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Abstract Mn3O4 was prepared with the chemical bath

deposition (CBD) method. A MnSO4 solution was obtained

by the leaching and purifying of low-grade rhodochrosite

ore (LGRO), which was used as raw material. The prepa-

ration procedures were studied and promoted. The results

showed that the Mn3O4 with the highest purity and highest

specific surface area could be obtained under the following

processes. An MnSO4 solution of 1.0 mol/L was added into

a beaker under a flow rate of 30 mL/h. The pH of the

reaction solution was adjusted to 10 using NH3�H2O at

80 �C. Then the solids were washed and dried at 200 �C for

2.5 h. The total Mn content (TMC) of Mn3O4 was 72.0 %.

The ionic distributions was formulated as [Mn2?]

[Mn0.3024
2? Mn0.2937

3? Mn0.3786
4? h0.0254]2O4. The average crys-

tallite size of Mn3O4 with a tetragonal hausmannite struc-

ture was found to be about 35 nm by X-ray diffraction

(XRD) analysis. The BET specific surface area of the

Mn3O4 measured was 32 m2/g.

Keywords Mn3O4 � Low-grade rhodochrosite ore �
Chemical bath deposition method

1 Introduction

Mn3O4 is widely used as electrode materials (Zhao et al.

2012; Yang et al. 2012; Dubal et al. 2010), soft magnetic

materials (Gabriela et al. 2012), catalysts (Li et al. 2009),

corrosion-inhibiting pigments, etc. There are many meth-

ods for preparation of Mn3O4 powders, such as thermal

decomposition (Chang et al. 2005), hydrothermal (Zhang

et al. 2004a; Ahmed et al. 2011; Yang et al. 2006),

solvothermal (Li et al. 2009; Zhang et al. 2004b), micro-

wave assisted (Apte et al. 2006), and ultrasonic irradiation

(Gopalakrishnan et al. 2005; Bastami et al. 2012). How-

ever, most of these methods were time consuming and

uneconomical, in addition to requiring high cost equip-

ment. As compared to these methods, the CBD method was

attractive because it was relatively simple and inexpensive.

Past research on the synthesis of Mn3O4 by CBD

method had been reported. Peng et al. (2010) produced

Mn3O4 by the aqueous solution oxidation method. Mn3O4

nanoparticles were prepared by a simple chemical route,

using cetyltetramethyl ammonium bromide (CTAB) as a

template agent (Hassouna et al. 2012). Nevertheless, the

reaction system in the chemical bath was quite complex

and many conditions had a great influence on the charac-

teristics of the products, such as the concentration, pH and

temperature of the reaction solution. Chen et al. (2006)

reported that the difference in the dripping speed of the

NaOH solution leads to a large difference in the Mn3O4

morphologies produced. Therefore, the preparation proce-

dures of Mn3O4 by CBD method were worth further

studying and promoting.

In recent years, more attention has been paid to devel-

oping processes for the economical recovery of manganese

from low grade manganese ores and other secondary

resources (Mehdilo et al. 2013; Zhang and Cheng 2007). In
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this paper, LGRO was used as the raw material to produce

Mn3O4. Firstly, the LGRO was leached with sulfuric acid

and purified to obtain the pure MnSO4 solution. Then, the

Mn3O4 was prepared by the CBD method in two stages.

During the first hydrolysis-oxidation stage, the MnSO4

solution was hydrolyzed with NH3 solution and oxidized

by the air to gain the precursor. During the second heating-

oxidation stage, the precursor was dried and simulta-

neously further oxidized by the air. So, the synthetic route

of Mn3O4 was simplified effectively as compared to the

traditional process. In conclusion, this method was simple

and inexpensive. Neither complex apparatuses nor sophis-

ticated techniques were required. This study was of

great significance to provide a possible high efficiency way

for the utilization of LGRO.

2 Experimental

2.1 Materials and apparatus

The LGRO samples weres from Xiushan, Chongqing, and

the average composition was described in Table 1.

Chemical reagents mainly included H2SO4, NaOH,

NH4Cl, NH3 solution, Na2C2O4, and EDTA, which were of

analytical grade. KMnO4 used in this experiment was a

guaranteed reagent.

Apparatus included constant temperature bath with

mixer (DF-101S), pH meter (pHS-3C), electrothermal

blowing dry box(101-1), analysis instrument of specific

surface area and pore diameter (ASAP2010, USA) and

X-ray diffractometer (Bruker Advance D8).

2.2 Methods

The LGRO was leached with sulfuric acid and filtered (Zhao

et al. 2013). After oxidizing Fe2? ions to Fe3? ions with

MnO2 powders, aluminum and iron were removed succes-

sively from the filtrate in the form of insoluble salts by adding

NaOH solution. Then calcium ions (Ca2?), magnesium ions

(Mg2?) and heavy metals were eliminated by the introduc-

tion of sulfide and fluoride. The pure MnSO4 solution with

191.16 g/L was obtained. The leaching efficiency of Mn was

96.8 %. The removal rates of iron, calcium, and magnesium

were 99.8 %, 99.1 %, and 96.8 %, respectively.

The fresh aqueous solution of 1.5 mol/L NH3 solution,

buffer solution at pH = 10 and MnSO4 solutions at various

concentrations were prepared in advance. First, 20 mL of

the buffer solution was transferred into a beaker immersed

in a constant temperature bath. Then the prepared Mn2?

solution was added at different flow rates into the beaker

under vigorous stirring and at various temperatures with an

aging time of 2 h. Meanwhile, the NH3 solution was

dropwise added to make the Mn2? ions precipitate and to

control the pH of the solution. The solid was filtered and

carefully washed with distilled water several times to

obtain the precursor. This stage was called hydrolysis-

oxidation. During this stage, influences of several reaction

variables such as concentration and flow rate of the MnSO4

solution, temperature and pH were investigated. Finally,

the precursor was dried in an electrothermal blowing dry

box at various temperatures for different times, and the

product was obtained. This stage was called heating-oxi-

dation, and the precursor was dried and further oxidized by

the air simultaneously. During this stage, the effects of the

heating temperature and time on the total Mn content

(TMC) of the product were studied. All experiments were

carried out in ambient conditions under atmosphere with

air as an oxidizing agent.

The mole ratio of MnSO4 to NH3 solution was 5:1 in all

experiments. After the quantitative NH3 solution was used

up, a small amount of NaOH solution was introduced to

adjust the pH of the reaction solution. This way, the Mn

recovery percentage could remain at a high level and the

influence of the Na? could be controlled effectively.

2.3 Product characterization

With the selective dissolution, potassium permanganate

titration and EDTA titration method combined (Yu and

Huang 2004), the contents of Mn2?, Mn3?, Mn4? and

TMC in the product were determined. Next, cation distri-

butions and lattice constants of the Mn3O4 were calculated

respectively. The X-ray diffraction (XRD) determination of

the structures present in the as-prepared samples was car-

ried out on a Bruker Advance D8 X-ray diffractometer with

CuKa radiation (k = 0.154 nm) at 40 kV and 30 mA. The

scan rate was 4�/min for values of 10�–85�. Brunauer-

Emmett-Teller (BET) surface area measurement was per-

formed on Micromeritics ASAP 2010 at 77 K.

Table 1 Chemical composition of LGRO/wt%

Component Mn SiO2 Fe2O3 CaO MgO Al2O3 K2O P S Other

Content % 12.31 37.94 3.08 7.88 3.99 2.21 2.14 0.25 3.13 27.07
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3 Results and discussions

When the pure MnSO4 and NH3 solution were mixed, the

solution became yellow to yellow–brown and precipitation

occurred. The reaction scheme was described as following,

MnSO4 þ 2NH3 � H2O ¼ Mn OHð Þ2þ NH4ð Þ2SO4 ð1Þ

and the Mn(OH)2 was instable and could transform to

Mn3O4 by the air.

6Mn OHð Þ2þO2 ¼ 2Mn3O4 þ 6H2O ð2Þ

During the hydrolysis-oxidation stage, both reactions

existed. MnSO4 was hydrolyzed and precipitated as

Mn(OH)2. Then most of the Mn(OH)2 produced was oxi-

dized. The residuary one could be further oxidized in

heating-oxidation stage.

3.1 Effect of the concentration of MnSO4 solution

on the TMC

Five 100 mL MnSO4 solutions of different concentrations

were added to the beaker containing the buffer solution

under vigorous stirring at a flow rate of roughly 30 mL/h.

The precursor was obtained at 60 �C and pH = 10 with an

aging time of 2 h, and then dried at 150 �C for 3 h. The

TMC in products are shown in Fig. 1. It was around 71 %,

which had little to do with the concentration of MnSO4

solution. However, Mn recovery percentage revealed a

decreasing trend with the increase of Mn2? ion concen-

tration. When the concentration of MnSO4 solution was

higher (1.0 and 1.2 mol/L), Mn2(OH)2SO4 was formed and

the Mn2? ions were not able to precipitate completely as

Mn(OH)2. Meanwhile, it was more difficult to oxidize

Mn2(OH)2SO4 than Mn(OH)2 by air. Thus, TMC in the

products was kept low. Consequently, the concentration of

the MnSO4 solution should be not too low or too high but

appropriate. So, the Mn recovery percentage could reach

97.3 %.

3.2 Effect of the flow rate of MnSO4 solution

on the TMC

In order to study the effect of the flow rate, the MnSO4

solutions were added into the beaker at different flow rates

(ranging from 20 to 60 mL/h). The hydrolysis-oxidation

were generated at 60 �C and pH = 10. As seen from the

results in Fig. 2, the TMC fell considerably with the

increase of flow rates. When the MnSO4 solution was

quickly dripped into the reaction system (about 50 mL/h),

the excessive Mn2? in reaction solution not only lead to an

incomplete precipitate, but also resulted in the difficult

oxidation of the formed Mn(OH)2. In consequence, high

flow rates had adverse effects on both hydrolysis and

oxidation. Considering the time factor, the flow rates were

chosen to be 40 mL/h. Thus, the TMC was 71.1 %.

3.3 Effect of the temperature on the TMC

To improve the TMC of the product, experiments were

carried out at various temperatures. The results in Fig. 3

expose that the TMC rose from 70.2 % at 50 �C to 71.6 %

at 90 �C. As the formation and further oxidation of

Mn(OH)2 was easier and faster at high temperature, the Mn

recovery percentage and TMC of the products were both

enhanced. However, the lessening of ammonia due to

evaporation at high temperature limited the availability of

NH3 solution. Even worse, the treatment of ammonia

vapours was burdensome. Therefore, the optimum tem-

perature was at 80 �C, and with a TMC of 71.6 %.

Fig. 1 Effect of concentration of MnSO4 solution on total Mn

content Fig. 2 Effect of flow rate of MnSO4 solution on TMC
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3.4 Effect of the pH in reactive system on the TMC

Under the above optimum conditions, various pHs (from 8

to 12) were examined in the hydrolysis-oxidation stage.

The results are shown in Fig. 4. It was clear that the curve

increased first then decreased, and the highest TMC

(71.57 %) was recorded at pH = 10. The TMC was

extremely low in the beginning because Mn2? was pre-

cipitated and oxidized slowly and difficultly in the weak

alkaline reactive system. With the increase of the pH, the

rise of TMC was clearly detected. Nevertheless, when the

pH was higher than 10 the TMC began to obviously

decrease. The reason was that the strong alkaline solution

leaded to the over-oxidation of Mn(OH)2. Therefore, the

adapted pH of solution was 10.

3.5 Effects of the heating temperature and time

on the TMC

The orthogonal array testing was used to study the influ-

ences of concentration and flow rate of the MnSO4 solu-

tion, the reaction temperature and the pH on the TMC of

the products. The orthogonal array had four factors with

three levels. The results indicated that the factor with the

biggest effect on the Mn content of the product was tem-

perature, with pH coming in second. The influence of the

concentration of MnSO4 solution was minimal. These

results were observed from the single-factor testing. The

optimum hydrolysis-oxidation parameters of synthesis of

Mn3O4 were as follows. Concentration of MnSO4 solution

was 1.0 mol/L, flow rate of MnSO4 solution was 30 mL/h,

reaction temperature was 80 �C, and pH was 10.

According to the single-factor and orthogonal array

testing, the TMC could only reach about 71.5 %, even

under the optimum hydrolysis-oxidation conditions. Since

the theoretical value of TMC of Mn3O4 was 72.0 %, the

speculation that the residuary Mn(OH)2 was not still oxi-

dized completely was reasonable. Hence, more single-

factor experiments were performed to improve the heating-

oxidation conditions. The precursors prepared under the

optimum hydrolysis-oxidation conditions were dried at

100–200 �C for 3 h. In Fig. 5, the largest TMC was

observed when the temperature went up to 200 �C. Then

the precursors were dried at 200 �C for a different time,

and the results were revealed in Fig. 6. It was found that

the TMC increased with the increase of temperature and

time. Mn(OH)2 was instable, and could be further oxidized

to Mn3O4 during the drying process. That was why the

curves in Figs. 5 and 6 both increased. The Mn(OH)2 couldFig. 3 Effect of temperature on TMC

Fig. 4 Effect of pH in reactive system on TMC Fig. 5 Effect of heating temperature on TMC
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be almost entirely transformed to Mn3O4 when it was dried

at 200 �C for 2.5 h. The TMC of the product reached

72.0 %.

3.6 Characterization of the product (Mn3O4)

3.6.1 Ionic distribution

The products were prepared under the optimum hydrolysis-

oxidation and heating-oxidation conditions. The contents

of Mn2?, Mn3?, Mn4? and TMC in the products were

determined and listed in Table 2. The highest total content

of Mn (exceeding 72.0 %) indicated that the as-prepared

samples were in a high purity.

As is well known, Mn3O4 was a kind of mixed oxide.

But there were three different ways to denote it. One view

believed that the form of Mn3O4 was MnO�Mn2O3

including both Mn2? ions and Mn3? ions. The second point

argued that Mn3O4 was 2MnO�MnO2 containing both

Mn2? ions and Mn4? ions. The third stated that Mn3O4 was

consist of 2MnO�MnO2 in surface and MnO�Mn2O3 inside,

and it included Mn2?, Mn3? and Mn4? ions. Gopala-

krishnan et al. (2005) reported the ionic structure of Mn3O4

synthesized by ultrasonic irradiation was [Mn2?][Mn3?]2-

O4. Yu and Huang (2004) confirmed the structural formula

of Mn3O4 was 2MnO�MnO2. Xiong et al. (2000) proposed

the possible distribution of various ions in Mn3O4 was

[Mn2?][Mn0.3098
2? Mn0.2742

3? Mn0.3894
4? h0.0266]2O4.

The valence state of the manganese in the as-prepared

Mn3O4 contained Mn2?, Mn3? and Mn4? ions. Based on

the spinel structures and the contents of different manga-

nese ions in Mn3O4, the ionic distributions were formulated

as [Mn2?][Mn0.3024
2? Mn0.2937

3? Mn0.3786
4? h0.0254]2O4, which

was in good agreement with the previous report (Xiong

et al. 2000). According to the ionic distributions and the

previous report (Laarj et al. 1996), the lattice constants of

the as-prepared product were calculated as aT = 0.5741 nm

and cT = 0.9375 nm, which was consistent with the

parameters (a = b = 0.5750 nm, c = 0.9420 nm) in

JCPDS card of Mn3O4 (JCPDS No.024-0734).

3.6.2 Crystal structure of Mn3O4

The X-ray diffraction pattern of the product is presented in

Fig. 7. All the diffraction peaks were successfully refined with

the tetragonal hausmannite crystal structure model (JCPDS

No.024-0734) of Mn3O4. No peaks of impurities were

detected. Thus, the product obtained by CBD method from

LGRO was confirmed pure c-Mn3O4 with tetragonal phase.

The lattice constants were determined, i.e. a = b = 0.5758,

c = 0.9462 nm. It was in harmony with the calculated above

and the value in JCPDS card. Hassouna et al. (2012) reported

the preparation of Mn3O4 with a crystallite size between 20

and 80 nm using the precipitation method. Anilkumar and

Ravi (2005) prepared the nanocrystalline Mn3O4 with the

average particle size of*50 nm by gel to crystalline method.

The average grain size of the as-prepared Mn3O4 was calcu-

lated. The result was about *35 nm.

3.6.3 Specific surface area of Mn3O4

Specific surface area of Mn3O4 was determined using the

multi-point BET method of adsorption of nitrogen gas

Fig. 6 Effect of heating time on TMC

Table 2 Content of different manganese ions and TMC in the pro-

ducts (%, w/w)

Samples Mn2? (%) Mn3? (%) Mn4? (%) TMC (%)

1 39.24 14.50 18.26 72.0

2 39.36 14.01 18.65 72.0

3 38.96 13.51 18.56 72.0
Fig. 7 Diffraction analysis of the Mn3O4
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(ASAP 2010). The physisorption isotherm was in Fig. 8.

The adsorption and desorption isotherms showed a hys-

teresis loop in the relative pressure (P/P0) ranging from

0.70 to 0.98, which was associated with capillary conden-

sation taking place in the mesopores, and the limiting

uptake over a range of high P/P0. Therefore, the Mn3O4

exhibited adsorption isotherm of Type IV and the product

was mesoporous material. The BET surface area and

average pore diameter of the as-prepared Mn3O4 were

32 m2/g and 15.8 nm, respectively. The average particle

size could been calculated with the formula,

Q ¼ 6= q� Sð Þ ð3Þ

where q is the theoretical density of the Mn3O4 materials

(4.86 g/cm3) and S is the specific surface area of the

product. The particle size of the product was 38 nm, which

was just slightly bigger than that displayed from the XRD.

4 Conclusions

Mn3O4 with high specific surface area was successfully

synthesized by CBD method. The MnSO4 solution was

obtained by leaching and purifying of LGRO. The CBD

method was composed of two stages. During the hydroly-

sis-oxidation stage, the MnSO4 solution was hydrolyzed

with NH3 solution and oxidized by the air to gain the

precursor. During the heating-oxidation stage, the precur-

sor was dried and further oxidized by the air simulta-

neously. The synthetic route of Mn3O4 was simplified

effectively and inexpensively as compared with the tradi-

tional process. Neither complex apparatuses nor sophisti-

cated techniques were required. The preparation process of

fine Mn3O4 provided a potential use for the LGRO.

Through the single-factor and orthogonal array testing,

the optimum conditions for synthesis of Mn3O4 were

obtained. The MnSO4 solution of 1.0 mol/L was added into

beaker under a flow rate of 30 mL/h. The pH of the reac-

tive system was adjusted to 10 using NH3 solution at

80 �C. Then the solids were washed and dried at 200 �C

for 2.5 h. The Mn3O4 with high purity and high specific

surface area was obtained and the TMC of Mn3O4 was

72.0 %. The ionic distribution form was [Mn2?]

[Mn0.3024
2? Mn0.2937

3? Mn0.3786
4? h0.0254]2O4. XRD analysis con-

firmed the tetragonal hausmannite structure with an aver-

age crystallite size of *35 nm. BET specific surface areas

reached to 32 m2 /g.
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