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ABSTRACT

Magnetite nanoparticles (FesOs) are a type of magnetic particle with huge potential for
application as a drug carrier due to their excellent superparamagnetic, biocompatible, and easily
modified surface properties. One characteristic of nanoparticles is that they can be controlled by
studying the evolution of crystal growth. The purpose of this research is to study the evolution
of magnetite-crystal growth and determine the crystal growth Kinetics using the Ostwald
ripening model. Magnetite nanoparticles were synthesized from FeCls, citrate, urea, and
polyethylene glycol using the hydrothermal method at 220°C for times ranging from 1-12
hours. The characterizations using X-ray diffraction (XRD) indicated that the magnetite began
to form after 3 hours synthesis. The crystallinity and crystal size of the magnetite increased with
the reaction time. The diameter size of the magnetite crystals was in the range of 10-29 nm.
The characterizations using a transmission electron microscope (TEM) showed that magnetite
nanoparticles had a relatively uniform size and were not agglomerated. The core-shell
nanoparticles were obtained after 3 hours synthesis and had a diameter of 60 nm, whereas the
irregular-shaped nanoparticles were obtained in 12 hours and had a diameter of 50 nm. The
characterizations using a vibrating sample magnetometer (VSM) revealed that magnetite
nanoparticles have superparamagnetic properties. The magnetization saturation (Ms) value was
proportional to the degree of crystallinity. The magnetite-crystal growth data can be fitted to an
Ostwald ripening model with the growth controlled by the dissolution of the surface reaction
(n=4).
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1. INTRODUCTION

In recent times, nanoparticle technology has become a new trend in the biomedical world. One
application of nanoparticles is in a drug delivery system. Nano drug delivery is a method for
delivering a drug directly in the target therapies. This method was proposed by Paul Ehrlich,
who received the Nobel Prize in Medicine in 1908. The principle of this method is that the drug
is conjugated into nanoparticles, which act as a as drug carrier, and then injected into a vein.
Furthermore, where the drug carrier has superparamagnetic properties, the delivery to the target
cell is controlled by an external magnetic field. The advantages of nano drug delivery compared
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to conventional medication methods are: (1) it has the ability to treat the specific targets in the
body; (2) the dose of the drug is reduced; (3) the concentration of the drug at the nontarget sites
is reduced; and (4) the side effects caused by drug toxicity in cells/nontarget tissues are reduced
(Arruebo et al., 2007).

A crucial issue in the development of nano-drug-delivery technology is the state of emergency
caused by cancer being the second highest cause of death in the world. World Health
Organization (WHO) figures, if this is not controlled, an estimated 26 million people will suffer
from cancer and 17 million will die of cancer in 2030 (The Union for International Cancer
Control’s (Union Internationale Contre le Cancer, UICC, 2009). Meanwhile, the chemotherapy
that is commonly used is less effective because it is not only deadly for cancer cells but also for
healthy cells. Nano drug delivery is a method that promises to be the solution for the various
side effects caused by chemotherapy.

The magnetite nanoparticle (FezO4) is one of the materials that is a very promising candidate for
being applied to drug delivery due to its superparamagnetic and high-biocompatibility
properties (Mohapatra & Anand, 2010). Many techniques have been developed to produce
nanoparticles, including the hydrothermal (Cheng et al., 2010), sonochemistry (Khalil et al.,
2017), and combined destruction (Fitriana et al., 2017) techniques. Nanomagnetite has been
used as a contrast agent in magnetic resonance imaging (MRI) and hyperthermia for cancer
therapy (Qiao et al., 2009). Cheng et al. (2010) synthesized nanomagnetite for use as a drug
delivery system, which was made from FeCls, citrate, urea, and polyacrylamide (PAM) using
the hydrothermal method at 200°C. The resulting magnetite particles were hollow-shell shaped,
the core was superparamagnetic, it had high solubility in water, and was ideal for applying in
drug delivery. With these superior characteristics, it will be better if the size and morphology of
the particles can be controlled because it is a critical factor in drug delivery systems. The size
and morphology of the particles used in drug delivery affect accessibility and the time of
residence in the bloodstream (Bae & Park, 2011; Yu et al., 2012).

The study of the evolution of crystal growth can help with understanding the factors that
influence the growth of crystals. An understanding of the factors that affect crystal growth
kinetics and microstructure development in nanocrystals is fundamental to the control of
nanoparticle properties. It is important for the process of tailoring the nanoparticles to have
uniform size and morphology (Hwang et al., 2012). This research was carried out by modeling
the crystal growth kinetics of magnetite nanoparticles using the Ostwald ripening model. In this
study, the biocompatibility of the nanoparticles was also improved by using the capping agent
polyethylene glycol (PEG). PEG is a hydrophilic polymer that is stable, has a high
biocompatibility, and is widely used in drug delivery applications. Thus, from this study it is
expected that biocompatible, superparamagnetic magnetite nanoparticles with a controlled size
and morphology that meet the criteria for application in drug delivery can be obtained.

2. METHODOLOGY

This study consisted of three main stages: (1) the preparation of magnetite nanoparticles from
the starting material FeCls using the hydrothermal method; (2) characterization with a
transmission electron microscope (TEM), X-ray diffraction (XRD), and a magnetometer; and
(3) modeling the kinetics of magnetite-crystal growth.

2.1. Synthesis of Magnetite Nanoparticles

The magnetite nanoparticles were synthesized using the hydrothermal method. A total of 2
mmol FeCls (0.05M), 4 mmol of sodium citrate (0.10 M), and 6 mmol of urea (0.15M) was
dissolved into 40 mL of distilled water, then 0.38 g PEG (7.5 g / L) was added until it
completely dissolved, and the solution was finally transferred into a Teflon-lined autoclave. The
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Teflon-lined autoclave was put into an oven and the temperature was set to 220°C. The reaction
times used in this study were 1, 2, 3,5, 7, 9, and 12 hours. The black precipitate that formed
was separated by a bar magnet, then washed with water and ethanol, and dried at 60°C
overnight.

2.2. XRD Characterization

The crystallinity, composition, and size of the nanoparticles were determined using XRD.
Approximately 200 mg of the sample was placed directly onto a piece of aluminum measuring
2x2.5 cm. The samples were characterized using an XRD instrument with Cu radiation light (A
=1.54 A), a voltage of 40 kV, and a current of 30 Ma at 20 10—99.97°.

2.3. TEM Characterization
The size, morphology, and aggregate of the particles were analyzed using a TEM microscope
(TEM JEOL JEM 1400) operated at 5 kV under vacuum.

2.4. VSM Characterization

The characteristics of the magnetic nanoparticles were analyzed using a vibrating sample
magnetometer (VSM) of type VSM1.2H Oxford. The magnetization curves were measured at
room temperature with a magnetic field that varied in the range of -1 to 1 Tesla.

2.5. Kinetic Modeling of Crystal Growth

The Ostwald ripening model is a classical model of crystal growth that describes the “change of
particle size” phenomenon. It is based on the growth of larger particles from smaller particles.
The driving force for this process is the total reduction of surface free energy based on the
Gibbs-Thomson equation. The equilibrium concentration of the solute on the surface of the
larger particles is lower than for the smaller particles, and results in a concentration gradient
that causes the solute ions to move from the small particles to the larger particles. The Ostwald
ripening model assumes that the crystal growth mechanism is applicable to all length scales. It
is also claimed that the application of this method to the estimation of diffusion coefficients is
valid for any colloidal system that is characterized by a small particle size distribution at all
stages of its growth (Thanh et al., 2014). Although there has been no kinetic modeling of crystal
growth for magnetite nanoparticles, this model is commonly used in the study of early crystal
growth. The general equation of the Ostwald ripening model is presented in Equation 1.

(r—mn)" =Kt (1)

where r is crystal radius, ro is the radius of the crystal formed initially, K is constant, and t is the
time of reaction. Equation 1 was then converted into the following equation:

1
ln{r —rg) = LnK + Eln{t —tg)

()

Based on the intercept and slope, k and n were obtained. Furthermore, the values of r and ro
were obtained from the model curve. The curve obtained from the experiment matched the
kinetic curve for the Ostwald ripening model.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Magnetite Nanoparticles

Magnetite nanoparticles were synthesized using the hydrothermal method. The reactants used
were FeCls, urea, and sodium citrate. PEG was added as the capping agent and to increase
biocompatibility to make the particles suitable for drug delivery (Arruebo et al., 2007; Cao et
al., 2012; Yu et al., 2012). Since Fe3O4 crystal consists of Fe ** and Fe 2*, it would require a
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reducing agent to reduce Fe ** to become Fe 2*. Citrate was used as the reductor to make Fe*
become Fe?* at a high temperature (Equation 3). Citrate also can make complexes with Fe3* and
Fe?*; these complexes reduce the number of free ions and produce a slow reaction, which is the
best way to form crystals (Cheng et al., 2010). A high temperature causes the hydrolysis of urea
in alkaline conditions (Equation 4). The basic conditions supported the formation of Fe (l1)
hydroxide and Fe (I1l) hydroxide (Equations 5 and 6), then the magnetite was formed by the
reaction between one molecule of Fe (1) hydroxide and two molecules of Fe (Ill) hydroxide
(Equation 6).

O'Na"

0 O'Na*
0
HO + oFeCl, —» + 0, +2FeCly+ HCI + NaCl
Na'O O'Na* 0
0
0 Na O 0 (3)
(NH2)2CO (ag) + 3H20 (ag) > 2NH4OHaq) + CO2 ) (4)
F62+(aq) + 2 NH4OH (aq) QFE(OH)Z(S) + 2N H4+(aq) (5)
F63+(aq) + 3 NH4OH (aq) 9FE(OH)3 Ok 3N H4+(aq) (6)
FE(OH)Q(S) + 2Fe(OH)3(5) > Fe304(3) + 4H20(aq) (7)

The formation of magnetite nanoparticles with black precipitate is as depicted in Figure 1. The
precipitate was thoroughly dispersed in water. The presence of PEG that has an -OH group on
the surface of the nanoparticles makes the nanoparticles hydrophilic and negatively charged.
Thus, the nanoparticles have a longer time of residence in the bloodstream (high bioavailability)
because this corresponds to the nature of the plasma proteins, which are also hydrophilic and
negatively charged. In general, phagocytosis will occur in particles that are non-polar
(hydrophobic) and positively charged, as they are considered to be a substance that is foreign to
the body. When brought closer to the external magnetic field, the precipitate interacts with the
magnetic field and is attracted completely after 45 seconds. The magnetic properties of the
precipitate appear when exposed to the external magnetic field and then disappear when the
magnetic field is removed. This shows that magnetite nanoparticles have paramagnetic
properties.

(@) (b)

Figure 1 The as-synthesized black precipitate well dispersed in water (a), the precipitate interacts with
the external magnetic field and is attracted completely after 45 seconds (b), and the re-dispersal of the
powder in the water after the magnetic field is removed (c)
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Figure 2 demonstrates that after 1 hour and 2 hours of synthesis there was no precipitate. The
solution was still yellow after 1 hour of synthesis and turned brown after 2 hours of synthesis.
The precipitate began to form at 3 hours of synthesis. The precipitate color darkened as the time
of synthesis increased.

Figure 2 The as-synthesized product at 1 (a), 2 (b), 3 (c), 5 (d), and 12 hours (e)

3.1.1. XRD characterization result

The XRD patterns match the standard pattern for FesOa, with the highest intensity at 26 35.54°,
57.06°, and 62.66°, which confirms that the precipitate was pure magnetite. The intensity of the
peak rose as the time of synthesis increased, which indicates that the crystallinity of the
magnetite nanoparticles also was amplified.
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Figure 3 The XRD pattern of as-synthesized magnetite at 220°C for 3, 5, 7, 9, and 12 hours
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3.1.2. Magnetic properties characterization result

The magnetic hysteresis curve of magnetite is depicted in Figure 4. There is a very narrow
hysteresis loop with a coercivity (Hc) value near zero (0.02 T). This indicates that the as-
synthesized nanomagnetite has superparamagnetic properties. A narrow hysteresis loop reveals
the very lowest amount of energy lost and the ease of magnetization (Marolt, 2014). This means
the synthesized FezO4 is not only suitable for use as a drug carrier but is also very promising for
being applied as a recording medium, and in data storage and supercapacitors.
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Figure 4 The hysteresis curves of as-synthesized magnetite nanoparticles

The magnetization saturation values are detailed in Table 1. The magnetization saturation is the
maximum magnetization or the conditions under which a further increase in the magnetic field
intensity (H) is not going to cause a rise in the density of the magnetic field (M). The resulting
saturation magnetization is relatively stable each time the synthesis is performed, and is 65
emu/g, and there is a slightly raised saturation magnetization value as the time of synthesis
increases. This trend also corresponds to the crystallinity trends (Figure 3 and Table 1). Thus, it
can be concluded that the saturation magnetization (Ms) is proportional to the degree of
crystallinity of the nanoparticles. When the crystallinity increased, the saturation magnetization
increased as well. This is due to the high crystallinity; the structure is similar to the crystal
structure of the bulk material.

Table 1 The values for the magnetization saturation and highest intensity peak of the as-
synthesized nanomagnetite at 7, 9, and 12 hours

Synthesis time Magnetic saturation Highest intensity of XRD peak

(hours) (emu/qg) (count)
7 65.04 1,330,228
9 65.29 1,384,059
12 65.41 1,490,334

3.1.3.. Morphology characterization result

The morphology of the nanoparticles is revealed in the TEM images (Figure 5), which show
that nano-sized particles formed with a uniform size distribution (monodispersity) and were not
agglomerated. A synthesis of 3 hours resulting in core-shell-shaped magnetite nanoparticles
with a diameter about 60 nm as depicted in Figure 5a. The core section is darker than the shell,
indicating high crystallinity in the core section and amorphousness in shell section. The core-
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shell structure has advantages for use as a drug carrier. The shell protects the core part from
oxidation by the outside air, and serves as an attachment for ligands or drugs (Luszczyk et al.,
2014). However, the particles resulting from 12 hours of synthesis have a less regulated
morphology and are denser, with diameter of about 50 nm, as depicted in Figure 5b. Thus, the
TEM image confirms that the addition of PEG was able to prevent agglomeration among the
nanoparticles. The size of nanomagnetite particles that is required to meet the criteria for drug
delivery is 10-200 nm.

J

Figure 5 The TEM image of as-synthesized magnetite after 3 hours (a) and 12 hours (b) synthesis time

3.2. Magnetite Nanoparticles Crystal Growth Modeling

The modeling of the magnetite-crystal growth in this experiment was performed using the
Ostwald ripening model. This model mostly corresponds to the process of nanoparticle crystal
growth because Ostwald ripening phenomenon commonly occur in the formation stage of
crystals. Other models, such as oriented attachment, are commonly used to describe the
phenomenon of crystal growth in the early stages of nucleation, in which the particle size
doubles or multiplies from the initial particles (Huang et al., 2003). In addition, oriented
attachment models are used to describe the peculiarities of non-classical growth and
manufacturing anisotropic nanostructures, such as nanorods or nanowires (Zhang et al., 2010).

The general formula of Ostwald ripening is » —», = Kt* where t is time, k is a temperature-
dependent material constant appropriate to the value of the exponent n, and ro is the average
particle radius at t = 0. When the exponent n = 2, it implies that crystal growth is controlled by
the diffusion of ions along the matrix-particle boundary; when n = 3, the growth is controlled
by the volume diffusion of ions in the matrix; and when n = 4, it indicates that growth is
controlled by dissolution kinetics at the particle-matrix interface (Huang et al., 2003).

From the XRD data, the particle size (r) can be determined with the Scherrer formula (Equation
8). However, in this experiment we use a modification of the Scherrer formula (Equation 9) to
minimize systematic errors from applying the original Scherrer formula (Monshi et al., 2012).

KA KA 1
JI?_j[).-::-::-sﬁi'_ D cosf (8)
infs =1 K4 =1 KA+I !
nh = "Doeosf D cosB 9)

Matching the model is done using two approaches: (1) determining n and k with the least
squares method; and (2) matching the experiment’s curve of time versus radius with the
theoretical curve. Based on the least squares method, the n and k values are shown in Table 2.
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Table 2 The data resulting from the least squares method

R? In K 1/n k n
0.947 1.67 0.27 531 3.66

From the data in Table 2, where the n value is 3.66 = 4, this indicates that the crystal-growth
reaction is controlled by dissolution kinetics at the particle-matrix interface. Even though the R?
value shows good linearity, to be confident about the information, the experiment’s curves are
fitted to a theoretical curve, as depicted in Figure 6. The percentage errors are displayed in
Table 3.

25
20
E
=
= 15
(%]
=
',E, + data
= 10 = iodel 1 {n=2)
Z
o —model 2{n=3})
5
——model 3{n=4)
0

3 4 5 6 7 8 9 10 11 12
time, t (hour)

Figure 6 The graph of time vs. radius of nanomagnetite

Table 3 Percentage errors of experimental data to the model

Model % Error
Model 1 (n=2) 20.44
Model 2 (n=3) 5.69
Model 3 (n=4) 2.53

Figure 6 reveals that there was an increase in the radius of magnetite crystals as time increased.
Particles with a diameter of 4.8 nm were obtained after 3 hours of synthesis time. Whereas,
from 7 hours to 12 hours, there was no significant size increase; the particles only grew by
about 1 nm. Finally, after 12 hours of synthesis, nanoparticles with a radius of 14.6 nm were
obtained. Each model provides an erratum that is quite different to the other models, with a
certain tendency to be similar to the data from the experiment. The errors decrease in line with
an increasing value of n. Model 3, which has a value of n = 4, is the closest to the data from the
experiment with the lowest % error of 2.53% (Table 3). This indicates that, at a 220°C
temperature, nanomagnetite crystal growth follows the Ostwald ripening model controlled by
the dissolution rate of the particle-matrix interface. With this model, we can predict the crystal
size of magnetite nanoparticles in the reactor as a function of time and more easily control the
size to suit the needs of the applications of the particles.
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4. CONCLUSION

In conclusion, we have developed a facile, one-pot hydrothermal method for the synthesis of
magnetite nanoparticles with a core-shell structure. The magnetite nanoparticles we obtained
have monodispersity, no agglomeration, and a diameter of 50-60 nm. The magnetite
nanoparticles also exhibited superparamagnetic properties, high saturation magnetization (65
emu/g), and were highly water soluble, which makes them an ideal candidate for drug delivery.
The crystal growth kinetics study discovered a correlation among reaction time, crystal size,
crystallinity, and magnetization saturation. A longer reaction time will increase the crystals’
sizes and crystallinity. In addition, the value of the saturation magnetization grew with
increasing crystallinity. The magnetite-crystal growth data can be fitted to an Ostwald ripening
model with the growth being controlled by the dissolution of the surface reaction (n=4), with a
percentage error of 2.53%.
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