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Abstract

Mesoporous magnetite nanoparticles are commonly used for biomedical and environmental applications. This can be
attributed to their known magnetic properties and high surface area, the latter being a virtue of their nanometer-scale
size. Applying coatings with various chemical functionalities to these nanoparticles increases their scope of application.
Different organic and inorganic coatings have been explored. Sodium dodecyl sulfate (SDS) is a well-known surfactant
that improves the surface properties of nanoparticles. This paper explores the in situ formation of SDS coatings on
the surface of mesoporous magnetite nanoparticles prepared by means of a traditional co-precipitation method in
air. Coatings made from solutions containing up to 2 wt% of SDS were investigated in respect of their composition,
thermal characteristics, and magnetization by means of X-ray diffraction, infrared spectroscopy, thermogravimetric
analysis and magnetic susceptibility. Adsorption isotherms and detailed morphology of the coated nanoparticles were
also evaluated. Results showed that SDS forms multilayers together with water on the surfaces of the nanoparticles,
where a maximum initial concentration of 0.5wt% of SDS could be used to homogeneously coat the magnetite

nanoparticles. At higher concentrations, SDS detaches from the nanoparticles surfaces.
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I. Introduction

Iron oxide nanoparticles, especially magnetite (Fe;0y)
nanoparticles, have been extensively studied for various
applications 1-5. Their known magnetic properties have
strongly recommended them for biomedical and environ-
mental applications. Magnetite nanoparticles have been
used in biomedical applications such as drug delivery ¢ and
as MRI contrastagents 7. On the other hand, they havealso
been used as adsorbents for the removal of soluble heavy
metal cations and organic pollutants from waste water 8. In
both types of applications, researchers make use of the two
main attributes of magnetite nanoparticles: their magnet-
ic properties and their high surface area derived from their
nanometer scale. In addition, mesoporosity created in ag-
gregates of nanoparticles has led to their use as catalysts
and sensors for various organic reactions °.

Magnetite nanoparticles with pre-tailored chemical
functionalities have also been found to increase the scope
of applications of magnetite nanoparticles. Various or-
ganic and inorganic coatings have been investigated in
this regard 10-13. The choice of coating is application-
driven. For example, for biomedical applications, having
a biocompatible coating is a major concern 4. In addi-
tion, if these coated nanoparticles are to be used to de-
liver certain bioactive drugs into infection or tumor sites,
the chemical characteristics of the coating should match
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those of the bioactive drugs to ensure bonding between
them until delivery takes place 15-18. Similarly, the pres-
ence of organic coatings such as chitosan 19 and sodium
dodecyl sulfate 20 have been shown to enhance the abili-
ty of magnetite nanoparticles to remove pollutants from
waste water. This is attributed to the binding and chelat-
ing efficiency of the functional groups in these coatings.
In both types of applications, maintaining a narrow par-
ticle size distribution is another major requirement. To
achieve this, various methods of preparation have been in-
vestigated 14. Synthesis of magnetite nanoparticles in the
presence of organic molecules — simple or polymeric — has
been found to be effective in reducing the particle size of
the prepared nanoparticles 21 -23. Maintaining an O,-free
atmosphere has also been extensively applied to avoid ox-
idation of the prepared magnetite nanoparticles 14,24-26,
In our previous article, we showed that monolithic mag-
netite nanoparticles can be prepared with a simple co-
precipitation procedure in air 27. To maintain the purity of
the prepared nanoparticles, starting materials were added
to a strongly basic solution to ensure the formation of
magnetite as the most thermodynamically stable phase 28.

The role of SDS in stabilizing different types of nanopar-
ticles has been previously studied 29. Shariati et al. and
Keyhanian et al. explored the use of magnetite nanopar-
ticles modified with SDS for the removal of Safranin O
and methyl violet dyes from aqueous media 2930, In their
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work, SDS was added to ready-made magnetite nanopar-
ticles. Faraji et al. studied the application of SDS-coated
magnetite for the removal of trace amounts of mercury
from waste water 31. Zheng er al. used SDS in combi-
nation with oleic acid to form magnetite aggregates that
were further coated with styrene monomer and then in
situ 32. The current study investigates the synthesis of
mesoporous magnetite nanoparticles by means of co-pre-
cipitation in the presence of various concentrations of
SDS. The formed magnetite nanoparticles as well as the
SDS-coated nanoparticles were characterized with XRD,
FT-IR, TGA, SEM, TEM, and magnetic susceptibility

measurements at room temperature.

II. Materials and Methods

In the current study, magnetite nanoparticles were pre-
pared with a slightly modified co-precipitation method.
The entire process was conducted in air. Chemicals used
included iron (II) chloride tetrahydrate (FeCl,-4H,0O),
iron (III) chloride (FeCls), sodium hydroxide (NaOH)
and ammonia solution (NH4OH), and sodium dodecyl
sulfate (SDS). All reagents were analytical-grade and pur-
chased from Sigma-Aldrich, USA. Aqueous solutions
containing 0.3 M of Fe2+ and 0.6 M of Fe3+ were sepa-
rately prepared by dissolving the respective amounts of
FeCl,-4H,0 and FeCl; in de-ionized water. An aqueous
solution of NaOH of pH 13 was also prepared by dissolv-
ing the corresponding amount of NaOH in de-ionized
water. A pre-calculated volume of the NaOH solution
was heated to 60 °C in a round flask. A mixture contain-
ing equal volumes of Fe2* and Fe3* was injected into the
NaOH solution at feeding rates of 40 mL/h with vigor-
ous stirring. At the end of the addition, a brownish-black
precipitate was formed. The whole solution was vigor-
ously stirred at the same constant temperature for 60 min.
Magnetite suspensions were then soaked at 60 °C for 24 h
without stirring. The magnetite suspensions were then
centrifuged at 3000 rpm for 15 min followed by successive
decantation/washing with 25 % ammonia solution three
times. After the final decantation, the magnetite deposits
were collected and dried at 60 °C for 24 h. The dried pow-
ders were finely ground to be characterized in respect of
their composition, morphology, surface area, and magnet-
ic susceptibility.

To prepare SDS-coated magnetite nanoparticles, the
same process as described above was repeated with the
SDS being initially dissolved in water at a pre-defined
concentration then added to the NaOH solution prior to
injection of the Fe2+/Fe3+ solution. Initial concentrations
of SDS investigated were 0.2, 0.5, 1.0 and 2.0 % by weight
of the original Fe2*/Fe3+ reactants.

Composition of the prepared magnetite was studied by
means of X-ray diffraction and infrared spectroscopy. An
automated x-ray diffractometer with a step size of 0.02°,
scan rate of 2 ° per min, and a scan range from 26 = 10° to
70°was used. FT-IR analysis was conducted with a Nico-
let Nexus 470 infrared spectrophotometer, USA, where
samples were pre-pressed with KBr, and scanned over
the normal range of 4000400 cm-!. The microstructures
of solid magnetite samples were evaluated with a JEOL
SEM at an accelerating voltage of 15 kV. A detailed de-
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scription of the morphology of the nanoparticles was
obtained by means of transmission electron microscopy
(TEM), CM1 - Philips Transmission Electron Micro-
scope, Netherlands. Thermogravimetric analysis (TGA)
was alsoapplied to investigate the thermal properties of the
prepared nanoparticles with a TGA-50 Shimadzu thermo-
gravimetric analyzer where pre-weighed powder samples
were heated to 600 °C at a heating rate of 20 °C/min. BET
surface area, porosity, pore size distribution and pore vol-
ume of the dried solid samples were measured by means
of nitrogen gas adsorption at 77 K with a Quantochrome
NOVA 1000 volumetric gas sorption instrument, Au-
tosorb, USA. Magnetic susceptibility measurements were
performed at room temperature with a magnetic suscep-
tibility balance (MSB-Auto, Sherwood Scientific Ltd,
England). A pre-determined mass of finely ground mag-
netite nanoparticles was filled into a narrow glass tube and
subjected to a magnetic field (4.5 kGauss). The data were
expressed as mass susceptibility (y¢) in m3/kg.

III. Results and Discussion

Magnetite nanoparticles were prepared in the current
study with a simple co-precipitation procedure in which
Fe2* and Fe3+ ions were co-added in air to a highly basic
medium with a pH of 13. Electrochemical studies revealed
that magnetite is the most thermodynamically stable phase
that will deposit under these conditions 28. In a previous
article, this was proven to be the case although all prepara-
tions were performed in air in which a possibility of oxida-
tion of Fe2* to Fe3* was always considered 27. Fig. 1 shows
the XRD pattern of magnetite nanoparticles formed under
the above-mentioned conditions. A standard XRD pat-
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Fig. 1: X-ray diffraction pattern of magnetite nanoparticles prepared
with a co-precipitation method involving Fe2* and Fe3+ ions in a
highly basic medium.

tern of pure magnetite (JCPDS card # 89-0691) is also
shown for comparison. Peaks characteristic of magnetite
at 20 values of 29.9° (220), 35.2° (311), 43.1° (400), 53.4 °
(422), 57.1° (511), and 62.8 ° (440) were observed, indi-
cating the high crystallinity and phase purity of the pre-
pared magnetite. Despite the high pH of the medium in
which magnetite was precipitated, electrostatic stabiliza-
tiondid nottake place. Asaresult, nanoparticles were clus-
tered in the form of round-shape aggregates (Fig. 2a), with
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an average size of 220 nm (Fig. 2b). These aggregates were
mesoporous in nature as was observed in Nj-adsorption
studies. Fig. 3a shows an adsorption-desorption isotherm
of magnetite aggregates prepared in the current study. The
hysteresis loops in Fig. 3a are of type IV where the low-
er curve represents the adsorption of N, gas on the sur-
faces of the nanoparticles, while the upper curve represents
the progressive withdrawal, that is desorption, of the ad-
sorbed N, gas 33. Based on the isotherms in Fig. 3a, pore
volume distributions were calculated in all powders sam-
plesand were plotted in Fig. 3b. A homogeneous pore size
distribution with a maximum of 30— 40 nm was observed.
This range denotes the presence of mesoporosity in the ag-
glomerates of the prepared nanoparticles 33. The monodis-
persity in the pore size distribution within the agglomer-
ates relatively reflects the homogeneity of the particle size
distribution in these samples. Mesoporosity in agglomer-
ates composed of nanoparticles is considered an important
requirement if they are to be used as adsorbents and cat-
alysts for various chemical reactions with potential envi-
ronmental importance 34.

Frequency

Fig. 4 shows infrared spectra of magnetite nanoparticles
coated with various concentrations of SDS. The FT-IR
spectrum of pure SDS is also shown for comparison.
Magnetite phase is characterized by its main band at
429.6—441.9 cm1. On the other hand, the sulfate group
in SDS is characterized by its bands at 998.5, 1019.3 and
1082.2 cm! for its symmetric absorption, and at 1223.1
and 1248.9 cm! for its asymmetric absorption 2. Loca-
tionand shape/sharpness of these bands in the FT-IR spec-
tra of SDS-coated magnetite samples changed as a result
of the interaction between the SDS coating and the un-
derlying magnetite nanoparticles. Details of these changes
are given in Table 1. Positions of the pure SDS bands are
related to the symmetric and asymmetric absorption of
-OSOj3" in the -OSO3Na group of SDS. Changes in the
band position of the corresponding bands in SDS-coated
magnetite are attributed to the formation of bonds be-
tween the sulfate group and the Fe2+ and Fe3* ions in
the underlying magnetite nanoparticles, which is similar
to the previous findings on comparable oxides2?. This
shift was shown to increase with an increasing concen-
tration of SDS. This observation was more evident in the
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Fig. 2: a) Scanning electron micrograph, and b) size distribution of magnetite aggregates prepared with a co-precipitation method involving

Fe2* and Fe3+ ions in a highly basic medium.
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Fig. 3: a) Adsorption isotherm, and b) pore size distribution of magnetite aggregates prepared with a co-precipitation method involving FeZ+

and Fe3* ions in a highly basic medium.
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FT-IR spectra of SDS-coated magnetite samples contain-
ing 1.0 and 2.0 wt% of SDS. It should be mentioned that
un-adsorbed SDS was removed from all samples by wash-
ing, which confirms that the observed bands are solely re-
lated to SDS coatings.

Table 1: Wave number of the absorption bands character-
istic of the sulfate group in SDS as appeared in pure SDS
and SDS-coated magnetite FT-IR spectra

v, (-0SO;) v, (0SO;")
SDS | 9985 | 1019.3 | 1082.2 | 1223.1 | 1248.9
0.2 % 1010.2 e %
0.5 % 1005.3 1247.6
1.0 % 969.2 1062.8 1242.1
2.0% 957.8 1062.8 1229.9

*+* bands were not observed in the FT-IR spectra of
these samples
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Fig. 4: Infrared spectra of pure magnetite and magnetite coated with
various concentrations of SDS.

Fig. 5 shows the TGA analysis of SDS-coated magnetite
nanoparticles. TGA curves of pure magnetite and SDS are
also shown for comparison. SDS starts losing weight in
a single step at a temperature of 180°C, which denotes
its degradation. This process increases until it levels off
at a temperature of 470°C with an overall weight loss
of 75.3 % where SDS was completely degraded. On the
contrary, pure magnetite shows an overall weight loss of
14 % and starts at a temperature of slightly below 100°C
and continues in a single step with a sharp decrease until
115 °C, after which a slow decrease in the rate of weight
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loss takes place. This weight loss is attributed to the re-
moval of physically and chemically attached water. The
continued weight loss reflects the presence of multiple
layers of water attached to the magnetite nanoparticles,
which are initially negatively charged owing to the high
pH of the medium in which they were prepared. SDS-
coated magnetite nanoparticles showed variable degrees
of weight loss, which is related to the concentration of
SDS initially used during the synthesis process. All SDS-
coated nanoparticles showed two steps of weight loss; an
initial step that started at a temperature slightly below
100 °C, and asecond step thatstarted ata temperature close
to 200°C. The first step is related to the evaporation of
physically and chemically attached water, while the sec-
ond step is related to the degradation of the SDS coating
the nanoparticles. These results confirm the presence of
SDS as a coating on the surface of the prepared nanopar-
ticles, as was previously shown in the IR spectra of these
samples (Fig. 4). These findings also confirm the presence
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Scheme 1: Structure of Sodium Dodecyl Sulfate (SDS).
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Scheme 2: Interaction between SDS and surface of magnetite
nanoparticles.
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Fig. 5: Thermogravimetric analysis of magnetite coated with various
concentrations of SDS. Insert: TGA pattern of pure SDS.

of multi-layers of SDS coating the nanoparticles on which
water was adsorbed. This explains the removal of water
as an initial step followed by the removal of the underly-
ing SDS layer, as shown in Scheme 2. Detailed analysis of
the contribution of water and SDS in the overall weight
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loss observed for all SDS-coated magnetite nanoparticles
is shown in Fig. 6. In the absence of SDS, i.e. in pure mag-
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Fig. 6: Analysis of the TGA curves of magnetite and SDS-coated
magnetite nanoparticles shown in Fig. 5

netite, the weight loss is related to water only. As the con-
centration of SDS in solution was increased, a pronounced
decrease in the weight loss owing to water was observed
and a consequent increase in the weight loss owing to the
SDS was observed. This behavior continued up t0 0.5 wt%

50 nm

of SDS. As the percentage of SDS was increased to 1 %,
its contribution to the overall weight loss was decreased
with a subsequent increase in the contribution of water
to the overall weight loss. The same criterion was also
observed when 2 wt% of SDS was initially added. These
results suggest that at SDS percentages above 0.5 %, its
molecules detach from the coating and are replaced by wa-
ter. Detachment of adsorbed molecules takes place when
these molecules are weakly bonded to the substrate, i.e.
the magnetite nanoparticles. This indicates that the des-
orbed molecules are in the outermost layer of SDS coat-
ing the nanoparticles. Primary layers are thermodynami-
cally known to strongly bond to the underlying substrate,
whereas this bonding decreases in strength for molecules
in the external layers of the coating 35. This is attributed
to the weaker intermolecular bonding between the SDS
molecules compared to the direct ionic bonding between
the SDS molecules in the primary layer and the underlying
magnetite nanoparticles, as represented in Scheme 2. These
findings, therefore, indicate that the highest SDS content
in the coating is achieved when its initial concentration is
0.5wt%.
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Fig. 7: Transmission electron micrographs of neat and SDS-coated magnetite nanoparticles containing. a) 0 %, b) 0.2 %, ¢) 0.5 %, d) 1.0 %, and
e) 2.0 % SDS by weight. e) average particle size distribution of neat and SDS-coated magnetite nanoparticles.
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Transmission electron micrographs of neat and SDS-coat-
ed magnetite nanoparticles in Fig. 7 show the detailed mi-
crostructures of these powders. The magnetite nanoparti-
cles shown in Fig. 7a are uniform in size and spherical in
shape with an average particle size of 12 nm. The addition
ofalow concentration of 0.2 wt% of SDS did not affect the
particles’ morphology or their size. Increasing the concen-
tration of SDS caused a systematic decrease of the particle
size, achieving 8 nm in presence of 2 wt% of SDS, Fig. 71.
This was the smallest size achieved in the presence of SDS.
These results suggest the effect of SDS as a capping agent
that limits the size of magnetite nuclei formed during pre-
cipitation in the aqueous medium. It is also evident that
the size of particles could be controlled by adjusting the
amount of SDS added. The presence of SDS on the surface
of magnetite nanoparticles was also confirmed by EDX
analysis, as shown in Fig. 8, which compares the elemental
analysis of neat magnetite nanoparticles and those coated
with 1 wt% SDS. A peak characteristic of the X-ray K line
of S, of the sulfate functional group of SDS, was observed
on the coating, while the spectrum of neat magnetite only
showed the presence of iron as the main element. The de-
crease in particle size as a result of the addition of SDS was
reflected in an increase in the surface area of the formed
nanoparticles, as shown in Fig. 9a. A pronounced increase
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Fig. 8: Energy-dispersive X-ray spectra of neat magnetite and mag-
netite nanoparticles coated with 1wt% SDS (y-axis represents in-
tensity of the peaks).

in the surface area from 139 m2/g for neat magnetite to
189 m2/g of nanoparticles formed in the presence of 2 wt%
of SDS was observed. A comparison between the decrease
in the particle size with the increase in the concentration
of SDS (Figs. 6 and 7f) indicates that a constant propor-
tion of SDS would be adsorbed on the surface of magnetite
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Fig. 9: a) Surface area, b) adsorption isotherms, and c) pore size distribution curves of SDS-coated magnetite aggregates.
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nanoparticles regardless of the initial concentration of SDS
used. The low particle size and high surface area of the
SDS-coated magnetite nanoparticles strongly recommend
them for biomedical applications, such as drug delivery,
and for environmental applications as adsorbents for the
removal of organic and inorganic pollutants from waste
water. The latter suggested applications are also based on
the fact that these nanoparticles form mesoporous aggre-
gates with an average pore volume of 50 nm (Fig. 9b and
¢), which is in accordance with the low particle size of the
nanoparticles forming these aggregates 33. All aggregates
showed hysteresis loops of type IV where the lower curve
represents the adsorption of N, gas on the surfaces of the
nanoparticles, while the upper curve represents the pro-
gressive withdrawal, i.e. desorption, of the adsorbed N,
gas 33. Aggregates of nanoparticles coated with2 wt% SDS
appear to have macroporosity with alarger pore volume of
150 nm, which is a reflection of the larger particle size of
these particles. Comparing the results of Fig. 9b and ¢ with
those in Fig.3 of the aggregates consisting of neat mag-
netite nanoparticles indicates that the mesoporosity of the
neat magnetite aggregates is maintained even after coating
with various concentrations of SDS.

Although both types of aggregates are mesoporous,
the advantage of having SDS on the surface of magnetite
nanoparticles is the presence of the functional group sul-
fate of the SDS coating. This enables SDS-coated mag-
netite nanoparticles to bind to organic pollutants in waste
water and immobilize bioactive compounds to act as drug
delivery vehicles, while the magnetite core makes their
tracking more convenient than traditional adsorbents and
drug delivery candidates. Magnetization of the SDS-coat-
ed magnetite nanoparticles was evaluated based on their
magnetic susceptibility, as shown in Fig.10. Magnetic
susceptibility is the degree to which a material can be
magnetized in an external magnetic field, and is directly
proportional to the magnetization of the material based
on the following relation 36:

M=y, H
where H is the magnetic field strength, which is normal-
ly kept constant during the susceptibility measurements.
In addition, the magnetic size is known to be directly pro-
portional to the magnetic susceptibility of solid nanoparti-
cles 37. A decrease in the susceptibility was observed when
0.2wt% SDS was used to coat the magnetite nanoparti-
cles. Despite the close similarity in particle size, this could
be attributed to agglomeration of the nanoparticles caused
by the hydrophilic interaction between them. The size of
these aggregates was shown in Figs.9 b and ¢ to be larg-
er than other types of aggregates in the current study 33.
This was implied from the higher pore volume in Fig. 9c.
In the presence of 0.5 wt% of SDS, an increase in the mag-
netic susceptibility was observed, which could be attribut-
ed to the decrease in size of the SDS-coated nanoparticles,
as shown in Fig. 7f, and the presence of a higher content of
SDS in the coating compared to other types of SDS-coat-
ed nanoparticles, Fig. 6. An increase in the initial concen-
tration of SDS, however, was reflected in a slight decrease
in the susceptibility of the SDS-coated nanoparticles. De-
spite the decrease in size of these nanoparticles with the ad-

dition of SDS, their expected agglomeration could be used
to explain the decrease in the susceptibility of these sam-
ples. Taken together, all SDS-coated nanoparticles showed
variable degrees of magnetization that depend on the size
of the nanoparticles and the concentration of SDS in the
coating.
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Fig. 10: Mass susceptibility of SDS-coated magnetite nanoparticles

as a function of the weight percentage of SDS in the coating.
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IV. Summary

The current study showed the possibility of formation of
monolithic mesoporous magnetite nanoparticles that were
further coated with SDS. The average particle sizes of the
pure and coated magnetite nanoparticles were in the range
of 8—12 nm. No indication of the presence of non-mag-
netite phases was found in the XRD pattern of the pre-
pared nanoparticles. IR results indicated that SDS forms
homogeneous coatings on the nanoparticles surfaces as a
result of electrostatic attraction between the sulfate func-
tional group of SDS and the underlying magnetite sur-
faces. Thermogravimetric studies showed that both water
and SDS form multilayered coatings on the nanoparticles
surfaces. A maximum of 0.5 wt% of SDS was proven suf-
ficient to coat the nanoparticles surfaces. Both neat and
coated nanoparticles form aggregates with mesoporosi-
ty and a maximum average pore volume of 50 nm. Vari-
ation of the magnetic susceptibility of the nanoparticles
coated with SDS was attributed to the formation of ag-
gregates and to their small particle size. The characteristics
of the prepared neat and SDS-coated magnetite nanopar-
ticles strongly recommend them for further investigation
of their biomedical and environmental applications.
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