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Abstract: The study on the effect of different additives on the size and size uniformity of
magnetite (Fe;0,) nanoparticles is described. The magnetite particles are characterized
by Fourier Transform Infrared (FTIR) and X-ray diffraction (XRD). The X-ray powder
diffraction patterns and IR spectra of the as-formed magnetite particles indicate additive-
free products were obtained. Analyses on the size and size distribution of the magnetite
obtained suggest that the additives — surfactants, chitosan and inorganic ligands have
different manipulating ability. Surfactants gave better manipulation on particle size (ca.
< 45 nm) as well as the size distribution (ca. SD < 20 nm). Chitosan can manipulate the
size distribution while maintaining the average size of the original magnetite. Whereas
inorganic ligands, with the exception of thiourea, exert only slight influence on the size
distribution with no manipulation over the average size. Transmission electron
microscopy (TEM) micrographs suggest that citrate and stearic acid may have affected
the final morphology of the magnetite formed in their presence.
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1. INTRODUCTION

Ferromagnetic oxides, mostly magnetite, Fe;04 and maghemite, y-Fe,O;
form an interesting class of nanomaterials. They have been extensively studied
recently due to their unique physical, chemical, thermal and mechanical
properties [1]. Iron oxides are used in broad range of applications including
biomedical [1,2], adsorbent [3], catalysis [4,5], magnetic storage devices [6],
magnetic refrigeration systems [7], and passivation coatings [8] among others.

Magnetite is a common magnetic iron ore, comprise of 72.36% iron and
27.64% oxygen exhibits high electronic conductivity due to its inverse spinel
structure [9,10]. To date, magnetite is known to be low in toxicity and is
biocompatible. These features make it an ideal element for in vitro diagnostics
[1]. Nanosize magnetite behaves as superparamagnet and has been applied in
magnetic resonance imaging (MRI) as contrast agent [11]. Lately, numerous
attempts of synthesizing and characterizing magnetite nanoparticles have been
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reported. Chemical co-precipitation [12], forced hydrolysis [13], DC plasma jet
method [14], solvothermal [15] and sonochemical [11] reductions have been
successfully employed.

The properties of nanomaterials are strongly dependent on their size,
morphology and preparative method [16]. In order to exert these features,
additives or stabilizers such as surfactants, polymers, ligands or dendrimers are
usually included in the preparative procedure. In the present work, the effect on
size and size distribution of magnetite nanoparticles by using different additives
is evaluated. In addition, the morphological outcome of the as-formed particles is
also discussed.

2. EXPERIMENTAL PROCEDURE
2.1 Materials and Equipments

The following commercially available materials were used without
further purification — chitosan of medium molecular weight ~400000, stearic
acid, acetic acid 99.8%, iron(II) sulphate, potassium hydroxide, potassium nitrate,
sodium dodecylsulphate (SDS) 99%, Triton-X 100, N-Cetyl-N,N,N-
trimethylammonium bromide (CTAB), tri-n-octylphosphinoxide (TOPO),
trisodium citrate and thiourea.

The FTIR spectra were recorded using Thermo Nicolet IR200
spectrometer. The dried samples were ground with KBr and pressure pressed into
a pellet. The spectra were collected in the region of 400 to 4000 cm'. The
transmission electron microscopy (TEM) micrographs of the samples were
obtained using Philip CM 12 TEM operating at 80 kV. One mg of sample was
dispersed in 5 ml of 3:2 ethanol:deionized water mixture and sonicated for
15 minutes. A drop of dispersion was placed on a carbon coated copper grid and
the solvent was evaporated off. The particles diameters were measured and
analyzed using a computer program Analysis Docu version 2.11 (GMBH). The
average particle size and size distribution were obtained from > 500 particles.
Standard deviation (o) of the sample is calculated according to the formula:

o’ = 2(x, —X)2 /N,
All samples were characterized by powder X-ray diffraction (XRD). Data

were collected on a SIEMENS D5000 X-ray diffractometer with monochromatic
Cu-Ka radiation filter in the 20 range from 0-100°.
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2.2 Preparation of Fe;O4 Nanoparticles

Magnetite particles were synthesized with modification of the method
reported by Bruce et al. [17]. Solutions of iron(Il) sulphate heptahydrate (1.67 g,
6 x 10~ mol) in 50 ml deionized water, potassium nitrate (1.01 g, 1 x 102 mol)
in 10 ml of deionized water, and 2.5 M potassium hydroxide were prepared.
1% (w/w) stabilizer was mixed with the iron salt solution under vigorous stirring
for two hours. To this solution, potassium nitrate was added and stirring was
continued for another half an hour. Then, 10 ml of 2.5 M potassium hydroxide
(2.5 x 102 mol) was slowly added to the above solution. The reaction mixture
was heated to 100°C under nitrogen and maintained at this temperature for two
hours. The nitrogen flow was then turned off and the mixture was cooled down to
room temperature. After cooling, the black precipitate was repeatedly washed
with deionized water, centrifuged and allowed to dry under vacuum at 50°C
overnight.

Similar experiments were repeated using various stabilizers including
CTAB, SDS, Triton X100, stearic acid, TOPO, trisodium citrate, thiourea and
chitosan. A similar experiment without any additive added was also carried out.

3. RESULTS AND DISCUSSION

3.1 Characterization
3.1.1 FTIR spectrum

All FTIR spectra of synthesized iron oxides with and without stabilizers
as in Figure 1, show a broad band at ~570 cm ' as tabulated in Table 1. The
spectra were found consistent with that reported by Bruce et al. [17] of pure
magnetite (Fe;O4). There is little or no indication of other iron oxide impurities as
detected from the spectra of the products obtained.
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Figure 1: FTIR spectra (400—1100 cm ') of magnetite synthesized
with and without additives

Table 1: Size and IR band of magnetite particles prepared in various additives
vy (Fe;04)/em ' Size and SD of

Types of

additive Additive (A) particles/nm
Stearic acid 565.4 (—4.0) 339+11.6
CTAB 570.2 (+0.9) 353+15.8
Surfactant
Triton X-100 573.1 (+3.8) 39.6+17.7
SDS 569.6 (+0.3) 43.4+15.8
Polymer Chitosan 575.9 (+6.6) 65.4+17.2
thiourea 569.4 (+0.1) 60.2 +20.3
Ligand TOPO 573.4 (+6.0) 91.4+293
Citrate 575.6 (+6.3) 118.8+£47.3
None added Nil 569.3 (-) 57.2+74.9

Note: * A = [vq(Fe;04) without additive] — [v, (Fe;O4) with additive]
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3.1.2 XRD

All powder diffractograms of the synthesized magnetites clearly show
that all diffraction peaks of each sample matched the diffraction peaks for pure
magnetite (Fe;O4) from the reference database (JCPDS File No. 19-629). The six
most intense peaks corresponding to the Miller indices for the reflection planes
(220), (311), (400), (422), (511) and (440) at 30.3°, 35.6°, 43.2°, 53.6°, 57.1° and
62.8° respectively were clearly observed. Representative XRD patterns of these
magnetites are shown in Figure 2. The XRD results also confirmed the purity of
the products via the absence of other phases of iron oxide such as maghemite or
hematite in samples.

3.2 TEM Analyses
3.2.1 Size and size distribution

The average size and standard deviation (SD) of the prepared magnetite particles
are tabulated in Table 1. Figure 3 shows the size distribution of magnetite
particles prepared in various additives. Generally, the additives have a significant
influence on the size and size distribution of resultant products. In relation to the
normally prepared magnetite, the type of additives used can be divided into three
categories based upon the size and size distribution of the product magnetite they
influenced. These are surfactants, chitosan and the inorganic ligands.
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Figure 2: Representative XRD patterns of magnetite prepared (a) with
SDS, (b) with citrate, (¢) without additive, and (d) reference
(JCPDS File No. 19-629)
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Figure 3: Size distribution of as-prepared magnetite particles in
various additives
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Without any additives, the as-synthesized magnetite particles were a

mixture of small individual particles and aggregates distributed over a wide range
of sizes as indicated by the large standard deviation (SD = 74.9 nm). It is well
known that without any surface coating, magnetite particles tend to agglomerate
to form large clusters due to the hydrophobic interactions between particles
surfaces [1]. In contrast, when additives such as surfactants, ligands or chitosan
were added during the preparation process, the size distribution of the as-formed
particles can be controlled at SD below 50 nm. Thus additives play a crucial role
in protecting the newly born particles from rapid flocculation, thus inhibiting the
agglomeration of particles [18].

Long chain surfactants gave better manupulation on the particles' size as
well as the distribution with an overall particles' size in the range of 20 to 60 nm.
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Most surfactants are known to have long hydrocarbon chain structures with
hydrophobic ends. It is believed that this structure is critical in manipulating
magnetite particle sizes. These long chains act as a barrier, which protect the
particles and cause a steric hindrance that restricts the growth of particles.
Anionic surfactants such as stearic acid and SDS will form complex with Fe*"
during reaction via ionic bonds [19,20]. Strong ionic repulsion forces between
complexes prevent close contact of magnetite particles thus affording controls on
the particles' sizes [21]. Triton X-100, a non-ionic surfactant bearing
polyoxyethylene (POE) chain, which can attract Fe** via dipole-ion interactions
result in positively charged complexes [22]. These complexes will then restrict
growth of the magnetite particles through charge repulsion as well as via
protection through the formation of polymer helical structures on the particle
surfaces. However, CTAB, a cationic surfactant would not form complex with
Fe*". Nevertheless, it can adsorb on magnetite surface via the headgroup and
form a bilayer structure, which acts as a barrier to prevent the agglomeration of
particles [23].

Chitosan, a natural polymer contains hydroxyl and amino groups that
may serve as cationic or anionic sites. Complexation between chitosan and the
metal ions usually involves the amine group [24]. Nevertheless, the affinity of
ferric or ferrous ions for amine is low [25]. Thus, we believe that the size
manipulation on the as-formed particles was attributed to the constrained growth
of particles in nano-voids. Many polymers contain nano-voids in their structure
naturally. The number and sizes of such voids are specific to each polymer
matrix. The particles grew simultaneously in the cavities with the consequent
particle sizes governed by the sizes of these nano-voids [26].

Magnetite particles formed in the presence of TOPO or sodium citrate
gave larger average sizes with a wider distribution as compared to the surfactants
or chitosan. According to Hou et al. [27] TOPO cannot prevent nanoparticles
aggregation if it is used alone. It may be due to the weak coordination between
the phospine oxide moieties with metal oxide surfaces. Citrate has strong
influence on the size and structure of particles depending on its concentration
[28]. In our case, the molar ratio between iron salt to citrate is around 105 to 1. It
is clearly noted that the quantity of citrate used in this work is too low to
coordinate with Fe®* efficiently. As for thiourea, it can restrict the size of
magnetite particles to an average size of 60.2 nm by entrapping it through sulphur
donors [29].
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3.2.2 Morphology

Without additives, the synthesized magnetite particles were crystalline
and they tended to be a mixture of a few identifiable shapes as well as some
undistinguished geometries. Figure 4 depicts some of magnetite particles
obtained without the use of additive. It clearly showed that they have distinctive
outlines such as triangle, circle, rectangle and square. Particles are free to grow
from any surfaces or planes without inhibition by the additive. This thus gives
rise to different shaped particles.

100 nm

.

Figure 4: TEM micrographs of magnetite particles prepared without additive

Additives act as capping agents and can exert a strong influence on the
shape of as-formed particles by governing the growth rate of various
crystallographic surfaces and create orientations in crystals formation [30]. With
the exception of trisodium citrate and stearic acid, this study has shown that most
of the magnetite particles, as shown in Figures 5 (a)—(f) displayed shapes of the
sharp edge quadrates when additives were used in the preparation. These
quadrates could be decahedra, which is orientated with the five-fold axis parallel
to the substrate plane (001) as reported previously [31].
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Figure 5: TEM micrographs of magnetite particles synthesized with (a) CTAB,
(b) SDS, (¢) TOPO, (d) triton X-100, (e) chitosan, (f) thiourea,
(g) citrate, and (h) stearic acid
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As shown in Figure 5(g), the magnetite particles appeared to be bigger
and more rounded in shape with some defects when citrate is the additive. These
defects have been explained by Henglein et al. [28]. The lack of protection on the
particles surfaces induce tendency to coalesce and produce all the dislocations in
the particles. Henglein et al. [28] have found that at low citrate concentrations,
as-formed particles tended to coadunate and create imperfections such as the
multiply twinned particles. However, when stearic acid was used, majority of
magnetite particles show pseudo-trigonal and truncated octahedral as depicted in
Figure 5(h). The particles became more rounded in shape when truncations are
introduced to it. According to Yacaman et al. [32], the truncations occur in order
to reduce the surface energy of the particles therefore making the resultant
particles more stable.

4. CONCLUSIONS

The size, size distribution and to some extent the morphology of the as-
formed magnetite nanoparticles are dependent on the nature of additives that may
be surfactants, chitosan or inorganic ligands. Surfactants afford the smallest size
as well as narrow size distribution of magnetite particles as indicated by their SD.
The size distribution can be manipulated via the SD of up to five-fold decrease as
compared to those without using any additive. Due to its long chain structure, it
can prevent further particle growth by forming an effective barrier surrounding
the particles. As for chitosan, the magnetite exhibits comparable size to that
obtained without any additives but the size distribution is controllable similar to
that of the surfactants. This can be attributed to the nano-voids created within the
chitosan matrix. However, in the case of inorganic ligands, they can only
manipulate the size distribution but not the average size of the particles as
compared to magnetite prepared without any additives.
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