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Effect of the biocompatible surfactants; tartaric acid, ascorbic acid and a mixture of them on the properties of the
superparamagnetic iron oxide nanoparticles (SPIONs) were investigated, separately. The SPIONs were functio-
nalized via hydrothermal process. It was observed from X-ray diffraction (XRD) and transmission electron mi-
croscopy (TEM) analysis that the nanoparticles were iron oxide and their shapes were about spherical. And, the
particle sizes of all samples were calculated to be less than 8 nm from the TEM images and XRD patterns. Fourier
transform infrared spectra and thermogravimetric analysis (TGA) results displayed that all nanoparticles were
effectively coated with the surfactants. According to the TGA curves, tartaric acid and ascorbic acid coatings
percentages for the corresponding samples are 6.1 and 15.4% at the temperature range of 30-600 °C, respec-
tively. For consequent magnetic analysis, vibrating sample magnetometer showed that all samples were su-
perparamagnetic and saturation magnetizations, Ms were 71.1 and 69.5 emu/g for the nanoparticles coated with
tartaric acid and ascorbic acid, respectively. Furthermore, for the first time, the SPIONs were coated with a
mixture of tartaric and ascorbic acid. For that, the TGA showed 26.4% mass loss at the same temperature range
and the M; value was found to be 65.2 emu/g with a smaller particle size. In this study, it can be said that
considerably high M; values were obtained. The use of the surfactants during the hydrothermal process provides
a good coating of the surface of nanoparticles and the process also increases the Mg with the sizes within su-
perparamagnetic limit and therefore can have the potential to use in biomedical applications.

1. Introduction nanoparticles with desired properties, appropriate synthesis technique

and synthesis parameters for the intended application area should be

Magnetic nanoparticles have found various important applications
in the fields of electronics, catalysis, environment protection, targeted
drug delivery, magnetic hyperthermia and magnetic resonance imaging
(MRI) because of their distinctive properties [1]. Among these appli-
cations, uses of iron oxide nanoparticles focus on biomedical areas like
magnetic hyperthermia, MRI, etc. For biomedical applications, small
nanoparticles with high saturation magnetization and super-
paramagnetic behaviour are needed. The biocompatibility of the na-
noparticles is also important to be used in biomedical areas. Many
methods have been used to synthesize magnetic nanoparticles such as
hydrothermal processing, co-precipitation, sol-gel processing, thermal
decomposition, reverse micelle, etc. [1,2]. The methods used for the
synthesis are effective on the structural and magnetic properties of the
nanoparticles [3]. Nanoparticles have been coated with in situ and post
synthesis methods in the literature [3]. In order to obtain the

selected. It is also essential to obtain biocompatible nanoparticles which
can be useful in biomedical applications. Besides the desired properties
for specific applications, magnetic nanoparticles, which are intended to
be used for biomedically, need to have biocompatibility. Many bio-
compatible polymer coatings such as polyethylene glycol [4], chitosan
[5] and dextran [6] were used to coat magnetic nanoparticles, however,
the non-magnetic polymer coating may increase the particles size, re-
duce the magnetic core properties and hence limits the applications in
various fields. Thus, it is important to select a biocompatible surfactant
that is effective in adjusting the properties of the nanoparticles during
the synthesis (in situ coating). In the case of biocompatible coating
materials, tartaric acid (TA) and ascorbic acid (AA) were used as
coating agents. The purpose of the coating is to control the size of the
nanoparticles and have a biocompatible coating at the same time. The
TA is anti-oxidant and biocompatible material. It is colourless,
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Fig. 1. TEM images of samples HT (a), HA (b) and HTA (c). The scale bars are nm for each image.

Table 1
The physical and magnetic properties of precursor and coated IONs.

Sample Coating % coating Magnetic properties Particle sizes
material
M, (emu/ H; (Oe) drgm (nm)  dxgrp
iron oxide) (nm)
HT Tartaric acid 6.1 71.1 8042 7.4 =15 9.4
HA Ascorbic acid  15.4 69.5 8904 7.8 £ 17 9.8
HTA Tartaric acid  26.4 65.2 7650 6.8 = 2.0 83

and Ascorbic
acid

crystalline solid readily soluble in water and is widely used as acid-
ulants in carbonated drinks, effervescent tablets, gelatin desserts, and
fruit jellies [7]. As far as we are concerned, there are few studies [8,9]
on the synthesis of TA coated iron oxide nanoparticles. Yan et al. [8]
synthesized TA coated nanoparticles with the sizes of 10 nm and 15 nm
via hydrothermal method, and the saturation magnetization of these
nanoparticles were 29.6 and 40.1 emu/g, respectively. Scharlach et al.
[9] modified the surface of iron oxide nanoparticles during the synth-
esis using different acids including TA and investigated the suitability
for identification of atherosclerotic plaque. The AA (vitamin C) is also
water soluble, biocompatible and anti-oxidant material. There are many
reports [10-13] on the synthesis of AA coated magnetic nanoparticles.
Also AA coated nanoparticles have the potential to be used in the
magnetic resonance imaging. Sreeja et al. [10] and Xiao et al. [11]
claimed that AA coated superparamagnetic nanoparticles were suitable
as a contrast agent in MRI. Also, Feng et al. [12] used AA coated na-
noparticles as adsorbent for arsenic removal and they suggested that AA
coated nanoparticles had a great potential for heavy metal removal.
Because of the advantages, iron oxide nanoparticles were coated with
TA and AA separately by using hydrothermal synthesis. As far as we
concerned, it is the first time that a mixture of TA and AA was also used
to coat iron oxide cores for comparison.

In this study, the best method fitting to our research was hydro-
thermal process due to improve the crystallinity of the nanoparticles
and thus improve their magnetic properties as well as coating them
with biocompatible surfactants. In this study, the effects of surfactants
(TA and AA) on the properties of iron oxide nanoparticles (IONs) coated
by hydrothermal process were studied. IONs were also coated with a
mixture of TA and AA and their properties were investigated. Particles
size of all surfactant coated IONs are less than 8 nm. It is seen that the
coatings prevents IONs from growing and exceeding the super-
paramagnetic size limit. Under study, the coated superparamagnetic
nanoparticles have remarkly high saturation magnetization values
(65.2-71.1 emu/g).

333

(311)

| HA
2
wv
c
£
=| HT
W
20 30 40 50 60 70 80
20 (deg.)

Fig. 2. XRD patterns of the precursor (a) and the samples HT (b), HA (c) and
HTA (d).

2. Experimental
2.1. Materials

Ferrous chloride tetrahydrate (FeCly4H,O Merck > 99%) ferric
chloride hexhydrate (FeCl3:6H,O Merck > 99%) and ammonium hy-
droxide (NH,OH Merck, 25% of ammonia) were used for the synthesis
of iron oxide nanoparticles. L(+ )Ascorbic acid(Carlo Erba, 99%) and L-
(+)-Tartaric Acid (Sigma-Aldrich, =99.7) were used as the coating
agents. All chemicals were of reagent grade and used without further
purification.

2.2. Synthesis of coated nanoparticles

Surfactant coated iron oxide nanoparticles were obtained via hy-
drothermal method by using TA, AA and a mixture of them during the
hydrothermal synthesis. In order to prepare the precursor, the proce-
dure in [14] was used. Briefly, 25 ml NH,OH (25%) was added to 25 ml
of aqueous solution containing a total 75mmol of FeCly,4H,O and
FeCl36H,0 at molar ratio of 1:1. The solution was stirred for 2 min at
700 rpm. The precursor was obtained at room temperature and in air
atmosphere. After the synthesis of precursor, 6 ml of precursor and 9 ml
TA solution were transferred to the Teflon-sealed autoclave. The au-
toclave was kept at 160 °C for 12h during the synthesis and cooled
naturally after the reaction. The products were collected by magnet and
washed with distilled water. In order to obtain in powder form, the
sample was dried at 60 °C overnight. The sample coated with TA was
obtained and labelled as the sample HT. Other samples were also syn-
thesized according to this recipe by using 9 ml AA solution and 9 ml AA
and TA solutions in total whose samples were labelled accordingly as
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Fig. 3. FTIR spectra of ascorbic acid, tartaric acid (a) and the samples HT, HA and HTA (b).
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Fig. 4. TGA curves of the samples HT, HA and HTA (a)

HA and HTA, respectively. The molar ratio of TA and AA is 1:1 for the
synthesis of the nanoparticles coated with both AA and TA. In order to
check nanoparticle stability against sedimentation by magnetic field
gradients, the vessels were filled with the nanoparticle suspensions onto
a strong permanent magnet and observed if a phase separation occurs
during a few days. It is seen that all coated nanoparticles in water were
well dispersed and also collected by the magnet.

2.3. Characterizations

Transmission electron microscopy (TEM) images were taken by an
FEI Tecnai G2 F30 model scanning electron microscope. The samples
were prepared by placing one drop of a dilute suspension of iron oxide
nanoparticles in water on a carbon coated copper grid. The physical
particle sizes were calculated from the TEM images by using ImageJ
programme after taking the TEM pictures of nanoparticles. The phase
purity and phase structure of the samples were investigated by the X-

and Precursor, TA (tartaric acid) and AA (ascorbic acid) (b).
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ray powder diffraction (XRD) technique, using a PANalyticalX’Pert PRO
X-ray diffractometer. The scan was performed between 26 = 20-80°. For
the analysis of the Fourier transform infrared (FT-IR) spectra, samples
were prepared as pellets by using KBr. The spectrum was recorded at
400-4000 cm ™! by using Perkin-Elmer Spectrum Two spectrometer.
Thermogravimetric Analysis (TGA) was performed by using Setaram
TG-DTA-DSC. The heating rate was 10 °C/min from 30 to 600 °C. Argon
was used as inert gas. Magnetic properties of powder samples were
measured with ADE EV9 model vibrating sample magnetometer (VSM).
Magnetic measurements were done at = 20 kOe with 1 Oe intervals at
room temperature. Saturation magnetization, Mg was calculated by
using the maximum magnetization value measured within the applied
fields. Saturation field, Hs was assumed as the field at which magneti-
zation reaches 0.95 of M as given in the VSM system.
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Fig. 5. Magnetization curves of precursor and the samples HT, HA and HTA.
(Inset shows the magnetization curves at = 100 Oe).

3. Results and discussion

TEM images of the coated nanoparticles were taken to determine
the particles size and shape. The images of the samples HT, HA and
HTA were given in Fig. 1a, b and c, respectively. TEM images of all
samples show nearly spherical shaped nanoparticles. Besides, the dis-
persion of the sample HT maybe more favourable than the dispersions
of HA and HTA since less agglomeration can be seen in the image
(Fig. 1a). The mean physical sizes, drgy of the samples were calculated
by using Image J and presented in Table 1. The drgy of the samples HT,
HA and HTA are 7.4 = 1.5, 7.8 = 1.7 and 6.8 * 2.0nm, respec-
tively.

XRD measurements were carried out to characterize the crystalline
structure of the precursor and the samples. The samples have the
characteristic (220), (311), (400), (422), (511), (440) peaks of
cubic spinel structure of magnetite (JCPDS n0.019-0629) or maghemite
(JCPDS no. 039-1346) as can be seen in the XRD pattern in Fig. 2. The
precursor and all coated IONs show cubic spinel structure and no im-
purities were detected. The average crystal size, dxgp of the samples
HT, HA, HTA were calculated using Scherrer formula [15] and the
crystal sizes were found to be 9.4, 9.8 and 8.3 nm, respectively, see
Table 1. The dxgp values are consistent with the drgy values. The
particle sizes of the TA and AA coated nanoparticles are close to each
other, however the size of the nanoparticles coated with a mixture of
TA and AA is found to be smaller.

The synthesised nanoparticles were also characterized by the FT-IR
spectroscopy and TGA analysis. The FT-IR spectrum of pure AA, TA and
the coated IONs obtained by hydrothermal method were presented in
Fig. 3. In the spectrum of AA in Fig. 3a, a series of bands at 3519 cm ™!,
3404 cm™?, 3306 cm ™! and 3209 cm ™! are assigned to OH stretching
in AA. The bands at 1750 cm ™! and 1664 cm ™ 'are assigned to C=0
and C=C bonds, respectively [16]. In the spectrum of TA in Fig. 3a, a
broad band including 3404 cm ™! and 3325 cm ™ 'peaks is attributed to
O—H stretching. The band at 1731cm™! is assigned to the C=0
stretching vibration [11]. FT-IR spectra of coated IONs are shown in
Fig. 3b. A strong absorption band is observed at around 580 cm ™'
which is corresponding to the Fe-O bond of iron oxide. The flexing
vibration of hydroxyl group (—OH) can be observed between
3100 cm ™! and 3600 cm ™. This band may result from the adsorbed
H->0 molecules on the surface or —OH group of AA or TA. Two peaks at
1625cm ™' and 1398 cm ™! indicate that AA or TA is bound to the
surface of nanoparticles [13,17,18]. Absence of the peak around
1700 cm ! proves that there is no free TA and AA [10]. IONs are
successfully coated with the TA, AA and a mixture of TA and AA.

Fig. 4(a) shows TGA curves of the coated IONs. TGA measurements
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of precursor (bare iron oxide nanoparticles), TA and AA were also
conducted and given in Fig. 4(b). For pure TA and AA, thermal de-
composition peaks appear at 248 °C and 230 °C, respectively. In the
TGA curve of the sample HT, two mass losses are present. The first mass
loss represents the loss of moisture in the sample and the second can be
attributed to the thermal decomposition of TA. In the curve of sample
HA, the decomposition takes place at around 255 °C which is higher
than the decomposition temperature of AA, indicating that the binding
of AA to the iron oxide nanoparticles. The TGA curve of sample HTA
also show similar decomposition behaviour. According to the TGA
analysis, it can be concluded that the samples are successfully coated
with the surfactants used. Sample HT, HA and HTA present 6.1, 15.4
and 26.4% mass losses at the temperature range of 30-600 °C, respec-
tively.

Magnetization curves of the coated IONs and uncoated (precursor)
nanoparticles were shown in Fig. 5. Also, the M and H; of the samples
HT, HA and HTA were given in Table 1. Magnetic properties of coated
IONs were measured and the M, values were calculated due to the iron
oxide core percentage obtained by TGA analysis. The M; of the samples
HT, HA and HTA are in the order of 71.1 emu/g, 69.5emu/g and
65.2 emu/g, which are higher than the M; of precursor (64.7 emu/g).
For the most noticeable increase in M is seen in sample HT. The M; of
sample HT is 10% bigger than the M of precursor. The increase of M;
can be explained by the increase of crystallinity due to the high tem-
perature synthesis conditions. The M; of other samples also increases
with hydrothermal process. The M values of coated IONs are consistent
with the particle sizes as the M; of HTA is lower than the that of HT and
HA since the particle size of the sample HTA is smaller (6.8 + 2.0 nm)
than the sizes of HT and HA (7.4 + 1.5nm and 7.8 = 1.7 nm, re-
spectively). M; of magnetic nanoparticles increases with the increase of
particle size as indicated in many studies [19,20]. The increase of M
due to the increase of particle size is more appreciable in small nano-
particle as can be seen in [20], since the ratio of surface atoms to core
atoms are bigger in small nanoparticles. Thus the increase of particle
size reduces this ratio and gives a rise to the M. The H; of the samples
HT, HA and HTA are 8042, 8904 and 7650 Oe, respectively and H; of
the precursor is 11,168 Oe. The H; values are much lower than that of
the precursor indicating that it is easier to saturate the coated IONs than
the precursor. The particles size of the precursor is around 9 nm. This
value is under the superparamagnetic limit for iron oxide nanoparticles
(25-30 nm) [21]. Therefore H, value of the precursor seen in the inset
of Fig. 5 is considered to be in the range of experimental errors. No H,
values are measured for the coated samples (HT, HA and HTA) at room
temperature. Therefore, the coated samples were concluded as super-
paramagnetic in nature. The sample HT has a higher My than the TA
coated nanoparticles (29.6 emu/g and 40.1 emu/g with H.) obtained in
[8] with a smaller particle size and superparamagnetic nature. In the
case of sample HA, better M; than the AA coated nanoparticles
(51 emu/g) in [11] and (40 emu/g) [12] with similar sizes and super-
paramagnetic behaviours were obtained. It is prevailed that the hy-
drothermal is a successful process for coating of IONs with current
surfactants, preventing them from agglomeration and overgrowth and
also enhancing the crystallinity and thus magnetic properties.

4. Conclusions

The effects of surfactants; tartaric acid, ascorbic acid and a mixture
of them on the properties of iron oxide nanoparticles were investigated.
The surface of the nanoparticles coated during the hydrothermal pro-
cess prevented from exceeding the superparamagnetic size limit (the
particle sizes are under 8 nm according to the TEM and XRD analysis).
From the results of FTIR and TGA, the surface of nanoparticles was
well-coated with surfactants. And a mixture of tartaric acid and as-
corbic acid coated sample, which was for the first time used in this
study, has the highest total surfactants mass on the surface of nano-
particles. All coated samples were superparamagnetic and their
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saturation magnetization values were higher than that of precursor and
varied depending on the type of surfactants used in the hydrothermal
process. From the results, the nanoparticles coated with these bio-
compatible surfactants can potentially be used in biomedical applica-
tions. Therefore, further studies will be parameters optimisations of the
current surfactant-coated nanoparticles with desirable properties to be
effectively used in biomedical applications using SPIONs and other
superparamagnetic ferrites i.e. cobalt ferrite, nickel ferrite and man-
ganese ferrite.
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