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ABSTRACT

Mn3;O, were synthesized via the hydrothermal method at 200°C for 24 h, using surfactants. The resultant products were examined by powder X-ray diffraction
(XRD), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), transmission electronic microscope (TEM), UV-visible spectroscopy and BET
surface area analysis. The as-prepared materials were used for the adsorption of methylene blue dye (MB). The effect of various experimental parameters (initial
concentration, adsorbent dose and temperature) and optimal experimental conditions were ascertained by response surface methodology using Doehlert model.

Finally, the antibacterial activity of Mn;O, nanoparticles was tested.
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1. INTRODUCTION

Transition metal oxides are important for the development of new materials
with unique physical and chemical properties [1,2]. In particular Manganese
oxides has attracted considerable interest due to their outstanding structural
flexibility which provide wide-spread applications in catalysts [3-5], batteries
[6-8], supercapacitors magnetic materials [9-11] and in wastewater treatment
[12,13]. The protection of the environment and natural resources is a serious
problem for humanity. The increase in industrial activities is putting increasing
pressure on freshwater supplies. Indeed, many industries (textiles, stationery,
cosmetics, food ...) are large consumers of water and use organic dyes. These
dyes are both toxic and responsible for coloring water. They can accumulate in
organisms and present risks to our health and nuisance to the environment [14-
16]. The treatment of these pollutants has been investigated by using several
processes such as biodegradation [17-20], chemical and oxidative process [21-
26], or physicochemical processes [27-30]. Among these processes, adsorption
is considered as an effective technique that has already shown its potential and
has become a method of choice due to the initial cost, the simplicity of design,
the ease of use and the insensitivity to toxic substances [31,32]. Thus, several
types of adsorbents have been used to remove dyes such as clay minerals
[33,34], carbon-based materials [35-37], and metal oxides [38,39]. Owing to
the high surface charge density and the high sorption capacity, various Mn
oxides (e.g., including pyrolusite (-MnQ,) and birnessite (-MnO,)) have been
extensively used as high efficient adsorbents to remove dyes [40-43].

Furthermore, it’s be noted that many research has been focused on the
synthesis of novel inorganic antibacterial reagents [44,45]. Indeed, many works
on nanomaterials based on transition metal oxides such as MgO, ZnO and TiO,
have been reported in this area [46-48]. Among them, nanocrystalline
magnetite has proved to be an effective antimicrobial agent. This depends
principally on the nanoparticle’s characteristics, such as size and the
morphology

In this paper, we described the hydrothermal synthesis of MnzO,
nanomaterials. The application of this oxide was investigated for the removal of
Methylene blue via Response Surface Methodology (RSM) approach in order
to determine the optimal condition of adsorption. The evaluation of
antibacterial activity of the as-prepared oxide was also investigated.

2. EXPERIMENTAL

A known quantity of manganese chloride MnCl,, 4H,0O (= 99 %), as metal
precursor and Polyethylene glycol (PEG), TRITON X100 and Sodium dodecyl
sulfate (SDS) as surfactant was chosen in protocol. The synthesis of
nanoparticles Mn3;O, was carried out using hydrothermal route. At first, 0.591g
of MnCl;, 4H,0 was dissolved in 5 mL of distilled water subjected to magnetic
stirring at room temperature.
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In the second step, 5 ml of NaOH solution was added and continuously
stirred for 1 h. This mixture was transferred in to a stainless-steel autoclave,
which was heated to 200°C and maintained for 24 h and then cooled to room
temperature. The products recovered after filtration are washed with water and
ethanol several times to remove the organic compounds and then dried at 300 °
C for 2 hours.

XRD measurements were carried out with a Panalytical XPERT PRO MPD
diffractometer operating with CuK, radiation. The morphologies were
characterized using an FEl Quanta 200 environmental scanning electron
microscope. Infrared spectra (IR) spectra were taken using a “Nicolet 380
Spectrometer” instrument in the range from 4000 to 400 cm™. Raman spectra of
Mn;O,doped were recorded with the INVIA confocal micro Raman
spectrometer (RENISHAW) equipped with a CCD detector. Spectral resolution
of the Raman spectrometer was 1-2 cm™?, the measurement frequency range is
in 100-1500 cm™. Optical absorption spectra of the sol were recorded on an
ultraviolet-visible (UV-vis) spectrophotometer (Shimadzu UV3101PC)
between wave length of 300 and 800 nm.

3. RESULTS AND DISCUSSION
3.1 Structure analysis

The nanoparticles of Mn3;O, compound obtained by hydrothermal method
were characterized by X-ray diffraction. All of the XRD peaks in the Fig.1 can
be readily indexed to a tetragonal Hausmannite phase of Mn3O, (space group
141/and with lattice constant a= b = 5,7621A and ¢ = 9,4696A,) [49]. No
obvious peaks of impurities were found. Then, it could be concluded that
MnsO, with high purity can be obtained via the hydrothermal treatment at
200°C for 24 hours.
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Figure 1: X-rays diffraction patterns of MnsO,with different surfactants
(SDS, Tritonx 100 and PEG 300)
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The average crystallite size of the synthesized Mn;O4 powders, mineralogical
name hausmannite [50], was calculated from Scherrer formula using the
equation (1) and the results are given in Table 1:

d = ki/(Bcos 0) @

Table 1: Crystallite size,Sgerand Eg of Mn;O, nanomaterials

Samples Cryﬁ)ta(lrilr;e) size Sger (M2 gY) Eg (eV)
witness 86 7.5591 197
Triton X-100 82 8.8918 1.98
PEG 3000 50 12.5623 2.02
SDS 40 21.5244 2.08

3.2 Morphological studies

The morphology of the particles was also examined by direct observation via
TEM. The TEM micrographs for samples are given in Fig. 2.

100 nm

100 nm

Figure 2: TEM images of products synthesized by hydrothermal of oxide of
manganese Mn3O, : (a) without surfactants, (b) With SDS, (c) With PEG 3000,
(d) With TRITON X 100

The morphology of the nanostructured Mn3;O, powder can be changed by
using surfactants. Three distinct morphologies are observed: the first one
consists of nanoplatelet particles corresponding to the Mn3O, phase, without
surfactants and with PEG, their size are 90 and 50 nm receptively (Fig. 2a and
Fig. 2c). Second morphology of the Mn;O, powder using TRITON X 100 is
shape with a 80 nm in length, can be seen in Fig. 2b.

However, Fig. 2d shows spherical shape of Mn3zO, using SDS with a uniform
diameter of 40 nm and smooth surfaces. The TEM images also show that the
size of the nanoparticules decreases of 90 to 40 without and using TRITON X,
PEG and SDS respectively. Thus, the surfactants may influence the size and
morphology of Mn3O, by its involvement in the nucleation and growth.

3.3 IR and Raman spectroscopy
3.3.a. FTIR analysis

FTIR analysis was carried out to confirm the chemical nature of the as-made
nanomaterials also improve the presence of phase of Mn3;O, prepared at 200°C
for 24 hours recorded in the region 400-4000 cm™. The FTIR spectra of
manganese oxide Mn3O, with three surfactants (SDS, PEG 3000 and TRITON
X 100) are illustrated in Fig. 3.
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Figure3: IR spectra of MnzO4 nanoparticles with different surfactants (SDS,
Triton X-100 and PEG 3000)

The peak situated at 594 cm™ is assigned to the stretching mode Mn-O (Ayq
mode) of manganese oxide of Mn?* ions at tetrahedral sites [51]. Whereas, the
other peak located at 462 cm™ represent the doubly degenerate T,y symmetry
mode, which is reliable with the tetragonal structure of Mn3;O, [51]. The band
centered at 1600 cm™ can be attributed to the stretching and bending of O-H
group [52]. Moreover, the broad band observed at 3263 cm? indicates the
stretching vibrations of H,O molecules on the surface of samples [52]. This
result is in a good agreement with X-ray diffraction data to confirm that the
synthesized compound was Mn3O,.

3.3.b.Raman Spectroscopy
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Figure 4: Raman spectra of tetragonal hausmannite Mnz;O, powder with
surfactants (SDS, Triton X 100 and PEG 3000).

Figure 4 shows the Raman spectra of Mn3;O, nanoparticles recorded in the
range 100-4000 cm™. Raman spectra of the different samples were similar
during adding of surfactant and were presented in the inset of figure. The
intense peak at 657 cm™ corresponding to attributed to stretching mode (Ayq
mode) of manganese oxide in Mn?" ions at tetrahedral site [53] and two small
peaks at 368 cm™ and 470 cm'* represent the doubly degenerate T,y symmetry
mode [54] which is reliable with the tetragonal structure of Mn30,4[55,56].

3.4 Optical properties

Optical studies were carried out to investigate the effect of adding surfactants
to the oxide of manganese in the range of wavelength 200-800 nm. The optical
band gap of manganese oxide has been estimated using a Tauc plot given in
Fig. 5, and the equation below.

(ahv) = B(hv — Eg) " (2

Where B is a constant, hv is the photon energy, Eg is the optical bandgap
energy and n is equal to 2 or % depending upon the type of transition (direct or
indirect transition).
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Figure 5: Plot of [0.hv]? versus hv.

Tauc’s plot is drawn by plotting the photon energy hv (V) versus (ahv) ? and
then extrapolating the linear portion to the x-axis for (ohv) 2 = 0 [57]. Such
plots for samples of managanese oxide with surfactants are shown in Fig. 5,
respectively.

Eg values of all theMnzO4, Mn3O4/Triton, MnzO./PEG 3000 and Mn;O./SDS
are shown in Table 1. The determined energy gap values are 1.97, 1.98, 2.02
and 2.08 eV for MnzOs, Mn3;O4/Triton, Mn;O./PEG 3000 and Mn;0./SDS
respectively. The gap Eg energies of the materials elaborated with the Mn;O,
and MnzO4/Triton are very close. The low difference in energy gap values
elaborated is related to average size of the crystallites. The material synthesized
with the SDS has gap energy greater than the others. They are in agreement
with those reported in the literature for Mn;O, nanoparticle [58]. The value
band gap of the samples near 1.4 eV, classifies the corresponding materials
among the semiconductors.

3.5. Adsorption capacity
3.5.a. Surfactant effect

In this study, the removal of MB is considered by adsorption onto oxide of
manganese synthesized with surfactants: SDS, PEG 3000 and TRITON X 100
respectively. The adsorption study was carried out with in initial dye
concentration 5 mg L?, and 5 mg in 10 mL of Mn3O,. The results are presented
in Fig. 6.
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Figure 6: Effect of surfactant on dye removal.

Results show that the adsorbent synthesized with the surfactant PEG 3000
allows to reach the best dye removal efficiency, = 50%. However, with SDS
and Triton, the adsorption rates remain lower than to PEG. Thus, in the
remainder of this study, the adsorbent synthesized with PEG will be chosen.
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3.5b. Doehlert Design

The Response Surface Methodology via Doehlert design was employed to
optimize experimental parameters. In fact, RSM is more economical and
efficient than the traditional “one at a time" method, thus saving time by greatly
reducing the number of experiments and thereby facilitating the determination
of optimal light conditions for interaction between the experimental parameters
[59-61]. For the Doehlert matrix, which makes it possible to estimate the
coefficients of a second order function and which is also capable of predicting,
at any point in the experimental field the values of the response (YY), the number
of experiments for k factors is:

N=k*+k+1 (3)
The mathematical relation of the responses Y is:

Y=by+b; X; +b, X, + by X3+ by X2 +b,y, X2 +byy X2 +by, XX, +
by X;X5 + by X:X5 (4)

Where by, by, b, and bs are linear coefficients; by, by, and bss are squared
coefficients; by, bis and b, are the second-order interaction terms and X;, X
and X; are the dimensionless coded factors of the experimental parameters
studied pH, adsorbent dose and the temperature respectively. The experimental
domain chosen is illustrated in table 2.

Table 2 : Experimental values and coded levels of factors variables

Coded _ values of Variables -1 0 + 1
the variables (Low) (High)
X;:D U1 : Adsorbent dose 5 10 15
X;:[MB] U2 : Concentration of MB 5 12.5 20
Xs: T U3 : Temperature 10 25 40

Doehlert design and experimental matrix are presented in the table 3.

Table 3: Experimental and design matrix

Doehlert design matrix Experimental matrix Dyeremoval percentage
N°
X1 X2 X3 Uz U2 Us Y Experimental | Y Predicted
1 1 0 0 15 12,5 25 46,4 48,1
2 -1 0 0 5 12,5 25 35,8 34,2
3 0.5 0.866 0 12,5 19,0 25 36,4 36,2
4 -0.5 | -0.866 0 75 6,0 25 58,0 58,2
5 0.5 | -0.866 0 12,5 6,0 25 69,0 67,9
6 -0.5 | 0.866 0 7,5 19,0 25 30,9 32,0
7 0.5 0.287 0.816 12,5 14,7 37,24 53,8 52,4
8 -0.5 | -0.287 | -0.816 7,5 10,3 12,76 33,3 34,7
9 05 | -0.287 | -0.816 12,5 10,3 12,76 42,8 42,2
10 0 0.577 -0.816 10 16,8 12,76 33,3 32,4
11 | -05 | 0.287 0.816 75 14,7 37,24 45,4 46,0
12 0 -0.577 0.816 10 8,2 37,24 71,2 72,1
13 0 0 0 10 12,5 25 42,1 42,1
R?=0.993.

Based on the experimental result (Y eperimentar), the polynomial equation of the
second order will be determined, allowing calculating the theoretical response
(Yeredictea) fOr each experiment

Y predicted = 42.1 + 6.95 X3 — 16.73 X, + 1245 X531 X12 +8.97 x22 +4.81 )(32
~3.18 X3 Xo+ 045 X1 Xs— 8.39 X5 Xs ©)

This model presents a good agreement among the model’s predicted values
and the experimental values (R? = 0.993).

To better interpret these results, we used Pareto analysis (Fig. 7) that is based
on the calculation of the percentage of the effect of each factor (bi) on the
response according to the following relation.

P = (”—2) <100 (6)
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Figure 7: Effect of factors and their interactions (a) and Pareto analysis(b).

Fig. 7 (a) shows effects of factors and their interactions. It can be seen that
the concentration of dye has a negative effect (b, = -16.73) on the adsorption of
MB; this implies that an increase in the concentration leads to a decrease in the
percentage of elimination of MB. Moreover, the adsorbent dose (b, = +6.95)
and the temperature (b; = +12.45) have a positive effect on the removal of MB
so an increase in these factors implies an increase of the dye removal
percentage. The effect of the adsorbent dose-temperature interaction is a
significant interaction with a negative effect on adsorption of MB.

The graphical analysis of the figure 7 (b) shows that the concentration of the
dye and the temperature are the most determining factors, their effect on the
response studied is 49.63% and 27.49% respectively. Furthermore, the
interaction between these two factors is the most important (12.48%). Thus,
these two factors as well as their interaction provide more than 89% on the
response. However, the adsorbent dose and the other interactions have a
negligible effect; they represent only 10% of the studied response.

In order to find the optimal conditions for the reaction a response surface
model was established by using NEMRODW® program. The optimum of each
factor is dose = 11.1 g, initial concentration of Methylene blue 6.44 mg L™ and
a temperature = 33.34 °C for 75.52 % efficiency of MB removal by adsorption
onto MnzO,.

In order to study the reproducibility of the optimized adsorption process,
MB’s adsorption was carried out 3 times under optimal conditions. The
repetition of the adsorption of methylene blue leads to an average equal to 75.4
% and a CVgr = 1%. This reproducibility coefficient is less than 5 %, so the
optimized adsorption process is considered reproducible.

3.7 Antibacterial activity

Fig. 8 shows the zone diameter of inhibition observed for magnetite and the
control Ampicilin/Nystatine.
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Staphyk

ATCC 14028 ATCC 6538

Enterocooius feacium Candida alticans ATCC

ATCC 19434 10231

Figure 8: Diameter zone growth inhibition of magnetite nanomaterials.
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The diameters of the zone of growth inhibition of the studied bacteria strains
are summarized in Table 4.

Table 4: Antibacterial activity of magnetite nanomaterials.

Inhibition diameter (mm)
Ampicilline/ TFel6 TFel7 TFel8
Nystatine (pure) (CTAB) (SDS)
Bacterial strain name by
Disk load (ug) 10ug per 100pg 15ug 15ug 15ug
Escherichia coli ATCC
8739 G(-) 11,75+0.3 9.5+0.7 10.5+0.7 10.75+0.35
Salmonella typhimurium
ATCC 14028 G(-) 13,75£1.0 7.25+0.3 8.5+0.7 8.5+0.7
Staphylococusaureus
ATCC 6538 G(+) 35,520.7 - - -
Enterococcus  feacium
ATCC 19434 G(+) 21.5+0.7 - - -
fg;gida albicans ATCC| 56403 7003 | 7.25¢00 | 7.75:0.3

The results demonstrate that the antibacterial activity of the MnzO,
nanomaterials against (Escherichia coli ATCC 8739 G(-) and Salmonella
typhimurium ATCC 14028 G(-)) is comparable to that observed for the control
Ampicillin  showing an important antibacterial activity. Whereas, the
antibacterial efficiency of Mn;O4with different surfactant against the bacterial
growth (Candida albicans ATCC 10231) is lower than that of the control
sample, indicating a moderate antibacterial activity. The oxidative stress caused
by ROS is the central mechanism responsible for the antibacterial activity of
the particles [62, 63]. The iron oxide could produce the ROS ((O7), (-OH),
(H20,) and (O,)), leading to the inhibition of the bacteria, hydrogen peroxide
(H20) was generated when Fe responded with oxygen [64]. By evaluating the
effects of particle size on the antibacterial activity of magnetite, we remark that
the antibacterial activity of MnzO, nanoparticles increased slightly when the
size of particles decreases, showing the enhanced antimicrobial activity.

CONCLUSION

This study reports the synthesis of Mn3O,4 using the hydrothermal route. By
varying surfactants parameter, we have obtained manganese oxide with
different morphologies. These materials were characterized by X-ray powder
diffraction, Infrared spectroscopy, Scanning Electron Microscopy and UV-vis.
The as-prepared materials were used for the adsorption of methylene blue dye
(MB). Manganese oxide synthesized using PEG is the best adsorbent. The
optimum of each factor is dose = 11.1 g, initial concentration of Methylene blue
6.44 mg L™ and a temperature = 33.34°C for 75.52 % efficiency of MB
removal by manganese oxide. The antimicrobial studies reveal that magnetite
nanomaterials constitute an effective antibacterial agent.
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