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Research Article

Preparation and characterization of melamine
formaldehyde organo clay nanocomposite
foams (MFCNCF)

ABSTRACT

Melamine formaldehyde resins are one of the well-known thermosetting resins. It has been observed that
melamine formaldehyde foam composites prepared with various nanoparticle reinforcements exhibit better
mechanical, thermal and sound insulation properties. In this study, it was aimed to synthesize melamine
formaldehyde organoclay nanocomposite foams and investigate their thermal insulation and mechanical
stability by using microwave irradiation and heating technique together, which can offer advantages such as
faster reaction, high yield and purity, reduced curing time. Pure melamine formaldehyde foam, MFF, and
melamine formaldehyde organoclay nanocomposite foams, MFCNCFs, prepared with various organoclay
contents were characterized by HRTEM, FTIR, SEM and XRD techniques. From spectroscopic and microscopic
analyses, it was observed that organoclay platelets could be exfoliated with increasing clay content without
undergoing much change in the resin matrix. The highest compressive strength was obtained in the MFCNCF3
foam with high organo clay content (0.68 N/mm?) and the bulk density was determined to be quite low (0.20
g/cm?3). On the other hand, in the nanocomposite with 0.15 % organo clay content (MFCNCF2), a compressive
strength of 0.32 N/mm? and a thermal conductivity coefficient of 0.065 W/m-K were measured.

Keywords: Melamine formaldehyde, Melamine formaldehyde organo clay nanocomposite, foam, Thermal
insulation, Compressive strength

INTRODUCTION

Nanotechnology, which is used to refer to the design, construction and use of functional structures
with at least one characteristic dimension measured in nanometers, has become increasingly popular
in recent years.'? Nanoparticles, which form the basis of nanotechnology, are incredibly small particles
with a size of less than 100 nm and can contain carbon, metal, metal oxides or organic substances.?
One of the most important features of nanotechnological studies is that the basic physical and
chemical properties of a material or system at the nanoscale (e.g., melting temperature, thermal
conductivity, load capacity, electronic conductivity, tensile strength and color) can be designed as
desired and used in many different areas.* Nanoparticles provide improvements in the functionality
of metal, ceramic, polymer or composite systems and are used in the development and production of
many products in daily life.> Nanoparticles appear to have different physical, chemical, and biological
properties compared to their larger counterparts, contributing to effects such as increased chemical
reactivity, stability, or greater surface area relative to volume, greater mechanical strength, etc.
Among the diverse uses of nanoparticles is polymer clay nanocomposites.®

Polymer clay nanocomposites can be made by directly mixing two aqueous solutions containing
monomer and clay suspension, respectively, and subsequent polymerization induced by the addition
of thermal or light sources or chemical oxidants.”*? Layered silicates are among the most widely
studied nanofillers and are used in modified form. It is known that organoclay or silicates generally
improve the properties of nanocomposites compared to traditional macro and micromaterials.'31>
Organoclay particles are dispersed in the polymeric matrix in three different ways: phase separated
(micro-composite) structure, intercalated (intercalated layered) structure and exfoliated (dispersed)
structure.'®18 There is also a mixed structure in which exfoliated and intercalated structures are seen
together.

Three main techniques are used to obtain polymer/clay nanocomposites. These techniques differ
according to the starting material and the preparation method. They are in situ (simultaneous)
polymerization method, solution intercalation method and melt intercalation method (simultaneous)
polymerization.”1%2° |n situ polymerization method is a particularly suitable method for the
preparation of thermoset polymer clay nanocomposites, but it has also been used for
thermoplastics.?*?°
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Melamine formaldehyde (MF) is a hard, very durable and
versatile resin with high flame and temperature resistance, and
is synthesized by condensation of melamine and formaldehyde.
MF resins have good flame-retardant properties since they
release nitrogen gas during combustion. It is emphasized in the
literature that the mechanical, thermal and barrier properties of
MF nanocomposites are not at the desired level. Improving these
properties with various methods is of great importance in terms
of the field of use of nanocomposites. It can be said that there is
a significant gap in the literature on this subject. For this reason,
the aim of the presented study was to synthesize nanoclay
reinforced, cross-linked melamine formaldehyde organo clay
nanocomposite foams (MFCNCF) by microwave irradiation
technique and to investigate the thermal, mechanical and
morphological properties of these composites.

MATERIALS and MERHOD

Raw montmorillonite (MMT), supplied from Karakayalar A.S. in
Cankiri province, Turkiye, with a specific surface area of 64.2
m?/g and X-ray Fluorescence (XRF) composition given in Table 1,
was used for the synthesis of organo montmorillonite (OMMT)
to be used in the preparation of nanocomposites.

Table 1. X-ray Fluorescence (XRF) chemical compositions of
Montmorillonite (MMT).

Component (%)

Sio; 59.32
Al,03 17.19
Fe,03 5.95
MgO 3.63
Cao 2.21
Na,O 1.68
K20 0.97
TiO, 0.74
SO; 0.51
Other 7.81

Melamine, formaldehyde (37 wt%), NaOH, acetic acid, Tween
80, a nonionic surfactant (polyoxyethylene (20) sorbitan
monooleate), and analytical grade glycerin (all supplied by Merck
KGaA, Germany) were used for the preparation of melamine
formaldehyde (MFF) and melamine formaldehyde organoclay
composite foams (MFCNCF). In addition, gasoline, a mixture of
isooctane, butane, and 3-ethyltoluene used for foaming, was
supplied by a local gas station.

MERHOD
Preparation of organo clay
Montmorillonite (MMT), a cationic surfactant,

cetyltrimethylammonium bromide and CTAB (Merck Co.)
suspensions, a hydrocarbon material that is a product of
petroleum refining and some of the properties of which are
given in Table 2, were used to prepare organoclay by solution
intercalation method. The procedure applied for the synthesis of
organo-montmorillonite (OMMT) is the same as in our previous
work.3031
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Table 2. Some characteristics of the hydrocarbon material.

Density (15°C), kg/m?3 990.7
Calorific Value MJ/kg 42.74
Flash Point °C 105.8
Water by Distillation, wt. % 0.1
(o 83.4
H 11.9
N 0.8
S 1.5
Ash 0.03

Preparation of melamine formaldehyde foam (MFF) and
melamine formaldehyde organo clay nanocomposite foams
(MFCNCF)

Melamine and formaldehyde (37% by weight) (mass ratio:
0.67:0.33) were placed in a three-necked flat-bottomed flask
with a thermometer and cooling equipment connected, then
mixed with a magnetic stirrer and then heated under reflux until
dissolution at approximately 60°C. The pH was adjusted to 8.5
with 40% by weight NaOH solution. Considering the viscosity of
the mixture, it was heated under reflux at approximately 95°C
for 60 minutes. Then, a certain amount of concentrated acetic
acid, 1.0 wt.% glycerin and Tween 80 as well as 6.0 wt.% gasoline
was added to the obtained prepolymer and mechanically mixed
vigorously to homogenize the mixture. In addition, when
preparing untreated melamine formaldehyde foam (MFF), the
same processes were performed using only melamine and
formaldehyde (37% by weight) (mass ratio: 0.68:0.32). When
preparing the MF-organoclay nanocomposite via in situ
synthesis, 0.1%, 0.15% and 0.45% organoclay was added to the
container by weight. For foam synthesis, the mixture was
exposed to microwave radiation in a microwave oven for 2
minutes in a suitable container. Finally, the mixture was placed
in a modular square aluminum mold with a volume of 10.0 x 10.0
x 1.0 cm® and cured by heat treatment at 140°C for 1 hour in a
hot air heated oven to remove water and residual formaldehyde
and complete the process.

Table 3. Sample Codes and Contents of Pure Melamine
Formaldehyde Foam (MFF) and MF-organoclay Nanocomposite
Foams (MFCNCF1-3).

Sample Codes Nano Filler (%w)
MFF - -
MFCNCF1 Organo clay 0.10
MFCNCF2 Organo clay 0.15
MFCNCF3 Organo clay 0.45

Spectroscopic and microscopic analyses and measurements of
compressive strength and thermal conductivity

Structural, crystallographic and textural characterization of
virgin MF foam and MF organo clay nanocomposite foams were
performed using spectroscopic techniques such as XRD and FTIR
and microscopic techniques such as HRTEM and SEM.



XRD diffractograms for the prepared samples were obtained
using a PANalytical Empyrean X-ray diffractometer with Cu Ka
(1.540 A) radiation operating at 5 kV and 40 mA for 2h in the 9°—
90° range and a scan rate of 4/min (Malvern PANalytical Ltd.,
United Kingdom).

FTIR spectra were obtained using a Vertex 70V FTIR
spectrometer with a mid-IR ceramic source in the range of 4,000
to 400 cm™, an average of 100 scans and a resolution of 1 cm™
(Bruker Optics Inc., USA).

HRTEM images of the samples were taken using a HITACHI
HT7700 high-resolution transmission electron microscope (LaB6
filament) operating at 120.0 kV (Hitachi Ltd, Japan).

SEM patterns of virgin MFF and MF organo clay nanocomposite
foams were taken using SEM (FEI-INSPECT S50 model) at 30 kV.
Compressive strength of virgin MFF and MFCNCF foams were
performed using a universal testing machine (Zwick/Roell)
according to DIN ISO 844:2009-10 standard. The thermal
conductivity coefficients of virgin MFF and MFCNCF foams were
also measured using a thermal conductivity meter (Quick
Thermal Conductivity Meter QTM-500, Japan) with a probe
consisting of a single heating wire and a thermocouple.

RESULTS

Textural characterization of melamine formaldehyde foam
(MFF) and melamine formaldehyde organoclay
nanocomposites (MFCNCF)

In order to compare the differences in the textural structures of
raw montmorillonite (MMT) and organo-montmorillonite
(OMMT) and to see the effectiveness of the modification,
HRTEM images of both were taken and are given in Figure 1. The
dark long-fiber lines seen in the HRTEM images indicate clay
layers with their 2:1 layered structure. HR-TEM images of

melamine formaldehyde foam (MFF) (a) and melamine
formaldehyde-organoclay foams containing varying organoclay
ratios (MFCNCF1-3 (b-d)) are given in Figure 2.

Figure 2a shows that pure melamine formaldehyde resin is
formed as agglomerated microspheres and the aggregates
develop in three dimensions.3>33 This textural arrangement is
due to the use of microwave irradiation-assisted foaming
method before curing. Figure 2b shows that due to the
exfoliation of organoclay layers into the polymer matrix, MF
molecule clusters are regularly sparse or separated while
maintaining their spherical structures.3* As the amount of clay
increases, the structures of spherical MF molecules are
thoroughly separated (Figures 2c and 2d).

Surface morphological characterization of melamine
formaldehyde foam (MFF) and melamine formaldehyde
organoclay nanocomposite foams (MFCNCF)

SEM patterns taken for pure melamine formaldehyde foam
(MFF) and MF-organoclay nanocomposite foams (MFCNCF1-3)
are given in Figure 3.

It can be seen that Figure 3a clearly reflects the surface
morphology of pure melamine formaldehyde foam (MF)
formation. This textural structuring shows that the microsphere
clusters develop as three-dimensional branched

structures.3>353% However, it can be seen from Figure 3b that the
branched structure almost disappears and the MF molecule
clusters show regular stacking, resulting in a more uniform
surface morphology due to the exfoliation of organoclay flakes
in the polymeric matrix. It can be seen from Figures 3c and 3d
that the morphological structures are similar.

Figure 1. HRTEM images of raw montmorillonite (MMT) (a), Organo-montmorillonite (OMMT) (b).
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Figure 2. HR-TEM images of melamine formaldehyde foam (MFF) (a) and melamine formaldehyde-organoclay foams
containing varying organoclay ratios (MFCNCF1-3 (b-d).

Figure 3. SEM patterns of pure melamine formaldehyde foam (MFF) (a) and MF-organoclay nanocomposite foams containing
different clay ratios (MFCNCF1-3) (b-d).
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Analysis of FT-IR spectra of melamine formaldehyde foam
(MFF) and melamine formaldehyde organoclay nanocomposite
foams (MFCNCF)

FT-IR spectra of pure melamine formaldehyde foam (MF) and
MF-organoclay nanocomposite foams (MFCNCF) are given in
Figure 4.

m

MF

%T

MFCNCF1

W MFCNCF2
MFCNCF3

4000 2800 1600 400
1

cm

Figure 4. FT-IR spectra of pure melamine formaldehyde foam
(MFF) and MF-organoclay nanocomposite foams containing
different clay ratios (MFCNCF1-3).

In the FT-IR spectrum of the MF-organoclay nanocomposite
foam (MFCNCF) in Figure 4, apart from the strong peak at 3354
cm™ originating from the water-derived hydroxyl group, there
are three more peaks at 2926, 2914 and 2881 cm™, which are the
peaks belonging to the secondary amine group stretching, C—H
anti-stretching and C—H stretching vibrations.3” All these specific
peaks appear at lower intensities and shift to lower values due
to interactions between CTA+ions bound by clay layers and long-
chain hydrocarbon molecules. In addition, two peaks were
observed at 1454 cm™ and 1129 cm?, corresponding to the C—N
stretching and the N-H bending of CTAB, respectively. On the
other hand, it can be claimed that the peaks appearing in the
1302-1657 cm® region are due to the CH, shift vibration mode
and the O-H bending mode of the water molecule around the
attached head group. Si-O and AI-OH are the main functional
groups observed in the range of 1000 cm™ to 500 cm™. The peak
at 866 cm™ corresponds to Al-OH bending vibrations, while the
double Si-O-Si bonds in SiO; at 802 cm™ and the Si-O stretching
vibrations observed around 714-617 cm™ indicate the presence
of quartz. The emergence of characteristic peaks with low
intensity and shifted from their specific values may be indicative
of intense interactions between clay plates and CTA+ ions bound
to long-chain hydrocarbons.3%3°

Characterization of mineralogical structures of melamine
formaldehyde foam (MFF)and melamine formaldehyde
organoclay nanocomposite foams (MFCNCF)

Figure 5 shows the XRD diffraction patterns of pure melamine
formaldehyde foam (MF) and containing different clay ratios MF-
organoclay nanocomposite foams (MFCNCF1-3).

—MF

——MFCNCF1
MFCNCF2

——MFCNCF3

Intensity

w
N
o
')
[
L.
o
a
v
%
o

Figure 5. XRD diffractograms of pure melamine formaldehyde
foam and MF-organoclay nanocomposite foams (MFCNCF1-3)
containing different clay ratios.

Figure 5 shows that two typical broad peaks at 9.4° and
23.8°appeared in the XRD pattern of MF foam, indicating an
amorphous structure. This means that the formaldehyde resin of
melamine is composed of methylol monomers and the
polymeric backbone is spread. It can be seen from Figure 5 that
the smaller of the two peaks of MF resin partially overlaps with
the characteristic smectite peak at 8.1°.38%0 This left-shifted and
enlarged smectite peak clearly indicates that the polymer
molecules can enter the interlayer space of the clay and the
nanocomposite is formed. The HRTEM image in Figure 1b also
supports this claim.

Thermal conductivities of melamine formaldehyde foam (MFF)
and melamine formaldehyde organoclay nanocomposite foams
(MFCNCF)

Thermal conductivity is an important indicator for evaluating the
thermal performance of a material under constant conditions.
Thermal conductivity coefficients measured for different
samples were considered in the evaluation of the thermal
insulation performance of materials %*. The thermal conductivity
coefficients of pure melamine formaldehyde foam (MFF) and
MF-organoclay nanocomposite foams containing different
proportions of clay (MFCNCF1-3) are shown in Table 4.

Table 4. Thermal Conductivity Analysis Results of Pure Melamine
Formaldehyde Foam and Containing Different Clay Ratios MF-
organoclay Nanocomposite Foams

sample Codes Heat Conductivity Standard
Coefficient (A) (W/m-K)  Deviation
MFF 0.0826 0.0012
MFCNCF1 0.0869 0.0021
MFCNCF2 0.0650 0.0048
MFCNCF3 0.0812 0.0036

NanoEra



When Table 4 is examined, it is seen that MFCNCF2 has the
smallest heat transfer coefficient. This shows that MFCNCF2 can
be used as an alternative to insulation materials.

Dependence of density and compressive strength of melamine
formaldehyde foam (MF) and melamine formaldehyde
organoclay nanocomposite foams on their compositions

Compressive strength is an important mechanical property
measured by placing a material directly under compressive
loads. Compressive strength is also a critical design feature, and
composite materials can exhibit some unique compressive
strength behaviors depending on the composite structure. Some
materials fracture at the limit of their compressive strength, and
some deform irreversibly, so a certain amount of deformation
can be considered the limit of the compressive load. Table 5
shows the bulk density and compressive strength values of pure
MF foam and MF organo clay nanocomposite foams (MFCNCF1-
3).

Table 5. Variation of Density and Compressive Strength of
Melamine Formaldehyde Foam (MF) and Melamine
Formaldehyde Organoclay Nanocomposite Foams Depending on
Their Compositions

Compressive

Sample Bulk Density Standard
Codes (g/cm?3) Strength Deviation
(N/mm?)

MFF 0.26 0.270 0.002
MFCNCF1 0.39 0.230 0.001
MFCNCF2 0.18 0.320 0.002
MFCNCF3 0.20 0.680 0.007

When Table 5 is examined, it is seen that MFCNCF3 has the
highest compressive strength. With increasing clay ratio, the
compressive strength has increased approximately threefold. It
can be said that the three-fold increase in compressive strength,
especially observed at high organoclay ratio, provides increased
ductility due to improved adhesion interactions in the brittle MF
foam matrix of organoclay plates.

CONCLUSION

This study focused on the synthesis of melamine formaldehyde
organoclay nanocomposite foams using microwave irradiation
and heating technique together and the investigation of their
thermal insulation and mechanical stability.

e Advantages such as faster reaction, high yield and purity, and
reduced curing time were obtained with microwave irradiation.
e HRTEM, FTIR, SEM and XRD techniques were used for the
characterization of pure melamine formaldehyde foam, MFF and
melamine formaldehyde organoclay nanocomposite foams,
MFCNCFs, prepared with various organoclay contents. From
spectroscopic and microscopic analyses, it was observed that
organoclay platelets were exfoliated with increasing clay content
without much structural change in the resin matrix.

NanoEra

¢ The highest compressive strength was obtained in MFCNCF3
foam with high organoclay content (0.68 N/mm?) and it was
determined that its bulk density was quite low (0.20 g/cm3).

¢ In the nanocomposite (MFCNCF2) with 0.15% organo clay
content, the compressive strength was measured as 0.32 N/mm?
and the thermal conductivity coefficient was measured as 0.065
W/m-K.
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ABSTRACT

In dairy cows, infection of the mammary gland leads to a significant increase in the somatic cell count (SCC) in
the milk. This increase has a negative effect on the physical and chemical composition of the milk. The aim of this
study was to analyze the effect of three different SCC content on the physicochemical and textural properties of
yogurt during a 28-day storage period. For this purpose, yogurts were made from milk with three different SCC
values: low (<100,000 cells/ml), medium (100,000-500,000 cells/ml) and high (>500,000 cells/ml). Analyses were
performed on days 1, 7, 14, 21 and 28 of storage.

The SCC content of the milk had a significant effect on the pH value, titratable acidity (TA) and syneresis values
of the yogurts, but no significant effect on water holding capacity (WHC), dry matter (DM) and fat content. The
highest acidity values were found in yogurts made from milk with a low SCC content. The evaluations of the color
parameters in the yogurts were only influenced by the storage time. The color parameters (L* a* b*) decreased
during storage. In particular, significant effects were observed on the color parameters after 21 days of storage.
The SCC content of the milk had no significant effect on the color parameters (L*, a*, C*) of the yogurts. The SCC
content of the milk had a significant effect on the texture parameters (hardness, adhesiveness, cohesiveness,
resilience). Yogurt made from milk with a higher SCC value had lower values for hardness and adhesiveness
values, and consequently had unsatisfactory texture.

Keywords: Somatic cell count (SCC), Syneresis, Yogurt quality, Yogurt texture.

INTRODUCTION

Somatic cells (SC) are nano-sized cells found in milk and consist of dead epithelial cells from the
mammary gland as well as leukocytes from the blood. Epithelial cells appear in milk as a result of the
natural process of cell turnover and repair, although their number increases towards the end of
lactation or after mastitis-related inflammation.>? Additionally, the number of leukocytes increases,
especially in case of mastitis-related infections or trauma. Leukocytes are immune cells that combat
invading organisms. The ratio of epithelial cells to SCs varies between 35% and 70%; in normal milk,
epithelial cells typically constitute 65—70 % of SCs.! Mastitis is an infectious disease characterized by
an increased number of SCs.? In mastitis, the number of leukocytes in the milk increases and the
proportion of epithelial cells decreases. Leukocytes are therefore a more important factor in the
assessment of SCC. SCC is widely used for evaluating milk quality.* According to the Turkish Food Codex
"Raw Milk and Heat-Processed Drinking Milk Communiqué," the maximum number of somatic cells in
raw cow milk should be 500,000 per ml. Elevated SCC in milk is associated with mastitis however
current knowledge on the relationship between milk quality and SCCis limited.>

Yogurt is the most widely consumed dairy product and is made by fermenting milk with Streptococcus
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus. These two bacteria are lactic acid
bacteria and are famous for their antimicrobial, antiviral and immunomodulatory properties and play
arole in the treatment of many gastrointestinal diseases.® Possible health benefits of regular yogurt
consumption include lowering cholesterol levels, aiding digestion, reducing weight gain, reducing
gastrointestinal infections and risk of colon cancer, as well as preventing obesity, strengthening the
immune system, preventing diabetes, promoting calcium absorption, and eliminating symptoms of
lactose intolerance.>™!!

Current knowledge of the relationship between elevated SCC in milk and the physicochemical quality,
color characteristics and shelf life of yogurt is limited. The aim of the present study was to investigate
the relationship between different SCC values in milk and yogurt quality. The study was formulated as
plain yogurt. In the study, yogurts were produced from milk samples with three different SCC values,
and an investigation was conducted into their physicochemical, textural and color properties.
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METHODS

Materials

The raw milk used in the study came from the herd at the Atatlrk
University Food and Livestock Application Centre. The cows were
in the middle lactation and showed no clinical signs of mastitis.
The analysis of milk batches from cows was conducted using a
Delaval cell counter (DeLaval International, Sweden). This device
was used for the precise measurement of SCC value in milk. The
raw milk samples were collected in three groups according to the
SCC status: low SCC value (LSCC, < 100,000 cells/ml), medium
SCCvalue (MSCC, 100,000 — 500,000 cells/ml) and high SCC value
(HSCC, > 500,000 cells/ml). Commercial yogurt culture, YC-381,
containing S. thermophilus and L. bulgaricus was purchased from
Chr. Hansen (Hgrsholm, Denmark). The cultures were freeze-
dried and inoculated according to the manufacturer's
recommendations.

Manufacture of Yogurts

Each batch of milk sample (2.5 L, per SCC value) was standardised
by evaporation to 11 % non-fat milk solids. The standardised
batches were heated to 90°C for 10 minutes and cooled to 43 +
1 °C for the incubation phase. To inoculate the milk with the
starter  culture according to the  manufacturer's
recommendations, half of the sachet containing 50 units of
starter culture YC-381 (Chr. Hansen, Denmark) was dissolved in
250 ml of sterilised milk and 12 ml was used to inoculate each
2.5 batch. The inoculated milk was filled into sterile 170-ml glass
jars and left at 43 + 1°C for a final fermentation. The yogurt
groups were coded according to the three different SCC values
they contained: low SCC value (LCY), medium SCC value (MCY)
and high SCC value (HCY). Fermentation was terminated when
pH 4.5 was reached. After fermentation, the yogurt batches
were transferred to a refrigerator at a temperature of 4 + 1°C
and kept and stored at this temperature. Each group consisted
of 15 jars of yogurt and weekly samples were taken from
different jars for physicochemical, microbiological and textural
analysis.

Physicochemical analyses

The yogurt samples were analysed 24 hours after production and
after storage for 7, 14, 21 and 28 days. DM and fat content were
determined according to AOAC by the drying method and the
Gerber method, respectively.? The pH was measured using a
digital benchtop pH meter (pH 211, Hanna Instruments,
Portugal). The TA and pH were determined according to Kurt et
al.13. The TA was determined after mixing 10 g yogurt with the
same volume of distilled water and titrating it with 0.1 N NaOH.
The TA is calculated by the following formula 1.

TA (%) =

V(ml)*0.009x100 (1)
m

V is the volume of 0.1 NaOH spent in the titration and m is the
mass of the sample.

Syneresis is the separation of the whey phase from the yogurt,
and WHC is the term for its retention. The syneresis of analysed
yogurts was determined according to the drainage method
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described by Turgut and Diler.*! For syneresis, 25 g of the sample
was weighed and filtered through filter paper (Whatman No 1,
UK) for 2 h at 4°C. The syneresis values were calculated using the
following formula 2.

Whey volume

Syneresis (%) = x 100 (2)

Initial volume
For water holding capacity, a 10 g sample was weighed and
centrifuged (4500xg, 30 min at 4°C). The WHC was calculated
using the following formula 3.

Whey weigh

WHC (%) = [1 ] %100 (3)

initial weight

Colorimetric Analysis

The color parameters were measured with a colorimeter (PCE
XXM-20, PCE GmbH, Germany) and LED lighting at a viewing
angle of 45°. The results were expressed as L* a* b* values using
the CIELAB color system (L*a*b* color space). L* value indicates
lightness and is expressed on a vertical axis with values from 0 to
100. The value zero means completely black, i.e., no light
transmission, while 100 is completely white. The a* and b*
values are chromaticity coordinates and characterize a point in
the three-dimensional color space in which the colors flow from
the red axis (a*) to the yellow axis (b*) and from the green axis
(—a*) to the blue axis (-b*).1* The chroma C* value stands for the
clarity or saturation of the color. The line obtained by connecting
the coordinate centre of the axes to a point in space is called
chroma C*. AE is used to express the range of difference
between the current color and the ideal whiteness. The AE and
chroma C were calculated in the CIELCh color space using the
following equations.?®

(AE) = {/(AL)? + (Aa*)? + (Ab*)? (4)

C* = (a)?+ (b)? (5)

AL = Li - Lo. The i stands for the observed value for each storage
time and the index 0 for the references used. In the study, we
have the color parameters of the white standard (L: 100)

Texture Analysis

Texture is a general term and encompasses the physical
properties of the product that can be perceived by the human
senses.'® Texture properties were determined on the 1%, 7t,
14% 21% and 28™ day of storage using the TA-XTPlus Texture
Analyzer (Stable Micro System, Surrey, UK) calibrated with a 500
g load cell and equipped with a cylindrical P/25P probe (@#25 mm,
perspex). The pre-test temperature of the yogurt samples was
approximately 10°C. The penetration depth was set at 30 mm
and the constant test speed of the probe was set at 1 mm/s
during the compression and relaxation cycle.'” Instrumental
texture profile analysis (TPA) was used to determine texture
parameters such as hardness, adhesiveness, cohesiveness,
gumminess and resilience. Instrumental TPA analysis is the
guantification of texture properties obtained from areas under
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force or force-time curves. TPA analysis is the quantification of
tissue features obtained from areas under force or force-time
curves. Hardness corresponds to the maximum force (N) in the
first compression cycle in the TPA diagram and is used instead of
firmness. Adhesiveness refers to the force required to overcome
the adhesion between the probe and samples. Cohesiveness is
defined as the internal stickiness of the samples. Gumminess is
a textural characteristic of semi-solid foods that have low
hardness and high cohesion. Force-time diagrams were plotted
for these three texture parameters and the areas under the
curves were determined using Exponent (4.0.9.0) software. All
measurements were performed in two replicates.

Statistical Analysis

The results of the analyses on days 1, 7, 14, 21, and 28 were
evaluated using univariate statistical analyses. All analyses were
performed twice. The data obtained from the study were
compared by Duncan’s multiple range tests (P < .05) using SPSS
20.0 (IBM SPSS Corp., Armonk, NY, USA) software for Windows.

RESULTS and DISCUSSION

Measurement of pH and Titratable Acidity (TA)

Table 1 summarizes some physicochemical analysis results of the
yogurt varieties produced from milk with different SCC values.
The effect of storage time on pH and TA values was significant (P
<.05). The TA value of the yogurt samples ranged between 1.164
% and 1.273 %. The lowest TA value was on day 1 and the highest
was on day 28. The mean pH value, which was 4.28 at the
beginning of storage, decreased to 4.19 on day 28. After day 21,
however, the differences between the mean values were
statistically significant (P < .05). The increase in the acidity of the
yogurt samples during storage is due to the post-acidification
process in which the yogurt bacteria become active during the

storage period. Donkor et al.’® reported that yogurt cultures are
responsible for the decrease in pH and increase in the acidity of
yogurt during storage. Najaf Najafi et al.’® reported that the
effect of SCC on the TA or pH of yogurt was significant (P < .05)
after 7 days. The TA values in the study were higher than the
results of Fernandes et al.?’.

The influence of the SCCs on the pH and TA was found to be
significant (P < .01). Yogurts made from milk with high SCC
content had higher pH values and lower TA values (Table 1). The
mean TA values of the yogurts ranged from 1.172 % to 1.337 %.
The lowest TA value was determined in MCY yogurt, while the
highest was observed in LCY yogurt. Fernandes et al.?° reported
that high SCC content in milk had no significant effect on the
acidity or pH of yogurt during storage. Vivar-Quintana et al.?!
reported that the pH of yogurt made from milk with high SCC
content was significantly lower than the pH of yogurt made from
milk with low SCC content. The mean pH of the yogurts ranged
from 4.17 (LCY yogurt) to 4.28 (HCY yogurt). Fernandes et al. %
reported that the TA values of yogurts made from milk with
different SCC content ranged from 0.7% to 0.74%. In the present
study, the TA values were found higher than these reported
results. At the end of storage, the pH and TA values of HCY and
MCY yogurts were statistically different (P < .01) from those of
LCY yogurts. The SCC value had no significant influence on the
pH of the yogurts up to day 7. The pH of yogurts in the study was
lower than the results of Fernandes et al.?,

Syneresis, Water Holding Capacity (WHC)

Syneresis is the separation of serum from the structure of yogurt
and is considered a quality parameter for yogurt.?? The influence
of the storage period on the syneresis values was significant (P <
.05).

Table 1. The changes in physicochemical characteristics of yogurt samples during storage

Total Solids Fat Syneresis WHC LA pH
xtSD xXtSD xXtSD X +SD X +SD X +SD
Yogurt samples
LCY 14.36 £ 0.533 3.92 +0.556 30.14 +3.307% 52.14 +4.834 1.337 +0.062° 4.17 £ 0.056?
MCY 14.92 + 0.537 4.28 *0.553 27.94 £3.3272 50.03 + 4.834 1.172 £0.061° 4.24 £ 0.055°
HCY 14.66 * 0.546 4.096 *0.570 32.41 +3.388° 50.61 *+ 4.954 1.181 +0.063° 4.28 £ 0.057°
Storage time (days)
1 14.72 £0.536 3.79 £ 0.559 29.95 £3.3232 46.90 * 4.858° 1.160 + 0.062? 4.28 £ 0.056*
7 14.74 £ 0.540 4.16 £ 0.556 30.63 +3.3332 58.82 + 4.858° 1.195 % 0.061%° 4.26 +0.0567
14 14.63 £ 0.546 4.39 £ 0.553 30.75 £ 3.326% 49.57 + 4.858° 1.228 + 0.062°b¢ 4.24 +0.054%°
21 14.77 £0.538 4.02 +0.559 27.65 +3.343° 49.21 *+ 4.858° 1.255 % 0.063% 4.22 +0.056%°
28 14.38 £0.543 4.13 £ 0.557 33.43 £3.3232 52.28 + 4.858% 1.273 £ 0.061°¢ 4.19 £ 0.056°
Source D.F
SCC value 2 NS NS *x NS *x *x
Storage time 4 NS NS * * * *
Error 27
Total 34

LCY= low SCC value; MCY= medium SCC value; HCY= high SCC value

a,b,c

means in the same column without a common superscript different (P < .05).

* is significant at 0.05; ** is significant at 0.01 probability levels; NS: not significant
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The syneresis values ranged from 27.65% to 33.43%, with a
decrease observed during the storage period. The lowest
syneresis value was on day 21, and differences between the
means were not statistically significant until day 28 (P > .05). The
SCC content of the milk significantly affected the syneresis values
of the yogurt varieties (P < .01). The yogurt produced from milk
with medium SCC had the lower (P < .01) syneresis values than
high SCC yogurt. The highest syneresis value was found in HCY
yogurt (32.41%), this result indicates that the consistency of the
HCY yogurt is weak or the gel is unstable. The syneresis values of
HCY yogurt were not statistically different from LCY yogurt, but
were significantly different from MCY yogurt (P < .01). Vivar-
Quintana et al.?! also reported similar results for yogurts
produced from milk with high SCC content.

The influence of storage time on WHC values was significant (P <
.05). The lowest WHC value was found on day 1, and WHC values
increased a little after that, but the differences between the
means were not significant after day 7 (P > .05). The WHC values
of the yogurt varieties ranged from 50.03% to 52.14%. The WHC
values of the yogurts made from milk with medium and high SCC
content were lower than those of the LCY yogurts (Table 1). As
the SCC content of the milk increased, the WHC value decreased,
but the differences were not significant (P >.05). The MCY yogurt
had the lowest WHC value, followed by the HCY yogurt. The WHC
values in the study were similar to the results of Bakirci et al.3.

Color analysis

Color is one of the first characteristics perceived by the human
senses. Itis an important factor for the quality of yogurt and thus
influences its acceptance?* The color parameters of the yogurt
varieties are shown in Table 2. The L* value, which expresses the
lightness, was between 84.51 and 85.42 for all yogurt varieties.
The L* values were very close to each other. The influences of
SCC content and storage time on the L* values were not
significant (P >.05). The highest L* value was found on day 1, and

Table 2. The color properties of the yogurt samples during storage

it was found that L* values decreased on the following days of
storage. This result is consistent with the findings of Nguyen and
Hwang et al.®, who reported that the L* values of yogurts
decrease during storage. Scibisz et al.?* stated that L* values
increased during storage of fruit yogurts.

The a* value, which expresses the redness/greenness, ranged
between -32.49 and -38.51 for the yogurt varieties. Yogurts
made from milk with high SCC content had lower a* values. The
highest a* value was found for MCY yogurt and the lowest value
for LCY yogurt. However, the differences between the mean
values were not significant (P > .05). A general decrease in a*
values was observed during the storage period. All yogurt
varieties showed the loss of redness during storage by the
change in a* values. This result is consistent with the findings of
Scibisz et al.?*. The influence of the SCC content was found to be
significant only on the b* values (P < .01). Yogurts made from
milk with the highest SCC content had the lowest b* values
(Table 2). The b* value, which expresses yellowness, ranged
from 7.83 to 9.68 for the yogurt varieties. The influence of the
storage period on the b* values was significant (P < .05). The b*
values ranged from 7.22 to 9.23 with a small decrease observed
during the storage period. The lowest b* value was on day 28,
but differences between the mean values were not important
until day 28 (P < .05). The C* value, which expresses the
saturation of color, was between 34.11 and 39.58 for the yogurt
varieties. The C* values increased significantly (P < .05) during
storage, indicating that the color became more vivid. The
increase in the C* value is consistent with the increase in acidity
of the yogurt during storage.

Textural Analysis
Textural properties are significant indicators of the yogurt
quality.’® The changes in TPA parameters (such as hardness,
adhesiveness, cohesiveness, springiness) during storage are
shown in Table 3.

L* a* b* AE Cc*
X +SD X +SD X +SD X tSD X +SD
Yogurt samples
LCY 84.51 +4.449 -38.51 £6.963 8.60+1.128° 42.53+7.566 39.58+ 6.542
MCY 85.40 +4.456 -32.49 £6.973 9.68+1.126° 37.32+7.566 34.11+6.545
HCY 85.42 +4.559 -34.38 £7.135 7.83+1.1552 38.23+7.753 35.31+£6.703
Storage time (days)
1 87.81 +4.461 -29.03 £ 6.998° 9.07+1.1332 32.99%7.604° 30.59%6.5742
7 84.05 +4.471 -37.11 £ 6.987% 9.23+1.1302 41.51+7.602%° 38.29+6.576%°
14 86.98 £ 4.473 -32.53 £ 6.978% 8.92+1.132° 36.39+ 7.604% 33.96+ 6.572%
21 83.46 +4.468 -36.28 £ 6.967% 8.46+1.1292 41.09 £ 7.606°° 37.28+6.578%®
28 83.47 +4.470 -40.15 * 6.989° 7.22+1.130° 44.05+7.601° 40.81%6.573
Source D.F
SCC value 2 NS NS *k NS NS
Storage time 4 NS * ** * *
Error 27
Total 34

LCY= low SCC value; MCY= medium SCC value; HCY= high SCC value

a,b,c

means in the same column without a common superscript different (P < .05).

* is significant at 0.05, ** is significant at 0.01 probability levels, NS: not significant
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Table 3. The textural properties of yogurt samples during storage

Hardness Adhesiveness Springiness Cohesiveness Gumminess Resilience
X tSD X +SD X +SD X tSD X tSD X tSD
Yogurt samples
LCY 25.20 +1.8782 -48.20 £12.0792 0.96 £0.011 0.83 £0.0252 21.002 £1.619° 0.17 £0.0532
MCY 25.14 +1.876 -47.39 £12.077° 0.96 £0.012 0.83 £0.0252 20.89 +1.616° 0.16 £0.052°
HCY 22.16 £1.925° -25.90 £ 12.377° 0.97 £0.010 0.86 +0.026° 19.560 + 1.658° 0.23 £0.054°
Storage time (days)
1 21.88 +1.887? -28.62 £12.1392 0.97 £0.012 0.82 £0.025 18.398 +1.627° 0.21 £0.0632
7 24,03 +1.878% -31.03 £12.130° 0.97 £0.010 0.86 +0.025° 21.011 £1.627° 0.23 £0.062°
14 22.46 +1.882% -33.87 £12.139°2 0.96 £0.011 0.83 £0.025 18.984 +1.627° 0.19 £ 0.060%°
21 24.38 +1.880% -41.88 £12.1342 0.97 £0.012 0.86 +0.025° 21.314 £1.627° 0.20 £0.061%°
28 26.64 +1.877° -56.66 + 12.136° 0.96 £0.011 0.84 £ 0.025%° 22.707 £1.627° 0.14 £0.062°
Source D.F
SCC content 2 *k *k NS * * *k
Storagetime 4 *x *x NS * *k *
Error 27
Total 34
LCY=low SCC value; MCY= medium SCC value; HCY= high SCC value

a,b,c

means in the same column without a common superscript different (P < .05).

* is significant at 0.05, ** is significant at 0.01 probability levels, NS: not significant

The hardness and adhesiveness increased during storage and the
differences between the mean values were significant (P < .05).
The lowest hardness value was found on day 1, and the hardness
of yogurts increased inversely to the syneresis values on the
following days of storage. Hardness is the most important
parameter for evaluating yogurt texture and is regarded as a
measure of yogurt firmness.?® The hardness values ranged from
22.16 to 25.20, depending on the SCC values. The yogurt made
from milk with a high SCC had the lowest hardness values. The
lowest hardness value was found in HCY yogurt. This result
indicates that the consistency of the HCY yogurt is weak or the
gel firmness is not very strong. The decrease in hardness values
associated with the increase in SCC content was statistically
consistent. The hardness values in the study were lower than the
results of Mudgil et al.?” and Kose et al.?®.

Adhesiveness refers to the strength required to overcome the
attractive forces between the surface of the food and the surface
of the material in contact with it (probe). The lowest hardness
value (-28.62) was found on day 1, and the highest value (-56.66)
was found on the last day of storage. The SCC content of the milk
significantly affected the adhesiveness value of the yogurt
varieties (P < .05). The mean adhesiveness value of the yogurt
varieties ranged from -25.90 to -48.20, depending on SCC values
of milk. The yogurt made from milk with the highest SCC content
had the lowest adhesiveness value. The adhesiveness value of
LCY yogurt was not significantly different from MCY yogurt but
was significantly different from that of HCY yogurt (P < .01).
Yogurt made from milk with high SCC had the lowest hardness
and adhesiveness, while the highest values for hardness were
observed in LCY yogurt. The adhesiveness values we found are
consistent with the findings of Mudgil et al.?’. Cohesiveness
refers to the force required to overcome the internal stickiness
caused by the structure of the food. The storage time had a

significant effect on the cohesiveness values of the yogurts (P <
.05). The lowest cohesiveness value (0.82) was found on day 1
and the highest value (0.86) on day 7. The SCC content of the
milk significantly affected the cohesiveness values of the yogurt
varieties (P < .05). The cohesiveness value of yogurts ranged
from 0.82 to 0.86, depending on the different SCC values. The
yogurt made from milk with a medium SCC value had the lowest
cohesiveness values. The cohesiveness values of the MCY yogurt
were not statistically different from those of the LCY yogurt but
were significantly (P < .01) different from those of the HCY
yogurt. It is possible that yogurts with high adhesiveness and low
cohesiveness values would stick to the probe during the test.
However, since the cohesiveness values were low, there was no
sticking to the probe. In the present study, the cohesiveness
values were higher than the findings of Domalaga et al.'®.

CONCLUSION

The results showed that the effects of different SCC levels in the
milk on the physicochemical and textural properties of the
yogurts were important. The pH, TA and syneresis values of the
yogurt varieties are significantly influenced by the SCC value of
the milk. In contrast, the WHC value was not significantly
affected by the SCC of the milk. With increasing SCC content in
the milk, the pH of the yogurt varieties increased and the TA
values decreased during storage. A high SCC content of the milk
led to a significant reduction in the stability of the yogurt and the
serum retention capacity.

It was found that the color parameters (L* a* C*) were not
significantly affected by the SCC value of the milk. Increasing the
SCC value of the milk above 500,000 cells/ml had no significant
effect on the L*, a* and C* values of the yogurts. The SCC value
of the milk of more than 500,000 cells/ml had a significant
negative effect on the texture parameters of the yogurts. A high
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SCC value of the milk led to a significant reduction in the
hardness and adhesiveness value of the yogurt. Yogurt from milk
with the highest SCC value showed the lowest values for
hardness and adhesiveness, while the highest values were
observed in LCY yogurt. Based on these results, we can say that
the SCC in cow's milk for yogurt production should not exceed
500,000 cells/ml, especially with regard to texture quality.
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Dynamic thermal cycle ambient simulation
under mouth motion; a finite element analysis

ABSTRACT

The aim of this study is to analyze the experimentally established thermal cycle test experiment using the Finite
Element Analysis (FEA) method. Within the scope of this study, the thermal-mechanical behavior of the pure
titanium test material at minimum and maximum temperature environments was analyzed in the simulation
environment occurred at 1/1 scale with the experimentally established parameters. Pure titanium test materials
that different geometry were kept at 5°C temperature for 30 seconds and then exposed to 65°C environment
during 2 seconds change period. Thus, 1 thermal cycle was completed under mouth motion simulation. The
results obtained showed that the temperature distribution in the circular test sample exhibited a more
homogeneous distribution behavior than the square test sample. This result reveals the importance of the
geometric structure of the test sample in the experimental environment conditions. Therefore, the use of a
circular test sample in in vitro laboratory thermal cycling experiments will increase the accuracy of the results
obtained under mouth motion simulation tests. As a result, the results obtained in this study are expected to
mathematically guide the selected parameters in in vitro and in vivo studies.

Keywords: Mouth motion thermal simulation, Biomaterials, Finite Element Analysis.

INTRODUCTION

In recent years, titanium and titanium alloys have been preferred as biomaterials in the living body
due to their superior mechanical and biocompatibility behavior. It has been reported in the literature
that titanium alloys can be preferred in the treatment process due to their superior behavior such as
high strength-to-weight ratio, good fatigue resistance, relatively low Young's modulus, good
biocompatibility, and high corrosion resistance.! However, biomaterials placed in the human body
can be exposed to various wear mechanisms. It has been reported in the literature that titanium and
its alloys do not have sufficient wear resistance.? Finite Element Analysis remains an essential method
for initial screening of biomaterial behavior. Thermal cycling is one of the most preferred test methods
to simulate the life cycle of biomaterials implanted in the body.? In thermal cycle tests, the mechanical,
aesthetic and chemical behaviors of biomaterials in the body can be predicted during the time they
remain in the body. Researchers are trying to predict the mechanical behavior of biomaterials by using
thermal cycling test experiments with in vivo, in vitro and finite element analysis testing simulation
methods. These test methods may have many advantages and disadvantages compared to each other.
For example, while the in vivo test method takes a very long time, the in vitro and finite element
analysis test methods can be completed in shorter time periods. However, the ability to mimic living
structures when creating test method mechanisms can significantly affect the accuracy and validity of
test results. In the literature, many researchers have tried to determine the mechanical, chemical and
aesthetic behaviors of biomaterials with in vitro wear and test methods and wear test mechanisms.*
7 The concept of thermal cycling has been used effectively in the literature for approximately 70 years.?
This process is basically based on the heating and cooling process of a material placed in the tooth or
body throughout its life cycle.® The environment to which teeth and dental materials are exposed
while biting into an ice cream after drinking a hot coffee can be given as an example on living tissue.
This system has traditionally been used to simulate in vivo aging of restorative materials by subjecting
them to repeated cyclic hot and cold temperatures in a water bath to reproduce the thermal changes
that occur in the oral cavity.? In thermal cycling tests performed in the laboratory, it is very important
to select minimum and maximum temperatures. Table 1 gives examples of the temperatures of the
absorbed fluids and the resulting average minimum and maximum tooth surface temperatures.® This
study evaluates the effect of temperature changes occurring in the human oral environment on sat
titanium biomaterial with different geometries using the finite element analysis test method under
mouth motion simulation. As a result, the results obtained in this study are expected to
mathematically guide the selected parameters in in vitro and in vivo studies.
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Table 1. Examples of the temperatures of the absorbed fluids and the resulting average minimum and maximum tooth surface

temperatures °

Location Volume drunk (mL) Hot liquid temp. (°C) Max. tooth temp. (°C)  Cold liquid temp. (°C) Min. tooth temp. (°C)

Incisor labial - 60 45 0 15
Incisol palatal - <61 58.5 - -

Molar occlusal - <61 53.1 0 1.0
- 63.5 53.5 - -
- 58 50 - -
- 55 47 - -
Molar palatal - 60 48.5 - -

30 60 44.86 0 21.63
METHOD performed finite element thermal test analyses. Pure titanium

In this study, ANSYS 19 academic version program was preferred
for thermal cycle simulation tests of pure titanium material. For
this reason, the mesh amount is set to a maximum of 30,000
which this ratio is in a range of values sufficient for the analysis

Properties of Outline Row 14: Titanium Alloy

A B
Property Value

2 4 Density 4520
3 = % IES)::DZ:z:r?emnt Coeffident of Thermal
4 EI Coeffident of Thermal Expansion 9,9E-06
5 |B [F msotropic Elasticty
[ Derive from Young's M...
T Young's Modulus 9,6E+10
8 Foisson's Ratio 0,36
9 Bulk Modulus 1,1429E+11
10 Shear Modulus 3,5299E+10
11 8 Tensile vield Strength 9,3E+08
12 El Compressive Yield Strength 9,3E+08 Fa
13 El Tensile Ultimate Strength 1,07E+03 Fa
14 EI Compressive Ultimate Strength 1] Pa

v

material was designed as square and cylindrical samples on the
Space Claim designer software. The ideal ambient properties of
pure titanium and test specimens are shown in Figure 1.

ANSYS
R19.0

Acadamic

Figure 1. The ideal ambient properties of pure titanium and test specimens

The thermal cycle environment experimental studying
environment was simulated on a 1/1 scale and designed as 5°C
lower limit, 65°C upper limit, 30 seconds waiting period and 2
seconds thermal change period. Figure 2 shows the dynamic
thermal cycling test simulation environment. Test specimen with
different geometries were placed in the specimen holder shown
in Figure 2 and fixed along the geometry expect for thermal
surface to simulate the experimental environment. Thus, the
geometric change of the test sample due to the temperature
difference was controlled through thermal cycle simulation
tests. The test mechanism was given to the 65°C fluid medium
from the hot water inlet as a first step and waited for 30 seconds.
As a second step, the hot water 5°C fluid was thrown into the hot
water tank from the fluid outlet and sent to the cold water test
environment. This process took about 2 seconds experimentally.
The test sample was kept in the cold water environment for 30
seconds and sent to the cold tank from the water outlet in this
environment. This process also took about 2 seconds
experimentally. Thus, 1 thermal cycle took about 64 seconds
experimentally. In the control experimental structure of this
process, the programmable logic controller (PLC) was used to

control the fluids with solenoid valves. Briefly, the method of
activating solenoid valves using a time-delay control structure
was used through thermal cycle test simulation. In future
studies, this process will be made more sensitive by taking real-
time temperature measurements on the test specimen. Thus,
the heat absorption rates of different materials will be taken into
account in the test structure.

cold water in AN%.%

“Aeademic

specimen holder

simulation

thermal
environment based real-time PLC Control.

Figure 2. Dynamic cycling test

NanoEra



18

RESULTS

In this study, the finite element analysis simulation of the
thermal cycle test experiment with real-time control structure
was carried out through mouth motion. The 65°C distilled fluid
was passed through the test inlet pipe and the test sample was
submerged in water. In this case, first the temperature increase
occurred in the pipe structure and then the temperature change
occurred in the area where the pipe was fixed in the
experimental structure. When the fluid reached the test sample,
the analysis surface was exposed to the hot fluid and the dead
weight of the water was included, creating a mechanical and
thermal effect through mouth motion. The mechanical effect in
this case created a potential loading depending on the
gravitational acceleration and the weight of the water. Although
this parameter is ignored in experimental studies, it is an
important factor for mechanisms operating in deep water
structures. In further studies, this parameter will come to the
fore in experimental and finite element analysis simulations of

ANSYS

R19.0
Academic

the materials preferred in the ship industry. Figure 3 shows the
temperature change behavior of the thermal cycling test device
during 1 cycle through mouth motion. First, the 65°C liquid flow
from the hot water line reached the chamber in show Figure 3A.
The control structure of this situation is realized by the solenoid
valve in the time delay time band. When enough fluid enters the
chamber, the PLC control unit closes the solenoid valve, ensuring
that the hot fluid remains in the chamber for the specified time
in Figure 3B. With the completion of the hot cycle period, the
second step is to remove the fluid from the chamber by opening
the outlet line in the time band and removing the fluid from the
sample in Figure 3C. Afterwards, the cold fluid line was filled into
the 5 °C fluid test chamber by opening the solenoid valve in
Figure 3D. The last step in this process was to discharge the fluid.
Thus, 1 thermal cycle was completed. For the second thermal
cycle, this process continued until the determined thermal cycle
number by showing the same behavior in the same time band.

ANSYS

R19.0
Academic

) 3o Toeh] * tfanli |-
B ) R
i 5,
-i —
| 1

Figure 3. A-D. Temperature change behavior of the thermal cycling test device during 1 cycle through mouth motion
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Figure 4 shows the thermal temperature environment behavior
of pure titanium test specimens with circular and square
geometry. The design of the test samples and their behavior
under ideal ambient conditions are shown in Figure 4A. The
environment where the circular test specimen is at 65°C and the

A

square test specimen is at 5°C is shown in Figure 4B. Figure 4C
and Figure 4D show that the square test specimen is included in
the heated medium while the circular test specimen is cooling
through mouth motion test mechanism.

65 Max.
58333
51,667
4

38333
31,667
25

18333
11,667
5Min

e (IR EELT L)

A

65 Max
58,333
51,567
x5

38333
31,667

Figure 4. A-D. Thermal temperature environment behavior of puqre titanium test specimens with circular and square geometry

(temperature unit as °C)

DISCUSSION

The Finite Element Analysis method provides many advantages
to researchers in mathematical modeling of experimental
studies. The most basic of these advantages can be explained as
being able to model in a very short time, being economical, and
being more suitable for parameter changes. The ability to model
laboratory test experiments one-to-one also provides the
opportunity to observe the effects of parameters ignored in
laboratory test experiments on the experimental system. Thus,
the parameter selection in laboratory test experiments will be
more likely to remain in the optimum region. In the literature,
many researchers have simulated chewing test experiments in
vitro and evaluated the mechanical behavior of various
biomaterials.!®*3 In experimental studies, it may not always be
possible to precisely control standard test parameters. Because
the mechanical and control capability of the device that provides
the test mechanism is very important for modeling living tissue.
For example, the thermal cycling environment was ignored in
some chewing test experiments in intra-oral tribology.}*1°
Considering the formation of wear mechanisms during
mastication, the occurred of thermal cycling environment is

inevitable in both two- and three-component wear mechanism
processes. In addition, the type of opposing material selected in
the test environment, the chewing force, and the minimum and
maximum limits of the thermal cycling environment can
positively or negatively affect the mechanical and aesthetic
behavior of the test material compared to biomaterials.}” For
these reasons, the evaluation of the parameters that may affect
the chewing movement will play an important role in
determining the service life of the materials used in the
processing process. The parameters of the thermal cycle test
procedure (such as exposure time, number of thermal cycles,
test temperature range) affect the mechanical and aesthetic
behavior of the material. It is reported in the literature that the
temperature experienced in the human mouth is approximately
37 degrees. However, this temperature value may vary in
variable areas of the mouth structure. Since the material life is
evaluated with laboratory test experiments, selecting areas
where the temperature is variable will increase the consistency
of the test results. Therefore, it is accepted that the temperature
is not constant throughout the chewing tests and has a variable
structure.® The temperature environment in the human oral
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cavity is dynamic, so it is very difficult to determine the
temperature range that is closest to the physiology of the oral
cavity. It is important to consider as many variables as possible
that can affect tooth temperature. The main sources of
temperature stabilization in the mouth are the cheeks, tongue
and periodontal tissue surrounding the teeth, which act as a
physical barrier that regulates the temperature distribution of
the samples.®® Liquids that people swallow while chewing can be
drunk at temperatures between 0 and 100°C, but cooked foods
and frozen solids can reach oral temperatures outside this range.
The temperature range that an individual can tolerate can vary
among different populations and may depend on variables such
as the number of teeth, the amount of dentin, the degree of
keratinization of the oral mucosa, and the patient's gender in
human factory.'® In addition, dental materials placed in the
mouth are subject to continuous and extreme changes in the
oral environment due to temperature and pH fluctuations. The
temperature cycle in the temperature parameter simulates the
entry of hot and cold substances into the oral cavity and shows
the linear thermal expansion coefficient relationship between
the tooth and the restorative material.® The effect of artificial
aging of dental materials during thermal cycling can be twofold.
This effect causes an improvement in the mechanical behavior
of the material, primarily water absorption in composite
materials. In the second stage, it can reduce wear by creating a
lubricating effect during wear mechanisms. Therefore, it is
inevitable for teeth and dental materials to be exposed to
thermal stress when the temperature changes. This thermal
stress can cause wear mechanisms to lose more material. In
addition, this situation can create some problems in terms of
material integrity and aesthetics. In a previous experimental
study in the literature, it was reported that Durafill composite
material experienced more particle loss on the wear surface in
thermal cycling test experiments.2°

CONCLUSION

The results obtained showed that the temperature distribution
in the circular test sample exhibited a more homogeneous
distribution behavior than the square test sample. This result
reveals the importance of the geometric structure of the test
sample in the experimental environment conditions. Therefore,
the use of a circular test sample in in vitro laboratory thermal
cycling experiments will increase the accuracy of the results
obtained under mouth motion simulation tests. As a result, the
results obtained in this study are expected to mathematically
guide the selected parameters in in vitro and in vivo studies. In
addition to the data obtained from this study will increase the
test validity of experimental studies by modeling them with
finite element analysis simulation.
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Determination of tramadol in pharmaceutical
preparations by GC-MS method

ABSTRACT

In this study, a gas chromatography-mass spectrometry (GC-MS) method was developed to analyze tramadol in
both pure form and pharmaceutical formulations. Diclofenac served as the internal standard. The linearity of the
GC-MS method was validated within a concentration range of 0.05-5.0 pg mL™. The intra- and inter-day relative
standard deviations were found to be below 1.18% and 3.51%, respectively. The detection and quantification
limits for the GC-MS method were determined to be 0.015 and 0.045 ug mL?, respectively. Stability testing
revealed that tramadol remained stable in solutions after 24 hours of incubation at room temperature or after
72 hours of storage at 4 °C and -20°C. Under the selected assay conditions, tablet excipients did not cause any
interference. Furthermore, the method proved to be effective in quantifying tramadol and ensuring the
consistency of formulation content in commercial tramadol dosage forms.

Keywords: Tramadol, GC-MS, Validation, Tablet.

INTRODUCTION

For more than 40 years, tramadol has been prescribed often throughout the world; nonetheless, there
is a chance that it will be abused and trafficked. Because of this, drug analysis is a crucial component
of contemporary analytical chemistry and has several legal and socially significant ramifications.
Tramadol is an analogue of codeine that is 2-(dimethylaminomethyl)-1-(3-methoxyphenyl)
cyclohexanol or 4-phenylpiperidine. The effectiveness of tramadol, a commonly prescribed analgesic,
in reducing moderate to severe pain has drawn a lot of attention in the field of pain treatment.!
Large oral dosages of tramadol may have a euphoric affect similar to that of oxycodone. Prevalent
reasons of tramadol poisoning have been shown to be attempted suicide (52-80 %), abuse (18-31 %)
and inadvertent intoxication (1-11 %). A history of chronic tramadol usage or opioid dependency was
linked to at least 20% of cases of tramadol poisoning.?

Tramadol is metabolized extensively in the liver as a prodrug. Forensic investigation, therapeutic
monitoring, medication interactions, and pharmacokinetic evaluation of tramadol all depend on an
understanding of its metabolic metabolism.3 It is usually administered orally, and within two hours, it
is distributed after being fully absorbed. The therapeutic range for TD blood concentrations is 0.1-0.3
mg L. Furthermore, it has been said that blood readings of 1 and 2 mg L?, respectively, have the
potential to be lethal and harmful 4>

Due to the early stage of metabolism and the fact that 6% of the population has slow-acting CPY2D6,
which has a little diminished analgesic effect, the bioavailability ranges from 65% to 70%. Compounds
N and O-desmethylated from tramadol are produced.®™®

Tramadol and its metabolites were determined using a variety of analytical techniques, such as mass
spectrometry detection!®?? or gas chromatography with nitrogen selective. Recently, novel
separation techniques have been introduced, such as capillary electrophoresis!® and performance
liquid chromatography (HPLC) approaches with electrochemical®®, mass spectrometry®>& or
fluorescence detection.?®2*

As of right now, there is no published technique for identifying tramadol in pharmaceutical
formulations using GC-MS. Therefore, the current study's goal was to create a GC-MS method that is
specific, sensitive, accurate, and precise for analyzing tramadol in pharmaceutical formulations. The
International Conference on Harmonization (ICH) criteria were followed in the complete validation of
the proposed technique with regard to detection and quantification limits, precision, accuracy,
linearity, specificity, stability, and recovery parameters.?
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METHODS

Chemicals

Tramadol hydrochloride and diclofenac were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Contramal Retard tablet
drug (100 mg tramadol hydrochloride) was obtained from the
pharmacy (Erzurum, Turkey). Every chemical was of the
analytical variety.

GC-MS System and chromatographic conditions

Agilent Technologies, Palo Alto, California, provided the Agilent
6890N gas chromatography system, which was outfitted with an
Agilent chemstation, a 7673 series autosampler, and a 5973
series mass selective detector for the chromatographic study.
The separation was performed using an HP-5 MS column (30 m
x 0.25 mm 1.D., USA) with a film thickness of 0.25 um. Splitless
injection was utilized with helium as the carrier gas at a flow rate
of one milliliter per minute, and the injector had a capacity of
one pL. The solvent delay was set to two minutes, the electron
energy for the MS detector was set to 70 eV, and the transfer
line temperature was set to 280°C.

The MS detector's characteristics included an electron energy of
70 eV, a solvent delay of 3 minutes, and a transfer line
temperature of 290°C. The MS was employed in scan mode (m/z
40-500) for qualitative analysis and in selected ion monitoring
(SIM) mode (m/z 214 for internal standard (IS) diclofenac and
m/z 58 for tramadol) for quantitative analysis.

Preparation of the standard and quality control solutions

A 100 pg mL* methanol concentration was used to generate the
tramadol stock solution, which was then chilled to -20°C. After
that, the mixture was gradually diluted with methanol to provide
standard working solutions with tramadol concentrations of
0.05, 0.10, 0.25, 0.5, 1, 2, 3, 4 and 5 pg mL*. A stock solution
containing 50 ug mL-1 of IS was produced in methanol. Before
being used, all of the solutions were allowed to come to room
temperature from their 4°C storage. The standard working
solution of tramadol was added to aliquots to create the quality
control (QC) solutions at final concentrations of 0.75, 2.5 and 4.5
ug mL?, containing 0.1 mLIS (1 pg mL?).

Procedure for pharmaceutical preparations

Using the mass of the Contramal Retard tablets, the average
tablet mass was computed. Following that, they underwent
homogenization, fine grinding, and meticulous weighing of a
portion of the powder. The necessary amount of methanol was
then poured to them in a 100 mL brown measuring flask in order
to dilute the powder. After sonicating the mixture for a minimum
of fifteen minutes to facilitate dissolution, it was filtered using a
Whatman No. 42 paper. After a suitable amount of filtrate was
further diluted with methanol to ensure that the final solution's
tramadol concentration was within the working range.

Data analysis

A computer program, SPSS 15.0, (SPSS Inc., Chicago, IL, USA) was
utilized to perform the statistical analyses. The tramadol
standard curve and subsequent calculations were derived using

regression analysis techniques. The mean and standard
deviation of the results were provided.

RESULTS

Method development and optimization

Based on its chemical properties, the tramadol assay method
was developed. The capillary column used in this experiment,
coated with 5% phenyl and 95% dimethylpolysiloxane, is an
excellent choice for separation because the analytes elute as
symmetrical peaks throughout a broad concentration range. For
the GC oven, various temperature ranges were examined.

The ideal temperature program for a successful separation was
identified at the study's conclusion. The temperature programs
for the GC oven were as follows: The increases in temperature
were as follows: first, from 70°C to 250 °C at 35°C min™, which
was held for one minute; next, to 290°C at 20°C min!, which was
kept for one minute.

It was decided to use the splitless injection mode. Early accuracy
and linearity studies of the method also demonstrated the
reproducibility of the 1 L injection volume and the significance
of the peak response at the selected analytical concentration.

Validation of the method

The goal of method validation is to prove that the approach is
appropriate for the purpose for which it was designed, as
specified in ICH guidelines. The technique was verified for
linearity, accuracy, precision stability, recovery and system
applicability.?®

Specificity

To assess the specificity of the method, potential interferences
between tramadol and the excipients were investigated. For the
guantitative analysis using GC-MS, electron impact ionization
with selected ion monitoring (SIM) was applied, targeting the ion
at m/z 58 for tramadol. The mass spectrum of tramadol is shown
in Figure 1. The retention time of tramadol in the GC-MS analysis
was approximately 7.4 minute, with a clear and distinct peak, as
illustrated in Figure 2.
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Figure 1. MS spectrum of tramadol (1.0 mg mL?)

Linearity
An analytical procedure is considered linear when the test
results are directly related to the analyte concentration in the
sample within a specific range, either in a straightforward
manner or through a well-defined mathematical transformation.
Initially, linearity should be assessed visually by analyzing a plot
of the signal against the analyte concentration. If the
relationship appears linear, the test results should be validated
NanoEra
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Figure 2. GC-MS chromatogram of tramadol (0.05, 0.10, 0.25,

0.5,1,2,3,4and 5 mgmL?Y) and IS (1.0 mg mL?)

using appropriate statistical methods, such as calculating a
regression line using the least squares method. In some cases, a
mathematical adjustment of the test results may be required to
ensure linearity between the analyte's response and its
concentration.

For the purpose of estimating the degree of linearity
mathematically, information from the regression line itself may
be useful. It is necessary to present the regression line's slope,
residual sum of squares, y-intercept, and correlation coefficient.
Analysis was done on standard solutions containing 1.0 pg mL?
of IS and 0.05 - 5.0 ug mL? of tramadol. The standard curve (Fig.
3) was created by plotting the concentration of ramadol on the
X-axis and the peak area ratio of tramadol and IS on the Y-axis.

20

18 - y = 3,638x-0,1684
R =0,9927

0 1 2 3 4 5
Concentration (ug/mL)

Figure 3. The standard curve of tramadol (0.10-5.0 pg mL™)

Using the least squares regression approach to construct the
linear regression analysis, the linearity was assessed. The
regression equation was computed from the calibration graphs
(Table 1).

Table 1. Linearity of tramadol

Parameter GC-MS
Linearity (ug mL™) 0.05-5.0
Regression equation y=3.638x-0.1684
Correlation coefficient 0.9927

LOD (ug mLY) 0.015

LOQ (ug mL™) 0.045

2Based on six calibration curves, y=peak area ratio, x=concentration of tramadol
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Accuracy and precision

Accuracy is described as how closely test results produced by the
procedure resemble the actual value. By using known, added
amounts of analyte in the experiment, it is frequently stated as
the percent recovery. The exactness of the analytical process is
gauged by accuracy. The true values were utilized to determine
the variances of the obtained results, which were then reported
as a % accuracy.

Precision is the ability to reproduce an analytical process across
multiple homogeneous sample samplings. The standard
deviation or relative standard deviation of a set of
measurements is typically used to represent the precision of an
analytical procedure. A measure of precision could be the
analytical method's repeatability or degree of reproducibility
under typical operating conditions.

By analyzing the QC samples six times, the assay method's
accuracy for intra- and inter-day fluctuations was assessed. The
precision and accuracy results for the QC samples both within
and between day runs are displayed in Table 2. Between 1.18%
and 3.51% ranged the precision, and between 0.67% and 3.20%
the accuracy.

Table 2. Precision and accuracy of tramadol

Intra-day Inter-day
Added Found +SD? Precision Found + SD* Precision
Accuracy® Accuracy*®
(ng mL?) (ng/mL) % RSDP (ng/mL) % RSDP
0.75 0.77+0.027 3.51 2.67 0.74 £0.014 1.89 -1.33
2.5  2.42+0.070 2.89 -3.20 2.52+0.037 1.47 0.80
45  4.53+0.053 1.18 0.67 4.51+0.067 1.49 2.22

SD2: Standard deviation of six replicate determinations, RSDP: Relative standard deviation, Accuracy®: %
relative error: (found-added)/addedx100

Limits of detection (LOD) and quantification (LOQ)

Tramadol's LOD and LOQ values were ascertained by evaluating
various tramadol solutions and calculating the signal-to-noise
ratio for every analyte. The concentration providing a signal-to-
noise ratio of roughly 3:1 is the LOD, while the concentration
providing a signal-to-noise ratio of roughly 10:1 with an RSD of
less than 10% with triplicate analysis is the LOQ. The GC-MS
technique yielded LOD and LOQ values of 0.015 and 0.045 pg mL
1, respectively.

Stability

Standard solutions representing the lowest, middle, and highest
points of the calibration curves were prepared independently to
evaluate the stability of tramadol under varying temperatures
and time conditions. The stability tests revealed that the samples
remained stable for 8 hours at room temperature, for short-term
storage at 4°C and -20°C, and for 72 hours at these lower
temperatures for long-term storage. The stability study results,
shown in Table 3, indicated no significant degradation, with
values falling within the acceptable range of 90 to 110 percent.
The findings are detailed in Table 3.
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Table 3. Stability of tramadol in solution (n=6)

Intra-day Inter-day
Conc. Room temperature Refrigeratory Frozen Refrigeratory Frozen
(ng mLY) 24h 4°C, 24 h -20°C, 24 h 4°C,48 h -20°C,48 h
0.5 100.7 £ 2.76 99.4+£3.78 99.2+2.41 99.4 +3.47 98.5+3.43
2.5 101.7 +2.17 100.6 + 3.57 97.3+3.75 98.2 +2.17 101.2+2.78
5.0 99.3£3.473 101.3+2.74 98.4+3.46 100.2+2.71 99.4+2.74
Table 4. Recovery of tramadol in pharmaceutical preparation
Intra-day Inter-day
Pharmaceutical Added Found £ SD? % Recovery Found £ SD? % Recovery
preparation (ug mLY) (ug mL?) % RSD" (ug mL?) % RSD"
0.5 0.49 £0.019 98.7 (4.07) 0.49 £0.016 97.9 (3.27)
Contramal Retard 0.0 99. 0 g
+ +
(1.5 ug mLY) 1.5 1.49 £ 0.071 .2 (4.78) 1.46 + 0.040 98.7 (2.77)
3.5 3.51+0.145 100.3 (4.13) 3.47+£0.178 99.2 (5.12)

SD?: Standard deviation of six replicate determinations, RSD®: Relative standard deviation

Recovery

Recovery values were obtained by adding different amounts of
pure drug to tablet samples, which had already been pre-
analyzed, within the analytical concentration range of the
proposed method. The additional doses of each drug were then
determined using the described procedure. The results from the
recovery tests were considered satisfactory and are presented in
Table 4.

System suitability

Before each validation run, a system suitability test was
performed on the chromatographic system. Efficiency and area
relative standard deviation were calculated for each of the five
suitable injections. The five suitability injections' average was
used to quantify the check standard. The efficiency was 23562
and the %RSD was <1.47% for all sample analysis.

Procedure for pharmaceutical preparations

The 100 mg tramadol-containing Contramal Retard tablet was
precisely weighed and finely powdered. A measured amount of
the powder was dissolved in 50 milliliters of methanol. Then, the
solution was transferred to a 100 mL volumetric flask and filled
to the mark with methanol. After properly diluting the tablet
solutions, they were filtered using a Whatman filter to achieve a
final concentration within the linear range of the GC-MS method
(Figure 4). The tramadol concentration was determined using
the calibration curve.

DISCUSSION

In biological samples, GC-MS is a potent technology that can
assess low amounts of analytes quantitatively and with great
specificity. High-resolution capillary GC has not been utilized as
much as HPLC lately. Tramadol and O-desmethyltramadol could,
however, be detected simultaneously because to its naturally
high resolving power, high sensitivity, and outstanding precision

and accuracy. GC in conjunction with MS also reduced the
detection limits to ng levels. Through an investigation of the
peak interference from the exogenous chemicals, the specificity
of the approach was confirmed. Figure 2 displayed a
representative tramadol and IS chromatogram.

El-Sayed et al.l’® developed a GC-MS method for the
determination of tramadol and O-desmethyltramadol in human
urine following a-glucuronidase hydrolysis and liquid-liquid
extraction, utilizing positive electron impact ionization. The total
run time for the proposed method was 12.6 minutes. The
calibration curve was found to be linear within the 10-1000 ng
mL? range. Intra-assay precision for tramadol and O-
desmethyltramadol ranged from 1.29% to 6.48%, while inter-
assay precision ranged from 1.28% to 6.84%. The intra-assay
accuracy for both tramadol and O-desmethyltramadol was
between 91.79% and 106.89%.
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Figure 4. The chromatogram of Contramal Retard tablet
solution (1.0 and 4.0 ug mL?)
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Using solvent bar microextraction, Ghasemi!!, a GC-MS
technique has been developed for the determination of
tramadol in various biological samples. With a 4.5 % RSD, the
detection limit was 0.02 pg L. A solid phase extraction
technique was used to remove tramadol from plasma. In
addition to being the most thorough approach, this one can
extract tramadol in a single extraction process. The entire run
time of the procedure is 15 minutes.

Biological samples have low sensitivity and selectivity when it
comes to UV detection, even though tramadol and its metabolite
molecules include a benzene ring.?®® Currently, mass
spectrometry and fluorescence are the only two types of
detectors that have attained low quantification levels. The
lowest tramadol quantification level*?'%2! ysing any of them was
around 1.0 ng mL?, indicating a lower detection limit of 0.2 - 0.5
ng mL1.1210

Using tandem mass detection using LC techniques, the amount
of tramadol and O-desmethyltramadol in human plasma is
revealed.>® According to Ceccato et al.> tramadol and O-
desmethyltramadol in human plasma were evaluated using the
LC technique with tandem mass detection. The tramadol
calibration curve utilizing the LC-MS/MS method was linear
between 20 and 10,000 ng mL?. The RSD value indicated the
intra- and inter-day precision of less than 6.4%, and relative
error, or accuracy, was better than 6.1%. More sensitive would
be LC-MS/MS detection, although at the moment, not all
laboratories can afford it.

In the literature, tramadol was recovered from plasma using a
solid phase extraction technique.?® In addition to being the most
thorough approach, this one can extract tramadol in a single
extraction step. In comparison to the research published by
Ardakani et al.?” and Moore et al.?8, the mean recovery is higher.
The proposed method, with a total run time of 8.0 minutes, is
faster than the previously reported GC-MS methods for
tramadol and its metabolites.?®>3° Additionally, it achieves
adequate sensitivity for both O-desmethyltramadol and
tramadol without the need for derivatization, offering an
improvement over the methods previously published.?®

This method's sensitivity was found to be sufficient for
pharmacokinetic studies when applied to tablet samples. When
compared to the previously mentioned methods, the current
approach presents several advantages. It is either superior or at
least on par with the methods described in earlier studies.?327-30

CONCLUSION

In this study, a GC-MS method was developed and validated for
the determination of tramadol, offering a quick and
straightforward approach. The chromatographic method
satisfies all essential criteria, including accuracy, linearity,
recovery, and precision, making it a reliable and practical
technique. Due to the 9-minute run time, a large number of
samples can be analyzed in a short period. Therefore, this
method is suitable not only for routine formulation and raw
material analysis but also for analyzing samples during
accelerated stability studies.
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Review Article

Green synthesis, characterization and
applications of manganese oxide nanoparticles

ABSTRACT

Nanotechnology is a promising and rapidly evolving field. Nanotechnology has received increased attention in
recent years due to the need to create biocompatible materials for a variety of applications in fields such as
health, medicine, water treatment and purification, and so on. Metal and Metal Oxide is one element of
nanoscience and nanotechnology that has various applications in a variety of fields and has piqued the curiosity
of academics. However, manganese and manganese oxide have received less attention as a high-performance
metal in a variety of applications, including medicine, biomedicine, biosensors, water treatment and purification,
electronics, electrochemistry, photo-electronics, catalysis, and so on. The standard methods of synthesizing
nanoparticles can be harmful to the environment and living things. Thus, the greener way to nanoparticles (NPs)
synthesis is recommended. It has various advantages, including being non-toxic, environmentally friendly, clean,
less expensive, and almost new, as well as the ability to be done at room pressure and temperature. This review
focuses on collection of comprehensive information from recent developments in the synthesis, characterization
and applications from previous scientific findings on the biological method of synthesizing manganese oxide
nanoparticles (MnO NPs) due to the aforementioned advantages. Green synthesis of MnO NPs leverages the
benefits of bioactive compounds from plant extracts, which help in controlling the size, shape, and surface
characteristics of the nanoparticles. This results in enhanced antibacterial activity, catalytic activity,
electrochemical performance, magnetic behavior, and fluorescent properties while ensuring biocompatibility
and environmental safety. Consequently, MnO NPs synthesized via green methods are highly suitable for a wide
range of applications, including environmental remediation, electronics, biomedical imaging, and nutritional
supplements.

Keywords: Nanoparticles, Manganese oxide, Green synthesis, Biomedicine, Characterization.

INTRODUCTION

Nanomaterials, with a length scale of less than 100 nm, have garnered significant attention not only
for their fundamental scientific value but also for their remarkable applications stemming from unique
electrical, magnetic, and catalytic capabilities.! These nanoparticles are of interest due to their
potential applications across diverse fields, including medicine, wastewater treatment, agriculture,
energy production, and environmental remediation.?® Metal nanoparticles (NPs), in particular, exhibit
exceptional surface area-to-volume ratios, high surface energy, spatial confinement, and minimal
defects, alongside superior physicochemical, electrical, mechanical, magnetic, thermal, dielectric,
optical, and biological properties compared to as compared with other materials.*”’

Among the 3D transition metal oxides, manganese oxides, including MnO, MnsOg, Mn,03, MnO,, and
Mn304, have piqued researchers' interest due to their numerous structural and compositional
variations.®  Manganese oxide nanoparticles show significant promise for sustainable
nanotechnology.’ They find extensive applications in imaging contrast agents, magnetic storage
devices, water treatment, and purification, owing to their advantageous physical and chemical
properties.10-1

Various methods, such as chemical precipitation, sol-gel, solvothermal/hydrothermal, solid-state
synthesis, electrochemical, and photochemical reduction techniques, are widely employed for the
synthesis of nanoparticles.'’*® However, physical and chemical methods often involve energy-
intensive, costly processes and the use of toxic substances.?® In contrast, green synthesis offers an
alternative route to producing biocompatible nanoparticles. This eco-friendly, cost-effective, and less
energy-demanding approach utilizes biological materials such as bacteria, fungi, algae, yeast, and
plant extracts as reducing agents.?’2*> Among these, plant-based synthesis has garnered particular
interest due to its simplicity and efficiency.?4?® Plant phytochemicals, such as alkaloids, polyphenols,
flavonoids, and terpenoids, have demonstrated their ability to reduce metal ions and synthesize stable
nanoparticles.?”?® Moreover, biogenic plant phytomolecules can enhance the nanoparticles' intrinsic

properties, such as antioxidant, antibacterial, and anticancer activities, compared to their extracts.?*~
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This article provides a comprehensive review of green synthesis
approaches for MnO NPs to address the limitations of traditional
physical and chemical synthesis methods. It begins by exploring
various synthesis methods, with a focus on green synthesis and
the effects of experimental parameters on MnO NPs production.
Next, characterization techniques are reviewed, highlighting
their role in understanding the morphology, optical properties,
crystallinity, and surface chemistry of MnO NPs. Finally, the
article highlights the diverse applications of MnO NPs, including
antibacterial activity, dye degradation, electrochemical
properties, magnetic behavior, fluorescence, and their potential
as nutritional supplements. Through this structured analysis, the
review aims to provide a detailed understanding of the green
synthesis of MnO NPs using plant extracts as reducing and
stabilizing agents, along with their emerging applications.

SYNTHESIS OF MnO NPs

Manganese oxide nanoparticles with various shapes and
exceptional qualities have been synthesized via several
innovative and novel methods, including the hydrothermal
method, chemical method3?, sol-gel synthesis method,
ultrasonic bath method34, thermal decomposition method3>36,
laser ablation method®®, and green synthesis method.'® The
chart showing the various methods of MnO NPs synthesis are
showed in Figure 1.

Methods of synthesizing MnO NPs

I_I_l

n

Figure 1. Flow chart representing the various methods of
synthesis of MnO NPs.

Chemical Method

Atoms, molecules, and clusters are used in chemical processes
to construct Manganese oxide NPs structures. As a result, the
majority of these approaches rely on a bottom-up approach that
employs appropriate precursors and additives.3’. Wet chemical,

chemical vapor disposition, direct precipitation, solvothermal,
hydrothermal, sonochemical, microwave-assisted combustion,
electrode-position, homogeneous precipitation, sol-gel, spray
drying, microwave irradiation, reverse micelles, and spray
pyrolysis methods, as well as the manganese-alcohol reaction,
are examples of chemical processes.®®*° Although chemical
procedures are simple, economical, and continuous processes
with high efficiency***?, they can be harmful to persons and the
environment due to the presence of dangerous substances.
Some of the substances utilized in chemical and physical
techniques may remain on the NPs, providing major dangers to
medical applications.** Advantages and disadvantages of this
methods are shown in Table 1. In Sol-Gel Method, this technique
involves the hydrolysis and condensation of metal alkoxides to
form a gel, which is then calcined to produce MnO NPs. Sol-gel
synthesis enabled precise control over particle morphology and
crystallinity.** MnO, was successfully fabricated using a gel
formation process followed by calcination at 400°C (MnQ4) and
700°C (MnOy) in the presence of air.** The structural and
morphological analyses revealed to be a body-centered
tetragonal crystal lattice with a nano-tablet-like porous surface
with size of 12.6 nm and 16.2 nm. In Co-Precipitation Method,
this approach involves the reaction of manganese salts with
alkaline solutions, leading to the formation of MnO NPs. For
example, MnO NPs were synthesized using manganese acetate
and sodium hydroxide, achieving nanoparticles with size of
about 18.35 nm and high crystallinity.*> However, the process
often requires post-synthesis purification to remove by-
products. Thus, cost-effective and ecologically benign
technologies for Manganese oxide NPs synthesis are urgently
required. Figure 1 shows the various chemical methods used for
the synthesis of MnO NPs.

Physical Method

The primary physical approaches are laser ablation, mechanical
milling, sputtering, lithography evaporation/condensation and
electrospinning.3®> Physical synthesis methods have the benefit
of avoiding solvent contamination in the generated thin films
and ensuring uniform MnO NPs distribution as compared to
chemical approaches. The advantages and disadvantages of this
method are shown in Table 1. Physical synthesis of NPs using a
tube furnace at atmospheric pressure has some drawbacks, such
as the fact that the tube furnace takes up a lot of space,
consumes a lot of energy while raising the ambient temperature
around the source material, and takes a long time to achieve
thermal stability. Furthermore, a typical tube boiler takes more
than a few kilowatts of power and several tens of minutes of
preheating time to achieve a steady operating temperature.*®4’
Laser ablation of metallic bulk materials in solution could be used
to synthesize manganese nanoparticles. One significant
advantage of laser ablation approach over other ways for
producing metal colloids is the absence of chemical reagents in
solutions. Manganese oxide nanoparticles in the Mn30,4 phase
were synthesized using the laser ablation of solids in liquids
technique (LASL).*® The experiments were carried out by ablating
a manganese (Mn) target immersed in deionized water as the
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liguid medium, with a pulsed Nd:YAG laser with a wavelength of
1064 nm. The effect of ablation time on the formation of these
oxides was studied as an important parameter, which
determines the final composition of the obtained products. The
results showed that the nanoparticles are well crystalized and
have an approximate size between 7 and 11 nm. This approach
can produce pure and uncontaminated metal colloids for future
uses.” Figure 1 shows the various physical methods that can be
used for the synthesis of MnO NPs.

Biological Method

The biological approach to MnO NPs manufacturing includes the
use of organisms (bacteria, yeast, and fungi) and plant extracts
as reducing agents for metal ions®®>? as shown in Figure 2.
Synthesized monodispersed orthorhombic MnO, with Bacillus
sp., a heavy metal resistant bacterium.® The MnO; produced
was intracellular and recoverable. Plant-based NP synthesis is
extremely cost effective, making it an economically viable and
valuable alternative for large-scale NP production.>
Biomolecules such as flavonoids, proteins, tannins, phenols, and
terpenoids have been shown to be effective reducing and
stabilizing agents for MnO NP production. Plants rich in
antioxidants can also be employed to make the NPs. The
antioxidant polyphenols in the plant act as reducing and
stabilizing agents.>*>> A plant extract from Kalopanaxpictus and
Yucca gloriosa with curcumin was utilized to create NPs of size
19.2 and 80 nm, respectively, at room temperature, without
utilizing the catalyst or other costly materials.’®?” Green
synthesis of MnO NPs using plant extracts as the source of
electron generation for manganese salt reduction has certain
advantages over microbe-based synthesis in that it does not
require cell culture upkeep and can be scaled up for large-scale
production.®® The advantages and disadvantages of the
biological method of synthesis are summarized in Table 1. The
synthesis of MnO NPs utilizing a plant extract of Moringa oleifera
is shown in Figure 2.

The following equations indicate the probable mechanism
involved in MnO NPs synthesis.

Mn 2* + plant extract > [Mn/plant extract]?*
[Mn/plant extract]?* > heat [Mn(OH),/plant extract]
[Mn(OH),/plant extract] (Incubation)> MnO NPs

Initially

Final product

7o

Manganese Oxide
nanoparticles

Plant

Crushed extract

v

e

=

0.1M (CH3COO)2Mn
*4H20 + Plant Extract

800 °C, 2hrs

Figure 2. The green synthesis of MnO NPs

EFFECTS OF EXPERIMENTAL PARAMETERS ON MnO NPs
SYNTHESIS

The biosynthesis of nanoparticles is influenced by several factors
that significantly affect their characteristics and properties.>® To
obtain nanoparticles with the desired size, shape, composition,
stability, and other attributes, these factors must be carefully
monitored and optimized. The following are parameters
impacting nanoparticle synthesis include temperature, pH, type
of plant extracts and concentrations, and reaction time.>®

Effect of pH

pH is a significant element influencing MnO NPs creation using
green technology methods. Researchers revealed that the pH of
the solution medium affects the size and texture of the
synthesized MnO NPs.5>® As a result, changing the pH of the
solution media can affect the size of the nanoparticles. A solution
medium with pH values ranging from 7 to 9 has been identified
as the ideal setting for the creation of nanoparticles from
Aeromonas hydrophila extract.5!

Table 1. Advantages and disadvantages of different methods of MnO NPs synthesis>%62-58

Method  Advantages Disadvantages References
Generation of non-ecofriendly products, it is energy 62-64
Chemical It enhances large production intensive processes, use of toxic solvents as reducing
and stabilizing agent
Control crystallinity, shape and production of
) MnO NPs with uniform, controlled size and high - . 65,66
Physical . . Require high capital cost and consume large energy
purity are achievable
. . . . Using microorganisms is not attractive due to the
. . This method is cost effective, non-toxic use of & 8 . N . 59,67,68
Biological requirements of aseptic cultivation and increased o7,

materials and simple

production cost at industrial scale
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Effect of Temperature

Temperature is another significant element that influences MnO
NPs production via all three processes. Physical procedures
demand higher temperatures (>350°C), while chemical
approaches require lower temperatures.®® MnO NPs synthesis
utilizing green technology often requires temperatures below
100°C or ambient temperature. The temperature of the reaction
medium determines the type of nanoparticle generated.®® The
effect of temperature on the green synthesis of MnO, NPs was
studied by varying the temperature conditions of the mixture
from 75°C to 95°C.7° The result shows that higher temperature
conditions (up to 90 °C) favors the formation of MnO, NPs. A
further increase in temperature supports the agglomeration of
nanoparticles leading to decreased absorbance values.
Generally, higher temperatures result in faster reaction rates but
may also promote particle aggregation or undesired growth.
Thus, controlling the temperature is important to achieve
nanoparticles with the desired properties.’?.

Effect of Time

The duration of incubation of the reaction medium has a
significant impact on the quality and kind of MnO NPs
synthesized utilizing green technology.”? Similarly, the
properties of the synthesized nanoparticles changed over time
and were heavily influenced by the synthesis method, light
exposure, and storage conditions, among other factors.”7*
Variations in time can occur in a variety of ways, including
particle aggregation caused by long-term storage; particles that
shrink or expand during long-term storage; shelf life, and so on,
all of which affect their potential.”

Effect of type of plant extracts and concentrations

Secondary metabolites found in several living systems, including
plants, operate as reducing and stabilizing agents in the creation
of MnO NPs. However, the content of these metabolites changes
according to the kind of plant, plant portion, and extraction
method.”® Similarly, various microbes produce different internal
and extracellular enzymes in varied amounts, which influence
nanoparticle production.”” To achieve the best conditions for
green synthesis of MnO NPs, the volume of plant extract must
be proportional to the quantity of manganese precursor
employed.”® The yield of MnO NPs depends heavily on the
volume of extract utilized for synthesis.”® According to the
findings, the volume and kind of extract utilized in nanoparticle
manufacturing have a significant impact on their morphological
qualities and biological activities.®°

CHARACTERIZATION OF MnO NPs

UV-visible (UV-Vis) spectroscopy

UV-visible spectroscopy is a type of molecular spectroscopy that
operates using the Bouguer Lambert Beer law. In conjunction
with electromagnetic waves, this approach measures Plasmon
resonance and total oscillations of the electron conduction band.
It is also used to assess fluid absorption as well as other
materials.8 When a light beam passes through a solution, some
of it may be absorbed while the remainder is transmitted

through it. Transmittance is the ratio of light entering a sample
to light exiting it at a certain wavelength. Absorbance is the
negative logarithm of transmittance.®? MnO NPs exhibited UV-
Visible absorption spectra ranging from 284 to 400 nm due to
n>1  and m>1 transitions.?#8384 Furthermore, distinct
absorption peaks of MnO NPs suggested that the shape and size
of manufactured nanoparticles varied depending on the
synthesis process.®>8® Metal nanoparticles' absorption spectra
move towards longer wavelengths as particle size rises.%%’
Findings on the uses and application of UV as characterization
tools in green synthesis of MnO NPs are summarized in Table 2
and 3.

FTIR spectrophotometer

The FTIR analysis is used to identify organic, inorganic, and
polymeric compounds by scanning the samples with infrared
light. Changes in the typical pattern of absorption bands plainly
show a change in material composition. FTIR is useful for
identifying and characterizing unknown compounds, detecting
impurities, locating additives, and determining decomposition
and oxidation.®? Infrared radiation (10,000 — 100 cm™) is
transmitted through the sample, with some being absorbed and
some going through. The absorbed radiation is transformed by
the sample into vibrational or rotational energy. The detector
produces a signal ranging from 4000 to 400 cm™, representing
the sample's molecular fingerprint. Each molecule has a distinct
fingerprint, making FTIR an invaluable tool for chemical
identification.® MnO NPs are identified by conspicuous peaks
such as O-H, C=0, C-O, C-N, C-H, and C=C as shown in Table 3.

Scanning Tunnelling Microscopy (STM)

This tool produces surface pictures with atomic-scale lateral
resolution. A fine probe with a tip scans the conducting sample's
surface using a piezoelectric crystal, and the resulting tunnelling
current is measured. Quantum tunnelling is the working
principle of STM. The surface topography is determined by
graphing the tip's height as a function of its lateral position over
the sample.?2 STM can be employed in air, vacuum, liquid, or gas
at a variety of temperature ranges. The procedure might be
difficult because the tip must be sharp and the surfaces clean.
Carbon nanotube tips are employed for STM.® It is a potentially
useful technique for characterizing nanoparticles. The growth of
MnO NPs is monitored using STM. Previous studies on the use of
STM as a characterization technique is shown in Table 2.

Atomic Force Microscopy (AFM)

AFM is a powerful and adaptable microscopy technique for
studying samples at the nanoscale.’® It captures an image in
three dimensions and gives several types of surface
measurements to fulfil the needs of scientists. AFM can produce
images at atomic resolution with angstrom scale resolution
height information while requiring minimal sample preparation.
In nanotechnology, it may be used to detect surface roughness
and visualize surface texture on a wide range of materials. It is
also a non-destructive approach with excellent three-
dimensional spatial resolution.?? Previous studies on the use of

NanoEra



32

AFM as a characterization technique is shown in Table 2.

Transmission electron microscopy (TEM)

TEM is regarded as the most effective electron microscopy
technique for determining the morphological identities of MnO
NPs and other metal nanoparticles.’® In the TEM technique, an
electron beam is delivered through the sample, interacts with it,
and the transmitted electrons are used to generate a picture by
magnifying and focusing them with an objective lens.®? The
upgraded version of TEM with better resolution, which permits
imaging of a sample's crystallographic structure at the atomic
level. Unlike traditional microscopy, which uses absorption to
form images, high resolution transmission electron microscopy
creates images by interference in the image plane.?? Previous
studies on the use of TEM are shown in Table 2.

Scanning electron microscopy (SEM)

SEM is used to characterize the morphology of MnO NPs. SEM is
a popular approach for imaging surfaces at high resolution, and
it can also be used to characterize nanoscale materials. SEM
images using electrons in the same way as a light microscope
does with visible light.® It is limited in some morphological
analyses because it provides insufficient information about the
true population and average size distribution.”®> SEM has been
shown to harm several nanopolymers. As a result, for effective
morphological examination by SEM, the NPs must be able to
sustain vacuum pressure.®® Another disadvantage of this
technology is that it is quite expensive and slow. Other studies
demonstrating the morphological characterization of
biosynthesized MnO NPs using SEM are provided in Table 3.

Dynamic Light Scattering (DLS)

DLS is often referred to as quasi-elastic light scattering. It is a
widely used approach for determining the size of MnO NPs in
colloidal solutions in the nano- and submicrometer ranges.®?> The
MnO NPs in a colloidal solution are in constant Brownian motion.
DLS monitors light scattering as a function of time and, when
paired with the Stokes-Einstein assumption, is used to calculate
the NP hydrodynamic diameter (the diameter of the NP and the
solvent molecules that diffuse at the same rate as the colloid) in
solution. To minimize multiple scattering, DLS requires a
relatively low NP concentration.®® Previous studies on the use of
DLS as a characterization technique is shown in Table 2

Energy dispersive X-ray spectrometry (EDX)

This technique provides an overall map of the sample by
analyzing near-surface components and estimating elemental
proportions at various places. EDX is used to qualitatively and
guantitatively determine the elemental composition of MnO NPs
and other metal nanoparticles. X-rays are produced when an
EDX electron beam bombards MnO NPs.°® The emitted X-rays
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are analyzed both qualitatively and quantitatively. For
guantitative analysis, the intensities of peaks are used to
determine the concentration of individual elements in MnO NPs,
but for qualitative analysis, the positions of each X-ray peak on
the EDX spectrum are used to identify them. EDX is used in
combination with SEM. An electron beam with an energy of 10-
20 keV impacts the conducting sample's surface, causing X-rays
to be emitted from the material. The energy of the emitted X-
rays is determined by the substance under study.®? Previous
studies on the use of EDX as a characterization technique is
shown in Table 2.

X-Ray diffractometer (XRD).

XRD can provide crystallographic information as well as phase
purity.®” The average crystallite size of MnO NPs is determined
using the Debye-Scherrer formula.®®

kA
- BcosH

(1)

Where D is the average crystal size, A is the X-ray wavelength, k
is Scherrer constant and B is the full width at half maximum. a-
MnO, exhibits XRD peaks at 26 = 12.7°, 18.0°, 28.6°, 37.5°, 41.9°,
and 49.7°.%° The intensity of the peak grows as the synthesis
temperature and synthesis time of the NPs increase, indicating
that the NPs' crystallinity increases with temperature and
reaction time and corresponds to standard values. Similarly,
altering the reacting species ratio can promote crystallinity.'®
Previous studies on the use of XRD as a characterization
technique is shown in Table 2. Furthermore, other techniques
adopted for the characterization of biosynthesis MnO NPs are
documented in Table 2.

Applications of MnO NPs

MnO NPs synthesized using plant extracts have been reported to
exhibit numerous applications in many fields. Some applications
of MnO NPs are discussed below as shown in Figure 3.

g‘@." .‘ g i=7l=) &:%_ %

Anticancer {61,140}
Antimicrobial Environmental L=
remediation

Nutrients Adsorbent

Electrochemical

Sensing

Figure 3. The various applications of MnO NPs
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Table 2. Characterization techniques for synthesized MnO NPs8%101-116

Techniques

Purpose

Reference

Centrifugation

To separate the synthesized NPs from reaction solution.

101

Transmission electron microscopy (TEM) Get High Resolution Pictures than a light microscope. Used to study the =~ 103102
structure and presence of NPs.

Scanning electron microscope (SEM) Get a three-dimensional appearance 3D based on the interaction of the 103
electron beam with the specimen surface.

Scanning tunnelling microscopy (STM) To study the local electronic structure of metal NPs as well as the structure 104
and presence of NPs.

Ultraviolet-visible spectroscopy (UV-Vis) Used for the optical study of the materials and to determine the synthesis 101105
of NPs.

Fourier transform infrared spectroscopy (FTIR)  To study the surface chemistry of metal NPs. 82,106
Used for the identification of organic, inorganic, and polymeric materials
utilizing infrared light for scanning the samples. Used to identify functional
groups in the material.

X-ray diffraction (XRD) Used for characterization of hanopowders of any sizes. 107,108
Provide useful information and also help correlate microscopic
observations with the bulk sample.

X-ray photoelectron spectroscopy (XPS) Used to identify the elemental composition and chemical states of the 109
elements present at the surface of a material.

Dynamic light scattering (DLS) Used to measure the size of particle analyze complex colloidal systems. 103,110

Energy dispersive X-ray spectrometry (EDX) Used to identify the elemental composition of a sample. 11,112

Atomic force microscopy (AFM) Analyze complex colloidal systems obtains information by touching the = 103113
sample’s surface with a probe used to obtain high-resolution images.

To study the size, shape, and surface roughness of metal NPs.
114,115

Dynamic light scattering (DLS)

Measure the hydrodynamic diameter of nanoparticles in solution.

Thermogravimetric analysis (TGA)

Study the thermal stability and decomposition of metal NPs.

116

Table 3. SPR bands, and functional groups, characterization techniques of biosynthesized MnO NPs from some plant sources!''%

16,26,54,56,70,117-121

SPR

Plants/Organisms Salt peak Funcflo.nal grm_xp Techniques Shape Size Application Ref.
names prediction (cm™) (nm)
(nm)
Lemon methanolic Mn(OAc),.4H,0 360 OH 3650 UV-VIS, FTIR, - 50 Antibacterial and 13
extract C=0 1625 SEM, and Antifungal
C-0 1026 HRTEM
C=C 1574
Mn-0 901
Kalopanax pictus KMnOg4 OH 3000 UV-VIS, XPS, Spherical 1-60 Dye degradation 15
leaf extract C=0 1623 FTIR, TEM, and Electrochemical
C-0 1089 EDX
Mn-O 518
clove, i.e., Syzygium Mn(OAc); 270 OH 3393 UV-VIS, XRD, - 4 Electrochemical 11
aromaticum C=0 1707 FTIR, TGA,
aqueous extract C-01220 FESEM, DLS
Mn-0O 827 and TEM
Phyllanthus amarus ~ Mn(OAc),.4H,0 360 OH 3433 UV-VIS, XPS, Nanorod 40-50 Fluorescence 16
leaf extract C=0 1625 FTIR, TGA, studies
C-0 1021 SEM, and TEM
C=C 1355
Mn-O 580
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Abutilin indicum MnSO4H>0 OH 3250 FTIR, UV-VIS, Spherical 80 Photocatalytic 26
C=0 1650 XRD, EDX and and antibacterial
C-0 1060 STM
C-H 2970
Mn-0O 580
Ananas comosus (L.) KMnO4 - OH 3450 FTIR, XPS, Spherical 10-34 Nutritional 117
peel extract C-H 2335 DLS and SEM supplements
C-N 1384
Mn-0 626
Dittrichia graveolens Mn(OAc), 284 OH 3420 UV-VIS, XRD, Spherical 38 Dye 14
(L.) extract C=0 1650 FTIR, and degradation
C-01030 FESEM
C=C 2917
Mn-0O 798
Yucca gloriosa leaf Mn(OAc), 410 OH 3400 UV-VIS, XRD, Spherical 80 Dye degradation 56
extract C=0 1648 FTIR,
C-0 1050 FESEM, TEM
C=C 2920
Mn-0 650
Oci . MnCl,.4H,0 329 OH 3200 UV-Vis, XRD, Spherical 6.5 Photocatalytic 70
cimum basilicum L
leaves extract C=0 1550 FTIR, SEM and
C-01028 TEM
C-H 2900
N-H 1380
Mn-0 522
Conocarpus erectus MnCl, 265 OH 3421 UV-VIS, XRD, Spherical 80 Nanofertilizer 118
L leaves extract C=0 1638 FTIR, EDX,
C-C 1558 SEM, and AFM
Mn-0 671
Euphorbia MnCl,.4H,0 - OH 3245 XRD, FESEM, Irregular 13.5 - 119
heterophylla Leaves C=0 1610 HRTEM, FTIR shaped
Extract C-N 1071
Mn-O 559
Aloe vera KMnOg4 - OH 3378 FTIR, XRD and Spherical 22,18 Antibacterial 120
C=0 1633 FESEM and 16
C-C 1060
C=C 1383
Mn-0O 545
Gardenia resinifera Mn(OAc), 362 OH 3770 UV-VIS, XRD, Spherical 17-32 Antimicrobial 121
Leaf extract C-H 2924 FTIR, PSA, activity
C-N 1435 SEM, EDAX
C=C 2376 and HRTEM
Mn-0 524
Bryophyllum KMnOy OH 3426 UV-VIS, XRD, Spherical 4-18 Magnetic property 122
pinnatum C-H 2924 FTIR, SEM
C-0 1034
C=0 1618
Mn-0 524
Extracts of orange's KMnO4 - - TEM, XRD, TGA, - 7.25 Electrochemical 54
juice BET

Antibacterial

Green nanoparticles have demonstrated promising antibacterial
efficacy against a variety of gram-negative and gram-positive
bacteria. However, the mechanisms underlying growth
inhibition and bactericidal effects are unclear. Notably,
nanoparticle features such as form, size, and surface area,
among others, have a significant impact on how they destroy
bacterial cells. Manjula et al created manganese oxide
nanoparticles using Gardenia resinifera leaf extract.!?! The
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scanning electron microscopy, or SEM, revealed the roughly
spherical shape of manganese oxide with a size of around 17-32
nm. The antibacterial activity of synthesized MnO, nanoparticles
was investigated using the agar well diffusion method. The
concrete results indicate that Serratiam arcescens was the most
sensitive microorganism with a maximum zone of inhibition (29
mm), followed by Pseudomonas aeruginosa (28 mm). In another
study, the synthesis of manganese oxide via a green method
using Lemon methanolic extract was reported.'* The MnO NPs
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exhibited the strongest antibacterial activity against S. aureus
zone of inhibition (18 mm) and E. coli zone of inhibition (19 mm)
and it showed moderate activity against S. bacillus zone of
inhibition (17 mm). Therefore, the presence of an inhibition zone
clearly indicates that the antibacterial activity of synthesized
manganese nanoparticles against S. aureus is extremely superior
to the standard drug, Chloramphenicol and nearly similar activity
against E. coli bacteria.??

Dye Degradation

The paper and textile industries drain a vast volume of
environmental contaminants, including carcinogenic natural and
nondegradable colors. Photocatalytic techniques have received
a lot of interest recently due to their ability to degrade dyes
efficiently.?712> One study investigated the dye degradation
activity of MnO; NPs to decompose Acid Orange.*® In their study,
MnO;, NPs were also generated greenly utilizing Y. gloriosa
extract. The photocatalytic activities of MnO, NPs for dye
degradation were investigated with Acid Orange as an organic
contaminant, and the results were promising. Time investigation
of Acid Orange degradation revealed faster dye breakdown. The
dye degradation activity of MnO, NPs was investigated using
Congo Red and Safranin O dyes. MnO, NPs were also created
utilizing a green technique involving K. pictus plant extracts.'
MnO, nanoparticles were discovered to destroy two dyes: Congo
red and Safranin O. Congo red and safranin O exhibited
absorption maxima at 496 and 518 nm, respectively. Time course
examination of Congo red degradation at absorption maxima
revealed that biologically synthesized MnO; nanoparticles have
a higher decolorization potential. Congo red was completely
degraded in 8 minutes by biologically synthesized MnO,
nanoparticles. The decolorization capacity of biologically
synthesized MnO, nanoparticles for degrading safranin O was
found to be almost same. The total degradation of safranin O
was achieved within 10 to 15 minutes.

Electrochemical Application

Supercapacitors or electrochemical capacitors are energy
storage devices that may provide tremendous power while also
delivering energy in a short amount of time, unlike batteries.
These devices are necessary for high-power supply applications
such as electric/hybrid automobiles, backup memories, digital
products, aeroplane emergency doors, micro-devices, mobile
gadgets, and next-generation portable electronics. This is due to
their low cost, low maintenance requirements, safety, short
charging times, and high cycle life.}?® The use of synthesized
MnO NPs in electrochemical sensing was investigated.>* Green
synthesized MnO NPs using orange peel extract were used to
investigate the electrochemical characteristics and discharge
performance of J-MnO; and P-MnO, NPs for possible usage as
cathodes in lithium-ion batteries.>> Galvanostatic charge-
discharge investigations were carried out. The results showed
that (OPMnO,) has a greater surface area and lower K content
than that made with orange juice extract (0OJ-MnQO,). Higher
surface area and reduced K content in OP-MnO; have a positive
impact on its electrochemical characteristics. OP-MnO; has
twice the capacitance of 0J-MnO; at a current density of 0.5 a

per gram.

Magnetic Property

The magnetic characteristics of MnO nanoparticles was
investigated.'?® SQUID analysis was used in their study to
demonstrate the superparamagnetic behavior of MnO NPs. The
SQUID results revealed MnO NPs' super-paramagnetic behavior,
unlike Ullah et al.}?! study that used Bryophyllum pinnatum
aqueous leaf extract as a reducing and capping agent to
synthesize bio-molecule capped a-MnO, nanoparticles and
study their magnetic properties. The study found that the a-
MnO, nanoparticles exhibit modest ferromagnetic behavior at
ambient temperature. At ground state, o-MnO, s
antiferromagnetic due to its symmetric Mn-O-Mn bonds.!??
Biswas et al.'?’ developed Mn-incorporated ZnS nanorods. The
Mn-incorporated ZnS Nano-rods exhibited intense orange
luminescence at approximately 585 nm. Lower Mn
concentrations showed six-line hyperfine splitting in the Electron
Paramagnetic Resonance (EPR) spectra, while higher Mn
concentrations produced broad Lorentzian-shaped EPR spectra
due to Mn-Mn cluster formation. Mn concentrations were
ascribed to the Mn-Mn dipole interaction. The isolated Mn?* ion
and Mn cluster were also discovered using EPR.1?” EPR results
indicate the presence of magnetic dipole interaction in Mn-
incorporated ZnS nanorods with greater Mn concentrations.
Mn,Zn1S NPs with favorable emission characteristics could be
used in emissive devices.'?’

Fluorescence Property

MnO, nanorods were synthesized employing Phyllanthus
amarus plant extract for its fluorescence activity. The
fluorescence emission intensity of green synthesized MnO NPs
at 518 nm was attributed to d-d transitions in Mn3* ions.® The
fluorescence emission observed in this situation may be owing
to defects in the self-assembly of as-prepared Mn NPs. The d-d
transitions in the associated Mn3* ions can be strong due to static
Jahn-Tellar distortion.’?® As a result, these could find useful
applications in fluorescence-emitting materials.®

Nutritional Supplements
Manganese oxide nanoparticles was created from Ananas
comosus (L.) peel and used them as dietary supplements for
freshwater prawn Macrobrachium rosenbergii.’'” Manganese
oxide nanoparticles were given to M. rosenbergii for 90 days. The
study found that prawns fed a diet supplemented with
Manganese oxide NPs had improved growth performance,
digestive enzyme activities, muscle biochemical compositions,
and total protein levels.''” In addition, Manganese oxide NP
supplementation greatly improved the activity of the antioxidant
defense system and metabolic activities such as superoxide
dismutase, catalase, glutamic oxaloacetate transaminase, and
glutamic pyruvate transaminase. The study concluded that green
synthesized Mn,0; NPs were effective and safe as diet
supplements for freshwater prawn Macrobrachium rosenbergii.
According to this study, it could be used as a diet supplement for
other aquatic species because it promotes prawn growth and an
antioxidant defense system.!’

NanoEra
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CONCLUSION

The application of manganese oxide nanoparticles in the
medicinal, energy storage devices, textiles, Dye degradation,
water treatment, fluorescence-emitting materials and
Nutritional supplement has garnered a great deal of interest,
with a focus on development of more of eco-friendly, nontoxic,
and environmentally benign methods using green biotechnology
tools for production manganese oxide nanoparticles. This paper
provides an overview of the green synthesis of manganese oxide
NPs. This review provides insight to the potential of various
natural extracts as replacements for physical and chemical
methods of synthesizing nanoparticles, eliminating the need for
additional capping agents or typical industrial surfactants that
are challenging to remove post NPs synthesis and poses a threat
to the environment. The recent characterization techniques
used in examining the identities of manganese oxide
nanoparticles were described in detail. To improve the green
approach to synthesis, characterization and applications of
manganese oxide nanoparticles more research should be carried
out to provide more information regarding various factors that
influence green synthesis of manganese oxide nanoparticles and
the different techniques that can be used for characterization of
the synthesized manganese oxide nanoparticles for its more
efficient future applications in different industries.
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