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Abstract
Background: In the past few years, Magnetite (Fe,O,) nanoparticles have gained a significant
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research interest in the field of biology, chemistry, metallurgy due to their wide range of
applications. Some of their important applications include drug delivery, chemotherapy, low-
friction seals, magnetic fluid, adsorbent, recovery of hazardous wastes, etc.

Methods: In the present paper, we reported an eco-friendly route of preparing magnetite
nanoparticles by using leaves of Tilia Tomentosa (Ihlamur) followed by calcination at 400 °C
for 15 minutes.

Results: The bandgap energy of the prepared Fe,O, nanoparticles was studied by UV-Visible
spectroscopy and the value was found to be 3.31 eV. The scanning electron microscopy (SEM)
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“leaves extract image showed the spherical magnetite nanoparticles with an average size of 25 nm. The
wtilia tomentosa phases and thermal properties of Fe,O, nanoparticles were studied by using X-ray diffraction,
thermogravimetric (TG) and differential thermal analysis (DTA). The enthalpy change of Fe,O,
nanoparticles was calculated by using the DTA curve and the value was found to be 4.97 kJ/
mol at 8°C/min heating rate. The antimicrobial activity of Fe,O, nanoparticles was carried out
by the minimum inhibition concentration (MIC) assay method. Except for B. subtilis, Fe,O,

nanoparticles demonstrated significant antibacterial property.

-UV-visible spectroscopy

Conclusion: The prepared magnetite nanoparticles showed excellent thermal stability and
less weight loss over a 30-1000 °C temperature range. The size of the prepared magnetite
nanoparticles is very less therefore they interacted effectively with the organelle, enzymes, and
cells of bacteria and inhibited bacterial growth by killing them.

Introduction

The world in the recent past has witnessed a very rapid
development in the field of nanotechnology and its
glorification in improving the living standard of people.'
Nanotechnology has become very popular among materials
scientists, chemists, biochemists, physicists, metallurgists,
etc. due to its wide range of applications in various
sectors.”” Metal oxide nanoparticles are one of the types
of nanomaterials advancing with significant velocity due to
the ease of production. Compared to metal nanoparticles;
metal oxide nanoparticles show extremely refined size,
maximum surface area and possess excellent physical,
biological, chemical, and mechanical properties.>*

Recently, Fe,O, nanoparticles has proved to be one of
the most popular metal oxide nanoparticles due to their
unique properties like superparamagnetic properties,®

biocompatibility, pigmentation, biodegradability, non-
toxic nature, etc.”” All the above properties had made
them to use in different applications such as catalysis
(for carbon nanotube production),'®'? magnetic storage
media,"” biosensors,'* magnetic resonance imaging contrast
agents,”>" targeted drug delivery,'®*° nickel-iron batteries
and as sorbents for environmental remediation.'”*'

The Fe,O, nanoparticles can be prepared by various
methods like reverse micelle,”** copolymer template
method,*****  co-precipitation,”®  sol-gel = method,”
electrochemical method,* solvothermal method,” and
hydrothermal®* method. But the above-reported methods
are sometimes tedious, slow and may require some special
expensive equipment, capping agents, high temperature
and templates (result in impurities), etc. Most of the
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chemical methods used to prepare Fe O, nanoparticles
require strong toxic reducing agents; whose by-products
are very dangerous to the environment. Therefore, in the
present paper, we reported a simple, rapid, inexpensive,
non-toxic and eco-friendly route to prepared FeO,
nanoparticles using Tilia tomentosa (Ihlamur) plant
leaves extract. Generally, the biological synthesis of metal
oxide nanoparticles by plant leaves mainly depends upon
solvent, pH, pressure and experimental temperature.> One
of the major advantages of the reported method is the huge
availability of biodiversity of plants; the phytochemicals
like aldehydes, ketones, flavonoids and phenols present in
the plant act as reducing agents and converts metal salts
into metal oxide nanoparticles.*

Ihlamur or Linden grows as a tree or shrubs and belongs
to the family of genus Tilia.>* They are generally found
in temperate and semi-tropical regions of the northern
hemisphere. These plant leaves and flowers are used to be
herbal tea for centuries in Turkey. It is a light yellowish with
soothing features and proved to be very effective against
the common cold, fever, headache, sore throat, high blood
pressure, etc.

Moustafa et al. prepared Fe,O, nanoparticles by leaves
extract of guava for doxorubicin drug loading.”” The
shape, size, quantitative analysis was performed by using
transmission electron microscopy (TEM) and UV-visible
spectroscopy respectively.

Kale et al. developed an environment-friendly and cost-
effective method to prepare Fe O, nanoparticles using
banana leaves as reducing agent.’® They reported that the
protein present in banana leaves is main responsible for the
reduction of ferrous sulfate into Fe,O, nanoparticles.
Kanagasubbulakshmi et al. prepared Fe,O, nanoparticles
using Lagenaria siceraria leaves extract. Most of the
leaves extract acts as a reducing agent due to the presence
of phytochemicals. They reported that the magnetite
nanoparticles exhibits excellent antioxidant property
and excellent hydrophilic nature due to the presence of
functional groups like ~-OH and ~-COOH. They also studied
the antimicrobial property of magnetite nanoparticles
successfully against Gram-negative - Escherichia coli,
Gram-positive- Staphylococcus aureus.”

Generally, capping agents are used to reduce particle
agglomeration in the case of physical and chemical
methods of preparing nanoparticles, but our proposed
green synthesis method does not require toxic and
expensive capping agents separately. The phytochemicals
present in Ihlamur leaves itself acts as a reducing agent
as well as capping agent. Therefore, we aimed to develop
low cost, robust, nontoxic and eco-friendly processes to
synthesis nanoparticles and the proposed method satisfies
the mentioned requirements successfully.

Kivrak et al. reported a detail investigation of the phenolic
composition of Tilia tomentosa leaves in their previous
publication.” Many of the researchers have already
published a green synthesis of magnetite nanoparticles, but
no literature is available on the green synthesis of magnetite

nanoparticles using Ihlamur plant leaves. Therefore, in
the present paper, we reported the preparation of Fe,O,
nanoparticles by using Ihlamur leaves and studied their
antibacterial activities.

Materials and Methods

Chemicals and reagents required

Iron (III) chloride hexahydrate [FeCl,.6H O], Iron (II)
chloride tetrahydrate [FeCl.4H O], sodium hydroxide
(NaOH) of Sigma-Aldrich brand was purchased from
Umay laboratuvar, Istanbul, Turkey. Tilia tomentosa
(Ihlamur) plant extract was prepared in the lab and all the
solutions were prepared by using double distilled water.

Preparation of plant extract

The dried leaves of Tilia tomentosa (Ihlamur) were collected
from the market of Bartin, Turkey with the help of an expert
from Bartin University, Turkey and were pulverized using
a blender to get uniform powders. Five grams of powdered
leaves of Ihlamur were mixed with 100 mL of deionized
water and the solution was boiled around 80 °C for 15 to 20
minutes until we get a strong yellow colored solution. Then
the solution was cooled to room temperature (around 25
°C) and filtered through general-purpose filter papers
followed by centrifugation to get a clear yellow colored
solution of plant extract. This plant extract acts as both
reducing agents as well as capping agents in preparing
Fe,O, nanoparticles due to the presence of phenolic
compounds like caffeic, p-coumaric, chlorogenic acids,
etc. and flavonoids like quercetin glycosides, kaempferol
glycosides, tyliroside, etc.*” A small amount of the extract
was used all the time during the experiment to prepare
magnetite nanoparticles and remaining aliquots of plant
extract was stored at 5 “C temperature for further use.
Figure 1 shows the Tilia tomentosa (Ihlamur) leaves, its
extract and colloidal solution of Fe O, nanoparticles.

Preparation of Fe O nanoparticles

One gram of Iron (III) Chloride Hexahydrate and two
grams of Iron (II) Chloride Tetrahydrate powders were
dissolved in 100 mL of deionized water. Then the solution
was stirred on a magnetic stirrer for 10 minutes at 80 "C
to get a homogeneous solution. Later added 10 mL of
Ihlamur plant extract slowly to get dark brownish color
indicating the initial generation of magnetite nanoparticles
and the solution was stirred at 80 “C for 10 minutes on a
magnetic stirrer. Then 0.1 M NaOH was added dropwise
to precipitate out all the brownish color solution as a
black colored solution. Stir the solution for 10 minutes
more at 80 “C for the complete precipitation of magnetite
nanoparticles and then cooled to room temperature.

The obtained solution was further centrifuged for 10
minutes at 7500 rpm to remove all the impurities by
removing the supernatant solution. Then the nanoparticles
were washed again by water and centrifuged at least 3
times. Fe,O, nanoparticles were collected on a watch glass
and dried at 70°C in a laboratory oven overnight.
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Figure 1. (a) Tilia tomentosa (lhlamur) leaves and (b) /hlamur leaves extract (c) Colloidal solution of Fe,O, nanoparticles.
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Figure 2. Schematic representation of the preparation of Fe,O, nanoparticles.

The dried dark brown colored Fe O, nanoparticles were
further calcined in a furnace at 400 "C with a holding
time of 15 minutes to remove any evaporable impurities.
The calcined samples were cooled to room temperature,
pulverized and then stored for further characterization.
Figure 2 shows the schematic representation of preparing
Fe,O, nanoparticles.

Characterization of Fe O, nanoparticles

XRD (RIGAKU SmartLab) was used to study the phases
of prepared Fe O, nanoparticles with the 26 range
between 20-80° using Cu Ka  radiation (A=1.54056 A).
The morphology of the nanoparticles was investigated
by using SEM (TESCAN- MAIA3 XMU) and their
quantitative analysis was carried out by using energy
dispersive spectroscopy (EDS) attached to SEM. UV-
Visible spectroscopy (Shimadzu- UV 3600 Plus) was used
to study the optical properties of magnetite nanoparticles
respectively. Hitachi, STA 7300 model was used to study
the thermal properties. Antibacterial activities of the
prepared magnetite (Fe,O,) nanoparticles were studied
by using gram-negative and gram-positive bacteria by the
MIC assay method.

Antibacterial activity

The antibacterial properties of green synthesized Fe,O,
nanoparticles were investigated against three gram (+)
(Bacillus  subtilis, Enterococcus faecalis, Staphylococcus
aureus) and three gram-negative bacteria (Escherichia

coli, Salmonella enteritidis, Pseudomonas aeruginosa)
respectively. All the tested bacteria were provided by the
Department of Molecular Biology and Genetic of Bartin
University (Bartin, Turkey). Andrews et al.*' reported
the MIC that inhibits bacterial growth under normal
conditions. All bacteria were inoculated to Luria Bertani
broth and bacterial growths were standardized to 0.5
McFarland standard turbidity (1.5x108 CFU/ml). The same
volume of growth medium and solution were added into
the first well of 96 well plates, and the mixture was diluted
from 50 mM to 1.5625 mM using a 96-well microplate that
was incubated at 37 °C.

The MIC value was determined according to the turbidity
of bacterial growth by the UV-Visible spectrum at 600 nm.
The suspended wells were inoculated into Petri dishes that
contained Mueller Hinton Agar and were incubated at 37 °C
for 24 h. MIC is the lowest concentration required to inhibit
bacterial growth. Minimum Bactericidal Concentration
(MBC) assay determines the lowest concentration required
to kill microorganisms.

Results and discussion

X-Ray diffraction

XRD diffraction pattern of Fe,O, nanoparticles prepared by
Tilia tomentosa (Ihlamur) leaves extract is shown in Figure
3. The diftraction peaks at 20 of 30.08°, 35.46° and 43.19°
corresponds to (220), (311) and (400) planes respectively
and all the diffraction peaks were perfectly matched with
the JCPDF Card No.: 00-001-1111. According to the The
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Figure 3. XRD diffraction spectra of Fe,O, nanoparticles prepared
by using Tilia Tomentosa (lhlamur) leaves extract.

XRD data, the diffraction peaks of prepared magnetite
nanoparticles are short and broadened and exhibited a
single-phase cubic structure with space group Fd-3m(227).
XRD data, the diffraction peaks of prepared magnetite
nanoparticles are short and broadened and exhibited a
single-phase cubic structure with space group Fd-3m (227)
crystallite size of prepared magnetite nanoparticles were
calculated by Scherrer’s formula®* as follows:

KA

Pcosb Eq. (1)
Where, D= Average crystallite size, K= A constant equal
to 0.94, A= the wavelength of X-ray radiation (0.154 nm),
B= Full-width half maximum of the peak (FWHM) (in
radians) and 20= Bragg’s angle (degree). We have calculated
the crystallite size for the 2 high-intensity peaks (311) and
(440) using Scherrer’s equation and the values were found
to be =15 nm and =13 nm respectively.

Aparna et al. reported that, as the crystallite size of
the particles decreases to below 20 nm they will show
maximum lattice strain than the particles with more
than 20 nm crystallite size.** Therefore, our magnetite
nanoparticles are expected to have maximum strain due to

il e
MAIA3 TESCAN|

SEM HV: 5.0 kV WD: 4.59 mm |
SEM MAG: 300 kx Det: In-Beam SE | 200 nm

View field: 0.924 ym Date(m/dly): 05/21/19 BARTIN UNIVERSITY

the refined size of almost 15 nm (Scherrer’s calculations).
Therefore, we have decided to calculate the lattice strain by
using Williamson-Hall equation***¢ as follows:

0.944
Pcosl = Eq. (2)

Where ‘B’ is FWHM, ‘¢’ is the strain, ‘D’ is the average
crystallite size and ‘0’ is the Bragg’s diffraction angle.
Williamson and Hall proposed a method for de-convoluting
the size and strain broadening by looking at the peak
width as a function of 20.*° The average crystallite size
and lattice strain of prepared of magnetite nanoparticles
were calculated by Williamson-Hall equation and were
found to be ~9 nm and 0.41 respectively. Broadening of the
diffraction peaks is generally due to the reduced crystallite
size, instrumental errors and lattice strain.”**

+4¢& sind

Scanning electron microscopy

The SEM analysis of the prepared Fe O, nanoparticles
is shown in Figure 4 (a). If we observe the SEM images
carefully one can see the cubic and averagely spherical
magnetite nanoparticles with almost the same dimensions.
The average particle size of prepared magnetite
nanoparticles was found to be around 20 nm. Generally,
capping agents are used to reduce agglomeration, but we
did not use any such capping agents due to their toxic
nature and are very expensive. The plant extract itself acts
as both reducing agent as well as capping agent; therefore
the prepared nanoparticles are homogeneous with little or
no agglomeration. Therefore, this method is very much
environmentally friendly and cost-effective.

We also performed EDS to study the elemental composition
present in prepared magnetite nanoparticles in detail.
Figure 4 (b) depicts the EDS image of Fe,O, nanoparticles
prepared by Ihlamur plant extract. The atomic percentage
of iron and oxygen was theoretically calculated as 50%
each. Similarly, the experimental atomic percentage of
copper and oxygen were found to be 50% each. Both iron
and oxygen atoms present in prepared Fe,O, nanoparticles
are stoichiometric to each other and agree with the
theoretical values.

M Spectrum 4
At%
(0] 50.0
Fe 50.0

Figure 4. (a) SEM image of Fe,O, nanoparticles (b) Energy dispersed spectroscopy (EDS) image of Fe,O, nanoparticles prepared by

Ihlamur plant leaves.
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Figure 5. UV-Visible spectra of green synthesized Fe,O,

nanoparticles.

UV-Visible spectroscopy
Figure 5 represents the UV-Visible spectra of FeO,
nanoparticles prepared from Ihlamur leaves. The prepared
nanoparticles were dispersed in de-ionized water using
an ultra sonicator for 2 minutes to get a homogeneous
solution. Generally, UV-Visible spectroscopy uses light in
the near-UV and near-infrared ranges and in this visible
range molecules undergo electronic transitions and directly
nanoparticles prepared from Ihlamur leaves. The prepared
nanoparticles were dispersed in de-ionized water using
an ultra sonicator for 2 minutes to get a homogeneous
solution. Generally, UV-Visible spectroscopy uses light in
the near-UV and near-infrared ranges and in this visible
range molecules undergo electronic transitions and directly
affect the perceived color of the chemicals involved.”
The UV-Visible spectrum shows a broad surface Plasmon
resonance absorption peak at 375 nm.
This surface plasmon resonance absorption phenomenon
occurs due to the collective oscillation of the free
conduction band electrons when electromagnetic
radiation strikes them and incident light far exceeds
the particle diameter.” The bandgap energy (E) of the
prepared magnetite nanoparticles were calculated by using
the following equation,*
Ezth
A Eq. (3)

Where E = Bandgap energy

h = Planks constant = 6.626x107* Joules.sec

C = Speed of light = 3.0x10°® meter/sec

\ = Cut off wavelength = 375x10° meters

*Conversion 1eV=1.6x10" Joules
The calculated band gap energy of magnetite nanoparticles
was found to be 3.31 eV. H.El Ghandoor et al.* reported
the bandgap of magnetite nanoparticles as 3.64 eV, and
Fouad El-Diasty et al.”” reported the same as 5.7 eV. Our
calculated band gap values are less than reported values
and this confirms that our sample is more conductive than
theirs.”®*

20
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-
s 94 °
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01 S
L 90
7 - 88
-10 r 86

T T M T M T T T T T
0 200 400 600 800 1000

Temperature (°C)

Figure 6. TG and DTA curve of green synthesized Fe,O,
nanoparticles at 8°C/minute heating rate.

Thermal analysis

Thermogravimetric analysis (TG) and differential
thermal analysis (DTA) was carried out to study the
thermal properties of prepared Fe,O, nanoparticles over a
temperature range of 30-1000 °C. Figure 6 represents the
TG and DTA curve of Fe,O, nanoparticles at 8 *C/minute
heating rate.

Synthesized magnetite nanoparticles showed excellent
thermal stability and very less weight loss over a 30-
1000 °C temperature range. This is due to the significant
resistance of magnetite nanoparticles against evaporation
and phase change at that temperature range. Only 4.1%
weight loss was observed between 30 to 120 °C due to water
evaporation and nearly 4.9% weight loss was observed at
120-370 °C due to the decomposition of thermal properties
of prepared Fe304 nanoparticles over a temperature range
of 30-1000 °C. Figure 6 represents the TG and DTA curve
of Fe304 nanoparticles at 8 *C/minute heating rate.
Synthesized magnetite nanoparticles showed excellent
thermal stability and very less weight loss over a 30-
1000 °C temperature range. This is due to the significant
resistance of magnetite nanoparticles against evaporation
and phase change at that temperature range. Only 4.1%
weight loss was observed between 30 to 120 °C due
to water evaporation and nearly 4.9% weight loss was
observed at 120-370 °C due to the decomposition of
organic material and carbonaceous matter.®® From the
graph, one can observe 1.5% weight loss around 610 °C
due to the phase transformation from Fe O, to FeO, as FeO
is thermodynamically more stable above 570 °C according
to the Fe-O phase diagram.”

At higher temperatures there is a possibility of deoxidation
of FeO under the N, atmosphere as reported by S.Y Zhao
et al.®* The total weight loss over a temperature range of
30-1000 °C was found to be 10.5%.

Synthesized magnetite nanoparticles showed excellent
thermal stability and very less weight loss over a 30-
1000 °C temperature range. This is due to the significant
resistance of magnetite nanoparticles against evaporation
and phase change at that temperature range. Only 4.1%
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Figure 7. The MIC and MBC results of Fe,O, nanoparticles against bacterial strains.

weight loss was observed between 30 to 120 °C due to water
evaporation and nearly 4.9% weight loss was observed
at 120-370 °C due to the decomposition of organic
material and carbonaceous matter.”® From the graph,
one can observe 1.5% weight loss around 610 “C due to
the phase transformation from Fe,O, to FeO, as FeO is
thermodynamically more stable above 570 °C according to
the Fe-O phase diagram.*® At higher temperatures there is a
possibility of deoxidation of FeO under the N, atmosphere
as reported by S.Y Zhao et al.%° The total weight loss over a
temperature range of 30-1000 °C was found to be 10.5%.
According to DTA curves at 8 “C/min heating rate, we
can observe endothermic peaks at 370, 610 and 812
°C respectively. These endothermic peaks confirm the
decomposition of organic matter and carbonaceous
materials, the phase transformation from Fe O, to FeO,
and the deoxidation of FeO, respectively. The enthalpy
change of prepared magnetite nanoparticles at 8 *C/min
was found to be 4.97 kJ/mol.

Antibacterial activity

The antibacterial effect of Fe,O, nanoparticles was tested
against six bacteria strains namely Bacillus subtilis,
Enterococcus  faecalis, Escherichia coli, Pseudomonas
aeruginosa, Salmonella enteritidis, Staphylococcus aureus.
Except for B. subtilis, Fe,O, nanoparticles demonstrated
excellent antibacterial property. The Fe,O, nanoparticles
at 25 mM and 50 mM was respectively demonstrated
MIC property against E. faecalis, S. enteritidis, E. coli and
P aeruginosa, S. aureus; but it show MBC against E. coli
only at 50 mM. Figure 7 depicts the antibacterial effect of
prepared magnetite nanoparticles.

Arokiyaraj et al.®® have studied the antibacterial effect
of iron oxide nanoparticles prepared from the leaves of
Argemone mexicana against E. coli, Proteus mirabilis, and

B. subtilis by disc diffusion method. According to their
result, the iron oxide showed an inhibitory effect and
formed zones against three bacteria. Groiss et al.®* have
reported that the iron oxide obtained from Cynometra
ramiflora leaf extract is very effective in inhibiting E. coli
and S. epidermidis and may find its application in the
antibacterial drug development.

The size of prepared magnetite nanoparticles is very much
suitable for cell permeability. They can interact effectively
with the organelle, enzymes, and cells of bacteria and
inhibits bacterial growth by killing them, deactivating the
enzymes, tearing the cell wall of bacteria or by cutting the
body of bacteria.”” Hence, the prepared Fe O, nanoparticles
were found to be a significant antibacterial material that
demonstrates an excellent lethal activity against tested
bacteria. The obtained results depict the possible use of
prepared magnetite nanoparticles as a promising tool for
improved therapeutic efficacy and diagnostic applications
in the medical field.

Conclusion

In this project, we could successfully prepared Fe,O,
nanoparticles by an easy and eco-friendly plant-mediated
biological method wusing leaves of Tilia tomentosa
(Ihlamur). The prepared magnetite nanoparticles showed
a single-phase cubic structure with an average crystallite
size of 9 nm and a lattice strain of 0.41 as calculated from
the Williamson-Hall equation. SEM studies revealed the
spherical nature of the prepared nanoparticles with less
agglomeration. The EDS analysis confirmed the 50:50
stoichiometric ratios of iron and oxygen theoretically and
experimentally. UV-Visible spectroscopy of magnetite
nanoparticles showed a broad surface Plasmon resonance
absorption peak at 375 nm. The prepared iron oxide
nanoparticles exhibited a bandgap of 3.31 eV and which
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was quite less compared to other reported values and
hence more conductive. The enthalpy change of prepared
nanoparticles is calculated by using a DTA curve and the
value was found to be 4.97 kJ/mol at 8 *C/min heating rate.
We also successfully investigated the antibacterial activity
of the prepared magnetite nanoparticles against Bacillus
subtilis, Enterococcus faecalis, Escherichia coli, Pseudomonas
aeruginosa, Salmonella enteritidis, Staphylococcus aureus.
Except for B. subtilis, Fe,O, nanoparticles demonstrated
excellent antibacterial property.
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