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Abstract

Abbreviations :
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&

The electrohydraulic processing after chemical co-precipitation technique of magnetite (Fe304) nanofluids, for better dispersity, stabilization
and homogenous size distribution is proposed. Biocompatible polyvinyl alcohol (PVA) and Dextran coated 10-20nm sized superparamagnetic
iron oxide nanoparticles (SPIONs) have been synthesized via co-precipitation method in the vacuum environment with pHx7.4 and solid
phase content ranging from 0.02-0.75 % w/v. Scanning electron microscopy (SEM) and Transmission Electron Microscopy (TEM), also UV-VIS
spectroscopy, Dynamic light scattering (DLS) and Vibrating Sample Magnetometer (VSM) was used to characterize obtained samples.
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SPIONs: Superparamagnetic Iron Oxide Nanoparticles; SEM: Scanning Electron Microscopy; VSM: Vibrating Sample
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Introduction

The union of scientific achievements in Nanotechnology
and biotechnology led to a new discipline-Origin of nano
biotechnology, the development of which promises to create
nano constructions able to manage biosystems in a molecular
level. The revealing unique properties (changes in their physical
and chemical properties) of the substance in a nanoscale
provide a broad perspective of using them in different
directions. Energetically, the reduction of particle size leads to
incrisement of surface energy share in the chemical potential
of small particles under different conditions (Coordination
number, local surrounding symmetry and so on) than atoms in
a volume crystal [1], which allows them to operate effectively
with any chemical bonds. In recent years, much attention is paid
to study nanoscale magnetic particles, such asFe,0,, y-Fe,0,,
CoFe,0,, ZnFe,0,, BaFe ,0,,. Among which magnetite (Fe,0,)
and maghemite (y-Fe,0,) are very popular candidates with their
biocompatibility in “in-vivo” applications such as contrast agents
for Magnetic Resonance Imaging (MRI), Tissue repair, immune
analysis, biological fluids detoxification, targeted delivery of
therapeutic agents, hyperthermia and cell separation. As well
as in the research of specific bio objects, such as bacteria, white
blood cells and proteins [2,3].

the
technological task that involves controlling the nanoparticle
(NP) size, shape, stability and dispersity in the desired solvents.
Magnetic nanoparticles (MNPs) have a big surface / volume ratio
that is why they are characterizing by high surface energy; as a
result, they exhibit aggregation ability, in order to minimize the
surface energy. In addition, bare iron oxide NPs characterized
by high chemical activity and easily oxidize in the air (especially
magnetite), which generally leads to the deterioration of
magnetism and dispersity. Thus, it is important to cover the
NP surface with appropriate coating and evaluate an effective
strategy to improve fluid stability.

To construct such nanostructures it is actual

The most widely known method to synthesize Fe,O, and
y-Fe,0,NPs is a chemical co-precipitation [4]. In this method, the
metal oxide NP size and shape is depending on the type of salts
used (namely, Chlorides, sulfates, nitrates, etc.), the trivalent
and divalent metal ions ratio, reaction temperature, pH value,
environment ionic strength and other parameters of the reaction
(for example, mixing speed, the sedimentation rate of basic
solution). However, this method of improving the dispersion
requires refinement, which is essential for biomedical use.
These strategies generally include grafting or modification with
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organic molecules, including small organic molecules or surface-
active substances, polymers and biomolecules, or covering by
inorganic layer, such as silicon dioxide, metal or non-metals,
metal oxides, metal sulfides [5]. Should be noted that protective
coat not only stabilize iron oxide NPs, but they can be used for
further functionalization.

Different types of synthesis techniques are used for
the synthesis of magnetite nanomaterials such as bottom-
up approach, chemical precipitation technique , thermal
decomposition of organic iron precursor in organic solvents,
polyol sol-gel method,
solvothermal synthesis, hydrothermal synthesis, and emulsion
technique and in top-down, ball milling, etc. Among them the
most widely known method for synthesize SPIONs is a chemical
co-precipitation. In this method, the synthesized size and shape
of nanoparticles (NPs) is depending on the type of salts used,
their molar ratio, reaction temperature, pH value, environment
ionic strength, mixing speed and other parameters [6-19].

process, sonochemical synthesis,

While these batch processes have the advantage of simplicity,
cheapness and mass production, the growing need for emerging
nanotechnology is the monodisperse nanoparticles. The
problem lies in the imperfections of the batch mixing technology
[20-23]. This technique is known by its difficulties in controlling
the mixing and the temperature synthesis, which result in a
broad distribution of particle sizes and polydispersivity, due to
the instability of the growing process of NPs. Besides, in order
to functionalize synthesized MNPs, additional procedures
are needed, (washing, reducing pH, change the vessel, de-
agglomerating before covering the surfaces, etc.) which drives to
the oxidization of the particles and lowering adsorbtion ability
for surfactation (stabilization).

Problem solving lies in improving the existing method of
the synthesis of stabilized magnetite nanoparticles using in
situ synthesis with pulsed electrohydraulic discharges during
chemical co-precipitation in order to better disperse the formed
nanoparticles at the initial stage, process their surface (static
stabilization, H and OH radical addition for better adsorbance
of the surface) by pulsed discharges and gain to the fluid the
bactericidal properties [24,25] that is necessary in the case of
biomedical applications. After that, the covering (stabilizing)
of the monodisperse nanoparticles with surfactant is relatively
easy to follow, with bioactive molecules, followed by washing
from chemical reaction residuals, additional ultrasound
homogenization and centrifugation.

During recent years plasma systems in liquid such as
waste water treatment and purification, or for simple low cost
production of nanoparticles have become of topical interest.
Arc discharge methods in liquids have been used for direct
production of metal particles, metal nitrides/carbides/oxides
and carbon nanotubes etc., but, electrohydraulic discharges after
or during co-precipitation of iron oxide nanoparticles has not
ever been reported [26-34].

The essence of this method lies in performing high voltage
discharges between electrodes in the open open or closed vessel /
reactor with special electric impulse. Complex physical and
chemical phenomena, which progress instantly leads to various
physicochemical changes (The process generates UV radiation,
hydrogen peroxide, hydrogen, oxygen and other radicals and
ions) in the liquid and objects placed on the processed fluid
(Figure 1) [35].
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Figure 1: Processes during electro discharge into fluids.
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The schematic picture of plasma discharging device
presented in (Figure 2) consists of power transformer T2 (U =
3kV), rectifier diodes D1-D4, condenser C, air gap - Gapl and
discharge gap - Gap 2. The energy emission characterized to the
plasma discharge method realized by active resistance of the

contour:
e B\
fusien  T1
o=
o_
1-200¥

Where C is the capacitance of the condenser, R and L-active
resistance and active inductance, respectively.
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GAP1 allows collecting a certain amount of energy from the
condenser C to avoid a bridged discharge and create a sharp front
of the impulse, (Figure 3, curve 2). By adjustment of the length
of the GAP 1 and GAP 2, we can change the shape of the impulse
and nature of the discharge in the main processing area and thus
control this device. As shown in current coltage diagram (Figure
3) the sharp front of current (curve 2) determines the power of
discharge and effectiveness. Discharging rods must be non metal
(for example carbon) in order to avoid contamination info fluid.
Non metals can easily separate from magnetite by permanent
magnet, OR should be made from pure iron.

- D

Figure 3 : Change in discharge current (2) and Voltage
(1). A-Charging capacitor; Front (b) and rear (c) stages, d-

subsequent half-wave stage, e-decay stage.
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Materials and Methods

Allofanalyticreagentswere used withoutfurther purification.
For the synthesis was used Iron (III) chloride hexahydrate
(FeCl,»6H,0) (298%-Sigma-Aldrich-Germany), Iron (II) sulfate
heptahydrate (FeSO,*7H,0) (299 %-Carl Roth Gmbh+Co. KG-
Germany), Ammonium hydroxide solution (NH40H) (225%-Carl
Roth Gmbh+Co. KG-Germany), Poly (vinyl alcohol)-PVA (Carl
Roth GMBH+Co. KG) and dextran (macrochem.ua).

Bare Fe, 0, nanoparticles

3.78g of FeSO,*7H,0 and 7g of FeCl,e6H,0 (1:1.9 molar
ratio of FeCl,/FeCl,) was diluted into 42ml distilled water at
400C with mechanical stirring (speed 650rpm) within 30min.
When the iron salts were well dissolved, 15mL of a 0.75M
NH,OH solution was added under magnetic stirrer (700rpm)
during 30min at 400C in a vacuum (-0.15Mpa) environment.
After that cooled down to room temperature within additional
30 minutes. The ferrofluid washed several times with water by
decanting the supernatant in order to remove excess of chemical
reaction residues and polymer, since reversible flocculation and
rapid sedimentation observed before washing. This caused by
the depletion attraction created by unabsorbed polyelectrolytes
in solution [36]. Finally, we got pH=7.5. After that fluid was
processed with electrohydraulic discharges and compared some
properties with the same fluid before processing.

PVA-coated Fe,O, nanoparticles

The chemical co-precipitation method was used for obtaining
PVA-coated Fe,0, nanoparticles. Firstly, 1gr PVA was diluted into
6ml distilled water by mechanical stirring at 600C during 30min.
3.78g of FeSO,+7H,0 and 7g of FeCl,*6H,0 (1:1.9 molar ratio of
FeCl,/FeCl,) was diluted into 42ml distilled water at 400C with
mechanical stirring (speed 650rpm) within 30 min. When the
iron salts were well dissolved, 15mL of a 0.75M NH40H solution
was added under electrohydraulic discharges during 5 minute at
600C in a vacuum (-0.15Mpa) environment. After the addition
of NH,OH, the suspension continued stirring on magnetic stirrer
(700rpm) further 30min at 400C and cooled down to room
temperature.

After synthesis fluid was placed into ultrasonic chamber
and was processed 12min by 60% (total power 500wt) with
regime (on 2sec, off 1sec) ultrasonic waves. In this period the
firstly prepared 6.5ml PVA/water solution was added dropwise
and after was additionally sonicated 30min with 50% of power,
2sec-on, 1lsec-off. During all ultrasound processing the fluid
temperature did not exceeded 400C. After that, the ferrofluid
poured into a beaker and placed on the permanent magnet.
The ferrofluid washed several times with water by decanting
the supernatant in order to remove excess of chemical reaction
residues and polymer. Finally, we got pH=7.0. The final fluid
was sonicated again and centrifuged at 3000rpm speed during
10min.

Dextran-coated Fe,O, nanoparticles

0.16g of FeCl,»4H,0 and 0.435g of FeCl,.6H,0 (1:2 molar
ratio) was diluted into 5ml distilled water by magnetic stirring
in vacuum environment at 400C and added dropwise to 10mL of
a 0.75M NH,OH solution in the electrohydraulic device chumber
during 10 minutes following additional stirring on magnetic
stirrer (speed 650rpm) within 30min. 3gr dextran was diluted
into 3ml distilled water and added dropwise to magnetic fluid
during Ultrasound processing (50%-power, 2sec-on, 1lsec-
off, temperature did not exceeded400C.) in 60 minutes. After
synthesis, the ferrofluid washed several times, sonicated again
and centrifuged at 3000rpm speed during 10min.

Results and Discussion

For the visibility of photo spectroscopy measurements
the fluids with low concentration bare magnetite nanofluid
were prepared, 0.1ml 4.6% magnetic nanofluid dissolved in
250ml. distilled water. The concentration of solution consisted
0.00184%. An Absorption in 430nm wavelength measured for
100ml samples in each case-after processing with ultrasound
and electrohydraulic discharge (Figure 4)-with respect
to processing pulse number/time. Concentration changes
drastically after processing of sedimented nanoparticles in
the liquid. In case of ultrasonic processing after certain pulse
number absorbance goes through saturation. The change
in particle concentration in the electrohydraulic processing
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relatively large, but do not saturates and continues to grow.
We think it is associated with an increase free radicals and gas
bubbles in the liquid, also particles ejected from rods during
discharges. Figure 5 represents magnetic characterization of
bare magnetite nanoparticles (sample 1) and after processing of
pulsed arc discharges (sample 2).
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Figure 4: Opticval absorbance (at A=430nm) of a magnetic
Nanofluid after ultrasonic and pulsed arc processing (red curve).
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Figure 5 : Magnetization vs magnetic field for magnetic

naofluids synthesized by chemical co-precipitation (sample 1)
and processed by plasma discharges (sample 2).
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Figure 6 : SEM (a) and TEM (b) microscopy pics for PVA-coated
magnetite nanoparticles. Nanoparticles Size distribustion (c).

Scanning electron microscopy (SEM)used For powders
(Figure 6a) of PVA-coated nanoparticles (Nivas Babu Selvaraj)
and Transmission Electron Microscopy (TEM) of PVA stabilized
magnetite nanoparticles analysis (Figure 6b) have been carried
out with Hitachi High-Tech HT7700 instrument, operated in
high resolution mode at 100kV accelerating voltage. Samples
have been prepared by drop casting from diluted dispersions
of nanoparticles on 300mesh holey carbon coated copper grids

(Ted Pella) and vacuum dried (Laszl6Almasy). By the program
Imaje] we evaluated nanoparticles distribustion by size (Figure
6c) with comparision of Dinamic light Scaterring analysis
nanoparticles mean diameter is 9-10nm (Figure 7).
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Figure 7 : Dinamic light scaterring data for PVA-coated
magnetite nanoparticles.
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UV-visible spectrometry can be used as a characterization
technique that provides on whether the
nanoparticle solution has destabilized over time. The absorption

information

of light, reflection, scattering and radiation of any material are
highly dependent on the electrons of material, electrons’ energy
spectrum, and collective motion of the electrons into material.
The last, the light induced collective vibration of electrons in the
electrical field of lattice positive ions, described by quasiparticles
called as Plasmon - a quantum of plasma oscillation that arises
from the quantization of plasma oscillations.
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Figure 8: Optical Absorbance spectra uncoated magnetic
nanoparticles (red curve)) with respect to the same mass
concentrarion(0.018 weight/volume%) Dextran stabilized MNPs
contained nanofluid synthesized by electrohydraulic processing
(black curve).

\ J

In the optical properties of materials, especially for metals
plasmon plays an important role. The Incident light with lower
frequencies than Plasmon frequency will not pass the material
as the incident electromagnetic wave the faster moving electrons
shielded. In addition, opposite, if the plasma frequency is lower
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than incident light, the electrons can no longer respond to the
wave of change in the field and light passes through the material.
The optical properties of magnetite nanoparticles change
when particles aggregate and the conduction electrons near
each particle surface become delocalized and shared amongst
neighboring particles. When this occurs, the surface Plasmon
resonance shifts to lower energies, causing the absorption and
scattering peaks to red-shift to longer wavelengths (Figure 8).

Vibrating sample magnetometer (VSM) is used to evaluate
magnetization of the magnetic nanoparticles (MNPs) as a
function of an applied external magnetic field (H) between-3
and+3 T. Based on the obtained VSM curve at room temperatures,
magnetic behavior of the MNPs can be identified. For example
at room temperature, the zero magnetic remanence (when H is
zero), and the hysteresis loop feature indicates that the MNPs
are superparamagnetic (Figure 9).
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Figure 9: Vibrating sample magnetometer analysis of dextran-
coated magnetic nanoparticles (at T=298K).
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Conclusion

Experimental studies have shown the effectiveness of
electrohydraulic processing on the high dispersive magnetite
nanofluid synthesis. The
Magnetite nanoparticle was caused by an instant increase
of pressure and other physical phenomena influence, which
accompanied during electrohydraulic effect. However, the
effective use of this effect closely related to the control of some
physical parameters. PVA and Dextran coated nanofluids did

concentration enhancement of

not sedimented long time, revealed strong magnetic and mono
dispersal properties. TEM shows narrow size distribustion
for PVA-coated magnetic nanoparticls with mean diameter of
10 nm. Finally, the recorded hysteresis loops shows that the
particles are superparamagnetic at room temperature, which is
characteristic of a soft ferromagnetic material such as magnetite.
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