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ABSTRACT: In this research, MNPs were fabricated and coated by the co-precipitation method.
The study of this process was performed in a two-level factorial design framework. The effect
of a polymeric agent, the strength of the alkaline solution, and the temperature on the magnetic
properties MNPs were studied in this design. the structure, morphology, size, appearance, and
magnetic behavior of modified MNPs were investigated using XRD, FT-IR, TEM, and VSM.
The results obtained from the spectra show the modified MNPs have superparamagnetic behavior
with high saturation magnetization (M,) and small coercivity (H,). The mean size of coated MNPs
was determined 10 nm, saturation magnetization 60.98 emu/g, and magnetic coercivity 8.26 G.

KEYWORD: Two-level factorial design; Saturation magnetization; Magnetic coercivity; Remanent

magnetization.

INTRODUCTION

Magnetic NanoParticles (MNPSs) are one of the most
important groups in the field of nanoparticles. MNPs have
significant physical and chemical properties related
to their morphology, size, and magnetic saturation. Researchers
are increasingly considering these MNPs depending
on these properties [1-5]. Magnetic nanoparticles are

easily separated under the influence of an external
magnetic field, a property that can be used in various
medical and industrial fields [6-11].

Iron oxide (Fes0,) is found in 16 different structures.
The most important forms are magnetite and maghemite
due to their specific magnetic properties. Magnetite
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has better magnetic saturation. The color of magnetite is
black and the most important elements in the structure of
magnetite are both iron oxidation states Il and 111 [12,13].

MNPs have many applications in the petroleum
industry, including in the field of targeted absorption,
remote detection and transmission, and local heating. Also,
MNPs can be used as adsorbents for solid-phase extraction.
In magnetic solid phase extraction, MNPs are added
to the solution containing the sample to be analyzed, and
during the process, the desired material is absorbed by the
MNPs and separated by a separator (magnet). Another
important use is in the high-density media for magnetic storage
devices with a perpendicular type of magnetization [14,15].

MNPs can be fabricated by both physical and chemical
methods. Although physical methods (from top to bottom)
are scalable, cost-effective and capable of industrial
production, in some methods, such as the steam
condensation method, they have disadvantages such as
exothermicity and oxidation. Also, a significant amount of
mechanical, thermal or electrical energy is needed to
transform materials into nanoparticles [16]. The chemical
methods (from bottom to top) have a higher capability due
to better control of synthesis parameters (temperature,
molar ratio of raw materials, pH). So, the chemical method
has a unique ability in the field of technology and science
of nanostructured materials due to the arrangement of
materials in nanometer conditions in order to achieve the
desired properties, and most chemical methods follow the
nucleation and growth mechanism. Sol-gel, sonochemistry,
hydrothermal, microemulsion and co-precipitation are the
methods of chemical synthesis [17-23].

Co-precipitation method is more suitable than other
methods, due to the simplicity of the synthesis method,
short reaction time, production of products with high
purity, etc. In addition, it is used in most medical and
industrial fields [24-27].

The ion interactions of Fe'? to Fe™® in the
atmosphere reduces the quality of the formational
magnetite [27,28]. In addition, there are strong
magnetostatic, neighboring interactions and van der Waals
attraction forces between MNPs. These forces sometimes
cause them to aggregate and become unstable. This
problem can be largely solved by reducing the size of
MNPs or by using such materials as silane-based
compounds, metals, polymers, and fatty and amino acids
for coating and stabilizing the surface of Fe;O, NPs [29-30].
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In fact, The MNPs agglomeration can be avoided by
creating electrostatic or spatial repulsion forces between
nanoparticles in the synthesis process. Nanoparticle
surface modification is done by using inorganic and
organic agents [31,32].

In 2020, Antarnusa et al. synthesized MNPs by co-
precipitation method and used FeCl;.6H,O and
FeS0O,.7H,O ammonium solution and coated them with
polyethylene glycol (PEG). They used these MNPs in
biosensors [33]. This process was performed under
atmospheric conditions. However, the formation of other
phases of magnetite diminishes the magnetic properties.

In 2019, Ali Maleki et al. used PVVA coating agent to
modify and optimize the surface of the iron oxide
nanoparticles-precipitation method. They used ferrous
chloride tetrahydrate, ferric chloride hexahydrate, and
ammonia solution to synthesize nanoparticles. The
saturation magnetization at about 40 (emu/g) and
nanoparticle size at about 47nm were determined by them.
It did not achieve outstanding results by this mean, because
MNPs somewhat agglomerated [34].

These reports indicate that most researchers studying
the optimization of the magnetic properties of coated
MNPs focused on one factor at a time. The two-level
factorial design method allows two or more variable
factors to be examined in an experiment simultaneously.
In addition, the use of this method decreases the number of
experiments and reduces time consumable, cost saving, and
consideration of possible interactions between factors [35-37].
Susan Sadeghi et al., modified the surface of magnetic
nanoparticles by using silicon. They used modified
nanoparticles as adsorbents in the uranium extraction
process in an aqueous medium and placed the
experimental in the framework of a statistical design. using
this design reduced the number of experiments to achieve
their aim. They applied statistical calculations to analyze
their data and obtained good results. [38]. PEG-modified
magnetic nanoparticles were used by Saba et al., to adsorb
zirconium in a two-level factorial design. They used
modified MNPs to adsorb and separate Zr(IV) ions in
aqueous solution, but the optimization of these kinds of
coated nanoparticles as a substrate was not observed in
their studies [39].

In order to investigate the magnetic behavior of the
modified MNPs in a new design by co-precipitation
method (in situ), the synthesis process of the modified
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Tablel: Factors, their symbols and levels for central composite design.

K level \
Factors Symbol
-1 0 +1
Kinds of alkaline agents A NaOH solution 50% NaOH ,50% NH, NH; solution
Kinds of coating agents B PEG polymeric 90% PEG ,10%PVA PVA polymeric
K Kinds of temperatures C 20C 50C 80C j

nanoparticles were performed. Optimization of MNPs was
carried out within the framework of a two-level factorial
design. The coating agents (PEG and PVA), strong
alkaline solution (NH;OH and NaOH), and temperature
(low and high) are considered for this novel design.
According to studies, such a design has not been used
to optimize magnetic properties. Therefore, the
modification and optimization of magnetic nanoparticles
based on a two-level factorial design is completely new
and innovative.

STATISTICAL DESIGN

A full two-level factorial design was performed to
investigate the effect of effective factors or interaction
between two or more factors on the response. Using this
method, the magnetic behavior of nanoparticles in some
cases can be estimated, this can be provided by an
empirical mathematical model.

The saturation magnetization( or remanent magnetization)
of coated MNPs efficiently is a response variable.

three main factors consist of the polymer agent,
alkaline solution, and temperature. They were applied in a
two-level factorial design. Thus 23=8 sets of experimental
were required to analyze the factors and their interaction
effects.

In this design the minimum, central point, and
maximum for each factor were coded with -1, 0, +1;
respectively. Twice experiments under defined conditions
did in order to take values of the central point. The results
of these duplicated experiments were used to estimate the
standard deviation of effects. These results determined the
effectiveness of the factor through the selected range [40].
The levels and factors mentioned are listed in Table 1.

EXPERIMENTAL SECTION
Materials and equipment

Ferric chloride hexahydrate (FeCl;.6H,0) (%99),
ferrous chloride tetrahydrate ( FeCl, - 4H,0) (%99),

Research Article

chloric acid (HCI) (%37), ammonia solution (NH,OH)
(%25), distilled water, polyethylene glycol (PEG-1000)
and polyvinyl alcohol (PVA) have been used to synthesize
pure and modified MNPs.

Equipment includes a digital scale with an accuracy of
0.0001 g (model KF3004), Hidolph magnetic stirrer HEI-
TECO0145, Electrothermal EM1000CE, HANNA digital
potentiometer Hi 2211, an oven BM120E and a digital
thermometer STC-100A.

The structural study was performed by X-ray
diffraction (XRD) and data with 26 in the angle range
10 to 70 degrees (with the type X-Pert Pro MPD, Cu-Ka
(A = 1.54060 A °) was recorded. The transmission
of the optical spectrum in the infrared spectrum (FT-IR)
was performed by a Spectrum RXI Infrared Fourier
Transform Spectrometer manufactured by Perkin Elmer.
The appearance and average size of nanoparticles were
determined by transmission electron microscopy (TEM)
with Zeiss EM-900 model (80 kV). The magnetic behavior
of the samples was evaluated by a vibrating sample
magnetometer (VSM) with the Lake Shore 7400 model
at room temperature.

Synthesis of magnetic nanoparticles

Pure and modified MNPs have been synthesized by the
co-precipitation method with FeCls.6H,0 and FeCl,.4H,0
precursors. PEG and PVA polymeric agents were used
to modify the surface of MNPs.

To produce a pure sample, first, FeCl;.6H,0 (2.71 gr)
and FeCl, - 4H,0 (1.1gr) have been mixed in a 2:1 ratio
in a three-necked flask. Then, 15.1 HCI (0.5 M) was added
and stirred at 350 rpm. At 80 °C, this mixed solution was
deoxygenized by nitrogen gas for 25 min. A nitrogen gas
capsule was used to inject N, gas into the reactor at an
injection rate of 3 L/min. Simultaneously, in the second
flask, the ammonium solution (2M) was deoxygenated
with nitrogen gas for 25 min. the mixed solution added
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FeCly. 6H,0 +FeCl,. 4H,0
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Add 1ron source
to alkaline source
dropwise

Separate the
precipitated
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solution

Drying in
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Washing and
neutralize PH

\_

Fig. 1: Flowchart of coating MNPs

dropwise to the alkaline solution. Gradually, by adding any
drop, a suspension MNPs were formed at a pH=13. MNPs
were separated from the solution, by an external magnetic
field. The product was washed several times by water to
reach pH=7. Then it was dried at 50 ° C by an oven.

Eq.1 to Eq.3 express the chemical equation to produce
pure MNPs.

FeCl, + 3 NH,0H + H,0 - (1)
Fe(OH); + 3NH,Cl + H,0

FeCl, + 2 NH,OH + H,0 — )
Fe(OH), + 2NH,Cl + H,0

Fe(OH), + 2Fe(OH),—> 3)
Fe;0, + 4H,0

To produce coated MNPs, first, FeCl,. 6H,0, FeCl, -
4H,0 ina2:1ratio and 3g PEG (or 0.5 gr PVA) have been
mixed in a three-necked flask. Then it was dissolved in
15cc HCI (0.5 M) under a magnetic stirrer at 350 rpm.

Similar to the pure sample production process,
ammonium solution (2M) was prepared and it was added
dropwise to the flask. Other synthesis steps were performed
similarly to the previous process (Fig.1). The resulting
powders were prepared for different spectra, such as XRD,
SEM, TEM, FT-IR and VSM.

RESULTS AND DISCUSSION
Investigation of magnetic properties of coated magnetic
nanoparticles

Fig. 2, represents the XRD analysis of the coated
MNPs. The crystal structure, phases and particle size of
MNPs were studied at room temperature. As can be seen
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in the XRD images, similar to the structure of pure MNPs,
the crystal structure of PEG-coated MNPs was face center
cubic (FCC) and the molecular structure of the reverse
spinel. The lattice constant was 8.34 A, and unit cell
comprising 24 Fe atoms and 32 O atoms. The peaks in the
XRD spectra were located at angles 26 =30/1°(220),
35/3°(311),43/2°(400) ,53/2°(422),57/3°(511), 62/6°(440).
These data perfectly compatible with the magnetite-related
values of JCPS (19629) card.

The peaks in the XRD spectra of PVVA-coated MNPs
shows magnetic and amorphous contribution. The crystal
structure of coated sample was cubic spinel and the lattice
parameters were a=b = ¢ = 8.360 A. The Fe*® and Fe*2
cations occupied all tetrahedral and half of the octahedral
sites in crystal, respectively.

The main sharp peaks were at angles 20 =
31.17°(220), 35.5°(311), 43,5°(400), 52.5°(422),
57.4°(511), 63.16°(440). In addition, at 26 = 19.2°,
the amorphous phase diffraction peak was appeared and
indicates the presence of PVA in sample. These data
perfectly compatible with the magnetite-related values of
JCPS (65-3107) card. According to the Scherrer’s equation
(Eq.4), the size of the coated MNPs by PVA and PEG
agents were calculated about 19 nm and 11 nm,
respectively [41].

0.91

4= 5c0se )

It is clear that the polymer agent places on the surface
of MNPs and prevents to growth of them, thereby reducing
the size of the nanoparticles.

The Fourier Transform InfraRed (FT-IR) spectroscopy
analysis was applied to determine the functional group and
vibrational bonds in samples. Fig.3 shows the FT-IR
analysis of PEG, pure and PEG-coated MNPs.

Three peaks at 570.98 c¢m™! , 1627.0cm~'and
3431.21cm™tappeared in the spectrum of pure MNPs.
The peak at 1627.0cm™1 were attributed to the bending
vibration of the water absorption from the surface of
Fe;0, MNPs. In FT-IR spectra of PEG, the absorption
peak at 3451.17cm™1, 1467cm™! and 1111.3cm™! are
related to the tensile bands OH, the bending band C-OH
and the tensile band C-O-C, respectively. The other peaks
are in the fingerprint region [42,43].

The absorption bands in the regions of 874.21cm™1!
until 1384.4cm™! were present in PEG polymer agent
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spectrum, while were absent in pure sample spectrum.
Accordingly, the present of these bonds in PEG-coated
sample, indicates the PEG linked on the surface of MNPs.

Similarly, Fig.4, shows the FT-IR analysis of
PVA-coated MNPs. In FT-IR spectra of PVA, the peak at
3364/25Cm™* was related to the vibrating banner O-H. the
strong peak absorption band at 2879/40Cm™1 indicates an
asymmetric tensile vibration in the C-H groups. The strong
peak at 1111/81Cm~1 was related to the vibration band Fe-
O-C, corresponding to the interaction between the polymer
agent and magnetite nanoparticles. So, this peak indicated
the placement of PVA polymer agent on the surface of
MNPs.

TEM analysis was conducted to determine the
precise size and appearance of MNPs. Fig.5 shows the
TEM analysis of MNPs coated with both PVA and PEG
polymeric agents. As can be seen, the shape of the
MNPs were almost spherical and they are somewhat
stuck, as a result of the electrostatic repulsion and steric
hindrance force [44,45]. The mean size of coated MNPs
with PEG and PVA were determined 10 nm and 20 nm
respectively.

The size of coated MNPs is less than 20 nm, according
to the documentation, coated MNPs have super
paramagnetic properties [44,46].

To investigate the magnetic behavior of coated MNPs,
the VSM analysis was performed. The role of each factor
such as coating agent, the strength of alkali solution and
temperature on the magnetic properties of coated MNPs
were studied. The amount of saturation magnetization,
magnetic remanent and coercive force of each sample in
different conditions were analyzed and compared. The
results indicate that the coated MNPs have the behavior of
super paramagnetic materials (Fig. 6).

The Fig. 7 shows that the increasing temperature
(below the Curie temperature) directly increase the
saturation magnetization of coated MNPs. The amount
of saturated magnetization is significantly higher when
PEG coating agent is used. Due to the use of
diamagnetic coating and reduced particle size of the
nanoparticles, the amount of magnetic saturation of the
modified nanoparticles is less than of pure magnetic
nanoparticles [47-49]. The effect of polymer agent and
temperature on the magnetic remanent of magnetic
nanoparticles is evaluated according to the diagrams
Fig.8.
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Fig. 2: XRD spectrum of pure and coated magnetic
nanoparticles.
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Fig. 4: The FT-IR analysis of PVA, pure and PVA-coated
MNPs.
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Fig. 5: TEM analysis (a) Fe30, / PEG (b) Fe30, / PVA.
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Fig. 6: VSM analysis related to Fe; 04 / PEG and Fe;0,4 / PVA nanoparticles at (a) 20 ° and (b) 80 ° C.
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Fig. 7: Investigation of the effect of coating factor and temperature on saturation magnetism.

Modified nanoparticles with PEG polymer agent
provide higher stability, because by stopping the
growth process, they preserve the synthesized
magnetite nanoparticles at the nanoscale. The presence
of electrostatic attraction and hydrogen bonds causes
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the polymeric agent to stick to the surface of the
nanoparticles and not easily separate from the surface.
The intensity of the effect of this result was lower
for Modified nanoparticles with PVA polymer
agent.
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Table 2: Calculated M from results of coded designed experiments.

4 N\
Code of experiment a b o ab ac bc abc
M, M, H.
Y, -1 1 -1 +1 | +1 +1 -1 32/39 0/41 6/95
Y, o T T I T T (O IS I S 49/36 072 072
Yy -1 +1 -1 -1 +1 -1 +1 9/59 0/41 5/95
Y. -1 1 +1 +1 -1 -1 +1 49/39 1/80 37/90
Yo #1411 | 4|22 o 15/00 0/29 7/83
Yac +1 -1 +1 -1 +1 -1 -1 60/94 1/63 16/6
Yoo S S (S R I R R R ! 10/46 0/64 29/6
Yaoe T T T T S R S S, | 20/45 0/04 16/30
k Average of central point 0 0 0 0 0 0 0 28/86 1/68 28/80/
) 1 b) .,
PEG 0.89 PEG 0.89
PVA PVA
0.8 - 0.74 0.8 4 0.74
5 06 -~ 0.6
3 0.48 g 0.48
£ g
2 o
= 0.4 0.35 = 044 0.35
0.2 0.2
0.0 0.0

T T
200 C 80" C

T T
200 C 80% C

Fig. 8: Investigation of the effect of coating agent and temperature on magnetic remanent.

STATISTICAL CHARACTERIZATION OF THE M,
AND M,

The magnetic behavior of the coated MNPs was
investigated by VSM instrument, and saturation
magnetization (Ms), remnant magnetism (M) and
magnetic coercivity (H,) were determined. The results of
the set of experiments carried out within the frame of
two-level factorial design are recorded in Table 2.

Hysteresis diagrams (Fig. 9 and 10) show the effect of
three factors of alkali solution strength, polymer agent and
temperature on the magnetic behavior of coated magnetic
nanoparticles (based on the experiment’s code of Table 2).

Comparison of the hysteresis diagram of the samples
shows the effect of high temperature (80 °C), the strength
of the strong alkaline solution (ammonia) and the

Research Article

polymeric agent PEG on the magnetic properties of the
magnetic nanoparticles.

The average effects of the factors and the interaction
effects computed Eq. (5), and they recorded in Table 3.

Y posetive level— Y negative level
4

Effect = (5

For example, the M, increases, on the average, by
6.225 emu/g by changing temperatures from 20° to 80°.
Also, as the strength of the alkaline solution increases
(using ammonium solution instead of sodium hydroxide),
the M, increases to an average of 13.48 emu/g. Each of
the calculated values, should be compared with the
variance to evaluates their coefficients. The standard
deviation of each effect is determined by comparing
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Table 3: Calculated effects for selected factors and interaction between them.

é Factors A B AB AC BC ABC )
Effect M (emu/g) 13.48 -31.645 6.225 -0.78 -2.71 -8.065 -7.1x 10715
Effect M, (emu/g) -0.145 -0.795 -0.215 -0.24 -0.58 1.1x 10715
\_ Effect H.(G) -9.74 -0.61 19.79 4.055 -7.56 -3.66 -1.2x 10715 )
a) 80 . : . : b) &0 : . - :
ac I ac
604 ——C E 60{ ——a i
be abc
40 — abc B 40 ab .
20 —— _ 204 e
o o
=5 3
E 0 £ 0
2 o
= 20 E = 204 .
-40 - R -40 .
-60 - -60 - -
'80 & | T T T ’80 T T T T
-10000 -5000 0 5000 10000 -10000 -5000 0 5000 10000

Fig. 9: (a) The effect of alkali solution strength and coating agent on the magnetic behavior of nanoparticles at 80 °,
(b) the effect of temperature and coating factor on magnetic behavior of nanoparticles in alkaline ammonia environment.
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Fig. 10: The effect of temperature and strength of alkaline
solution on the magnetic behavior of nanoparticles with PEG
coating.

the standard deviation of the experimental calculations
[40,50,51]. By comparing the results of two repetitions of
the central point measurement with other measurements,
can be calculated the standard deviation of each effect.
The value of this quantity for saturation magnetization is equal
to 0.37(S2 =0.37). This quantity depends on the variance
of each effect according to the following equation:
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452

Stect = N (N is number replicate measurements)

Confidence interval = effect +t, 5 Seppece - If N=8,
a = 0.05 , for df=8, the tabulated value is tq o5, =2.3.
thereforeeffect + 2.3 x 0.534 = effect +1.23. The confidence
intervals of A, B, C and BC effects will not include zero,
because the absolute value of the saturation
magnetization(M,) of each is greater than 1.23. These
should be considered as significant effects on the amount
of saturation magnetization of the coated MNPs.

According to calculations, If the process of synthesis
of modified MNPs is performed in ammonium solution
(instead of sodium hydroxide solution), the amount of
saturation magnetization of the nanoparticles will increase
significantly (13.48emu/g). By using PVA polymer agent
instead of PEG, the amount of saturation magnetization is
significantly reduced (-31.645). The synthesis of coated
MNPs at high temperatures (80°) causes a noticeable
increase in saturation magnetization (6.22emu/g).

Fig. 11, shows the normal probability diagram for
the data. As it clear, the factors A, B and C and interaction BC,
affect the results of the saturation magnetization of the
modified MNPs and the other interactions can be ignored.
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Fig. 11: Normal probability (%) of the effects.

In this study, there is no correlation between the variables
in this two-level design. In the two-level factorial design,
there is no correlation between these variables. They are
orthogonal and form a diagonal matrix.

One of the main applications of magnetic nanoparticles
in metal adsorption industry, which saves money and time.
Each nanoparticle; It absorbs the desired cations from the
solution and then the nanoparticles are collected by the
magnetic field. Residual water is directed outwards, in the
next step it is added to the nanoparticles of the spiriting
agent solution, by removing the field and disperse, the
nanoparticles disperse (in which case the stripping agent
works better). Then, by reactivating the magnetic field, the
nanoparticles collected and the remaining solution
containing the desired metal ions are obtained in a purer
form. So, the softer the magnetic nanoparticles and the
higher the saturation magnetization, the absorption process
can be performed with less energy consumption in a
shorter time and at a higher speed.

CONCLUSIONS

The results indicate that this new design (two-level
factorial design) wused in the modification and
optimization of magnetic nanoparticles has been
significantly effective. Polymeric agents used to
stabilize magnetic nanoparticles have a significant
effect in hard conditions and reduce their size.
Existence of electrostatic attraction and stronger
hydrogen bonds between the PEG and the surface of the
MNPs cause the polymeric agent to stick to the surface
of the nanoparticles and not easily separate from the
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surface, thus this agent shows better performance than
PVA. Chemical reactions were performed more
completely at high temperatures (80 °C) and the process
of aligning the magnetic moments was caried out better.
Ammonia alkaline solution had a significant effect
on modifying and optimizing the magnetic properties
of magnetic nanoparticles.
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