor for the formation of the product and
affected the shape and size of the nanoparticles.
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