Research Article

www.imedpub.com

Oxidation Rate of Fe Nanoparticles

2022

Vol.8 No.4:43

Nano Research & Applications
ISSN 2471-9838

Williams AG!", Evans AW/, Liu L2, Johnson CE? and Johnson JA '+

1Dpepartment of Biomedical Engineering, University of Tennessee Space Institute, Tullahoma, Tennessee

2Center for Laser Applications, University of Tennessee Space Institute, Tullahoma, Tennessee
*Corresponding author: Williams AG, Department of Biomedical Engineering, University of Tennessee Space Institute, Tullahoma, Tennessee,

E-mail: awill242@vols.utk.edu

Received date: April 01, 2022, Manuscript No. IPNRA-22-12959; Editor Assigned date: April 04, 2022, PreQC No. IPNRA-22-12959(PQ); Reviewed
date: April 19, 2022, QC No. IPNRA-22-12959; Revised date: April 25, 2022, Manuscript No. IPNRA-22-12959(R); Published date: April 29, 2022,

DOI: 10.36648/2471-9838.8.4.43

Citation: Williams AG (2022) Oxidation Rate of Fe Nanoparticles. Nano Res Appl Vol.8 No.4:43

Abstract

We report measurements on the stability of iron
nanoparticles with a view to replacing Super Paramagnetic
Iron Oxides (SPIOs) in medical imaging applications, such as
MRI (Magnetic Resonance Imaging) and MPI (Magnetic
Particle Imaging). Metallic iron nanoparticles were
synthesized by reducing iron (Ill) chloride with sodium
borohydride in water. Two separate syntheses were
performed, one producing uncoated particles, and the other
particles coated with a 300 molecular weight Polyethylene
Glycol (PEG 300) polymer. Particles sizes ranged between 50
nm-100 nm and were characterized by transmission
electron microscopy, powder X-ray diffraction, and
Mossbauer spectroscopy. The two types of particles were
left under ambient conditions for varying time intervals to
compare the rates of oxidation and chemical and structural
property changes. The rate of oxidation of coated and
uncoated particles has been quantified in this paper.
Understanding the oxidation proceess is important as after
imaging, iron nanoparticles need to oxidize in a controlled
manner to safely exit a patient’s body.

Keywords: Magnetic iron nanoparticles; Magnetic particle
imaging; Magnetic resonance imaging; Maossbauer
spectroscopy; PEG coating

Introduction

Nanoscience has now become a staple in science and
continues to grow. Nanoscience is considered to be one of the
most important research areas today. It allows engineers,
scientists, and physicians to develop advances in medicine,
industry, and energy conversion. Nanoparticles can be used for
nanomedicine [1], environmental remediation [2], nano-sensors
[3], energy storage devices [4], and much more. Magnetic
Nanoparticles (MNPs) are of special interest due to their
biomedical applications including biosensors, medical imaging,
and hyperthermia [5,6]. Iron based nanoparticles are magnetic
nanoparticles which are used extensively in health and
technology applications. They are of interest for use in Magnetic
Particle Imaging (MPI) as tracers because they generate a signal
under an applied magnetic field [7]. This signal is then

processed, and an image is formed from the data. The benefits
of MPI are depth independence, and the ability to collect 2D and
3D images without tissue attenuation [8]. Research currently
being completed with MPI and MNPs includes homing of
circulating tumor cells, tracking tumor associated inflammation,
monitoring chemotherapy concentrations, and magnetic
hyperthermia [9,10]. Although iron oxide nanoparticles have
shown promise in biomedical imaging, the magnetic properties
can still be improved. Compared to iron oxides, pure iron
nanoparticles possess improved saturation magnetization and
coercivity, which generates higher magnetic signals for imaging
modalities. Such properties allow iron nanoparticles to provide a
stronger shortening effect on T2 relaxation of proteins, which
allows for improved contrast enhancement in MRI application
[11,12]. Since the contrast quality in MRI is controlled by the
amount of iron content delivered per unit volume, pure iron
nanoparticles can provide higher quality contrast compared to
iron oxide agents. Nanoparticles with higher iron content
compared to iron oxide nanoparticles are also favorable in MPI
tracer applications, since MPI relies on the direct detection of
iron magnetization [13]. MPI, compared to MRI, is requires a
tracer, which provides a positive contrast that allows for
guantitative and background-free imaging [14]. In order to
achieve high spatial resolution and signal intensity, MPI tracers
must possess high magnetization saturation. Therefore, since
iron contains greater magnetic saturation compared to iron
oxide, pure iron nanoparticles will yield better signal intensity
when used in MPI applications [15]. In addition, since iron
content concentration would be higher in pure iron
nanoparticles, administered dosage amounts could be
decreased, resulting in improved safety for the patient and
easier removal of the substance from the body post-imaging.
Imaging time could also be reduced, thus increasing overall
patient comfort.

The most significant concern in the use of MNPs in the body is
how they affect the biological environment. There are many
factors which must be considered during synthesis including
how shape, size, surface properties, and colloidal stability can
affect biocompatibility of the NPs [16]. Metallic iron
nanoparticles are particularly susceptible to oxidation after
synthesis due to the high surface energy pure Fe possesses [17].
This is depends on grain size and the amount of oxygen in the
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environment. Moreover, oxidation can result in faster
degradation of the nanoparticle and result in the production of
oxidative radicals. These can cause damage to tissue because of
oxidative reactions with lipids and proteins [18].

Coating nanoparticles has been known to improve surface
properties and reduce complications of direct interaction of the
nanoparticles and the biological environment. A Polyethylene
Glycol (PEG) coating can be applied to improve biocompatibility
and prevent oxidation before entry into the body [19].
Maintaining the pure iron properites of the nanoparticles is
important during MRI or MPI imaging in order to obtain higher
contrast or resolution respectively. Therefore, coating the
nanoparticles with a protective polymer coating is imperative to
preventing oxidation before and after injection into the body
during the imaging time, which can range from 30 minutes-90
minutes depending on the areas being imaged [20]. However,
once imaging is complete, oxidation of the iron nanoparticles to
iron oxide within the body is desired, to comply with current
Federal Drug Administration approvals. Oxidation allows safe
processing and excretion of the nanoparticles out of the body.
While iron nanoparticles have been synthesized in matrices
[21,22], preparing them as a powder, which can be dispersed in
a colloid solution for biomedial applications, has proved elusive.
In this paper, oxidation rate and chemical changes that occur in
iron nanoparticles, both coated and uncoated, are explored. We
report measurements of oxidation of these particles using
Mossbauer spectroscopy with the aim of producing metallic
particles for improved imaging and safety in biomedical
applications.

Experimental Methods

Chemicals

The chemicals utilized in the synthesis of metallic iron
nanoparticles included metallic iron (lll) chloride (alfa aesar,
reagent grade 97%), sodium borohydride (sigma aldrich, reagent
grade 99.99%), argon gas, Deionized (DI) water, and
polyethylene glycol 300 weight (sigma aldrich).

Synthesis of FeNPs

A schematic of the synthesis setup can be seen in Figure 1.
Metallic iron nanoparticles were synthesized by the reduction of
iron (Ill) chloride with sodium borohydride. 1.407 g of FeCl; was
dissolved in 15 ml of DI water and the reducing agent was
prepared by dissolving 0.681 g of NaBH, in 15 ml DI water. Two
syringes were filled with each mixture and placed on a syringe
pump system to pump the two reactant mixtures equally at 15
ml/min. The reactants were pumped and processed in a
separatory funnel that acted as a reaction pathway to form iron
nanoparticles. The particles then fell into a three-neck round
bottom flask flask under Ar blanket and magnetic stirring in a
PEG 300 and DI water mixture for coating.

Two separate syntheses were performed, differing by the
addition of PEG 300 to coat one set of particles. Upon
completion of the syntheses, two types of particles were
obtained. The first were uncoated particles that were labeled U.
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The second were coated particles which were labeled C:
Synthesis for C1 included 300 uL PEG 300 in 20 ml DI water,
while C2 included 600 pL PEG 300 in 20 mL DI water.

Both the coated and uncoated particles were washed 3 times
with 30 ml of DI water before vacuum filtration and oven drying
under an argon atmosphere at 50°C overnight. The particles
were crushed into powders after drying and were kept in an
argon filled glovebox until characterizations (Figure 2).

NaBH,

Syringe Pump

Argon

FeCl.
s Gasn

Gas Out

Reaction Pathway

PEG Solution

Figure 1: Schematic of reaction setup.

Characterization

Powder X-ray Diffraction (XRD). XRD measurements were
performed using a Rigaku smart lab X-ray diffractometer with a
Cu Ka X-ray source in a 20 range from 20° to 80°.

Transmission Electron Microscopy (TEM) and Energy
Dispersive X-Ray Spectroscopy (STEM-EDS): TEM and EDS
measurements were performed using an FEI Tecnai Osiris TEM
operating between 80 kV-200 kV. The dried nanoparticles were
dispersed in isopropanol and ultrasonicated for 10 minutes
before dropping the dispersion onto a 300-mesh carbon coated
copper grid. Diameters were determined using Image J
processing software. STEM-EDS was employed to obtain a
general chemical analysis of the samples.

Mossbauer spectroscopy: Mdossbauer spectroscopy was the
predominant characterization method utilized to gain
understanding in the progression of oxidation of the coated and
uncoated particle samples. A constant acceleration drive using a
57Co/Rh radiation source was used to obtain the >’Fe M&ssbauer
spectra. The experimental temperature was 293 K. Hyperfine
interaction parameters were determined via least-squared
fitting using Mdssbauer GenFit software.

Results and Discussion

Transmission electron microscopy and energy
dispersive x-ray spectroscopy

TEM was used to analyze the particle size, morphology, and
distribution. TEM images and an EDS spectrum of the coated
and uncoated particles are shown in Figure 2. Both coated and
uncoated metallic iron nanoparticles tended to agglomerate or
aggregate in either spheroid patterns or chain line structures
respectively. This could be due to their magnetic dipole-dipole
interactions, and to reduce their surface energy [23,24]. Another
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cause for the formation of chain like structures and aggregates
can be attributed to drying the nanoparticles in a furnace
overnight. The coated nanoparticles tended to agglomerate as
larger spheroidal masses, while uncoated nanoparticles formed
chain like structures.

Nanoparticle chains that formed from uncoated particles
consisted of single nanoparticles ranging in diameter between
50 nm-100 nm, with an average particle size of 80 nm. More
spherical particles that were coated averaged 40 nm-100 nm in
diameter. A darker iron core with a brighter iron oxide shell can
be seen in both the coated spherical particles and the uncoated
chain like particle structures. This type of core-shell structure
morphology is typical of metallic iron nanoparticles due to iron’s
high reactivity to oxygen. A thin oxide layer will often passivate
the highly reactive iron core’s surface [25].

The PEG surface coating can help improve colloidal stability
and reduce agglomeration [26-28]. However, the optimal
amount required to achieve this with these nanoparticles has
not yet been determined. Such spheroid agglomerations in
coated nanoparticles could be due to particles sticking together
through the reaction pathway before being properly coated.
Also, the PEG coating may not have been uniformly distributed
on individual particles, thus causing more agglomerations to
occur. A higher molecular weighted PEG could also help improve
colloidal stability by providing more steric hinderances as well
[29].

STEM-EDS was performed on the samples to determine
chemical composition of the Fe nanoparticles. EDS peaks
observed at 0.7 keV, 6.6 keV and 7.1 keV have been assigned to
Fe, La, Ka and KB lines respectively. An oxygen peak at 0.5 keV
was detected, which could be due to the protective oxide shell
that formed on the particles. The peaks at 0.9 keV and 8.0 keV
are assigned to Copper La and Ka lines, respectively, and the
peak at 0.3 keV is attributed to carbon. Both the carbon and
copper peaks are due to the carbon coated copper TEM grids
that were used when performing STEM-EDS measurements
(Figure 2).

Figure 2: TEM images of coated and uncoated samples. (a)
Sample U (b) Sample C1 (c) Sample C2 (d) TEM/EDS Spectrum of
FeNP samples.
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Powder x-ray diffraction

Powder x-ray diffraction results of as-made samples are
shown in Figure 3. Characteristic peaks at 26=44.9°, 65.1° and
82.5° correspond to (110), (200), and (211) body-centered cubic
crystal planes of a-Fe (JCPDS card no. 87-0722). The shoulder
that is shown in sample U around the 30° mark may be due to
fluorescence of the sample during the scan [30]. Some presence
of Fe30, is apparent due to the small peak shown around
26=35° in all samples except sample C2 [31,32]. A possible
reason could be that the thin oxide shell was amorphous and did
not show a peak from XRD.

Since XRD is not sensitive enough to detect various types of
oxides present and possible amorphous layers surrounding the
crystalline iron core of the nanoparticles, Maossbauer
spectroscopy was employed to give a more detailed
understanding of the iron ions’ local chemical environment
throughout the various states of ambient oxidation (Figure 3).
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Figure 3: XRD of as-made samples Body-Centered Cubic (bcc)
measured at a 28 angle.

Mossbauer spectroscopy

Moéssbauer spectroscopy is an accurate characterization
method used in determining oxidation components and rate of
oxidation in samples. Maossbauer spectroscopy easily
distinguishes valence states in Fe. Three main parameters are
important in determining the components in the spectra. The
first is the hyperfine field, which is from the magnetic field
generated at the nucleus by interactions with electrons in
magnetic materials. The second is the isomer shift, which arises
from the difference in s electron density between the source
and the absorber. The third is the quadrupole splitting, which is
the shift in nuclear energy levels that is induced by an electric
field gradient caused by nearby electrons [33-35]. Based on
these three parameters, components are attributed to bulk
alpha iron, amorphous iron phases, and other iron oxides that
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are in the core, shell or are impurities following the synthesis
[36].

Sample U

The Méssbauer spectra for sample U are shown in Figure 4,
and the hyperfine parameters are shown in Table 1. For the
various spectra of Sample U, the narrow sextets (component 1)
with magnetic hyperfine field of 33.4 T, isomer shift 0.00 mm/s,
and quadrupole splitting 0.00 mm/s are characteristic of
crystalline o-Fe in the core. The interior broad sextets
(component 2) with hyperfine field between 24.5 T-27.0 T,
isomer shift 0.08 mm/s-0.22 mm/s, and quadrupole splitting of
about 0.22 mm/s correspond to amorphous iron nanoparticles.
The split doublets (component 3) with isomer shift 0.35 mm/
s-0.44 mm/s and quadrupole splitting ~0.86 mm/s can be
attributed to Fe3* ions in oxide phases such as
superparamagnetic y-Fe,03. The split doublets (component 4)
with isomer shift ~0.85 mm/s and quadrupole splitting ~2.36
mm/s correspond to partially reacted/oxidized iron oxide phases
that occurred during sample synthesis. Finally, the exterior
broad sextets (component 5) with hyperfine field 48.1 T, isomer
shift 0.33 mm/s, and quadrupole splitting -0.01 mm/s are
representative of Fe3* ions in y-Fe,03 in the shell of larger
nanoparticles or agglomerates.

From the results shown in Table 2, a linear fit of oxide
percentage over time was graphed, which is shown in Figure 5.
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Sample U experienced the entirety of its oxidation within the
first 30-minute interval. The iron/iron oxide ratio in the as-made
sample dropped from 77%/23% to 35%/65% in the 30-minute
interval, and this latter ratio held relatively steady throughout
the duration of the experiment (Figures 4 and 5) (Table 1).

Absorption
Lbhhwiobhion 4 chbhiocobhio

aged 120 min \
|

-10 0
Velocity (mm/s)

Figure 4: Stacked °’Fe Mé&ssbauer spectra of Sample U
uncoated nanoparticles at 5 different time intervals (as-made,
30 min, 60 min, 90 min and 120 min) aged in ambient
conditions, measured at 293 K.

Sample U Component Bhf (T) 8 (mm/s) AEQ (mm/s) | T (mmls) (Ro/e;ative area| Attribution
o
as-made 1 33.2 0 0 0.41 25 a-Fe
2 27 0.08 -0.05 1.89 52 amorphous Fe
3 - 0.35 0.76 0.5 21 Fe3* oxides
4 - 0.82 2.29 0.37 2 Fe2+
impurities
aged 30 min 1 33.2 -0.01 -0.01 0.4 17 a-Fe
2 24.5 0.13 0.21 1.69 18 amorphous Fe
3 - 0.43 0.93 0.64 24 Fe3* oxides
4 - 0.69 2.12 0.36 2 FeZ* impurities
5 481 0.32 -0.01 1.17 39 y-Fe,03
aged 60 min 1 33.2 0 -0.01 0.35 17 a-Fe
2 25.7 0.22 0.22 1.86 17 amorphous Fe
3 - 0.41 0.82 0.71 32 Fe3* oxides
4 - 0.88 2.36 0.83 6 Fe2* impurities
5 48.1 0.33 -0.06 1.08 28 y-Fe,03
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aged 90 min 1 33.3 -0.02 -0.01 0.36 10 a-Fe
2 25.8 0.2 0.27 2.75 26 amorphous Fe
3 - 0.42 0.86 0.73 28 Fe®* oxides
4 - 0.87 2.38 0.36 3 Fe2* impurities
5 48.4 0.33 -0.03 1.04 33 y-Fe,0O3
aged 120 min | 1 333 -0.02 -0.01 0.33 10 o-Fe
2 25.5 0.2 0.22 3.39 33 amorphous Fe
3 - 0.44 0.88 0.86 21 Fe3* oxides
4 - 0.89 2,36 0.36 3 FeZ* impurities
5 48.3 0.33 -0.02 1.03 33 y-Feo03

Table 1: Values of hyperfine parameters derived from fitting
sample U uncoated iron nanoparticles prepared at room
temperature in ambient conditions to test oxidation. Bhf is the
hyperfine magnetic field, 6 is the isomer shift, AEQ is the
quadrupole splitting, and T is the linewidth (FWHM). Typical
errors are + 0.03 mm/s for Bhf, 0.5 mm/s for 6, AEQ and I' and +
3% for relative area.

Sample U
70 -
L. —8 ]

60 / - - -
= "
E.:’ 50 / 4

y
Q
T 40 Y -
> yd
O pl -
//
20 -
1 1

1
Time Oxidized (hours)

Figure 5: Oxidation rate of sample U calculated with a linear
fit of oxide percentage over time. The majority of oxidation
occurred within the first 30 minutes of exposure and held
relatively steady over the duration of the oxidation experiment.

Sample C1

Time studies were conducted to determine the rate and
percentage of oxidation on the coated and uncoated samples in
order to draw comparisons. The coated particles were labeled C
and the uncoated particles were labeled U. For Samples C1 and
U, the particles were exposed to ambient conditions in 30-
minute intervals up to 120 minutes and Mdssbauer spectra were
obtained for each. The time series spectra of sample C1 is shown
in Figure 6. The spectra consisted of 5 components, a narrow
sextet (component 1, red), a broad interior sextet (component 2,
green), two split doublets (component 3, blue) (component 4,
yellow), and a broad exterior sextet (component 5, pink). The
hyperfine parameters are shown in Table 2.

© Copyright iMedPub

For the spectra of Sample C1, the narrow sextets (component
1) with magnetic hyperfine field of 33.2 T, isomer shift 0.00
mm/s, and quadrupole splitting 0.00 mm/s are characteristic of
crystalline o-Fe in the core. The interior broad sextets
(component 2) with a hyperfine field ranging from 24.4 T- 26.7 T,
isomer shift between 0.06 mm/s-0.19 mm/s, and quadrupole
splitting 0.17 mm/s corresponds to amorphous Fe nanoparticles.
The split doublet (component 3) with an isomer shift of 0.35
mm/s and quadrupole splitting around 0.93 mm/s can be
attributed to Fe3* ions in oxide or hydroxide phases such as
super paramagnetic y-Fe,03 or ferrihydrite. The split doublet
(component 4) with an isomer shift around 0.85 mm/s and
quadrupole splitting of 2.36 mm/s corresponds to partially
reacted, iron oxide phases that occur during the synthesis.
Finally, the exterior broad sextets (component 5) with hyperfine
field 48.1 T, isomer shift 0.33 mm/s, and quadrupole splitting
-0.01 mm/s are representative of Fe3* ions in y-Fe,05 in the shell
of larger nanoparticles or agglomerates.

A linear fit of oxide percentage over time based on Table 2’s
results is shown in Figure 7. From the Md&ssbauer results, sample
C1’s total metallic iron and iron oxide content over the course of
the time series displayed a steady progression of oxidation equal
to about 14% per hour (Figure 6 and 7) (Table 2).
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Figure 6: Stacked °’Fe Mdssbauer spectra of sample C1
coated nanoparticles at 5 different time intervals (as-made, 30
‘1’ r min, 60 min, 90 min, and 120 min) aged in ambient conditions,
2f measured at 293 K.
3
2k
c 4
] 0
B af
23
2k
4
0
2
4
Sample C1 Component Bhf (T) 5 (mm/s) AEQ (mm/s) | T (mmls) Relative area| Attribution
(%)
as-made 1 33.2 0 0 0.38 22 a-Fe
2 26.7 0.06 -0.02 1.67 65 amorphous Fe
3 - 0.36 0.76 0.61 11 Fe3* oxides
4 - 0.85 2.37 0.37 2 FeZ* impurities
aged 30 min 1 33.2 0 0 0.31 54 a-Fe
2 25.2 0.12 0.09 2.21 22 amorphous Fe
3 - 0.35 0.93 0.61 8 Fe3* oxides
4 - 1.14 2.31 0.8 16 Fe2* impurities
aged 60 min 1 33.2 0 0 0.3 55 a-Fe
2 25.6 0.12 0.17 1.06 17 amorphous Fe
3 - 0.34 1.03 0.48 14 Fe3* oxides
4 - 1.18 2.22 0.82 9 FeZ* impurities
5 48.5 0.3 -0.03 2.04 5 y-Fe,0O3
aged 90 min 1 33.3 0 0 0.3 55 a-Fe
2 244 0.08 0.17 1.88 15 amorphous Fe
3 - 0.34 0.98 0.64 12 Fe3* oxides
4 - 1.24 2.29 0.86 8 Fe2* impurities
5 48.3 0.28 -0.07 0.92 10 y-Feo03
aged 120 min | 1 33.2 0 0 0.3 36 a-Fe
2 25.6 0.19 0.32 1.86 18 amorphous Fe
3 - 0.33 1.07 0.6 13 Fe3* oxides
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1.16

2.2 0.85 11 Fe2* impurities

5 48.9 0.32

-0.03 0.94 22 y-Fe,0,

Table 2: Values of hyperfine parameters derived from fitting
Sample C1 coated iron nanoparticles prepared at room
temperature in ambient conditions to test oxidation. Bhf is the
hyperfine magnetic field, 6 is the isomer shift, AEQ is the
quadrupole splitting, and T is the linewidth (FWHM). Typical
errors are = 0.03 mm/s for Bhf, £ 0.5 mm/s for §, AEQ and I and
+ 3% for relative area.

Sample C1

0 1 1
o 1 2

Time Oxidized (hours)

Figure 7: Oxidation rate of Sample C1 calculated with a linear
fit of oxide percentage over time. Oxidation rate was 7% /30-min
or 14% /hour.

When comparing the rate of oxidation results between the
coated and uncoated particles, it is clear that the coated
particles experienced a slower and steadier oxidation compared
to the uncoated particles. The PEG coating on the particles acts
as a protective layer for the particles to experience a slower
oxidation over time [27,37].

Sample C2

Mossbauer spectra of C2 are shown in Figure 8 and the data
are summarized in Table 3. Since the previous coated sample
displayed a slower progression of oxidation, another synthesis of
metallic iron nanoparticles was prepared. For Sample 2, the
volume of PEG 300 used was doubled from 300 pL to 600 pL.
Doubling the volume of PEG in the coating solution was to allow
for a better and more even coating on the nanoparticle surface
to act as a protective layer. Due to the assumption that a more
even coating was present on the synthesized particles, a longer
oxidation time study was conducted in ambient conditions on
the coated and uncoated particles consisting of as-made, 6
hours, 12 hours and 24 hours.

The time series Mossbauer spectra of Sample C2 can be seen
in Figure 9. All the spectra consisted of 3 components, which
included a narrow sextet (component 1, red), a broad interior
sextet (component 2, green) and a split doublet (component 3,
blue). The hyperfine parameters can be seen in Table 3.

For the various spectra of Sample C2, the narrow sextets
(component 1) with magnetic hyperfine field of 33.2 T, isomer
shift 0.00 mm/s, and quadrupole splitting 0.00 mm/s are
characteristic of crystalline a-Fe in the core. The interior broad
sextets (component 2) with a hyperfine field of 24.7 T, isomer
shift ranging from 0.06 mm/s-0.10 mm/s, and quadrupole
splitting around 0.04 mm/s correspond to amorphous iron
nanoparticles. The split doublets (component 3) with isomer
shift of 0.35 mm/s and quadrupole splitting around 0.77 mm/s
can be attributed to Fe3* ions in oxide phases such as super
paramagnetic y-Fe,0s.

A linear fit from Table 3 was performed to determine oxide
percent over time, and is shown in Figure 7. From the results,
very little change in the ratio of iron-to-iron oxides occurred,
especially when compared to Sample C1’s oxidation rate. Sample
C2 had an average of 0.35% /hour oxidation rate, compared to
the 14% /hour shown in Sample C1. This could be due to a more
even coating on the particles, or from a smaller amount of
reactive iron present in the core from as-made samples
compared to Sample 1 [38]. No signs of y-Fe,O; or Fe304
components were apparent in the spectra over the course of the
time study. A thicker amorphous layer of iron or amorphous iron
oxide could be present in the sample, which would suggest why
less oxidative changes occurred in Sample C2’s time study
(Figures 8 and 9) (Table 3).

S ghaspdshrs L . o
g \W._LWX_.W

n L

< Z[aged12hrs Y .

2 aged 24 hrs b
-10 5 0 5 10
Velocity (mm/s)

Figure 8: Stacked °’Fe Mdossbauer spectra of sample C2
coated nanoparticles at 4 different time intervals (as-made, 6
hrs, 12 hrs, 24 hrs) aged in ambient conditions, measured at 293
K.

Sample C2 Component Bhf (T) & (mm/s)

Relative area| Attribution

(%)

AEQ (mm/s) | I (mmls)
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as-made 1 33.2 0 -0.01 0.31 10 a-Fe

2 25.7 0.06 -0.05 2.39 66 amorphous Fe

3 - 0.35 0.79 0.5 24 Fe®* oxides
aged 6 hrs 1 33.1 0 0 0.31 11 a-Fe

2 25.9 0.1 -0.02 2.3 68 amorphous Fe

3 - 0.34 0.76 0.49 21 Fe3* oxides
aged 12 hrs 1 33.1 0 -0.01 0.31 10 a-Fe

2 25.7 0.1 -0.04 243 64 amorphous Fe

3 - 0.35 0.78 0.45 26 Fe3* oxides
aged 24 hrs 1 33.2 0 -0.01 0.28 9 a-Fe

2 25.8 0.09 -0.04 2.39 60 amorphous Fe

3 - 0.35 0.77 0.47 31 Fe®* oxides

Table 3: Values of hyperfine parameters derived from fitting
sample C2 uncoated iron nanoparticles prepared at room
temperature in ambient conditions to test oxidation. Bhf is the
hyperfine magnetic field, 6 is the isomer shift, AEQ is the
quadrupole splitting, and T is the linewidth (FWHM). Typical
errors are + 0.03 mm/s for Bhf, + 0.5 mm/s for §, AEQ, and I and
1 3% for relative area.

Sample C2
30 | [
=
| |
—_— - L] -
g
o
=
S
Q1o | ]
0 1 1
0 10 20
Time Oxidized (hours)

Figure 9: Oxidation rate of sample C2 calculated with a linear
fit of oxide percentage over time. Oxidation rate was around
0.35% /hour.

Conclusion and Future Directions

In this study, coated and uncoated iron nanoparticles were
synthesized and exposed to ambient conditions to test and
compare oxidation rates and chemical changes. From the
results, it can be concluded that coating metallic iron
nanoparticles allows for a steadier and slower progression of
oxidation. The coating acts as a protective layer that slows
oxidation and protects the particles from ambient conditions
that would otherwise oxidize completely within the first 30
minutes of exposure. Coating the particles allows for improved

8

biocompatibility and controlled oxidation which can allow for
prolonged metallic properties of iron for biomedical uses. The
superior magnetic properties iron possesses compared to iron
oxides would allow for overall improvement in medical imaging
modalities such as MRI or MPI, since both imaging modalities
rely on the magnetic properties of the materials. Due to the
higher magnetic saturation properties iron possesses, improved
MRI contrast or MPI signal resolution can be exhibited. In
addition, since iron concentration is higher, standard
administrative doses to patients could be decreased during
imaging, which could allow for faster imaging time and improve
patient comfort.

In addition, a larger volume of PEG 300 used in solution led to
improved coatings on the particles. However, despite the
addition of PEG, agglomerations of particles were still observed.
This could be due to the low molecular weight of the PEG used,
which was insufficient in providing enough steric hinderances to
prevent agglomerations. The particles could have also been
unevenly coated. Additional studies are needed to determine
the optimal molecular weight of PEG in order to provide a
sufficient protective layer to allow for optimized oxidation rate
and better modispersed particles.

Future studies of this research will involve in vitro cell studies
and small animal models to further investigate oxidation rate
and circulation time. Understanding the oxidation rate using in
vivo models is imperative to properly determine time needed for
both circulation and obtaining higher quality medical images
while optimizing the magnetic properties of iron. In addition,
further experiments involving the usage of higher molecular
weights of PEG will be studied to ensure that steric hindrances
on coated particles are more apparent.
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