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Abstract Coating magnetic nanoparticles (MNPs)
with sodium oleate (SO) is known to be an excellent
method to create biocompatible, stable colloids with a
narrow size distribution. However, the mechanism of
oleate adsorption on the MNP surface in aqueous
systems, as well as its influence on colloidal stability,
is not yet fully understood. In this context, we present
here a physico-chemical study to provide a deeper
understanding of surfactant interaction mechanisms
with nanoparticles. We examined the effect of
temperature and the SO/MNP ratio (w/w) on the
adsorption process in water and observed the existence
of a maximum for the adsorbed oleate amount at lower
temperatures, whereas at higher temperatures, the
isotherm can be adapted to the Langmuir model with
constant capacity after saturation. The oleate load on
the MNP surface was quantified using reversed-phase
high-performance liquid chromatography measure-
ments of samples in solution. The thermogravimetric
analyses of the solid residues together with infrared
spectroscopy analyses indicate a bilayer-similar
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structure at the MNP/water interface even for low
oleate loads. The oleate interacts with the iron oxide
surface through a bidentate coordination of the
carboxyl group. Zeta potential measurements demon-
strate the high stability of the coated system. The
maximal oleate load per unit mass of MNPs reaches
approximately 0.35 gojeace gl\_,lle.
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Introduction

Over the last few decades, magnetic nanoparticles
(MNPs) from iron oxides have been a focus of
research due to their wide range of application. Their
physical, chemical, and especially magnetic properties
make them outstanding materials for a variety of
research fields (Berensmeier 2006; Brandt and Bal-
ducci 2013; Bao et al. 2016). Therefore, the demand
for MNPs with controlled properties has resulted in the
development of numerous synthesis methods (Reddy
et al. 2012; Laurent et al. 2008; Chin and Yaacob
2007; Park et al. 2004). However, one of the well-
established synthesis routes for the controlled prepa-
ration of a large amount of superparamagnetic MNPs
remains the chemical co-precipitation of iron salts in
an alkaline environment (Martinez-Mera et al. 2007,
Khalafalla and Reimers 1980). Most applications,

@ Springer


http://dx.doi.org/10.1007/s11051-016-3405-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-016-3405-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-016-3405-2&amp;domain=pdf

99 Page 2 of 12

J Nanopart Res (2016) 18:99

though, require a fine and homogenous dispersion of
the MNPs in a variety of polar and nonpolar liquids.
Particularly in biotechnological and medical applica-
tions, the focus lies on aqueous dispersions, where
untreated MNPs tend to form aggregates in the range
of 100-1000 nm, due to magnetic dipole interactions
and van der Waal’s forces (Kim et al. 2001). In
addition to steric stabilization with natural and
synthetic polymers, electrostatic stabilization is com-
monly used in order to maintain a stable MNP
dispersion with a narrow size distribution. Some
reviews have summarized strategies for surface mod-
ification of nanofluids towards better stability (Rami-
moghadam et al. 2015a). As a result of their
biocompatibility and nontoxicity, fatty acids are
among the most interesting coating agents on MNPs
for both stabilization in aqueous (Wang et al. 2003;
2007b) and nonpolar liquids (Rudolph et al. 2012;
Zhang et al. 2006; Korolev et al. 2004). The fatty acids
act as surface active agents with a polar headgroup and
a hydrophobic tail. In the case of aqueous systems,
they build a water impermeable bilayer around the
MNP: in the inner layer, the carboxylic head group
adsorbs on the MNP surface, whereas the nonpolar tail
group orients towards the solvent. In the outer layer,
the nonpolar tail group of dissolved fatty acids
interacts with the nonpolar tail groups of adsorbed
fatty acids, thus creating a double layer on the MNP
surface with carboxylic acid head groups facing
towards the solvent (Wang et al. 2007b). Fatty acids
with different chain lengths and carbon hydrate
saturation levels have been studied with regard to
their surface interaction with superparamagnetic iron
oxide nanoparticles and their effect on stabilization.
As a result of such studies, oleic acid and its salt,
sodium oleate (SO), seem to be the most promising
candidates for a highly stabilized system. While the
adsorption of SO on MNP has been discussed for
several nonpolar liquids and temperatures (Balmasova
et al. 2010; Korolev et al. 2002, 2009), detailed studies
of adsorption isotherms in aqueous systems have
rarely been covered (Roonasi and Holmgren 2009;
Zhou et al. 2007). A systematic investigation of the
influence of coating parameters on the physical and
chemical nature of the lipid double layer and the
resulting colloidal stability are still necessary. Kulka-
rni and Somasundaran carried out intensive research
for hematite systems (Kulkarni and Somasundaran
1980). Scamehorn et al. examined the adsorption of
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surfactants on iron oxide surfaces from aqueous
solutions and indicated the four regions in the
adsorption isotherms as well as corresponding poten-
tial mechanisms of adsorption (Scamehorn et al.
1982). Although there are some general studies in
the literature on this topic (Paria and Khilar 2004), a
clear description has not yet been presented and
fundamental questions regarding the organization of
the surfactant at the interphase remain open. Although
some authors support the theory that adsorption occurs
as a monolayer (Roonasi and Holmgren 2009), our
results support the existence of a bilayer-similar
structure even for very low surface coverage with
oleate.

In the present study, we systematically investigate
the influence of different temperatures on the oleate
adsorption at the surface of MNPs in aqueous media.
In order to prepare isotherms of adsorption, the coating
procedure is operated stepwise in a well-defined and
controlled reaction setup. To understand nanoparticle
stabilization mechanisms and, more specifically, the
interplay between the different interaction forms in the
system (surfactant-nanoparticle surface, surfactant—
surfactant, surfactant-solvent), more reliable charac-
terization methods are required in solution. We apply
reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) to quantify the oleate content in the
reaction supernatants. This method is known in other
application fields, such as bio-fuels (HolCapek et al.
1999) and bio-medicals (Norlén et al. 1998), but as far
as we know, there do not appear to be similar physico-
chemical studies which quantify the fatty acids using
RP-HPLC. Common analytics in this field are ther-
mogravimetric analysis (TGA) (Korolev et al. 2002;
Wang et al. 2007a; Yan et al. 2009) and Fourier
transform infrared spectroscopy (FT-IR) (Bloemen
et al. 2012; Chen et al. 2014; Ramos-Gonzalez et al.
2012); both analyze the solid residues after super-
natant removal and a subsequent drying process.
However, the analysis in solution is of special
importance to avoid alterations in the sample struc-
ture. Furthermore, RP-HPLC has the advantage of a
high analytical sensitivity and automatized sampling,
the latter of which results in high throughput mea-
surements. TGA measurements enabled us to demon-
strate the existence of an oleate bilayer. Furthermore,
we characterized the interaction of the oleate with the
MNP surface using FT-IR spectroscopy and deter-
mined changes in the surface charge of the shear plane
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around the particles by zeta potential analysis. This
fundamental study aims to understand a system
oriented towards large-scale application. Therefore,
and due to the very high price of sodium oleate, we
chose a technical grade substance for the experiments
and investigated its ability to stabilize magnetic
nanoparticles under conditions relevant for industrial
goals.

Experimental
Materials

Ferric chloride hexahydrate (FeCl;) (98 %) and
sodium hydroxide (NaOH) (97 %) were purchased
from AppliChem GmbH, Germany. Ferrous chloride
tetrahydrate (FeCl,) (98 %) was obtained from Bernd
Kraft GmbH, Germany. Sodium oleate (SO) (technical
grade, >90 %) and acetonitrile (ACN) (HPLC grade)
were provided by J. T. Baker, Germany and SO
(>99 %) from Sigma Aldrich Corporation, Germany.
Acetic acid (99.7 %), L-(+) ascorbic acid (>99 %),
hydrochloric acid (HCl) (37 %), trifluoroacetic
acid (TFA) (999 %) and 1,10-0-phenanthroline
hydrochloride monohydrate (>99 %) were ordered
from Carl Roth GmbH & Co. KG, Germany. Fatty acid
methyl ester marine oil mix (FAME-Mix) was
purchased from Restek GmbH, Germany. All chem-
icals were used as purchased without any further
purification. Aqueous solutions were prepared with
degassed and deionized water (dd-H,O) in all exper-
iments. The impurities of the oleate were analyzed
using GC-MS. They are mainly C16 and C14 fatty
acids: palmitic acid (C16) and myristic acid (C14) as
well as some C18 fatty acids (vaccenic acid and oleic
acid).

Methods
Synthesis of MNPs

Highly dispersed magnetic nanoparticles were syn-
thesized as previously described (Roth et al. 2015).
Process conditions, such as temperature, pH value,
dosing, and stirring rate, were controlled and moni-
tored by the fully automated OptiMax™ synthesis
station (Mettler-Toledo GmbH, Germany). In a typical
synthesis protocol, 40 g FeCl, and 108 g FeCl; were

each dissolved in 100 mL dd-H,O. The iron salt
solutions were mixed in a nitrogen atmosphere and
added to 800 mL of 1.8 M NaOH solution at a dosing
rate of 150 mL min~'. Throughout the whole synthe-
sis, the reaction solution was stirred under a steady
flow of nitrogen in order to prevent oxidation. The
addition of the iron salt solution to the NaOH solution
instantly resulted in the formation of a black precip-
itate, which was washed with dd-H,O in order to
remove residual NaOH and sodium chloride several
times. The washing procedure was performed until the
solution conductivity dropped below 200 pS cm™".

Oleate adsorption on MNPs

The adsorption equilibria of SO on MNP were
investigated at the temperatures 4, 25, and 60 °C.
Therefore, 12 samples with increasing weight ratios
of SO to MNP were prepared for each temperature. A
detailed summary of the reaction conditions is shown
in Table 1. All experiments were reproduced as
triplicates in 2-mL reaction vessels and a solid
content of 4.3 mgynp mL~". Adsorption time was
adjusted to 3 h in the Eppendorf Thermomixer®
comfort (Eppendorf AG, Germany) at a mixing
speed of 1200 rpm. According to kinetic studies by
Roonasi et al., this incubation time should be
sufficient to achieve adsorption equilibrium (Roonasi
et al. 2010).

Table 1 Reaction conditions for oleate adsorption isotherms
on MNPs

Sample SO/MNP
wt-ratio
4°C 25 °C 60 °C 250 SVNP
T4_01 T25_01 T60_01 0.02
T4_02 T25_02 T60_02 0.04
T4_03 T25_03 T60_03 0.10
T4_04 T25_04 T60_04 0.15
T4_05 T25_05 T60_05 0.20
T4_06 T25_06 T60_06 0.25
T4_07 T25_07 T60_07 0.30
T4_08 T25_08 T60_08 0.35
T4_09 T25_09 T60_09 0.40
T4_10 T25_10 T60_10 0.60
T4_11 T25_11 T60_11 1.00
T4_12 T25_12 T60_12 1.40
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Subsequently, the magnetic content was separated
from the liquid medium using NdFeB magnets; the
temperature was kept constant with regard to the value
of the adsorption experiment. Samples from the clear
supernatant were collected for RP-HPLC analytics.
The residues were washed twice with dd-H,O to avoid
falsification of analytics with dissolved SO. The oleate
mass loss due to the two wash steps was <5 % for all
samples. One part of the samples was stored in a
nitrogen atmosphere for zeta potential measurements,
while the other part of the colloids was lyophilized with
an ALPHA 1-2 LDplus (Martin Christ Gefriertrock-
nungsanlagen, Germany) and stored in a nitrogen
atmosphere at —20 °C for TGA and FT-IR analytics.

Analytics
Physico-chemical characterization of MNPs

Quantitative iron analysis was performed spectropho-
tometrically to determine the solid content in the iron
oxide suspensions (Schilt 1969). A specific volume of
the MNP suspension was treated with 37 % HCI in
order to dissolve the solid MNP content. Subsequently,
the acidic iron solution was diluted with dd-H,O in a
ratio of 1:14.3. Then, 40 pL of the diluted iron solution
was buffered at pH 4.5 with a sodium acetate buffer
and treated with ascorbic acid for 10 min to reduce all
iron ions to Fe*>*. The addition of 1,10-0-phenanthro-
line solution resulted in the formation of an orange/red
chelate complex. Sample analysis was performed at a
wavelength of 510 nm with the Infinite® 200 Pro
(Tecan Group Ltd., Switzerland) spectrophotometer.
The concentrations of MNP per unit volume were
indirectly calculated from the related iron concentra-
tions, assuming that all iron oxides were composed of
Fe;0,4, as previously demonstrated by Roth et al.
(2015). The crystal structure and phase purity of the
precipitates were confirmed using powder X-ray
diffraction (XRD) and Raman spectroscopy in the
same manner as in previous studies (Roth et al. 2015)
(Fig. S2). Gas adsorption isotherms according to the
BET (Brunauer—-Emmett-Teller) were accomplished
as described elsewhere (Schwaminger et al. 2015).

RP-HPLC

A quantitative analysis of SO in aqueous media was
conducted with reversed-phase HPLC (RP-HPLC)
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using a Synergi™™ 4 pm Polar-RP 80 A, LC column
(Phenomenex Inc., USA) in an Agilent 1100 Series
System (Agilent Technologies Inc., USA). The mobile
phase consisted of 20 mM TFA in 80 % (v/v) ACN
aqueous solution and was adjusted to a flow rate of
0.2 mL min~'. The detection of components was
performed spectrophotometrically via UV-absorption
at 205 nm. In order to identify the oleate peak and
detect impurities, peak fractions from RP-HPLC were
collected and methylated according to the method
described by Griffiths et al. (2010). Methylated
samples were analyzed using the gas chromatography
system GC Trace Ultra (Thermo Fisher Scientific Inc.,
USA) in combination with the mass spectrometer
MS DSQ2 (Thermo Fisher Scientific Inc., USA). The
oleate peak was identified using the FAME-Mix as the
external standard. Peak areas from RP-HPLC were
used to quantify the oleate content in the samples.

Infrared spectroscopy

Lyophilized samples of coated MNPs were character-
ized by FT-IR spectroscopy. A Bruker Optics Ten-
sor 27 spectrometer (Bruker Optics, Ettlingen,
Germany), equipped with a Bruker Optics Platinum
ATR accessory (diamond crystal with single reflec-
tion) and with a room temperature deuterated
triglycine sulfate (RT-DTGS) detector, was applied
for all experiments. Each sample was recorded twice
against air background (from 4000 to 400 cm ™' with a
spectral resolution of 4 cm™"), changing the position
between two measurements on the ATR crystal, and
averaged 64 times. For all spectra an atmospheric
compensation, an ATR correction (experimental ATR
correction factor for magnetite 1.91) and a concave
rubber band baseline correction were applied with the
software OPUS 7.2.

Thermogravimetric analysis (TGA)

The adsorption behavior of oleate molecules on MNPs
was also determined gravimetrically from lyophilized
samples using the simultaneous thermal analysis
system STA 449C Jupiter (Netzsch Geridtebau GmbH,
Germany). The weight loss and the heat transfer were
recorded at a heat rate of 10 K min~' (303-1173 K) in
a nitrogen atmosphere. The gas phase was analyzed
employing a mass spectrometry system QMS 403
Aeolos (Netzsch Geridtebau, Germany). Mass-to-
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charge ratios were recorded at m 77! = 41,43, 44, 55,
69, 83, and 97, known to be characteristic of the
thermal decomposition of oleic acid.

Zeta potential

The change in zeta potential due to adsorbed oleate
molecules on the MNP surface was monitored from
pH 10 to pH 3 with a Delsa’™ Nano C in combination
with the Flow Cell and the Delsa™ Nano AT
(Beckman Coulter Inc., USA) where 0.1 NaOH and
0.1 HCI were used as titrants.

Results and discussion
Adsorption isotherms

In order to obtain deeper insight into the adsorption
mechanisms of oleate on MNP and the parameters
influencing this process, coating experiments were
carried out at 4, 25, and 60 °C with weight ratios
between 0.02 and 1.4 ggo g[,d\]p, according to the
conditions described in Table 1. The oleate quantifi-
cation in the supernatant was performed with a
modified RP-HPLC fatty acid analytic. The specific
load of adsorbed oleate per unit mass of MNP was
calculated from mass balance (Eq. 1) and transferred
to the adsorption isotherms presented in Fig. 1:

q" = (c —c")V/munp (1)

Here ¢~ is the specific amount of adsorbed oleate
species per unit mass of MNP, c is the total concen-
tration of oleate molecules in the reaction volume V, ¢
is the concentration of oleate molecules in the particle
free supernatant (equilibrium concentration in solu-
tion), and myyp is the total mass of MNP in the
system.

The results in Fig. 1 reveal a maximal specific load
of oleate per unit mass MNPs to be in the range of
0.35-0.37 gojeate gl\_/[}\;p for all temperatures investi-
gated. The data for 60 °C fit well with the Langmuir
adsorption model in Eq. 2, where K| is the Langmuir
adsorption coefficient and g, is the maximal amount
of adsorbed oleate per unit mass of MNP:

* *
* KLC]maxC

= . 2
1 1+ Kic* ( )

K; was determined to 8.97 L gaéate and ¢, to
0.40 Loleate glt/[%\IP

At 60 °C, the specific load remains at a constant
level (saturation) with addition of SO after reaching
Gmax» Whereas it tends to decrease for the samples T4
and T25. This tendency was reproduced in a validation
experiment for T25 (valid. T25). Both behavior forms
are described for similar systems where surface active
agents in the presence of metal oxide surfaces in
aqueous solutions were studied (Pagac et al. 1998).
Nevertheless, the presence of maxima is still not well
understood, and theories seeking to explain it have not
been confirmed experimentally (Arnebrant et al. 1989;
Paria et al. 2005).

As often discussed in the literature, surfactant
organization in a given solid-liquid system depends
primarily on the chemical nature of the surfactant,
temperature, pH, and ionic strength (Kulkarni and
Somasundaran 1980; Scamehorn et al. 1982; Soma-
sundaran and Huang 2000). Nanoparticles affect the
surface tension of the suspension as well as the critical
micelle concentration, CMC of the surface active
compound (Liu and Kai 2012; Lestari et al. 2015;
Cerdeira et al. 2012), which in our case is oleate. The
mechanisms of simultaneous adsorption and micelle
formation are not fully understood nowadays, but the
general approach is that adsorption on the nanoparti-
cles surface competes with micellar formation only for
high surfactant concentrations. This is strongly depen-
dent on the system chosen and the conditions, but for
oleate, it is generally accepted that the interaction
between oleate and the iron oxide surface is stronger
than the tendency to form micelles (Wooding et al.
1991): for lower concentration, the oleate is generally
adsorbed or in solution; the micellar system starts
forming only after a boundary concentration in
solution has been reached. This is assuredly a dynamic
process with continuous exchange of species between
the oleate molecules of the different structural parts
(adsorbed, dissolved and in micelles or smaller
groups).

Figure 1 suggests a correlation between the adsorp-
tion behavior after saturation (g;,,,) and the CMC of
oleate in aqueous solutions. The CMC of our oleate is
0.17 gojeate L™ as determined by tensiometry (see
Fig. S1); this value increases with increasing temper-
ature (Korolev et al. 2002; Klevens 1948). Beyond
reaching the corresponding CMC, we expect that
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Fig. 1 Oleate adsorption 0.40
isotherms on MNP prepared
at 4, 25, and 60 °C with a
close-up of the linear part. 0.35
The specific amount of
adsorbed oleate species per 030
unit mass of MNP, q* is T, '
plotted against the Z
concentration of oleate % 0.25

R . 3
molecules in the particle 5
free supernatant, ¢ :33
(equilibrium concentration o 020
. . . 1 ke
in solution). Data of “valid. g
T25” corresponds to the o 015
repetition of the experiments 5
at 25 °C 8

? 0.10
' " —®—T60
0.104
0.05 oy B0 - TZ?
0.00 . . . . . . —@—valid. T25
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
equillibrium concentration c*, go‘emL" A— T4
0.00 — T T T T T T T T T T T
0 1 2 3 4 5 6

further addition of oleate contributes to constant
adsorption of oleate on the MNP surface and parallel
formation of micellar structures. Therefore, the
decrease of ¢~ at high values of ¢ (for 4 and 25 °C)
might be related to an exchange process between
oleate species from the MNP double-layer and micel-
lar structures of oleate in the supernatant. At the
moment, we cannot explain why this behavior changes
at higher temperatures; it might be related to a change
in the CMC as well as to temperature effects on the
suspension properties and the solubility of the species.

Based on the results for g ., it is possible to
calculate the maximal oleate bilayer packing density
at the MNP surface. Peaks of all patterns had been
successfully attributed to the Bragg positions of
magnetite given by the JCPDS-International Center
for Diffraction Data (JCPDS Card: 19-629), as
displayed in Fig. 2. The particle size calculated with
the Scherrer equation accounts for 10.0 nm.

The specific iron oxide surface was determined to
be 98.4 + 23 m* g~' by N, adsorption isotherms
with the BET method. From the specific oleate load
per unit mass of MNP q*, the Avogadro constant Ny,
the molecular weight of oleate (Mgjeae = 281.4
g mol™ 1), and myp (8.6 mg), we can calculate the
number of oleate molecules 7)c4tc ON the MNP surface

applying Eq. (3):
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Intensity, a.u.

20,°

Fig. 2 XRD pattern and predicted Bragg reflex intensities

q"myNp
M oleate

Noleate =

Na (3)

We calculate the space requirement Agjeqe Of an
oleate molecule at the iron oxide surface by simpli-
fying the system as a double-layer structure with the
same surface coverage on both the inner and outer
layers. For saturation conditions (g}, = 0.37 Zojeate
guinp), the resulting area of the head group on the iron
oxide surface is calculated to approx. Agjeare = 25 A2
Wang et al. (Wang et al. 2013) had calculated an area
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of 20 A2 for one molecule of oleate at the solid/water
interface under CMC conditions, a value which
corresponds closely with our results and demonstrates
that in our system, the metal oxide surface should be
completely saturated with a compact oleate bilayer.
The area estimated is also very close to the average
cross-sectional area of an alkyl-chain (18.8 Az)
(Heinz et al. 2008). Data in the literature for water
solutions of sodium oleate (without the presence of
nanoparticles) yield values in a range from 26 A% to
more than 50 A2, depending on pH and temperature
(Theander and Pugh 2001).

While temperature appears to have no significant
influence on g, , adsorption equilibrium at low ratios
of SO/MNP is affected at low temperatures, as can be
seen in the close-up of the linear part of the adsorption
isotherms (Fig. 1). Compared to samples T25 and
T60, the equilibrium concentration of oleate in the
supernatant of sample T4 remains higher with the
same oleate addition. This effect might be related to
the fact that at low temperatures, the mobility of the
oleate hydrocarbon backbone is reduced. Therefore,
less interpenetration occurs between the oleate species
from both layers, leading to a lower coverage of the
layers.

Saturation magnetization measurements were car-
ried out for the maximally loaded particles at 25 °C
and showed very high saturation magnetization
(>70 A m*> kg™ "), close to values for particles syn-
thesized through thermal decomposition (Moya et al.
2015). Our study, hence, demonstrates that the
straightforward method of in situ precipitation and
coating yields similar results to the ones from signif-
icantly more complicated methods, offering distinct
advantages for industrially oriented applications.

Thermogravimetric analysis

In order to improve our understanding of the system,
some of the samples which were coated at 60 °C (T60)
were analyzed thermogravimetrically (Fig. 3). Com-
ponents of thermal decomposition were monitored
with a mass spectrometer, and the relative mass loss of
the samples and the ion current for analyzed ratios of
m z~" are displayed in Fig. 3.

TGA curves show a weight loss in two temperature
ranges, from 250 to 400 °C and from 600 to 720 °C.
Results of mass spectrometry confirm that the mass

100 4=

95 4

90

85

mass loss, %

80

75 4

70 T T T T T
200 300 400 500 600 700 800

temperature, °C

Fig. 3 Thermogravimetric analysis of samples from T60 with
representation of percentual mass loss values

loss in both temperature spans derive from oleate
species (Fig. S3). The weight loss in the low-temper-
ature region can be attributed to the desorption and
decomposition of oleate molecules from the outer part
of the lipid double layer, while the weight loss in the
relatively high temperature region results from oxida-
tive decomposition of oleate molecules which are
chemisorbed on the MNP surface. The chemisorbed
inner oleate layer, which is partially carbonized above
500 °C, is oxidatively decomposed from 600 to
720 °C which can be evidenced as strong CO, signal
(m z~' 44) in Fig. S3. The oxidation of the partially
oxidized inner oleate layer is accompanied by a
reduction of MNP to wiistite (Rudolph et al. 2012)
which can be evidenced with XRD (Fig. S4). The
detailed thermal decomposition of adsorbed oleate
with intermediate stages is described in the supple-
mentary material. These results support the double-
layer theory of oleate coated MNP in aqueous
solutions and are in agreement with other TGA data
discussed in the literature (Huang et al. 2008; Jiang
et al. 2010). The results also suggest that formation of
a bilayer occurs already for low grades of oleate
adsorption. Smaller specific loads of oleate on MNP
demonstrate both chemisorbed and physisorbed
oleate species, which decompose at 250-400 and
600-720 °C, respectively. Hence, the oleate adsorp-
tion onto the MNP surface may follow a quasi-first
order kinetic mechanism forming small carpet-like
double-layer islands rather than monolayers, as sug-
gested by Wooding et al. (1991). With an increase
of the equilibrium oleate concentration in the
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supernatant, the oleate islands start to expand (more
oleate units) until they unite with other islands at the
edges. This process continues, until the whole MNP
surface is covered.

FT-IR

In addition to the TGA analysis, the sequential coating
of MNP for assay T_60 was monitored with FT-IR.
Therefore, all spectra were normalized to the Fe-O
vibration at 577 cm™' (Yang et al. 2010). SO was
measured as a reference. Spectra are displayed in
Fig. 4.

In Fig. 4, the strong bands at 2919 and 2850 cm ™'
correspond to the asymmetric and symmetric stretch
modes of v (CH,), respectively, while the deformation
bands at 2960 and 2870 cm™' derive from the
asymmetric and symmetric stretch of v (CH3), respec-
tively (Jovanovic et al. 2014). The weak appearance
can be attributed to the small ratio of CH3 groups
compared to CH, groups in the oleate molecule. The
bands of symmetric deformation modes can be
observed at 1460 and 1443 cm ™' for & (CH,) and at
1377 cm ™! for 8 (CH3). A weak band at 1654 cm ™
can be attributed to the stretch mode of v (C=C) double
bond in the oleate molecule, which is expected from
1660 to 1630 cm™! for cis conformation (Nakamoto
2006). This band is partly overlapped by a & (OH)

normalized intensity, a.u.

T T T A T
500 1000 1500 2500 3000 3500
wave number, cm”
——reference —— 160 8 —— T60_3 T60 1
—T60_10 —— 7160 6 —— T60_2 -

Fig. 4 FT-IR spectra of selected samples of T60 with SO as
reference
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bending mode appearing around 1632 cm™' of
adsorbed water. The difference in wave number (A)
between the symmetric and asymmetric carboxylate
stretch vibrations corresponding to bands at 1558 and
1423 cm ™', respectively, indicates ionic carboxylate
coordination in the SO reference. According to
numerous studies, A is strongly dependent on the
carboxylate coordination (Schwaminger et al. 2015;
Jovanovic et al. 2014; Nakamoto 2006; Bronstein et al.
2007).

Successful oleate coating of the MNP is confirmed
by the existence of characteristic bands, matching the
peaks of the SO reference. The increase in peak
intensity with sample number indicates higher grades
of oleate coating. A closer look at the asymmetric
carboxylate stretch mode of the coated MNP reveals
the existence of two states of coordination for the
carboxylate groups. The peaks corresponding to
symmetric carboxyl stretch vibrations appear at
approximately 1530 and 1562 cm™'. With the asym-
metric carboxyl stretch band at 1402 cm™', A is
calculated to 128 and 160 cm™', indicating the
simultaneous presence of bidentate and ionic coordi-
nation of carboxylate groups, respectively (Roonasi
and Holmgren 2009; Jiang et al. 2010; Jovanovi¢ et al.
2014). At low coating grades, the carboxylate coor-
dination is primarily bidentate, while at higher grades,
an ionic coordination of carboxyl groups appears in
the IR spectra. Bidentate coordination is attributed to
the carboxylate groups directly adsorbed on the iron
oxide surface (Bronstein et al. 2007), while the ionic
character is ascribed to carboxylic groups of oleate
species from the secondary layer. The results indicate
that for lower coating grades, the formation of the
primary layer is promoted; at the same time, the
secondary layer is loosely packed. The increase of the
ionic character with sample number indicates a more
dense packing of the secondary layer, which supports
the data from the TGA measurements. At high sample
numbers a band at 1702 cm ™! becomes visible, which
can be attributed to the asymmetric stretch v (C=0),
known from dimeric carboxylic acids (Young et al.
2008). The symmetric stretch of dimeric acids,
expected at 1660 cm™' overlaps with the v (C=C)
stretch and the & (O-H) bending mode (Nakamoto
2006). These data suggest the formation of dimers at
the carboxylic head groups of the secondary layer at
high concentrations of oleate molecules in aqueous
phase.
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Zeta potential

Electrostatic stabilization as a function of MNP
coating was characterized by zeta potential measure-
ments at 25 °C. Samples of experiments T25 were
chosen for characterization in order to exclude tem-
perature influence on oleate load. The change in zeta
potential with pH is illustrated in Fig. 5.

The stepwise stabilization of MNP with SO can be
monitored by the change in surface charge (Fig. 5),
corresponding to the negatively charged carboxylic
head groups in the secondary lipid layer. For nanoscale
magnetite particles, zeta potential  is described by a
characteristically shaped sigmoid curve over pH with
the isoelectric point at about pH 6.8-7.1 (Blesa et al.
1984; Massart 1981), which is in compliance with
measured data. Recorded values for { range from
£=-30mV at pH 10 to { = +40 mV at pH 3.
Coated samples show evidence of a drop in { to about
€= —35mVatpH 10 and { = +5 mV at pH 3; this
demonstrates that the carboxylic groups at the outer
surface of the lipid double layer are deprotonated over
a wide pH range. Due to oleate coating of MNP, the
isoelectric point is shifted to pH 4.3, which is in
accordance with data from the literature (de Palma
et al. 2007). Absolute values of { > 30 mV are
regarded as physically stable (Miiller and Mehnert
1997); accordingly, the stabilizing effect of oleate
coating on MNP in this study is achieved for
6 > pH > 10 for higher oleate concentrations. Fur-
thermore, the gradual change in { with the oleate
coating grade indicates a transition stage between the

50
—=—T25_01
40 1 T25 03
30 A —a—T25_05
—v—T25_07
20 1 T25_09
10 - —a— T25_1 1
—»— MNP

-10
220
-30 4
40
-50 T T T T T T T T

zeta potential, mV
o

pH

Fig. 5 Zeta potential of sample T25 from pH 3 to 10

iron oxide surface and the fully oleate coated surface.
This effect can be explained by the formation of oleate
islands, where the zeta potential is determined by the
amphiphilic MNP surface and negatively charged
carboxylic head groups. Similar results were previ-
ously obtained by Ramimoghadam et al. (2015b) for
different adsorbed masses of dodecanoic acid on iron
oxide nanoparticles.

Conclusion

We present a study of the adsorption process of
sodium oleate on nanoscale superparamagnetic iron
oxide nanoparticles in an aqueous medium. The focus
of this work lies on the influence of temperature on the
adsorption equilibrium to help better understand the
adsorption mechanism of the oleate molecules on the
surface of MNPs. The temperature variation does not
appear to significantly influence values of the maximal
specific load per unit mass of MNP (approx.
0.35 gojeate g[,d\u:). However, at low temperatures
and high oleate concentrations in the supernatant a
decrease of load is observed, possibly due to the
simultaneous existence of micelles. From the mea-
surements of the supernatant using RP-HPLC adsorp-
tion isotherms could be represented. FT-IR
spectroscopy reveals a deeper insight into the forma-
tion process of the surfactant double layer as well as
the success of the coating process. These results
together with the thermogravimetric analysis of the
residues suggest a quasi-first order adsorption mech-
anism of oleate molecules on the MNP surface, with
the formation of carpet-like oleate islands with a
double-layer structure. The data obtained provide
information about the packing density of the oleate
molecules in the primary and secondary layers, which
are functions of the thermodynamic equilibrium
between adsorbed oleate molecules and molecules in
solution. Furthermore, formation of multilayers by
dimerization of carboxylic groups can be observed at
high concentrations of oleate species in the liquid
phase. Changes in the zeta potential, which are related
to a change in the surface charge, demonstrate the
stabilizing effect of SO on aqueous MNP suspensions.
As a result of the MNPs surface coverage with
carboxylic groups, the isoelectric point shifted from
approximately pH 7.4-4.3 for high oleate loads,

@ Springer
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reducing the tendency to agglomerate over a broad pH
range.

Our study shows the dynamic nature of surfactant
adsorption on metal oxide surfaces. The complexity of
the system makes this topic worthy of future research.
To better understand adsorption mechanisms of sur-
face active agents on magnetic nanoparticles, a
comparison of the behavior of the system in relation
to surface tension and adsorption capacity with and
without nanoparticles under the same experimental
conditions is required. Such studies are of great
importance for a more effective application of adsorp-
tion as a separation, recovery, or removal tool in many
research areas, e.g., pharmaceuticals, biochemistry,
biotechnology, and environmental sciences as well as
for further development of coating and adhesion
processes.
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