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ABSTRACT: Using modified Hummer's method, nanographene oxide (NGO) was synthesized from
graphite flakes. The Mn304 nanoparticles were synthesized by precipitation method. The NGO-Mn304
nanocomposite synthesis was mediated by bottom-up method. The composite NGO-Mn304 was
characterized using instrumental techniques including PXRD, SEM, FTIR, UV Reflectance studies, TGA,
and DSC. Computational studies were done for methylene blue. The photodegradation studies of methylene
blue were carried out using this nanocomposite under sunlight irradiation. While NGO was active in the
photodegradation of methylene blue, NGO-Mn304 showed better activity than the pure Mn304
photocatalyst. Kinetics studies were conducted to determine the reaction's order and rate.

Keywords: Nanographene oxide, nanocomposite of nanographene oxide- Mn304, sun light driven
photodegradation of methylene blue

INTRODUCTION

Photocatalysis aids in many environmentally friendly applications such as the photodegradation of industrial dyes which are
highly toxic to the environment[1]. Dyes have been used immensely in the current technological era in various fields like
textile, tarnishing, leather, paint, and food manufacturing and packing industries[2—4]. Dyes when reduced can be converted
to aromatic amines which are carcinogenic to humans. It can lead to contact dermatitis, liver and bladder cancers. Therefore,
these dyes have to be eradicated before releasing industrial wastewater into the water bodies [5—7]. To facilitate this process,
a photodegradation can be carried out using nano-graphene oxide and metal oxide nanocomposites which have similar band
gap structures as compared to the HOMO — LUMO energy gaps of these dyes[8]. Methylene blue (MB) is one such cationic
dye that is used in the textile industry for dying wool, silks, and cotton. Current research focuses on the degradation of this
dye via photocatalysis[9,10] . Photocatalysis has a widespread application in solving major environmental issues such as the
degradation of pollutants and toxins released into water bodies, control of global warming, climate change, and useful
application of sustainable and clean solar energy into the technological realms [11].

Graphene oxide (GO) and reduced graphene oxide (rGO) are graphene-based compounds with oxygen functionalities in their
structure [12—14]. These structures have high porosity, higher surface area, and better dispensability in water and other
organic solvents additionally, they have an affinity towards the photo-generated electrons and thus aid in increasing the hole-
electron separation lifetime when they are coupled with semiconductors. Therefore, they act as good catalytic support in
photocatalysis. They also have a reasonable photocatalytic ability due to their varying bandgap energy and thus better light
absorption.

Among the first-row transition elements, oxides of zinc , titanium and manganese are used as oxidants, adsorbents, and
degradants[15—18]. Mn203 and Mn3O4 are the oxides of manganese that can be synthesized using MnO:z by calcination. This
research focuses on the synthesis of the composite NGO/Mn304 semiconductor, characterization, and application in the
degradation of an industrial dye, methylene blue. Photodegradation studies are carried out under sunlight irradiation to
maximize efficiency and energy consumption. This study is also aimed at understanding the kinetics of this reaction.

EXPERIMENTAL

Nano Graphene oxide (NGO)

Graphite and NaNO3 were mixed with H2SO4 and H3PO4 and stirred in an ice bath for 10 minutes. KMnO4 was slowly
added at 5°C. The suspension was reacted for 2h in an ice bath and stirred for 60 minutes. It was then stirred in a water bath
maintained at 40°C temperature for 60 minutes. H2O2 was added after 5 minutes. Centrifuged and washed with 5% HCl and
deionized water. Product was dried at 60°C. The product is subjected to ultra-sonication in water solvent for about 4hours.
GO powder is dispersed in water. Brown dispersion of GO was centrifuged to remove un-exfoliated graphite oxide. Dried
overnight at 60°C and GO was collected.

ATOMIC SPECTROSCOPY 35 Ar. Spectrosc. 2024, 45(1)
ISSN: 2708-521X



Trimanganese Tetraoxide (Mn3;0q)

MnCla. 4H20 is used as a manganese precursor. NaOH is used as a precipitant. To the prepared Mn solution, the NaOH
solution was added dropwise under constant stirring at room temperature which results in the formation of the precipitate.
The precipitate was then stirred for 30 mins at room temperature. The solution was then aged under static conditions for
around 24 hours. The solution thus obtained was filtered under suction and washed with double distilled water. The product
was dried in a hot-air oven pre-set to the temperature of around 100°C overnight. It was cooled to obtain a brown powder.
The product was subjected to calcination at 350°C temperature

6 NaOH + 3 MnClz. 4H20 — Mn304 + 14 H20 + 6 NaCl + Hz

Nanocomposite
A mixture of Mn3O4 and GO in the weight ratio 1:1 was dispersed in the acetone solvent and subjected to ultra-sonication for
3 hours. The dispersed solution is left to evaporate and a pure Mn304/NGO nanocomposite was obtained.

Characterisation

Powder X- ray patterns of NGO, Mn3Os and NGO/Mn304 nanocomposite were recorded on a Philips X’pert Pro X-ray
diffractometer using Cu—Ko, (A=1.54 A) using a graphite monochromator to filter the K3 lines. Data were collected at a scan
rate of 2° min™! with a 0.02 stepsize for 20 ranging 5°-70°, to check the formation of nanographene oxide and any new
phase formation in the composite. Crystallite size was calculated using Debye—Scherrer equation. The surface morphology
of the materials was recorded by scanning electron microscope using Quanta 200 FEI instrument. Infrared spectra of both the
samples were recorded using Nicolet IR 200 FTIR spectrophotometer by KBr pellet technique to find the oxygen
functionalities present in NGO and the presence of metal-oxygen bond. Thermogravimetric analysis and differential
scanning calorimetry analysis were conducted using Perkin Elmer Research Grade; model ST 6000, to study thermal
stability by heating over a range of 50-500°C

Computational methods conformational analysis was done with the help of the Vconf program. The Gaussian and Gauss
view software produced the optimized structure structural characteristics. The Gaussian software we used to do the NLO
characteristics, electronic spectral, HOMO-LUMO and MEP orbital evaluation in various solvents. Multiwfn software was
used to figure out TA molecule ELF, ALIE, and LOL. Using Multiwfn and VMD tools, the hydrogen bond interaction was
confirmed. Gaussian software was used to figure out the titled molecule physical properties. The molecular docking was
done with Autodock-4, and the structure was made by discovery studio Visualized and Ligplot.

Photocatalytic activity studies

In a typical procedure, 10 mg of catalyst was taken in a beaker and stirred with 50 ml of 21 ppm methylene blue solution in
the sunlight. The absorbance was measured at every 30-minute interval using Shimadzu — 26001 UV Spectrophotometer at
650nm. In the table, the results are given.

RESULTS AND DISCUSSIONS

Powder X-Ray Diffraction

PXRD patterns of graphite, NGO, Mn30s, and NGO/Mn304 are given in Figure 1. The characteristic graphite peak at 26 =27
° is absent in the PXRD of graphene oxide indicating that graphite is successfully converted to graphene oxide by modified
Hummer’s method. Moreover, the presence of an XRD peak at 26 10.4° value further confirms the formation of graphene
oxide. XRD patterns of Mn3O4 nanoparticles showed peaks at 18°, 299, 32°, 36°, 38°, 44°, 50°, 58°, 59°, and 64° which are in
good agreement with JCPDS files, which attributes to its tetragonal structure [19]. All the peaks present in NGO-Mn3O4
nanocomposites is due to NGO and Mn304 nanoparticles, no impurity phases are observed indicating the high purity of the
nanocomposite. There was no characteristic peak of Mn3O4 in the nanocomposite indicating that the Mn3O4 particles are well
dispersed between the sheets of graphene oxide [20].
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Fig 1. PXRD pattern of NGO, Mn3O04 and NGO/Mn304 composites
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Fourier Transform Infrared spectral (FTIR) analysis.

Spectral data gives information on the functional groups attached to the surfaces of the two components NGO and Mn30s4,
forming the composites (figure 2). Broad peak around 3400cm™ to 3300 cm™ assigned to symmetric stretching vibration of
hydroxyl group [21]. C-H stretching vibrational modes appear at 2887 cm™'. Carbonyl or carboxyl peaks appear at 1705 cm™.
C=C stretching shows peak at 1587 ¢cm™'. 1101 and 1068 ¢cm™' peaks correspond to C-O vibrational modes in the Mn-O-C
bond. Mn-O stretching modes occurs around 600 to 500 cm™'.

99

81 1inco Mn,04

o7
L

Transmitiance (%]

3500 3000 2500 2000 1600 1000
Wavenumber cm-1

Fig.2 FTIR of NGO/Mn304

Scanning Electron Micrographs of GO and composites.

Fig 3 (a), (b) show the SEM images of GO whereas figures 3 (c) and (d) shows the SEM images of Mn304. SEM images of
GO appeared to be of sheet like layers whereas SEM images of Mn3O4 were granular with different sizes and shapes. It is
possible to see the nanoparticles of Mn3O4 well disperse on the layers of graphene oxide.
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Fig.3(b)
Fig 3(a) and 3(b) SEM image of NGO

Fig.3(a)

Fig.3(c CIIRC 10.0kV 7.8mm X1 nJJk‘sE
g-3(c) Fig 3(d)
Fig 3(c) and 3(d) SEM images of Mn304and NGO- Mn304 composites.

Thermogravimetric Analysis/Differential Scanning caloriemetry (TGA/DSC)

TGA and DSC of Mn(OH): are given in figure 4 (a) and (b) respectively. There was a continuous weight loss on heating
Mn(OH)2 sample. The various weight loss corresponds to various changes it underwent on heat treatment. Initially Mn(OH)2
lost physisorbed water and the chemisorbed water. Further it was converted to Mn203 and Mn3Os4 at different temperatures.
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Ultraviolet — Differential reflectance Spectroscopy (UV-DRS)

The methylene blue has the maximum absorption at 665 nm and therefore has an absorption energy between 1.80 eV to 1.90
eV. The band gap values of NGO, Mn30s and NGO-Mn304 are given in table 1. The band gap of NGO is least and that of
Mn304 nanoparticles is highest [22]. The bandgap energy of the composite 1.90 eV is matching with that of methylene
blue[23]. Therefore, the band gap energy matching is the reason for the photocatalytic degradation of the dye under sunlight
irradiation. The Tauc plot for Mn304, NGO and NGO-Mn304 particles are given in fig 5 a, b and c respectively.
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Fig 5a Fig 5b Figsc
Samples The band gap in eV
NGO 1.25
Mn3O4 2.4
NGO-Mn304 Composite 1.90

Tablel. Band gap values of different materials prepared

Photocatalytic activity studies

In our earlier paper, it is reported that NGO is a good photocatalyst for the degradation of Rhodamine 6 B dye . The same
trend is observed with the current dye, methylene blue. In this work, it is noticed that the metal oxide Mn3Os is not very
catalytically active in the degradation of methylene blue and is more active in making a composite with Mn3O4.

vy

Fig 6 : MB color changes after degradation

Photodegradation of methylene Blue

Degradation was carried under sunlight irradiation between the months of January to April where the average temperature 28
°C. Constant degradation in the intensity of methylene blue was observed. The solution was kept under dark to equilibrate
the sample for an hour before the exposure to sunlight. The results show that NGO is active. The activity of NGO-Mn304
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composite lies between that of their individual activity showing that there is a synergistic behavior between NGO and
Mn304. Photodegradation of nGO, Mn30s and NGO/Mn304 follows the order as illustrated below:
NGO > NGO/Mn304 > Mn304

Exposure
Time

%Degradation
NGO MnsOs NGO/
Mn3O4
0 0

47 137 336

0
6
712 275 51.2
7
8

6.7 471 59.7
15 476 63.4

857 576 706
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Fig 7. Plot of %c degradation vs Time

Kinetic studies
The kinetic studies were carried out for the dye solution at its highest concentration and the results are tabulated and are

plotted.
19.35 0.0000
12.84 -0.1781
9.44 -0.3117
7.79 -0.3951
7.08 -0.4366
5.69 -0.5316
3.94 -0.6912
2.76 -0.8458
1.90 -1.0079
ATOMIC SPECTROSCOPY 39 At. Spectrosc. 2024, 45(1)

ISSN: 2708-521X



a0 -

a2 -

s

Ln (AA0)

08

T T T T
=] 104 154 200 250

[l

Time { minj

Fig 8 _Plot ofln A/A, against ime

The plot shows that the reaction follows first order kinetics with rate constant, k value -0.00385 min-L.,

Frontier molecular orbital analysis

Frontier molecular orbitals HOMO and LUMO provide electrical, optical, and reactivity information about molecules.
Orbital energies predict compound stability and reactivity [24]. The energy gap between HOMO and LUMO orbitals affects
molecule stability, charge transfer, chemical activity, softness, and hardness. Smaller energy gaps between HOMO and
LUMO allow electron excitation, chemical softness, reactivity, and instability. Bigger energy gaps indicate harder electron
excitation, lower chemical reactivity, hardness, and stability. Fig.9 depicts the title compound HOMO-LUMO orbitals [25].
As shown in the Fig.9, the LUMO orbitals cover the two-benzene ring, while the HOMO orbitals change place and cover the
benzene ring, sulphur atom and nitrogen atom. This is strong evidence of intramolecular charge transfer. Table.2 lists HOMO
and LUMO energy-based global reactivity descriptors [26]. HOMO and LUMO energy gap values for this compound are
1.68 eV. Table.2 list the other parameters and values. The methylene molecule has higher chemical reactivity, lower
dynamic stability, more polarizability, and softness due to it 1.68 eV energy gap[27]. HOMO-LUMO charge transfer is easy.
The molecule energy gap matches many biomaterials’ optical absorption. The compound has high electrophilicity (3.70 eV)
and good biological activity.

Table.2 Frontier molecular orbital properties of methylene blue

¢eHOMO -6.55
eLUMO -4.87
Energy gap AE 1.68
lonisation energy (I= eHOMO= -HOMO) 6.55
Electron Affinity (A= eLUMO= -LUMO) 4.87
Global hardness (I] = (I-A)/2) 0.84
Global softness (S =1/1}) 1.19
Chemical Potential (n = -(1+A)/2) -5.71
Electronegativity (y =-p) 5.71
Electrophilicity index (o = p2/21]) 3.70
Nucleophilicity index (N = 1/®) 0.27
Electronaccepting power (o+ = A2/2(1-A) 1.44
Electrondonating power (o+ = 12/2(1-A) 1.94
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Fig.9 HOMO-LUMO eneagy diagram of methyleneblue

Molecular electrostatic potential

The MEP analysis have been used in this section to investigate the charge distribution on the molecular surface as well as the
atoms. The MEP maps provide some insight into the chemical reactivities of the compounds, by identifying electrophilic and
nucleophilic attack regions in the molecule in accordance with charge distributions [28]. The region that is the deepest red
reveals the charged positions that are the most negatively charged, whereas the region that is the deepest blue reveals the
charged positions that are the most positively charged [29]. The yellow regions indicate slightly negatively charged
positions, whereas the cyan regions indicate slightly positively charged positions. Green surfaces indicate areas with zero
electrostatic potential. As can be seen in Fig.10, the regions of the map with a negative potential have been distributed across
nitrogen atom for this compound [30]. As a result, these regions are vulnerable to electrophilic attacks. The regions with a
positive potential have been dispersed throughout the methyl group attached nitrogen atom and sulphur atom. These regions
are good spots for nucleophilic attacks to take place [31]. The colour of these regions, on the other hand, is not a dark blue;
as a result, we cannot say that these regions are strong nucleophilic regions.

Q M /

Fig.10 Molecular eectrostatic potential surface amp of the titled compound

CONCLUSION

NGO is a good photocatalyst for the removal of methylene blue. Mn3O4 degrade methylene blue but not to the extent of
NGO. However, when a nanocomposite of NGO/ Mn3Os4 is prepared and studied for the photodegradation of methylene blue
the ability of the composite was better than either of the two. The photocatalytic activity of Mn3Os which was very poor
become equal to NGO activity on exposure to sunlight for irradiation of 240 mins. Preparation of NGO involves tedious
method, however, Mn3O4 can be synthesized very easily by precipitation and calcination. So instead of using NGO alone a
nanocomposite of NGO/ Mn3Os will give the same result as NGO alone. This result shows that the band gap required for the
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degradation of methylene blue is suitable with NGO and not that of Mn30O4 however when the composite is prepared the
band gap of the composited is tuned to match for the degradation. So here there is a synergetic effect of the two. The order
of the reaction is found to be first order. Hence the nanocomposite /nGO Mn3Os is a promising catalyst for the degradation

of dyes.
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