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Abstract Polymer magnetic core particles receive
growing attention due to these materials owing magnetic
properties which are widely used in different applications.
The prepared composite particles are characterized with
different properties namely: a magnetic core, a hydropho-
bic first shell, and finally an external second hydrophilic
shell. The present study describes a method for the prep-
aration of bi-layered polymer magnetic core particles
(diameter range is 50-150 nm). This method comprises
several steps including the precipitation of the magnetic
iron oxide, coating the magnetite with oleic acid, attaching
the first polymer shell by miniemulsion polymerization and
finally introducing hydrophilic surface properties by con-
densation polymerization. The first step is the formation of
magnetite nanoparticles within a co-precipitation process
using oleic acid as the stabilizing agent for magnetite. The
second step is the encapsulation of magnetite into polyvi-
nylbenzyl chloride particles by miniemulsion polymeriza-
tion to form a magnetic core with a hydrophobic polymer
shell. The hydrophobic shell is desired to protect magnetite
nanoparticles against chemical attack. The third step is the
coating of magnetic core hydrophobic polymer shell
composites with a hydrophilic layer of polyethylene glycol
by condensation polymerization. Regarding the mini-
emulsion polymerization the influence of the amount of
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water, the mixing intensity and the surfactant concentration
were studied with respect to the formation of particles
which can be further used in chemical engineering appli-
cations. The resulting magnetic polymer nanoparticles
were characterized by particle size measurement, chemical
stability, iron content, TEM, SEM, and IR.

Introduction

Nanoencapsulation received considerable increasing
attention by providing the possibility of combining the
properties of different material types (e.g., inorganic and
organic) on the nanometer scale (<l pm in diameter)
having a spherical or irregular shape. Capsules can be
divided into two parts, namely the core and the shell. The
core (the intrinsic part) contains the active ingredient (e.g.,
a hardener, magnetite, or a biocide), while the shell (the
extrinsic part) protects the core permanently or temporarily
from the external environment.

Compatibility of the core material with the shell is an
important criterion for enhancing the efficiency of encap-
sulation [1]. Pretreatment of the core material is very often
carried out to improve such compatibility. The size of the
core material also plays an important role for diffusion,
permeability or controlled release applications [2], paints
[3], cell separation [4], and tissue engineering [5].

The presence of chloromethyl groups on the surface of
magnetic particles coated with polymer gives actively to be
used in various industrial and medical applications. To
apply magnetic polymer in various potential fields, it is
very important to control the size and shape, and to design
the thermal and chemical stability by surface modification
[6]. However, these nano-sized magnetite particles tend to
aggregate because of their high specific surface area and
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strong interparticle interaction. Therefore, it is essential to
develop strategies for the chemical stabilization of the
magnetic nanoparticles against aggregation.

The preparation of magnetite/polymer particles can be
generally classified in three categories. First is the most
simple one which is the separately performed synthesis of
the magnetic particles and polymer materials and then
mixing them. During mixing adsorption (physical or
chemical) of either the magnetic particles onto the polymer
spheres [7] or vice versa occurs. The second technique to
obtain magnetic polymer dispersions is based on in situ
precipitation of magnetic material in the presence of
polymer, where the magnetic particles are surrounded by a
hydrophilic polymer shell [8]. The third way is to poly-
merize monomers in situ in the presence of magnetic par-
ticles, including miniemulsion polymerization [9].

To prepare magnetite nanoparticles with a coating the
application of fatty acids such as oleic acid is state of the
art. Oleic acid acts as surfactant since oleic acid has high
affinity to the surface of superfine magnetite (10-20 nm)
and hence makes the particles compatible with monomer.
However, the complexity of the particle nucleation mech-
anism and the difficulties in controlling the dispersion
stability of inorganic particles in the continuous or disperse
phase during emulsification and encapsulation polymeri-
zation appear to be the main problems in preparing
magnetic polymer. Miniemulsions are relatively stable oil-
in-water dispersion with droplets in the nanometer range.
The main advantage of emulsion-based polymerization
methods consists in the control of the molecular weight and
molecular weight distribution, using parameters such as the
initiator and/or surfactant concentrations.

A miniemulsion is typically obtained by shearing a
system containing monomer, water, surfactant, costabilizer,
and initiator. The droplet diameter is adjusted by the type
and amount of surfactant and costabilizer, the volume
fraction of the disperse phase, and the homogenization
process. One of the characteristic features of the mini-
emulsion polymerization technique may be an advanta-
geous encapsulation method.

Magnetic polymer cores functionalized with chloro-
methyl groups are more important in applications such as
magnetic separations, solid phase syntheses, immunodiag-
nostics, etc. Their chlorine groups are easily displaced by
nucleophiles to produce anion exchange polymers, solid
state synthesis (Merrifield) resins and electron beam neg-
ative resists [10-13].

One of the modifications magnetic polymers function-
alized with chloromethyl groups can be used for is the
preparation of a second layer of polyethylene glycol (PEG).
This results in an additional hydrophilic shell.

In this work optimum condition are described to prepare
magnetite nanoparticles by studying the effect of addition of
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oleic acid at room temperature and at higher temperature as
stabilizing agent. A direct method is suggested where the
formation of one solution mixture is formed of magnetite
and monomer for the preparation of chlorinated magnetic
polymer core nanoparticles based on miniemulsion poly-
merization technique. The effect of water and surfactant
were measured as function of emulsion stability. Vinylb-
enzyl chloride was chosen as a monomer because it offers
the possibility to anchor additional functional groups for
active site attachment. The resulting magnetic polymer
nanoparticles were characterized by particle size measure-
ment (Malvern Zeta Sizer), iron content (elemental analysis
by wet chemistry), and morphology (transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM)). The binding of iron and oleic acid was investigated
by infrared spectroscopy. Finally acid treatment (hydro-
chloric acid) was used to evaluate chemical stability.

Experimental part
Material

Iron (III) chloride hexahydrate (FeCl;-6H,O), iron (II)
sulfate heptahydrate (FeSO,4-7H,0), ammonium hydroxide
(26% NH; in H,0), hexane, dichloromethane (DCM),
vinylbenzyl chloride (VBC 95%), hexadecane, polyethyl-
ene glycol (PEG 600), sodium dodecyl sulfate (SDS),
potassium peroxodisulfate (KPS), and oleic acid (90%)
were purchased from Fluka AG and used as received.

Preparation of magnetite nanoparticles

The magnetite nanoparticles are produced by co-precipi-
tation of an aqueous solution of iron (III) chloride hexa-
hydrate and iron (II) sulfate heptahydrate with a molar ratio
of Fe**/Fe’ = 2:1. The iron solution is precipitated with
concentrated ammonium hydroxide in excess. 24.05 g
FeSO,-7H,O and 47 g FeCl;-6H,0O are dissolved in
1000 mL distilled water and heated to 70 °C. 60 mL of
ammonium hydroxide is added quickly to the resulting
solution, producing deep black magnetite precipitate at
once. The magnetite yield is 20 g/L. The suspension has
been stirred for another 30 min at 70 °C in order to
evaporate any trace ammonia. Otherwise, ammonium salts
adsorb after precipitation onto the particle surface and the
transfer into the organic phase is obstructed.

Coating of the magnetite with oleic acid and transfer
of the magnetite to the organic phase

In a previous paper we described a method for this task
[14, 15] which is now modified to make the procedure
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easier in handling according to the literature [16, 17]. The
comparison of both methods is also given here for the same
amount of oleic acid.

At room temperature

After cooling to room temperature, the magnetite particles
are transferred directly without drying from the aqueous
phase into a mixture of dichloromethane or hexane 500 mL
and oleic acid 10 mL which serves as a steric stabilizer. A
minimum amount of about 0.3 g oleic acid/g magnetite is
needed to transfer all the particles into the organic phase.
Otherwise an intermediate phase consisting of non-stabi-
lized particles, which shows a different wetting behavior,
may disturb the transfer procedure [18].

At elevated temperature

The magnetic iron nanoparticles formation at high tem-
perature was done without the addition of hexane. Only
oleic acid was added at a temperature of 70-90 °C. High
stirrer speed was adjusted to ensure evaporation of any
excess of ammonia and water. This was done for 30 min.
Iron oxide coated with oleic acid formed and became a
separated phase from the water phase going to the bottom
of the vessel. Then a cooling step followed by washing
with water for several times and finally drying was done.

Synthesis of magnetic polyvinylbenzyl chloride
nanoparticles by using miniemulsion polymerization

In the literature the coating with styrene was described
[16, 17]: We evaluated if this method is suitable for other
monomers which are more attractive due to functional
groups, as monomer vinylbenzyl chloride was used. For the
formation of a homogeneous mixture 1 g iron oxide coated
with oleic acid (after organic solvent evaporation), 3.0 g
vinylbenzyl chloride (VBC), 0.15 g hexadecane, and sur-
factant solution according to Table 1 were mixed well by
an US-sonotrode. We used an ultrasonic homogenizer from
Bandelin, Germany (Sonopuls HD 200 with sonotrode UW
200) with the following settings: 2 min treatment time,
power output 50%, 90% cycle in an ice-cooled bath to form
the miniemulsion solution. Then the polymerization was

Table 1 Effect of water and SDS on emulsion stability

started by the addition of potassium peroxodisulfate (KPS)
solution (0.0015 g in 5 mL water) and heating to 80 °C.
This temperature was kept for 24 h. The result is a stable
dispersion of polymer coated magnetite.

Synthesis of magnetic polyvinylbenzyl chloride
nanoparticles (double magnetic amount) by using
miniemulsion polymerization

The procedure is same as described above for preparation
of magnetic polyvinylbenzyl chloride nanoparticles. The
only difference is the addition of iron oxide coated with
oleic acid is 2 g.

Synthesis of bi-layered polymer magnetic core
by condensation polymerization

The formation of a hydrophilic shell on a commercial
Merrifield resin is described in the literature [19]. We
adopted this method to particles resulting from a mini-
emulsion polymerization. Well mixing of 0.4 g of the
magnetic polyvinylbenzyl chloride nanoparticles and an
excess of PEG of 44.5 g is done using an US-sonotrode.
The magnetic polyvinylbenzyl chloride nanoparticles are
dispersed in PEG, then KOH solution is added (1.2 g in
5 mL water) and heated to 80 °C for 24 h.

Characterization

Particle size measurements were performed by photon
correlation spectroscopy (PCS, Malvern Instruments
Nanosizer ZS), the content of magnetite is quantified with a
spectrophotometer (Hach Company, DR 4000) using the
1.10 phenanthroline method [20].

The morphology and diameter were measured by
transmission electron microscopy (TEM) on Jeol JEM
2100 electron microscope and by scanning electron
microscopy (SEM) on ZEISS DSM 982 GEMINI. The
binding of iron and oleic acid was investigated by infrared
spectroscopy (IR) FT-IR spectrometer from Bruker IFS
66v with Raman module FRA 106, Bruker Optik GmbH.
The samples were prepared by mixing with KBr and
pressing into a compact pellet. Finally acid treatment was
done by concentrated hydrochloric acid.

Sample Water (wt%) Monomer (wt%) SDS (wt%) Composition Sedimentation
1 76.74 23.02 0.23 3 g VBC + 10 g H,O + 0.03 g SDS Hours
2 88.79 11.09 0.11 3 g VBC + 24 g H,O + 0.03 g SDS 1 day
3 97.02 291 0.06 3 g VBC + 100 g H,O + 0.07 g SDS 2 days
4 97.90 1.96 0.137 3 g VBC + 150 g H,O + 0.21 g SDS Month
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Results and discussion

Preparation of magnetite nanoparticles coated
with oleic acid

In our method hydrophobic magnetite nanoparticles are
produced. The particle size of magnetite iron nanoparticles
in a water phase (~50 nm) is bigger than in an organic
phase (~30 nm) were measured by PCS (Zetasizer). That
is attributed to the type and amount of solvent which plays
an important role in the control of magnetite iron nano-
particles size.

Supermagnetic Fe;O, nanoparticles (magnetite iron
nanoparticles) with mean diameter (10-20 nm) were pre-
pared by co-precipitation process. Precipitation of an
aqueous Fe’/Fe?" solution with a base of concentrated
ammonium solution takes place, then followed by coating
these particles with an adsorbed layer of oleic acid, which
acts as surfactant layer on magnetite particles to give
hydrophobic character to the particles. Additionally, the
oleic acid layer helps in decreasing the aggregation
between particles and in increasing the concentration of
monodispersed magnetite iron nanoparticles.

Formation step

The formation of magnetite nanoparticles by quick addition
of concentrated ammonium hydroxide solution to an iron
solution with intensive stirring at a temperature of 70 °C
occurs according to the following equation:

2Fe3" + Fe*t 2%, Fe,0, + 4H,0

Stabilization step

After the formation of magnetite nanoparticles oleic acid is
added at room temperature or at higher temperature to give
a first hydrophobic shell to the nanoparticles. This was
done with dichloromethane or hexane at room temperature
or by the addition of oleic acid directly during the heating
and stirring at a temperature of 70 °C.

At room temperature The magnetic iron nanoparticles
were transferred to the organic phase by addition of an
organic phase to the mixture. The mixture consisted of
hexane or dichloromethane (DCM) and oleic acid. Mixture

Fig. 1 Polymerization of
vinylbenzyl chloride with oleic
acid coated magnetite
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addition was done at room temperature. Then waiting until
the complete transfer of the particles to the organic phase is
accomplished was done. Then the water phase could be
separated easily.

At elevated temperature Stabilization is reachable by
addition of oleic acid directly at a heating temperature of
70 °C with intensive stirring to get excess of ammonia and
water evaporated. No hexane was added to simplify the
method. Iron oxide coated with oleic acid is formed and
become separated from water. A consequent washing step
is necessary for several times to wash out the non-adsorbed
oleic acid. The particles are dried and then dispersed in an
organic solvent for further reactions.

A minimum amount of about 0.4 ggcic acid/Emagnetite 1S
needed to transfer all the particles into the organic phase.
Otherwise an intermediate phase consisting of non-stabi-
lized particles will occur. Comparing the transfer of mag-
netite coated with oleic acid in DCM and hexane the latter
resulted in better stabilization than with DCM. The reason is
the lower polarity of the solvent hexane compared to DCM.

Preparation and properties of bi-layered polymer
with a magnetic core

The following steps are the formation of two polymer
layers: the first hydrophobic one and the second hydro-
philic one.

1. Preparation of the first (hydrophobic) layer by mini-
emulsion polymerization.
The formation of the first hydrophobic layer is
depicted in Fig. 1. The binding of oleic acid to the
polymer is discussed in our previous paper [14].

2. Preparation of the second (hydrophilic) layer by
polycondensation reaction with PEG.
By addition of an excess of PEG to magnetic
polyvinylbenzyl chloride nanoparticles condensation
polymerization starts by addition of KOH as catalyst as
shown in Fig. 2.

Emulsion stability as function of water and surfactant

In the literature [17] it is reported that the ratio of water
to monomer and SDS to monomer should be 75 and

IO
> 7 ™C(CH2),CH-CH,(CH2); CH
Fe308 ) / o7 7CH-CH,(CH2)7CH,

CH,-CH,
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Fig. 2 Formation of the
hydrophilic second layer on
hydrophobic coated

+

Cl

OH ~—3- OH

KOH

O - fr- OH

PEG 600

Freshly prepared emulsion  Emulsion within 1-2 days

Fig. 3 Comparison of literature recipe (the ratio of water to monomer
and SDS to monomer should be 75 and 1.1%, respectively, for styrene
as monomer) applicability to vinylbenzyl chloride monomer with
respect to emulsion stability magnetite

SkU 4mm
HHUT-TUCH

Fig. 4 SEM picture of magnetic polymer formed by the miniemul-
sion process (ratio of water and SDS 76.74 and 0.23%, respectively)
using 3 g VBC as monomer

1.1%, respectively, for an effective synthesis of magnetic
polymers with styrene as monomer. However, we found
that the amount of water and SDS given in the literature are
not sufficient for the preparation of a stable emulsion for

our monomer (stable droplets of vinylbenzyl chloride
monomer), as after 1-2 days the emulsion gets separated as
shown in Fig. 3. So the amount of water and surfactant
play a main role in the stabilization of the emulsion
strongly dependant on the monomer. This fact is confirmed
by the patent literature [21, 22], e.g., the polymer/liquid
mixture during emulsion polymerization must be within the
range of 75-95%, by the weight of the liquid, defined in
terms of water. The amount of surfactant or inherent sur-
face stabilizing groups required to form polymerizable
miniemulsion is 5-25% relative to the monomer phase.

In Table 1 different amounts of water and SDS were
used to investigate the stability of the emulsions. As a
result the minimum ratio of water and SDS should be 97.90
and 0.137%, respectively, for the monomer VBC. This
ratio was found to be an optimum and used for all con-
secutive experiments.

One sample to check the literature information was
prepared using ratios of water and SDS of 76.74 and
0.23%, respectively, in the miniemulsion process. As a
finding the magnetic polymer particles are rougher with
higher agglomeration than for the optimum given above.
They have flower-like shapes (Fig. 4). This is attributed to
the non-sufficient amount of water and SDS to get a stable
emulsion as discussed above.

Properties of magnetic particles and magnetic polymer
composites

The magnetite nanoparticles prepared at room temperature
and at elevated temperature of 70 °C were evaluated by
measuring magnetite content and stability of nanoparticles
against concentrated hydrochloric acid.

Table 2 presents the resistance of magnetite nanoparti-
cles prepared at both room and elevated temperature
against concentrated hydrochloric acid. It can observe that
the magnetite nanoparticles coated with oleic acid which

Table 2 Resistance of

magnetite nanoparticles and Sample Magnetite content Resistance

magnetic polymer composites Fe304 (Wi%) [19] to HCI

against HCI Magnetite in DCM (room temperature) 23 Seconds
Magnetite in hexane (room temperature) 24.2 Seconds
Magnetite (higher temperature) 67.3 Minutes
Magnetic polyvinylbenzyl chloride 30.5 Days
Magnetic polyvinylbenzyl chloride (double magnetic amount) 85.5 Days
Bi-layered polymer with magnetite core 41.8 Days
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Fig. 5 IR spectra of magnetite covered with oleic acid: a prepared at room temperature, b prepared at higher temperature of 70 °C

prepared at room temperature in DCM and in hexane loose
within seconds its black color to yellow and also the
magnetic properties. On the other hand, the sample of
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magnetite which was prepared at higher temperature
show more resistance by minutes when treated with con-
centrated hydrochloric acid. It is the reason that magnetic
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nanoparticles are so tightly coated by oleic coating that few
H™ can enter the interior to dissolve them.

The resistance against concentrated HCI of all samples
made of magnetic polyvinylbenzyl chloride, magnetic
polyvinylbenzyl chloride (double magnetic amount), and
bi-layered polymer with magnetite core is in the range of
several days. After this time most of the iron oxide is
dissolved and magnetic properties are lost. This indicates
that magnetite indeed is covered by the polymer, but some
“holes” or gaps must be in the coating, allowing slow
access of the acid. It should be mentioned that this test
happens at very severe conditions which are far beyond
regular applications. As a consequence the stability in
neutral more weakly acidic environment should be high.

Also the magnetite content of magnetite nanoparticles
which were formed at higher temperature is much higher
than for the samples prepared at room temperature. The
difference between the two samples in magnetite content
was likely due to the originals starting sample consisting
not only of magnetite, but also some maghemite (y-Fe,03).

2Fe;04 + 0.50, — 3Fe;05

Particle size measurement was performed by PCS photon
correlation spectroscopy (Zetasizer). The measurements
show that the mean diameter of the magnetic nanoparticles is
almost 30 nm. The bigger diameter of all samples prepared
atroom temperature or at elevated temperature is higher than
expected due to agglomeration of magnetic particles as
result of higher surface energy between nanoparticles.

Measurement of size of the prepared samples of mag-
netic polymer by PCS photon correlation spectroscopy
(Zetasizer) shows that the particle diameter is approxi-
mately 50-100 nm. This value is higher than expected due
to the agglomeration of particles from strong interparticle
interaction and hence particles are agglomerates.

Infrared spectroscopy (IR)

In Fig. 5 the presence of magnetite is characterized by two
absorption bands at 632 and 585 cm™', which correspond
to the Fe—O. The bands at 1430 and 1590 cmfl, which
correspond to the symmetric and antisymmetric stretching

90 <

85
X
3
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Fig. 7 IR spectrum of bi-layered polymer magnetic core particles

Fig. 6 IR spectrum of magnetic
polyvinylbenzyl chloride coated o
particles
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Fig. 8 TEM images and

particle size distributions of -
magnetite particles coated with
oleic acid: a into DCM, %
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Fig. 9 TEM pictures of polyvinylbenzylchloride coated magnetite polyvinylbenzylchloride coated magnetite particles dried by heating,
particles after different treatments. a TEM image and particle size ¢ TEM image of polyvinylbenzylchloride coated magnetite particles
distributions of polyvinylbenzylchloride coated magnetite particles dispersed in acetone without drying

dispersed in acetone without drying, b TEM image of

Fig. 10 TEM image and
particles size distribution for

magnetic polyvinylbenzyl
chloride nanoparticles (double 25 4
magnetic amount) dispersed in
acetone without drying 20 .
o
£ 15
[0
Ke)
E o
pd
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Diameter (nm)
vibration of oleate (—COQ) appeared as well and the band The presence of hydroxyl groups on the surface of the
at 1720 cm™" which corresponds to the (C=0) group. This ~ magnetite is noticed by a band at 3200 cm™" and strong
implies that oleic acid is bonded with iron oxide. band for C—O-H bending at 1401 cm™"'. The intensity is
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Fig. 11 TEM picture of one
composite magnetite polymer
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Fig. 12 Composite of magnetite and polymer with a bi-layered shell
structure based on the performed characterization

more pronounced for samples prepared at room tempera-
ture than for those prepared at high temperature.

This is due to the fact that most of the hydroxyl groups
are consumed during the formation of the ester group with
oleic acid at higher temperature, which is also reported in
the literature [23].

In Fig. 6 the IR spectrum shows two absorption bands at
632 and 585 cm_l, which correspond to the Fe—O bond.
Also C-H stretching vibration with absorption bands
between 2900 and 3000 cm ™" appear [24, 25]. This proves
the presence of magnetite in the polymer. The absorption
bands at 1500-1600 cm ™' stand for the aromatic ring with
di-substitution C=C (ring, two bands). These findings
together with the previous measurement indicate that the
oleic acid treated iron oxide is encapsulated by the polymer.
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In Fig. 7 the IR spectrum for the ethylene glycol coated
sample is given. The strong absorption bands at 1100 cm ™
for the C-O bond indicate that in the bi-layered polymer
magnetic core particles PEG is bonded by the formation of
an ether bond by reaction with the chlorine atom of the
polyvinylbenzyl chloride on the surface of the composites.

Transmission electron microscopy (TEM)

Figure 8a, b shows TEM images and particles size distri-
butions of iron magnetite samples in DCM and hexane. In
this figure it can be seen that the average particle diameters
are between 10 and 20 nm. Also it is noticed that there are
agglomerated particles due to large free surface energy of
each nanoparticle. Further, less agglomeration is observed
in the case of magnetite nanoparticles prepared at elevated
temperature (Fig. 8c). This may be attributed to the better
coating of particles by oleic acid which is more complete at
higher temperature. It is supposed that all surface iron
oxide molecules have reacted with oleic acid, forming a
layer of chemically bonded oleic acid.

In Fig. 9a, b TEM pictures of the magnetic polyvi-
nylbenzyl chloride particles are given. The average parti-
cles diameter ranges from 20 to 50 nm. Particles have
spherical shape with considerable polydispersion. The
effect of drying is also noticed on the morphology of the
heated sample as the agglomeration is found to increase by
drying.

The core—shell structure where the outer shell is polymer
and magnetite is the inner core is shown in Fig. 9c.
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It can be seen that both diameter and polydispersity of
magnetic polymer particles increase with increasing con-
centration of the Fe;O,4 used for the preparation as shown
in Figs. 9 and 10. Probably the content of the magnetic
Fe;0, nanoparticles in the composite particles has a
remarkable effect on product morphology caused by the
existence of static magnetic attraction, which is also
reported in the literature [26]. Another reason for increas-
ing the magnetite aggregate size by increasing magnetite
concentration could be that with rising iron oxide con-
centration agglomeration is favored compared to encapsu-
lation inside the polymer particles. It seems that with
increased agglomeration of the iron oxide some polymer
particles form without iron oxide inside. These particles are
smaller than the agglomerates and contribute by this to a
broader particle size distribution. This decreases mono-
dispersity and increases polydispersity.

The morphology of the bi-layered polymer magnetic
core particles with an average particle diameter ranging
from 50 to 150 nm can be observed. Particles have
spherical shape with considerable polydispersion. Also it
can be noticed that the effect of drying by heating has a
size increasing effect on the morphology of the sample,
caused by agglomeration.

In Fig. 11 a single particle clearly showing the core—
shell structure of the magnetic composites is depicted.

Fig. 13 Dispersion of magnetic
polyvinylbenzyl chloride and
bi-layered magnetic polymer in
different solvents.

a Polyvinylbenzylchloride
coated magnetite dispersed in
acetone and after influence of a
magnetic bar after 3 s
demonstrating easy separation
by magnetic force. b Bi-layered
magnetic polymer dispersed in
water and after influence of
magnetic bar after 2 and 10 s

Agglomerated magnetite nanoparticles covered by oleic
acid can be seen in the center. A layer of polyvinylben-
zylchloride surrounds this particle. The outer shell of
brighter appearance is the shell of PEG. In the right part of
the picture, the schematic structure derived by our inves-
tigation is depicted.

In Fig. 12 the core—shell structure with the two polymer
shells is given. This picture is based on the synthesis steps
and the performed characterization. There are free OH
groups which allow dispersion in aqueous medium and
which can be used for further reactions which makes them
suitable, e.g., for binding enzymes on these functionalized
surface sites.

Dispersion of magnetic polymer nanoparticles

Samples of magnetic polyvinylbenzyl chloride and mag-
netic polyvinylbenzyl chloride with a double amount of
magnetite as well as the hydrophilic bi-layered materials
were investigated with respect to their dispersion behavior.
Acetone (40 mL) was used as the organic phase for the
hydrophobic sample (0.5 g); water (15 mL) was used for
the hydrophilic sample (0.25 g). All samples could be
dispersed easily in the mentioned dispersion phases. They
can be attracted to a magnetic bar in a few seconds; also
they can easily be re-dispersed as shown in Fig. 13a, b.

(b)
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Conclusion

— The stabilization of magnetite nanoparticles (10-20 nm)
by addition of oleic acid at higher temperature without
organic solvent results in higher stability with higher
magnetite content compared to that formed by addition
of oleic acid at room temperature. This was confirmed
for DCM and hexane as dispersion liquids.

— The formation of magnetic polyvinylbenzyl chloride
nanoparticles (2050 nm diameter) by a method given
in the literature can be used, but the ratio of water,
SDS, and monomer needs adaptation with respect to the
monomer properties. For vinylbenzylchloride the opti-
mum values for water and SDS should be 97.90 and
0.137%, respectively.

— The formation of the hydrophobic first shell protects
the iron oxide core against concentrated hydrochloric
acid for several days.

— A hydrophilic second shell can be attached by base
catalyzed polycondensation with PEG.

— Bi-layered polymer magnetic core nanoparticles
(50-150 nm) show better resistance against concen-
trated HCI than magnetite, which gives evidence that the
magnetic composite has a dense core/shell structure.

References

1. Yuan CL, Hong YS (2010) J Mater Sci 45:3470. doi:10.1007/
s10853-010-4375-x

2. Elaissari A, Bosc E, Pichot C, Mandrand B, Bibette J, Mondain-
Monval O (1999) French Patent 2800635

@ Springer

N

10.
11.
12.

13.
14.

15.

16.

17.
18.

20.
21.
22.
23.
24.
25.

26.

. Murray MJ, Snowden MJ (1995) Adv Colloid Interface Sci 54:73
. Ugelstad J, Berge A, Ellingsen T (1992) Prog Polym Sci 17:87
. Kim DK, Zhang Y, Voit W, Rao KV, Kehr J, Bjelke B,

Muhammed M (2001) Scripta Mater 44:1713

. Puntes VF, Krishanan KM, Alivisatos AP (2001) Science

291:2115

. Bizdoaca EL, Spasova M, Farle M, Hilgendorff M, Caruso F

(2002) J Magn Magn Mater 240:44

. Veiga V, Ryan D, Sourty E, Llanes F, Marchessault R (2000)

Carbohydr Polym 42:353

. Lovell PA, EL-Aasser MS (1997) Emulsion polymerization and

emulsion polymers. Willy, New York

Rana S, White P, Bradley M (1999) Tetrahedron Lett 40:8137
Sucholeiki I, Manuel Perez G (1999) Tetrahedron Lett 40:3531
Sarobe J, Molina-Bolivar JA, Forcada J, Galisteo F, Hidalgo-
Alvarez R (1998) Macromolecules 31:4282

Sheng Q, Stéver H (1997) Macromolecules 30:6712

Darwish MSA, Machunsky S, Peuker U, Kunz U, Turek T (2010)
J Polym Res. doi:10.1007/s10965-010-9393-5

Machunsky S, Grimm P, Schmid H, Peuker U (2009) Colloids
Surf A 348:186

Xianglao L, Kaminski D, Yueping G, Haitao C, Huizhou L,
Rosengart A (2006) J Magn Magn Mater 306:248

Ramirez P, Katharina L (2003) Macromol Chem Phys 204:22
Banert T, Peuker U (2006) J Mater Sci 41:3051. doi:10.1007/
$10853-006-6976-y

. Varoujan A, May S, Jacqueline M, Jocelyn J (2002) Tetrahedron

Lett 43:9023

ASTM E394-00, Standard test method for iron in trace quantities
using the 1,10-phenanthroline method, 2000

Elmes AR (1991) US Patent 4,985,468

Barby D (1985) US Patent 4,522,953

Zheng W, Gao F, Gu H (2005) J Magn Magn Mater 288:403
Yamaura M, Camilo RL, Sampaio LC, Macedo MA, Nakamura
M, Toma HE (2004) J Magn Magn Mater 279:210

Korolev VV, Ramazanova AG, Blinov AV (2002) Russ Chem
Bull 51:2044

Yan F, Li J, Zhang J, Liu F, Yang W (2009) J Nanopart Res
11:289


http://dx.doi.org/10.1007/s10853-010-4375-x
http://dx.doi.org/10.1007/s10853-010-4375-x
http://dx.doi.org/10.1007/s10965-010-9393-5
http://dx.doi.org/10.1007/s10853-006-6976-y
http://dx.doi.org/10.1007/s10853-006-6976-y

	Bi-layered polymer--magnetite core/shell particles: synthesis and characterization
	Abstract
	Introduction
	Experimental part
	Material
	Preparation of magnetite nanoparticles
	Coating of the magnetite with oleic acid and transfer of the magnetite to the organic phase
	At room temperature
	At elevated temperature

	Synthesis of magnetic polyvinylbenzyl chloride nanoparticles by using miniemulsion polymerization
	Synthesis of magnetic polyvinylbenzyl chloride nanoparticles (double magnetic amount) by using miniemulsion polymerization
	Synthesis of bi-layered polymer magnetic core by condensation polymerization
	Characterization

	Results and discussion
	Preparation of magnetite nanoparticles coated with oleic acid
	Formation step
	Stabilization step
	At room temperature
	At elevated temperature


	Preparation and properties of bi-layered polymer with a magnetic core
	Emulsion stability as function of water and surfactant
	Properties of magnetic particles and magnetic polymer composites
	Infrared spectroscopy (IR)
	Transmission electron microscopy (TEM)
	Dispersion of magnetic polymer nanoparticles


	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


