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Abstract: Herein we report a new method for synthesizing stabilized magnetic
nanoparticle (MNP) colloids. A new class of monodisperse water-soluble magnetite
nano-particles was prepared by a simple and inexpensive co-precipitation method. Iron
ions and iodine were prepared by the reaction between ferric chloride and potassium
iodide. The ferrous and ferric ions were hydrolyzed at low temperature at pH 9 in the
presence of iodine to produce iron oxide nanoparticles. The natural product myrrh gum was
used as capping agent to produce highly dispersed coated magnetite nanoparticles.
The structure and morphology of the magnetic nanogel was characterized by Fourier
transform infrared spectroscopy (FTIR) and transmission electron microscopy (TEM), and
X-ray diffraction (XRD) was used to examine the crystal structure of the produced
magnetite nanoparticles.
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1. Introduction

Magnetite (Fe;O4) is a biocompatible mineral with very low toxicity (nanocrystals of magnetite are
magnetoreceptors in some animal brains), making it one of the best and most preferred stable materials
for future applications in medicine [1]. Unfortunately, significant reduction of magnetization occurs at
the surface of Fe;O4 nanoparticles, which affects many of their applications. This obstacle can be
overcome by capping the magnetic nanoparticles with various polymers [2,3] and organic acids, which
in some cases allows restoration of the surface magnetism [4,5]. The best capping natural materials are
obviously organic ones like oleic and aliphatic acids [6], oleic acid with oleyamine [4], stearic acid [7],
natural alginic acid biopolymer [8] and gum Arabic (GA), [9,10]. Recently, the use of natural GA has
been extended to the field of nanotechnology due to its proven stabilization of nanostructures. GA has
been probed for coating iron oxide magnetic nanoparticles [9,10], gold nanoparticles [11], carbon
nanotubes [12] and quantum dot nanocolloids [13]. In all these cases, GA has been physically adsorbed
via nonspecific interactions on the surface of the different nanostructures, either during their synthesis
or adsorbed afterwards on as-produced structures.

The synthesis procedures for metal or metal oxide nanomaterials are relatively complex and
expensive in comparison to those used for pure iron oxide nanoparticles [14]. Due to their unique
magnetic properties, low cost synthesis [14] and low toxicity [15], Fe;O4 nanoparticles can be used in
numerous applications. The literature reports different methods to prepare iron oxide, such as
co-precipitation [16], hydrothermal [17] as well as high temperature preparation methods [18].
However, there are many problems facing the applications of iron oxides with magnetic characteristics
such as method of preparation used to reduce toxicity [19], dispersability, and low productivity.
Recently, electrophysical methods (laser ablation, electric explosion of wires, efc.) have been used to
prepare high yield magnetite nanomaterials for use in medicine [20—22]. The aim of the present work
was to develop a new, simpler, economically feasible method to prepare mono-dispersed and stabilized
magnetite nanoparticles at low temperature to facilitate their applications. This method is based on
reaction of ferric chloride with potassium iodide in the presence of aqueous ammonium hydroxide
solutions. Myrrh is considered as an alternative biopolymer for the coating and stabilization of
nanostructures, including iron oxide magnetic nanoparticles (MNPs). In this work, we have used myrrh
to cap the surface of iron oxide magnetic nanoparticles (MNPs), either by an adsorption mechanism or
formation of covalent bonds between the functional groups of myrrh and the hydroxyl groups of
magnetite. It is postulated that the amine or carboxylate groups in myrrh are responsible for its
chemical adsorption on the surface of bare magnetite, so in this case the aldehyde, amine and
carboxylate functional groups of myrrh, were used to form covalent bonds to the MNPs. The work is
completed with a demonstration of the utility of the novel nanoparticles as corrosion inhibitors.

2. Results and Discussion
2.1. Production of Capped Iron Oxide Nanoparticles

Several types of iron oxides have been used in the field of magnetic NPs, including Fe;O4
(magnetite), a-Fe,O; (hematite, weakly ferromagnetic or antiferromagnetic), y-Fe,Os; (maghemite,
ferrimagnetic), FeO (wiistite, antiferromagnetic), e-Fe,Os and B-Fe,Os;. Among these magnetite and
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maghemite are popular candidates. The main method used to prepare iron oxide nanoparticles is
the co-precipitation method. The main advantage of the co-precipitation process is that a large amount
of nanoparticles can be synthesized at the same time, but control of the particle size distribution is
limited, because the growth of the crystals is only controlled by kinetic factors. There are two stages
during the co-precipitation method: a short burst of nucleation that occurs when the concentration of
the species reaches critical supersaturation, followed by a slow growth of the nuclei by diffusion of the
solutes to the surface of the crystal [23]. In this respect, these two stages should ideally be separated;
i.e., nucleation during the growth period should be avoided to obtain monodisperse iron oxide
nanoparticles [23]. The present work aims to prepare magnetite nanoparticles using only one iron
compound as starting material, a limited number of additional chemical reagents, and a process that
can be carried out under simple reaction conditions, preferably at room temperature, with easy
work-up of the products obtained and by which highly pure magnetite can be obtained. This objective
has been achieved with a method for preparing coated magnetite nanoparticles comprising: (a)
preparing first an aqueous solution containing FeCls; (b) preparing a second aqueous solution
containing potassium iodide; (c¢) mixing the two solutions; (d) myrrh gum is then added as stabilizing
agent; (e) hydrolyzing the mixture at a temperature of 45 °C by adjusting the pH to about 8.5-9 or
above to obtain a precipitate; and (f) separating the precipitate from the solution. Thus, magnetite
Fe;O4 nanoparticles were prepared according to the following equation [24,25]:

3Fe’ + 1" — 2Fe’" + Fe* + 121, (1)

The co-precipitation technique is determined to be the simplest and most efficient way to obtain
iron oxide nanoparticles. Iron oxides (either magnetite Fe;O4, hematite o Fe,O3 or maghemite yFe,0;)
are usually prepared by aging a stoichiometric mixture of ferrous and ferric salts in aqueous medium.
The chemical reaction of Fe;O4 formation may be written as follows:

2Fe’ + Fe’™ + 8OH —Fe;04 + 4H,0 )

It should be expected that at a pH between 8 and 14 that the complete precipitation of Fe;O4 with
a stoichiometric ratio of 2:1 (Fe'/Fe’") in a non-oxidizing oxygen environment according to
the thermodynamics of the reaction in Equation (2) [26].

However, magnetite (Fe;O4) is not very stable and is sensitive to oxidation and is transformed into
maghemite (yFe,0;) in the presence of oxygen. It was expected that during the synthesis the magnetite
in the dry state would be oxidized to maghemite by air. It is known that ultrafine crystals of
magnetite change with time from their characteristic black color to the brown of maghemite, even at
room temperature [27]. Moreover, under basic conditions, the oxidation of magnetite involves
oxidation-reduction recations that take place on the surface.

It was previously reported that when iodine is added to water, the following reaction takes place [28]:
L (1) +H,0 (1) — OI (aq) + 2H  (aq) + I  (aq) (K =2.0 x 107" (3)

The I, molecules and water molecules react to substances such as hypoiodite (OI") and I". The
formation of the hypohalite ion (IO") in neutral aqueous solutions of iodine is negligible. In basic
solutions, iodine is converted into iodide and iodate in a two stage reaction [29]:

L +20H — I+ 10"+ H,0 (K = 30) 4)
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301 - 2T + 105 (K =1020) (5)

The equilibrium of this reaction can move to either side, depending on the pH of the solution. It was
suggested that [30] IO5™ is physically adsorbed on iron oxide surfaces. The adsorption on the inner or
outer surfaces of iron oxides increased with pH and ionic strength. It was detected that the adsorption
of 105~ on iron oxide influenced the crystal growth of magnetite [30]. It was also suggested that
the adsorption of iodate on the surfaces of iron oxides would produce more hydroxyl groups which are
able to form covalent bonds with different functional groups such as the carboxylic, hydroxyl or amino
groups of myrrh.

The addition of capping agents (carboxylate or hydroxyl-carboxylate ions) or organic surface
complexing agents (polysaccharides) during the formation of magnetite can help control both the
oxidation and the size of the nanoparticles. It was expected that the chelation of these organic ions on
the iron oxide surface can either prevent nucleation and thus lead to larger particles or inhibit the
growth of the crystal nuclei, leading to small nanoparticles. Myrrh as natural resinous exudate obtained
from trees of certain Commiphora species of the Burseraceae family. It consists of a water-soluble
gum, alcohol-soluble resins and volatile oil. The gum contains polysaccharides and proteins, while the
volatile oil is composed of steroids, sterols and terpenes [31]. Myrrh is a mixture of polysaccharides
contains different functional groups can be used as a stabilizing agent for magnetite nanoparticles to
avoid their agglomeration in the present work. Thus, stabilization may be attributed to formation of a
passivation layer and/or to electrostatic repulsion. The stabilization scheme can be illustrated by Scheme 1.

Scheme 1. Preparation of magnetite capped with myrrh.
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The adsorption on magnetite nanoparticles (MNPs) co-precipitated with myrrh was explained by
more complex mechanisms involving intermolecular hydrogen bonding. In this work the covalent
coupling of myrrh onto the MNPs, as well as the comparison with MNPs prepared by myrrh
adsorption, have been studied. After creating the myrrh shell, it was expected that it would be possible
to absorb another layer of myrrh by physical adsorption. It is expected that covalent bonds will be
produced from the reaction between the hydroxyls of bare magnetite with the carboxylic, hydroxyl and
aldehyde groups of myrrh, as represented in Scheme 1 [32].
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2.2. Characterization of Capped MNPs

FTIR analysis was used to characterize the iron oxide nanoparticles as both magnetite and
maghemite or hematite. They can be easily differentiated on symmetry grounds. In this respect the
FTIR spectra of iron oxide particles prepared in the presence or absence of iodine, and with myrrh as
capping agent in the absence and presence of iodine are presented in Figure 1a—d, respectively.

Figure 1. FTIR spectra of the prepared magnetite (a) absence of iodine; (b) presence of
iodine; (¢) presence of myrrh; and (d) presence of myrrh and iodine.
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Wavenumbers assigned to the spinel structure are in the 800400 cm ' range [33-37]. All IR
spectra indicating the presence of magnetite nanoparticles display a peak at around 570 cm™'.
The FTIR spectrum of iron oxide in the presence of iodine (Figure 1b), showed new bands at 650 and
750 cm™ indicating the presence of maghemite [38]. Moreover, the spectrum in Figure 1b indicated
the presence of a-Fe,Os (hematite) nanoparticles, clearly revealed by a large and intense band at
3,450 cm™" that could be assigned to the structural OH groups. The presence of myrrh was indicated by
the disappearance of the hematite and maghemite bands and appearance of broad bands at 3,450, 1,630
and 1,550 cm™' which are attributed to OH, COOH and C=C stretching and indicated the
functionalization of magnetite nanoparticles with the carboxylic or hydroxyl groups of myrrh.

The shift of the C=0 vibration (symmetric stretching) of the COOH groups of myrrh to an intense
band at about 1630 cm™' and that of a band at 1050 cm™' characteristic of CO single bonds for the
ferromagnetic phase coated with myrrh reveals the myrrh is chemisorbed onto the nanoparticles as a
carboxylate on the magnetite surface. Fe-O stretching of magnetite was also observed at 578 and 628 cm™.
These data indicated that the presence of myrrh prevents the formation of hematite and maghemite
to produce stabilized magnetite nanoparticles. By assembling a monolayer of myrrh molecules on
the nanoparticle surface an oil-based magnetic fluid is produced. The aqueous-based magnetic fluid
is produced by assemblies of bilayers of myrrh on the surface of magnetite. Figure lc,d of
the magnetite/myrrh capped nanoparticles show bands at 2922 and 2852 cm™ which were attributed to
shifted asymmetric and symmetric CH, stretch bands. This shift was caused by the field of the solid
surface and it is an indication that the hydrocarbon chains that surround the particle were in
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a closed-packed, crystalline state. Furthermore, as we know, myrrh is a mixture of branched
polysaccharides and glycoprotein containing numerous functional groups which may be responsible for
the linking with magnetite via covalent bonding [31]. It can be concluded that the prepared nanoparticle is
stabilized via electrostatic attraction between carboxylate groups of myrrh gum and surface hydroxyl
groups of Fe;O4 which is due to the glycoprotein present in gum [39]. Also, the Myrrh has different
functional groups usually bind to the surface of the nanocrystals and give rise to a steric hindrance to
aggregation [40]. The capping group plays an important role in controlling the particle size. The X-ray
diffractograms of four samples of magnetite are represented in Figure 2.

Figure 2. XRD diffractograms of the prepared magnetite (a) absence of iodine; (b)
presence of iodine; (¢) presence of myrrh; and (d) presence of myrrh and iodine.
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The data showed the presence of both a and y phases of Fe,Os (Figure 2b). The existence of
maghemite and hematite is considered as topotactic with the [111] and [110] axes of maghemite
corresponding to the [001] and [110] axes of hematite [41]. On the other hand, from the expanded view
of the XRD profile (Figure 2b), it is found that the (104) and (110) Bragg reflections remain at the
same position and shape was well maintained. The data showed a single peak for the tetrahedrally
coordinated iron of magnetite (Fe;0O4), and maghemite (y-Fe,O3, whereas the octahedrally coordinated
iron of hematite (a-Fe,O3;) and the two oxyhydroxides, lepidocrocite (y-FeOOH) and goethite
(a-FeOOH) show a split peak. The data proved that the a-phase of iron oxide nanoparticles (a-Fe,Os,
hematite) can be formed during the preparation process. This data indicated that the presence of iodine
during the formation of magnetite leads to the formation of hematite and maghemite and hydroxyl
groups on the surface of the iron oxide surfaces. There are many different natural structures of iron
oxide, such as Fe;04, a-Fe,0s, YFe,03, Fe,03, and B-FeOOH, all of which exhibit magnetic properties.
X-ray diffraction patterns of the magnetite nanoparticles (Figure 2) revealed diffraction peaks at (110),
(220), (311), (400), (422), and (511), which are the characteristic peaks of the Fe;O4 crystal with a
cubic spinel structure. Herein, no peaks were detected which could be assigned to impurities such as
v- or a-ferric oxide. X-ray diffraction data of iron oxide nanoparticles are listed in Table 1. It is noticed
that the diffraction data is closer to Fe;O4 than to y-Fe,0;.
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Table 1. Standard XRD data (for 26 = 20-80°) for Fe;Os4, y-Fe,O; and the experimental
XRD data of Fe;O4 nanoparticles.

Standard Diffraction Data

Experimental Data of Fe;0,

Fe;0y4 v-Fe, 03
20 20 20

30.1 30.28 29.99
35.43 35.69 35.51
43.06 43.35 43.23
53.41 53.87 53.59
56.96 57.42 57.12
62.53 63.03 62.81
73.97 74.56 74.27

Careful inspection of data illustrated in Figure 2 and listed in Table 1 indicates that only magnetite
was formed during the capping of magnetite with myrrh in the presence or absence of iodine. These
data indicated that the capping agent forms stable layers and prevents the transformation of magnetite
into other iron oxides.

The mean size of Fe;O4 nanocrystallites was estimated using Scherrer’s formula [42]: Ds= KA/B cos 6,
where Ds represents the crystallite size, 6 represents the position of the Bragg peak and B is the half-width
of the diffraction peak. The constant K in the Scherrer’s equation [42] depends on the morphology of
the crystallites and K = 1 is usually assumed. The mean size of the crystallites determined from XRD
measurements equal 10.3, 6.5, 38.1 and 18.3 = 0.7 nm for iron oxides prepared in the absence or
presence of iodine, presence of myrrh and presence of both myrrh and iodine, respectively. These data
indicated that the presence of iodine during the preparation procedure of magnetite reduces the crystal
mean size from 10.3 to 6.5 nm and reduces the size from 38.1 to 18.3 nm in the presence of myrrh as
capping agent and iodine.

2.3. Morphologies and Particle Size of the Prepared MNPs

The magnetite nanoparticles obtained using myrrh as capping agent can easily be dispersed in
aqueous media. The hydrodynamic diameter of iron oxides prepared in the presence or absence of both
iodine and myrrh were measured by dynamic light scattering (DLS). The corresponding DLS graphs
are presented in Figure 3. The diameter of the iron oxide nanoparticles in the absence and presence of
iodine was between 12 and 5 nm, respectively. DLS measurements of capped magnetite nanoparticle
in the absence and presence of iodine yielded a hydrodynamic average size of 53 and 18 nm for Fe;0y4,
respectively. The hydrodynamic diameter of the particles in water was found to increase in the absence
of iodine, which can be attributed to the presence of the associated and hydrated layer of magnetite [43].
Dynamic light scattering (DLS) measurements revealed that the nanoparticles prepared in the presence of
iodine and myrrh are highly monodisperse in aqueous media. These nanoparticles can also form stable
dispersions in PBS buffer solution, which has the same pH value and ionic strength as physiological
conditions. This colloid remains stable for three months without noticeable precipitation.
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Figure 3. DLS of the prepared magnetite (a) absence of iodine; (b) presence of iodine;
(¢) presence of myrrh; and (d) presence of myrrh and iodine.
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The nature of the particles without aggregation was confirmed by TEM analysis in physiological
buffer. Figure 4 shows transmission electron microscope (TEM) images of myrrh-coated and uncoated
magnetite nanoparticles in the presence and absence of iodine. It could be clearly seen that the particles
has a good distribution, with a lower percentage of agglomeration in the presence of both iodine and
myrrh and the particle size is estimated to be 12 nm. The colloidal stability and distribution increased
in the presence of myrrh and iodine with respect to bare Fe;O4 nanoparticles.

It is clearly observed that agglomeration of nanoparticles occurs to some extent. In any case the
colloidal stability of magnetite nanoparticles increases due to successful stabilization of the Fe;O4
nanoparticles. The repulsion between the © electrons of double bonds and the carboxylate groups of
myrrh prevents full aggregation of nanoparticles. Figure 4a,c show the TEM micrographs of Fe;O4
nanoparticles uncoated and coated with myrrh and in the absence of iodine. The micrographs show
the presence of aggregations in contrast to the image obtained using myrrh. This behavior indicated
that the iodine enhances the surface modification of magnetite nanoparticles due to an increase in
the formation of OH groups which bond with the reactive functional groups of myrrh, as represented in
the Scheme 1. It was also observed that the particle size was decreased by incorporation of iodine from
12.1 to 5.8 nm. Moreover, the presence of myrrh and iodine during the preparation of magnetite
reduced the particle size from 55 nm to 18 nm and increased the dispersion of the particles as
represented in Figure 4. These data indicated that iodine binds so tightly to the particle surface to iron
oxide particles that it impedes particle growth. The particle size distributions appear to be quite narrow
and the particle shape is reasonably spherical.
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Figure 4. TEM micrographs of the prepared magnetite (a) absence of iodine; (b) presence
of iodine; (¢) presence of myrrh; and (d) presence of myrrh and iodine.

2.4. Magnetic Properties

It is important to study the effect of both particle size and the functionlization of magnetite on its
magnetic properties. It is most important to measure the magnetic properties of the core/shell magnetic
and superparamagnetism properties for practical applications. In this respect, Figure 5 shows VSM
magnetization curves of Fe;O4 NPs prepared in the presence or absence of iodine and myrrh at room
temperature. The data indicated that all the prepared magnetite nanoparticles exhibited typical
superparamagnetic behavior indicated by not exhibiting hysteresis, remanence and coercivity [44]. It is
well known that large saturation magnetization is a measure of the maximum magnetic strength [45].
The large saturation magnetization of iron oxide NPs prepared in the presence of iodine, absence of iodine,
the presence of both iodine and myrrh and presence of myrrh were 78.6, 66.3, 59.6 and 39.9 emu/g, which
is more than sufficient for magnetic separation with a conventional magnet for use in the
environmental applications in water purification from oil or heavy metals. More details on magnetic
properties and applications of the prepared magnetic nanoparticles will be discussed in the forthcoming
publications. The saturation magnetization of the prepared magnetite particles, which was found to be
equal to 78.6 emu/g, can be compared to the theoretical value of 92 emu/g. It was found that the value
84 emu/g was the highest value found in the literature for synthetic magnetite particles [46]. XRD data
indicated that the magnetite prepared in the presence of iodine contains Fe;O4 and y-Fe,Os but it is
more closer to Fe;O4. Moreover, the magnetite surfaces was functionalized with the hydroxyl groups.
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Figure 5. Hysteresis loop of the (a) magnetite prepared in the absence of myrrh and
(b) presence of myrrh at 298 K.
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The effect of the oxidation on the magnetic properties of magnetite was previously reported [47]. It was
found that the oxidation of magnetite can transform magnetite into maghemite. Oxidation caused a
decrease in the anisotropic barrier, resulting in less-significant magnetic interactions between particles [47].
In the present work it was noticed that the presence of hydroxyl-functionlized magnetite is the main
reason for the increase in the saturation magnetization. The reduced magnetization may be related to
the nature of the core or core surface [48]. The magnetization value of the magnetite in the presence of
both iodine and myrrh is comparable to magnetite prepared in Gum Karaya [49]. The data show that
myrrh as a natural product might have the same potential for applications as the widely used Gum
Karaya and chitosan. The magnetization value of the magnetite in the presence of both iodine and myrrh
is the same related to reported for magnetite nanoparticles of similar sizes and surface functionalization
(60.1-67.9 for 10 nm particles) [50]. A decrease in magnetic properties with particle size has
previously been observed [51]. The lower saturation magnetization for the magnetite prepared in
the myrrh and absence of iodine than the magnetite prepared in the presence of both iodine and myrrh
may be the combined result of its aggregation and the association of myrrh at the particle surface.
The data indicated that the existence of the nonmagnetic shell would also lead to a decreased
saturation magnetization.

3. Experimental Section
3.1. Materials

Anhydrous ferric chloride, potassium iodide, and ammonium hydroxide (25%) were purchased
from Aldrich Chemical Co. (St. Louis, MO, USA) and used as reagent for preparation of magnetite.
Phosphate buffer saline (PBS) buffer with pH 7.4 and ionic strength 0.1 was also purchased from
Aldrich Chemical Co. (St. Louis, MO, USA). Myrrh gum is a commercial natural product with a
yellowish red color extracted from the tree. Myrrh comes from a spiny deciduous thorny tree or shrub
which grows as thickets to the height of 15 feet in Saudi Arabia desert regions. The soluble fraction of
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myrrh was extracted from ethanol/water (1:1 volume %) and used as capping agent after recovery
using a vacuum evaporator.

3.2. Preparation of Magnetite Nanoparticles
3.2.1. Preparation of Magnetite Nanoparticles (MNPs)

Aqueous solution of ferric chloride was prepared by dissolving anhydrous FeCls (40 g, 0.24 mol) in
distilled water (300 mL) to prepare an aqueous solution A. Next, potassium iodide (13.2 g, 0.08 mol)
was dissolved in distilled water (50 mL) to prepare an aqueous solution B. The aqueous solutions A
and B are then mixed together at room temperature, stirred and allowed to reach equilibrium for one
hour while bubbling with pure N, to keep the mixture oxygen free throughout the preparation
procedure. A precipitate formed is filtered out, washed with distilled water, dried at vacuum at 30 °C
and weighed to determine the reaction yield (10.1 g, ie., 86.7% yield). The filtrate (including
washings) was then heated to a temperature of 45 °C, and hydrolyzed using 200 mL of 25% ammonia
solution which was added dropwise with stirring while bubbling with pure N, to keep the mixture
oxygen free throughout the preparation procedure. Mixing was continued until complete precipitation
of black magnetite is achieved. The reaction was continued at the reaction temperature with stirring for
4 h. The precipitate was then left to settle, filtered, washed with distilled water, dried at vacuum at
30 °C (the precipitate should dry without heating) and weighed. The percentage yield of reaction was
90.5%. The same procedure was repeated but the precipitate of the solutions A and B was not filtered
from the reaction mixture. The brownish black precipitate formed as the product was washed five
times using ethanol and the percentage yield of the reaction was 95.5%.

3.2.2. Preparation of Magnetite Capped with Myrrh

The procedure for preparation of magnetite capped with myrrh was as follows: anhydrous FeCl; (40 g)
was dissolved in distilled water (300 mL) to prepare an aqueous solution A. Next, potassium iodide
(13.2 g, 0.08 mol) was dissolved in distilled water (50 mL) to prepare an aqueous solution B. The
aqueous solutions A and B were then mixed together at room temperature, stirred and allowed to reach
equilibrium for one hour while bubbling with pure N, to keep the mixture oxygen free throughout the
preparation procedure. The precipitate formed is filtered out, washed with distilled water, dried at
vacuum at 30 °C and weighed to determine the reaction yield (90% yield). The filtrate (including
washings) was then heated to 45 °C. Myrrh (10 g) was solubilized in ethanol-water solvent (100 mL,
1:1 vol%) and added dropwise to the reaction mixture at the same time as 25% ammonia solution
(200 mL). The reaction mixture was stirred and bubbled with pure N, to keep oxygen free throughout
the preparation procedure. The reaction was continued at the reaction temperature with stirring for 4 h until
complete precipitation of black magnetite was achieved.. The precipitate was then left to settle, filtered,
washed with distilled water, dried under vacuum at 30 °C (the precipitate was dried without heating) and
weighed. The percentage yield was 95.9%.

The same procedure was repeated without filtration of the reaction products between solutions A
and B. The final product was washed with ethanol and air dried to give a reaction yield percentage
0f 99.5%.
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3.3. Characterization of Nanoparticles

FTIR spectra were analyzed with a Nicolet FTIR spectrophotometer (city, state abbrev if US,
country) using KBr in the wavenumber range of 4000-500 cm™' with a resolution accuracy of 4 cm™".
All samples were ground and mixed with KBr and then pressed to form pellets.

X-ray powder diffraction (XRD) patterns were recorded using a D/max 2550 V X-ray diffractometer
(X’Pert, Philips, Eindhoven, The Netherlands).

Transmission electron microscopy (TEM) micrographs were taken with a JEOL JEM-2100F
(JEOL, Tokyo, Japan). A few drops of magnetite nanoparticle solution were diluted into 1 mL of
ethanol, and the resulting ethanol solution was placed onto a carbon coated copper grid and allowed to
evaporate. HR-TEM images of the nanocomposites were recorded using a JEM-2100F (JEOL) at an
acceleration voltage of 200 kV. All images were acquired at a nominal magnification value of 66,000x.
The magnification of the microscope was calibrated with a NIST reference material (gold
nanoparticles) which has reference values of the mean particle diameter as determined by TEM. This
diameter is traceable to the SI meter as realized at NISTP. Calibration images were recorded at both
sessions and combined for the final analysis of the scale factor.

Samples for dynamic light scattering (DLS) were prepared by diluting several drops of the
magnetite nanoparticle solution into 2 mL of water under vigorous stirring. The DLS measurements
were performed on a Brookhaven Instruments system (Santa Barbara, CA, USA) with a 514.5 nm
argon ion laser (model 85 Lexel Laser) as the light source.

Magnetic properties of the prepare magnetite nanomaterials were analyzed using a vibrating sample
magnetometer (LDJ9600, VSM, LDJ Electronics Co., Troy, MI, USA).

4. Conclusions

New stable colloid magnetite nanoparticles coated with myrrh were prepared with high purity and
yield at low temperature using ferric chloride as precursor. Myrrh bonded on to MNPs with covalent
bonds followed by a bilayer adsorption mechanism as shell produced water dispersed MNPs from the
reaction between hydroxyl groups on bare magnetite with the carboxylic, hydroxyl and aldehyde
groups of myrrh. It was also observed that the particle size was decreased from 12.1 to 5.8 nm by
incorporation of iodine. Moreover, the presence of myrrh and iodine during the preparation of
magnetite reduced the particle size from 55 nm to 18 nm and increased the dispersion of the particles.
These behaviors indicated that iodine binds so tightly to the particle surface to iron oxide particles that
it impedes particle growth. The particle size distributions appear to be quite narrow and the particle
shape is reasonably spherical.
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