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Abstract
Mn3O4 nanoparticles has been synthesised from Manganese (II) acetate and Simarouba Glauca leaf extract 
using microwave heating.  This novel method of synthesis of Mn3O4 is fast, low-cost, non-toxic and 
environment friendly. The synthesised product was characterised by powder X-ray diffraction(XRD),Fourier 
transform infrared spectroscopy( FT-IR), Ultraviolet-Visible spectroscopy( UV-Visible), X-ray photoelectron 
spectroscopy( XPS), Scanning electron microscopy(SEM) and Transmission electron microscopy(TEM). 
The prepared material was identified as of tetragonal hausmannite crystalline structure with spherical 
morphology and particle size 15 nm. Photo catalytic degradation ability of the synthesised product was 
examined by using it for the degradation of Malachite green dye in various experimental conditions under 
visible light. The synthesised Mn3O4 was found to be an efficient photo catalyst for the removal of Malachite 
green at the optimum conditions of pH 9, adsorbent dose 0.1 g and dye concentration 20ppm. This study thus 
reveals the applicability of nanoparticles of Mn3O4 for the removal of pollutants from industrial waste water.
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INTRODUCTION
Different types of hazardous dye effluents are 

discharged into water bodies by industries like 
pharmaceutical, food, printing and textiles [1-4]. 
Dyes like azo dyes, Fluorescein dyes, etc. are highly 
toxic and carcinogenic. Fluorescein dyes have been 
reported to be highly cytotoxic for mammalian 
tissues and they trigger morphological and genetic 
alterations [5]. Therefore the disposal of organic 
dyes into water bodies is a matter of concern. 
Malachite green (MG) is extensively used in many 
industries as a dye for leather, textiles and also in 
aquaculture to control fish parasites and diseases. 
Its use has increased considerably because of its 
easy preparation and low manufacturing cost. 

The removal of dyes from industrial-effluents 
is a serious problem as these dye molecules are 
difficult to decompose. Different methods have 
been implemented for the degradation of dyes 
in aqueous solution. These include adsorption, 

biological treatment, advanced oxidation process 
(AOPS), electrochemical deposition and photo 
catalysis [6-10]. Of these, photo catalysis has been 
considered as the cost effective method for the 
purification of dye containing waste water. For 
example, the degradation of Rhodamine B dye under 
visible light irradiation in presence of PbS-sensitized 
K4Nb6O17 nanocomposite [11], the degradation of 
Methylene Blue dye under visible light by MoO3/
Fe2O3/rGO ternary nanocomposite [12], and the 
degradation of Methylene Blue by SnS2- SiO2@ α – 
Fe2O3 nanocomposite in presence of visible light [13].

Of the various transition metal oxides, Manganese 
oxides have generated considerable interest in 
various fields like catalysis, energy storage, magnetic 
data storage, drug delivery and biomedical imaging 
[14]. Mn3O4 is mainly used as a source of ferrite 
materials [15], and applied in various industrial fields 
such as magnetic [16], electrochemical [17], and 
catalytic [18, 19].

http://creativecommons.org/licenses/by/4.0/.
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Mn3O4 nanoparticles of various size and 
morphologies are synthesized by methods like 
chemical bath deposition[20], sol-gel technique[21], 
co-precipitation[22], solvothermal /hydrothermal 
synthesis[23], microwave method[24], thermal 
decomposition[25], vapour phase growth[26],vacuum 
calcining [27], ultrasonic/gamma irradiation[28-29] 
and surfactant assisted method[30]. But green 
synthesis is environment-friendly and economically 
important compared to the traditional route, which 
uses toxic organic solvents or precursors [20-30]. In 
the present study we report the synthesis of Mn3O4 
by using Simarouba glauca leaf extract. Simarouba 
glauca is an evergreen tree and has a long history as 
herbal medicine [31]. Medicinal plants contain a large 
variety of chemical substances known as secondary 
metabolites which include alkaloids, steroids, 
flavonoids, terpenoids, glycoside, saponia, tannins, 
phenolic compounds and so on. These compounds 
function as capping agents to regulate the particle 
size and also as oxidizing or reducing agents [32-33]. 
Mn3O4 synthesized by the above method was well 
characterized and used as a catalyst in the photo 
catalytic degradation of malachite green dye.

Spinels are the class of compounds of the type 
M2+M2

3+O4, which has attracted researches because 
of their versatile properties and applications in 
various fields [34]. Mn3O4 is a normal spinel with 
Mn2+ in the tetrahedral sites, Mn3+ in the octahedral 
sites and the oxide ions in the cubic close packed 
arrangement. Mn3O4 is one of the most stable 
oxides of manganese. It is a magnetic material and 
is an effective and inexpensive catalyst in various 
oxidation and reduction reactions [36-37]. It is also 
a direct band gap semiconductor. 

EXPERIMENTAL
Materials and Methods

All the chemicals used were of analytical 
grade and used without any further purification. 

Manganese (II) acetate tetra hydrate [(CH3COO) 

2Mn.4H2O] was purchased from Merck.
Malachite green (C23H25N2Cl), dye which is 

mainly used in textile industries was procured 
from Merck, India. The molecular weight of 
malachite green is 364.90 g/mol and it absorbs at 
a maximum wavelength of 620 nm. The chemical 
structure of the dye is shown in Fig. 1.  

                   
 Preparation of Simarouba glauca Leaf extracts 

 Simarouba glauca leaves were collected, 
washed, dried in shade and pulverized. A definite 
amount of pulverized leaf was heated with fixed 
volume of distilled water in a microwave oven at 
100W for 30minutes. It was then cooled, filtered 
and the filtrate was collected.

Synthesis of   Mn3O4 nanoparticle
60ml of the above filtrate was added drop wise 

to 50ml of 0.1M Manganese acetate solution 
with stirring and then heated in a microwave 
oven at 100W for 15 minutes. The solution was 
then cooled and the brown precipitate obtained 
was separated by centrifuging, washed several 
times with distilled water and ethanol. Finally 
the product obtained was dried and calcined in a 
muffle furnace at 5000C for 2 hour.

Characterization of Mn3O4 nanoparticle
The structural identity and phase purity of 

the prepared material were verified by powder 
X-ray diffraction technique (XRD) using a Bruker 
AXS D8 Advance model diffractometer with Cu 
Kα radiation. FT-IR spectrum was recorded with 
Fourier transform infrared (FT-IR) spectrometer of 
Thermo Nicolet, Avatar 370 model. The UV-Visible 
absorption spectrum of the powder sample was 
recorded at room temperature using UV-VISIBLE 
spectrophotometer of model Cary 5000. X-ray 
photoelectron spectrum (XPS) was performed on 

 
                                              Fig .1 Chemical structure of Malachite green. 

  

Fig. 1. Chemical Structure of Malachite green.
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a K-ALPHASXM Scanning X-microprobe with an Al 
cathode as the X-ray source. Surface morphology 
of the sample was analyzed by SEM of JEOL Model 
JSM - 6390LV. The elemental composition was 
determined by EDX of model OXFORD XMX N. The 
particle size and shape were obtained by TEM of 
model JEOL/JEM 2100.

Photo catalytic Degradation of Malachite Green 
Dye

A 1000 ppm stock solution of malachite green 
was prepared by dissolving 1 gm of the dye in 1000 
ml distilled water. The absorption maximum of the 
dye was determined with the help of a UV-Visible 
spectrophotometer of Model GENESYS 10S.

Photo catalytic degradation efficiency of nano 
Mn3O4 was studied by measuring the absorbance 
of MG dye solution. Photo degradation 
experiments were carried out by using the dye 
solution of concentration 10ppm prepared 
using distilled water. A known dose (0.05gm) of 
the photo catalyst, Mn3O4, was added in to the 
beaker containing 200ml of the dye solution and 
the mixture was stirred in the dark for 30 min to 
establish an adsorption-desorption equilibrium. 
The reaction mixture was then exposed to sunlight 
for 150 minutes. A small portion of the dye was 
withdrawn at regular intervals (30mins.) and the 
concentration of dye in each degraded sample 
was determined by measuring the absorbance 
of the dye with UV-Visible spectrophotometer. 
The experiments were repeated with different 
concentrations of the dye [20, 30 & 40 ppm], 
different amounts of photo catalyst [0.1, 0.15, & 
0.2 gm] and different pH [3, 5 & 9]. The pH of the 

solution was measured by a digital pH meter and 
the desired pH was adjusted by the addition of 
0.1N sodium hydroxide or 0.1N hydrochloric acid. 

The percentage of degradation was determined 
by using the following equation,

Removal (R %) = [
( )C0  Ce  

[
C0
-

] *100                            (1)

where R% is the degradation efficiency of 
Mn3O4, C0 [mg/L] and Ce [mg/L] are initial and 
equilibrium concentrations of MG in aqueous 
solution at different reaction time [38].

RESULTS AND DISCUSSION
Colour and appearance

Nanoparticles of Mn3O4 were obtained as a 
coffee brown coloured fine powder.

Powder X- ray diffraction technique
XRD peaks give the phase purity, structural 

identity and particle size of the prepared 
nanomaterial. The powder XRD pattern of the 
synthesized product (Fig. 2) matched well with 
JCPDS Card No. 24-0734 and all diffraction peaks 
were indexed to the tetragonal hausmannite 
structure. Particle size calculated using Debye-
Scherer equation was found to be nearly 15nm. 
No peaks from other phases were found, 
suggesting the high purity of the synthesized 
Mn3O4 nanoparticles.   

FT-IR spectroscopy
FT-IR spectrum of the sample is given in Fig. 3. 

FT-IR spectrum is used to identify the various bond 
types and functional groups present in the product 

 
                                                                               Fig .2 XRD of Mn3O4 nanoparticles. 

  

Fig. 2. XRD of Mn3O4 nanoparticles.
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obtained. The broad band at 3436cm-1 is assigned 
to small amount of absorbed water in the sample 
[39]. For spinels, vibrations of ions in the crystal 
lattice are usually observed in the range 1000-400 
cm-1 [40]. The vibrational frequency at 625 cm-1 
corresponds to the intrinsic stretching vibrations of 
metal at the tetrahedral site, Mtetra↔O where as the 
band stretching vibrations in the range 500-385 cm-1 

account for octahedral metal stretching, M Octa ↔ 
O [41-42]. The peaks in the range 1084-1554 cm-1 
corresponds to the vibration of O–H bonds connected 
with Mn atoms [39]. The strong peak at 625 cm-1 is 
characteristic of hausmannite with a spinel structure, 
corresponding to the Mn-O stretching vibration of 
divalent ‘Mn’ ions in the tetrahedral co-ordination. 
The other strong peak at 492 cm-1 corresponds to 
the Mn - O stretching vibration of Mn3+ ions in the 
octahedral co-ordination. 

        
UV-Visible spectroscopy

UV-Visible absorption spectrum of Mn3O4 is 
given in Fig. 4. UV-Visible spectrum is usually 
used to obtain the band gap of semiconductor 
materials. The absorption bands at 226 and 353 
nm are attributed to the allowed O2 - →  Mn2+ and 
O2-  →  Mn 3+ charge transfer transitions respectively 
[43].This spectrum is typical of the hausmannite 
phase. From the Tauc’s plot obtained by plotting 
hν against (αhν)2,

the band gap energies of the material were 
calculated and were found to be 2.4 eV and 2.9 
eV as in Fig. 5 [44]. The low values of band gap 
energies suggest the application of the prepared 
material as a photo catalyst under visible light 
irradiation. Usually semiconductor metal oxides 
like CuO and ZnO show photocatalytic activities 

at UV region [45-46]. Structure modifications like 
formation of composites or mixed oxides shift 
the band gap energy to the visible range. Cui et 
al. in their studies on the evolution of hydrogen 

    
                                                                Fig. 3 FT-IR spectrum of the obtained Mn3O4 nanoparticle.                                                              

  

Fig. 3. FT-IR spectrum of the obtained Mn3O4 nanoparticle.

   
                       Fig.4 UV-Visible spectrum. 

  

   

                              Fig .5 Tauc’s plot. 

  

Fig. 4. UV-Visible spectrum.

Fig. 5. Tauc’s plot.
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from aqueous solutions of Na2S and Na2SO3, found 
that composite of ZnIn2S4/K2La2Ti3O10 has activity 
in the visible region whereas K2La2Ti3O10 alone has 
activity in the UV region [47, 48].

X-Ray photoelectron spectroscopy
Fig. 6 shows a typical X-ray photoelectron 

spectrum (XPS) of the as prepared Mn3O4 for 
Mn 2p region at room temperature. The binding 
energies of Mn (2p3/2) and (Mn 2p1/2) were found 
to be 641.7and 653.5eV respectively and agree 
well with the value reported in the literature [49, 
50].In addition, the spin-orbital coupling between 
Mn 2p3/2 and Mn 2p1/2 can also be assigned to the 
oxides of Mn2+ and Mn3+ respectively [51, 52]. 
Therefore, XPS studies further support that the 
prepared material is Mn3O4 in the pure phase.

Scanning Electron Microscopy 
The SEM image (Fig. 7) shows a well-defined 

morphology of nearly spherical shape for the 
prepared Mn3O4 nanoparticles. The EDX spectrum 
(Fig. 8) shows that the prepared compound 

contains only Mn and O as elements. It is also 
confirmed from the table (Table 1).

Transmission Electron Microscopy 
TEM image shown in Fig. 9 reveals the presence 

of spherical particles of Mn3O4 with uniform 
morphology and having a particle size of 15 nm. 
The selected area electron diffraction (SAED) 
pattern in Fig. 10 shows that the particles are well 
crystallized. The diffraction rings on SAED image 
match with the peaks in XRD pattern which also 
proves the hausmannite structure for the prepared 
Mn3O4 nanoparticle.

 

                                                     Fig 6 XPS spectrum of the Mn 2p scan of Mn3O4 nanoparticle. 

  

                                 
                                  Fig .7 SEM images of Mn3O4 nanoparticles.                                               

  

                                 
                                  Fig .8 EDX spectrum of Mn3O4   nanoparticle. 

  

  
  Fig. 9. TEM image of   Mn3O4 nanoparticle.                                                                 

  

Fig. 6. XPS spectrum of the Mn 2p scan of Mn3O4 nanoparticle.

Fig. 7. SEM images of Mn3O4 nanoparticles.

Fig. 8. EDX spectrum Mn3O4 nanoparticle.

Fig. 9. TEM image of   Mn3O4 nanoparticle.

Table.1 Elemental composition of  Mn3O4 Nanoparticles. 

Element Line Type Wt% 
O K Series 22.14 
Mn K Series 77.86 
Total  100 

Table 1. Elemental composition of Mn3O4 Nanoparticles.
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Photo catalytic degradation of Malachite Green 
using Mn3O4.

The photocatalytic degradation of MG in 
aqueous solution using Mn3O4 catalyst was 
studied under visible light. MG is usually resistant 
to biodegradation and resists photolysis. The 
photocatalytic activity depends on many factors 
like crystallinity, band gap energy and morphology 
of the nanostructured material. The sequential 
absorption spectrum of MG aqueous solution 
under visible light illumination in the presence 
of Mn3O4 catalyst for different interval times (0 
- 150 min) is shown in Fig. 11- 13. MG shows a 
strong characteristic absorption at 620 nm and 
the absorption maximum steadily decreases 
as the exposure time of visible light increases. 
The intense blue colour of the initial solution 

disappears gradually and becomes almost 
colourless as the irradiation time increases, 
indicating the degradation of the dye. Experiments 
were conducted at different concentrations of 
dye, different amounts of catalyst and varying pH. 

Effect of Concentration of Malachite green Dye
The effect of concentration on the rate of 

dye degradation was studied by varying the 
concentration of dye from 10 to 40 ppm (Fig. 11(a) 
to 11(d)). It was seen that rate of dye degradation 
increased with increase in the initial concentration 
of MG up to 20 ppm, because of the fact that as 
the concentration of dye increased number of dye 
molecules also increased resulting in higher rate 
of reaction. There was a decrease in the rate of 
degradation with further increase in concentration 
( > 20 ppm) of dye. This may be due to the fact 
that at high concentration, the dye will act as an 
internal filter for the incident light. 

Effect of Amount of Mn3O4
The effect of amount of nanophotocatalyst on 

the rate of dye degradation was   examined by 
varying the amount of catalyst from 0.05 to 0.2 gm 
/ 200ml of the dye solution (Fig. 12 (a) to 12(d)).It 
was observed that at lower dose of catalyst (0.05 
to 0.1 gm), the rate of dye degradation increased 
rapidly with time. But at higher dose (0.15 to 
0.2gm), the rate of dye degradation was found 
to decrease. The decreased degradation rate at 
higher catalyst dose is due to multilayer formation, 
which causes recombination of electron-hole pair 
with time. 

  
  Fig .10 SAED pattern of Mn3O4 Visible light. 

  

Fig.10. SAED pattern of    Mn3O4.

 
 

  
11(a)              11(b)         11(c)                11(d) 

Fig. 11. Effect of concentration of malachite green dye. 

  

Fig. 11. Effect of concentration of malachite green dye on degradation with time.
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Effect of pH                 
The rate of degradation of dye increased with 

increase in pH over the entire range studied from 
pH 4 to 9 (Fig. 13 (a) to 13(c)). An increase in the rate 
of photo catalytic degradation of malachite green 
with increase in pH may be due to the generation 
of more .OH radicals, which are produced from 
the reaction between –OH ions and hole (h+) of 
the semiconductor nanoparticle. Above pH 9, the 
cationic form of malachite green converts to its 
natural form, which faces no attraction towards the 
negatively charged semiconductor surface due to 
adsorption of    –OH ions [53]. 

The percentage of dye degradation (R %) was 
calculated using equation (1) and its variance with 
exposure to sunlight is shown in Fig. 14 (a) to 14 (c).

For 0.1 gm of the catalyst, the percentage 
degradation of dye increased with increase in 
concentration and reached a maximum (55%) at 
20 ppm. For fixed concentration of dye (10 ppm), 

the percentage degradation increased with the 
dose of Mn3O4 and reached a maximum (60%) at 
0.1gm. The percentage degradation also increased 
with increase in pH up to the value of pH 9 (78%).  

Mechanism
On the basis of these observations a tentative 

mechanism for photo catalytic degradation of 
malachite green dye may be proposed as:

1MG0    +   hν    →   1MG1                (2)

1MG1     →   3MG1                  (3)

Mn3O4  + hν →   e-(CB) + h+ (VB)             (4)

e- + O2   →     O2
-                  (5)

O2
- + 3MG1   →    Leuco MG           (6)

Leuco MG   →    End   Products          (7)

 12(a)   12(b)   12(c)    12(d) 

Fig. 12. Effect of amount of adsorbent. 

  

    

Fig. 12. Effect of amount adsorbent on dye degradation with time.
 

       13(a)              13(b)                 13(c)  

Fig. 13. Effect of pH on dye degradation. 

  

     

Fig. 13. Effect of pH on dye degradation with time.
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Malachite green (MG) absorbs radiations of 
suitable wavelength and gives rise to its first 
excited singlet state. Then it undergoes intersystem 
crossing (ISC) to give the triplet state of the dye. On 
the other hand, the semiconducting Mn3O4 also 
utilizes the radiant energy to excite its electron 
from valence band to the conduction band. This 
electron will be absorbed by oxygen molecule 
(dissolved oxygen) generating superoxide anion 
radical (O2

-•). This anion radical will reduce the 
dye malachite green to its leuco form, which 
may ultimately degrade to end products. It was 
also confirmed that this degradation proceeds 
through reduction and not oxidation as the rate 
of degradation was not affected appreciably 
in presence of hydroxyl radical scavenger 
(2-propanol).

Studies on the degradation of dyes using 
semiconductor nanoparticles reported earlier from 
our laboratory were using UV light as irradiation 
source [45-46]. But the use of visible light is 
more advantages for environmental applications. 
Attempts have been made in this direction by 
various researchers. The photo degradation of 
Rhodamine B was successfully carried out using 
PbS sensitized K4Nb6O17 nanocomposite by Cui et 
al. [11]. Recently, Rajendran et al reported the 
degradation of Methylene blue by PVA assisted 
Bi2WO6-CdS nanocomposite film under visible 
light irradiation [54]. Xiong et al conducted 
photocatalytic degradation of Rhodamine B over 
graphene-gold nanocomposite under visible light 
irradiation [55]. The biosynthesized Mn3O4 in the 
present study is a promising photo catalyst for 

                          
               14(a)         14(b)                    14(c) 

Fig. 14   Percentage degradation of MG dye with time for various conditions. 

 

 

 

 

Fig. 14. Percentage degradation of MG dye with time for various conditions like concentration of dye, amount of adsorbent and pH.

the degradation of dyes like MG using visible light 
irradiation. 

CONCLUSION       
A simple, eco-friendly, non-toxic and 

environmentally efficient green method is 
explained for preparing   Mn3O4 nanoparticles 
from Simarouba Glauca leaf extract. The XRD, FT-
IR, UV-Visible and XPS spectral studies confirm the 
formation of pure tetragonal hausmannite (Mn3O4) 
spinel nanoparticles. The SEM and TEM studies 
suggest sphere like morphologies for the obtained   
Mn3O4 nanoparticles with an average particle size 
of 15 nm. The synthesized   material is a good photo 
catalyst for the degradation of Malachite green 
dye. The optimum conditions for dye degradation 
are at pH 9 for 0.1 gm of the catalyst at 20ppm 
dye concentration. The results show the excellent 
photo catalytic performance of Mn3O4 assigned 
mainly to the formation of oxygen vacancies and 
mixed valence states of manganese. The above 
results suggest the potential applications of Mn3O4 
in industrial waste water treatment.
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