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Abstract. Polyaniline (PANI)-coated iron oxide (Fe;O4) sphere particles were fabricated and applied to a dual stimuli-
responsive material under electric and magnetic fields, respectively. Sphere Fe;O,4 particles were synthesized by a solvother-
mal process and protonated after acidification. The aniline monomer tended to surround the surface of the Fe;O4 core due
to the electrostatic and hydrogen bond interactions. A core-shell structured product was finally formed by the oxidation poly-
merization of PANI on the surface of Fe;O4. The formation of Fe;O4@PANI particles was examined by scanning electron
microscope and transmission electron microscope. The bond between Fe;O4 and PANI was confirmed by Fourier trans-
form-infrared spectroscope and magnetic properties were analyzed by vibration sample magnetometer. A hybrid of a con-
ducting and magnetic particle-based suspension displayed dual stimuli-response under electric and magnetic fields. The suspen-
sion exhibited typical electrorheological and magnetorheological behaviors of the shear stress, shear viscosity and dynamic
yield stress, as determined using a rotational rtheometer. Sedimentation stability was also compared between Fe;O4 and

Fe;04@PANI suspension.
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1. Introduction

The reversible phase transitions as a response to
external stimuli, such as pH, temperature, ionic
strength, shear, electric or magnetic fields become a
significant area of materials research [1-8]. Electric
or magnetic stimuli-responsive suspension systems
are particularly noticeable because their dramatic
changes in shear viscosity and yield stress under a
range of conditions is useful for rheology control
applications. For example, suspensions consisting of
magnetic particles dispersed in a nonmagnetic lig-
uid have controllable properties under an external
magnetic field [9]. If magnetic fields are applied to
suspensions, their shear viscosity increases signifi-
cantly and causes solidification. The magnetic dipole-
dipole interactions are induced between the adjacent
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magnetic particles and fibrillar structures along the
direction of the magnetic fields are formed. There-
fore, a liquid-like suspension is transformed quite
rapidly to a solid-like state [10]. As soon as the mag-
netic field is removed, the suspension returns rap-
idly to its original free flowing liquid state. These sus-
pensions are called magnetorheological (MR) fluids
or suspensions. The reversible magnetization and
demagnetization upon the application of an eternal
magnetic field applied alters the rheological proper-
ties of suspensions. Similar to MR suspensions, elec-
trorheological (ER) fluids are composed of electri-
cally polarizable particles dispersed in an insulating
liquid and features electrically reversible and tun-
able behavior [11].
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Soft magnetic carbonyl iron (CI) microspheres are the
most popular MR materials because of their excel-
lent magnetic behavior but their large density causes
severe sedimentation problems. To overcome this
drawback, iron oxide (Fe;O4) particles, which have
lower density but sufficient magnetic properties,
were adopted. Furthermore, due to their oxidation
state these magnetic particles are not easily affected
by the corrosion under acidic conditions compared
to the CI particles [12]. Concurrently, as an electro-
responsive material, polyaniline (PANI), has been
investigated extensively in ER systems [13—15]
because of its easy synthesis, good thermal stability,
low cost, and reversible doping/dedoping process to
control the conductivity. Both ER and MR fluids have
been studied extensively but there are only a few
reports on electrorheological/magnetorheological
(EMR) suspensions. For example, EMR perform-
ance-based polypyrrole/Fe;04 composites [16] and
synergistic effect of EMR suspensions have been
investigated [17-19].

In this study, PANI-coated Fe;O4 particle-based EMR
suspensions were prepared. A hybrid of dielectric and
magnetic particles revealed dual stimuli-responses.
The ER and MR experiments were conducted respec-
tively using a rotational rheometer.

2. Experimental

2.1. Materials and preparation

Spherical Fe;O4 microspheres were synthesized
using a solvothermal process, in which initially
10.8 g of ferric chloride hexahydrate (Sigma-Aldrich)
and 14.4 g of sodium acetate (Sigma-Aldrich) were
dissolved in 200 mL of ethylene glycol (Daejung
Co. Ltd., Korea) with vigorous stirring. The solution
was transferred to a Teflon-lined stainless-steel auto-
clave, sealed and heated at 200°C for 24 h. The result-
ing product was washed several times with ethanol
and distilled water.

And then, 1 g of Fe;04 was added to a three-neck
flask containing 400 mL of HCI (0.1 M, Duksan,
Korea) and sonicated for 30 min using a sonication
bath (Powersonic 410, 40 kHz, 500 W, Hawshin
Tech., Korea) After stirring reactor for 10 h at 5°C,
the solution was decanted by the application of an
external magnet. Subsequently, 100 mL of anhy-
drous ethanol and 1 mL of aniline (DC Chemical,
Korea) were added to the reactor. The solution was
sonicated for 10 min and stirred slowly at 5°C in a
nitrogen atmosphere. After being kept for 12 h,

1.7 mL of HCI (12 M) was added, and then 250 mL
of ammonium persulfate (0.04 M, Daejung Co.,
Korea) was also added dropwise over a ca. 30 min
period. The mixture was stirred vigorously in a nitro-
gen atmosphere for 8 h. Finally, the resulting prod-
uct was collected magnetically and washed with
ethanol and distilled water [20].

To prevent dielectric breakdown under applied high
electric field strength, we dedoped the particles using
1 M NaOH solution as follows. Once the particles
were dispersed in distilled water by adjusting the pH
value to 7, they were washed with distilled water sev-
eral times and then dried in vacuum oven. Their elec-
trical conductivity was measured to be in a semi-
conducting region with 5.56:10% S/cm.

The EMR suspension was prepared by dispersing
the particles in insulating silicone oil (Shin-Etsu sil-
icone, KF-96, kinematic viscosity at 25°C:
50 mPas, specific gravity at 25°C: 0.96 g/cm?).

2.2. Characterization

The chemical structure of the PANI-coated Fe;O4
was analyzed by Fourier transform-infrared spec-
troscope (FT-IR) (VERTEX 80v, Bruker). KBr pow-
der was used to make the pellet and measured by a
transmission mode. The morphology and elemental
composition were characterized by high resolution-
scanning electron microscope (HR-SEM) (SU-8010,
Hitachi) combined with an energy dispersive X-ray
analyzer (EDS) (EX-250, HORIBA). The transmis-
sion electron microscope (TEM) (CM200, Philips)
also used to observe core-shell structures. Thermal
stability was determined by thermogravimetric analy-
sis (TGA) (STA 409 PC, NETZSCH) heated up to
800°C at a heating rate of 10°C/min under an atmos-
pheric condition. Magnetic properties were exam-
ined on the powder state using a vibration sample
magnetometer (VSM) (Lakeshore 7307). Gas pyc-
nometer (AccuPyc 1330, Micromeritics) was used to
measure the particle density. The ER properties were
examined using a rotational rheometer (MCR 300,
Anton Paar) connected to a high voltage power sup-
plier (HCN 7E-12 500, Fug) and the suspension was
placed in the Couette-type geometry with a bob and
cup (CC 17/E, gap distance: 0.71 mm). The MR prop-
erties were investigated using a parallel-plate (PP
20, gap distance: 1 mm) geometry equipped with a
MR device (Physica MRD 180, Anton Paar). A Tur-
biscan lab expert system (Turbiscan Classic
MA2000, Formulaction) was used to confirm the
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sedimentation stability. All characterizations were
conducted at room temperature.

3. Results and discussion

The FT-IR spectra confirmed the successful poly-
merization of aniline onto the Fe;0,4 surface, as
shown in Figure 1. In the Fe;04@PANI spectrum,
the peaks at approximately 3384 cm™' (free N-H
stretching vibration band in association with hydro-
gen bond), 1585 and 1498 (C=N and C=C stretch-
ing vibration of the quinoid and benzenoid ring,
respectively), 1304 and 1143 (C—N stretching of the
secondary aromatic amine), 1247 (C-N stretching
vibration in protonic acid doped PANI), and
829 cm™! (out of plane deformation of C—H in the 1,4-
disubstituted benzene ring) were assigned to the char-
acteristics of pure PANI [21, 22]. All of them were
blue-shifted compared to the pure PANI peaks
(1568, 1492, 1303, and 1135 cm™!) because the N
atoms with lone pairs of electrons in PANI are
inclined to adsorb to the surface hydroxyls of Fe;O4
by hydrogen bonding, which decreases the electron
cloud density of C=C, C=N and C—N bonds in the
conjugated quinoid and/or benzenoid rings. At the
same time, the characteristic peak of Fe;O4 at
584 cm™! (Fe-O stretching) [23] shows a red-shift
compared to 592 cm™! for pure Fe;04 due to weak-
ening of the surface Fe—O bonds. As a result, the bond
between Fe;04 and PANI is a definite combination
rather than just a blend of two components [24].
SEM images in Figure 2 present the morphology of
particles. Pure Fe;O, is spherical with a grainy sur-
face. After the polymer coating process, the surface
of the composite is changed, evidently due to the
growth of PANI on the Fe;O4 surface. TEM images
revealed well-defined core-shell structures of
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Figure 1. FT-IR spectra of Fe;04, Fe;04@PANI and PANI

Fe;04@PANI. After an acidifying step of the Fe;04
core, the aniline monomer was adsorbed onto the
Fe;04 surface through electrostatic and hydrogen
bonding. PANI can nucleate and grow on the Fe;O4
surface to form a core-shell structure. The core-
shell structure can be hardly formed in the absence
of protonation of the core. Without an acidifying
process of Fe;O4, bare Fe;O,4 particles are mainly
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Figure 2. SEM and TEM (inset) images of (a) Fe;Oy,
(c) Fe304@PANI and EDS results of (b) Fe30y,
(d) Fe;04@PANI (Pt from Pt coating is removed)
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formed. This proves that acidification is essential for
preparing the Fe;O4@PANI structure and those other
surfactants are unnecessary [20]. Further composi-
tion was analyzed by SEM-EDS spectra. In Fig-
ure 2d, the peaks corresponding to C, N, O and Fe
confirmed the presence of the PANI coating on the
Fe3;04 surface, indicating the successful fabrication.
To calculate the amount of PANI incorporated on
Fe;04@PANI, the thermal analysis was carried out
as shown in Figure 3. The weight loss around 100°C
is attributed to the release of water and dopant from
the PANI. The sharp degradation of PANI observed
around 350°C and continues to 600°C due to large
scale thermal degradation of the PANI chains.
Fe;04@PANI underwent a similar decomposition
behavior as like PANI, but it possessed an enhanced
thermal stability with a slower rate of weight loss. It
was certain that the Fe;O4 particles can improve the
thermal stability of the composite due to an interac-
tion between Fe;04 and PANI chains which restricts
the thermal motion [25]. The content of Fe;O4 in
the composite was approximately 63.91 and about
33.84 wt% of PANI was coated.

Figure 4 presents magnetic hysteresis loop of Fe;04
and Fe;04@PANI which was measured by a VSM
under a magnetic field from —10 to 10 kOe. The val-
ues of saturation magnetization, remnant magnetiza-
tion and coercivity of Fe;Oy4 are 64, 2.6 emu/g and
39.5 Oe, respectively, while those of Fe;04@PANI
are 38, 2.2 emu/g and 39.7 Oe, respectively. The
decrease in the saturation of magnetization was attrib-
uted to the introduction of non-magnetic PANI. Also,
a low coercivity value demonstrated their super-
paramagnetism [20] which is beneficial for the
reversible MR systems.
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Figure 3. TGA curves of Fe;04@PANI and PANI

80 T T T T ) T T T T T

B
o
T

Magnetization [emu/g]
o

Magnetic field [kOe]

Figure 4. Magnetization curves of Fe;04 and Fe;O4@PANI

To examine the electric responses of the suspension,
the controlled shear rate mode was tested using Cou-
ette-type geometry with a rotational rheometer, as
shown in Figure 5a. Typically, the suspension
behaves like a Newtonian fluid in the absence of an
electric field, where the shear stress increases lin-
early with increasing shear rate [26]. In contrast,
under high electric fields, the suspension requires a
certain yield stress to initiate shear flow and a shear
stress to become stable at the low shear rate region.
A large increase in shear stress was caused by the
polarized particles and inter-particle interaction
force [27]. The yield stresses of the suspension, which
was estimated by extrapolating the shear stress to a
zero shear rate was enhanced from 13 to 144 Pa
with increasing electric field strength from 0.5 to
2.5 kV/mm.

The suspension between the parallel-plate cells was
loaded to examine the magnetic responses. The
shear stresses were measured as a function of the
shear rate ranging from 0.1 to 500 s~ under a mag-
netic field (Figure 5b). At a zero magnetic field, the
suspension behaved like a general fluid, which shows
linearity between the shear stress and shear rate. On
the other hand, it acted as a Bingham fluid [28] under
an external magnetic field with a yield stress due to
the formed particle cluster or chains by polarization
forces [29]. The yield stresses increased from 30 to
437 Pa under magnetic field strengths from 86 to
342 kA/m. As the polarization force between the
particles became stronger, a more rigid chain-like
structure can be formed [30]. These improved robust
structures can explain why the shear stress is inde-
pendent of the shear rate and why the yield stress
increased with increasing magnetic field strength.
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Figure 5. Flow curves of 20 wt% Fe;O4@PANI suspension
under a) electric and b) magnetic fields

In particular, the induced magnetostatic force is
larger than the hydrodynamic force between parti-
cles [31].

In Figure 6, dynamic yield stresses (ty) were reana-
lyzed as a function of electric and magnetic field
strengths from Figure 5 by extrapolating shear stress
to zero shear rate. In the presence of external stim-
uli as electric field (£) and magnetic field (H), the
plot showed a power-law relationship of 1, « E®
[32] and Ty, o H* [28], respectively. The power-law
index a was suggested to be 1.5 in conduction model
and 2.0 in polarization model. The dependency of a
of Fe;04@PANI suspension was found to 1.5 for
ER and 2.0 for MR system.

Some studies have defined an ER efficiency as
(MEe — Mo)/Mo, Wwhere ng is the viscosity in the presence
of electric fields and ny is a zero electric field vis-
cosity [13, 33]. In Figure 7, the efficiency increased
with increasing electric field from 35 (0.5 kV/mm)
to 484 (2.5 kV/mm) at 0.1 s On the other hand, at
a high shear rate region, the efficiency decreased
due to the destroyed gap-spanning particle chains
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Figure 6. Dynamic yield stress of 20 wt% Fe;O4@PANI sus-
pension under a) electric and b) magnetic fields

resulting in weak resistance to flow [33]. At the low
shear rate region, the ER efficiency is significantly
higher with increasing electric field due to the high
low shear viscosity. Similar to the ER efficiency,
the ratio of the shear viscosity with and without a
magnetic field can be considered an important fac-
tor for evaluating the MR efficiency. The efficiency
increased more than 15 fold with increasing magnetic
field strength from 15 (51 kA/m) to 227 (342 kA/m)
at 0.1 s!. Consequently, Fe;O4@PANI suspension
possessed the highest efficiency when 2.5 kV/mm
was applied. Compared to other group's results deal-
ing with ER or MR, it has higher ER efficiency than
bare titania and GO-wrapped titania microspeheres
[33], and lower than PANI/TiO, nanotubes [34].
Also, it is higher than spherical PANI/VO, and lower
than flower-like PANI/VO, structures [35]. Poly(p-
phenylenediamine) particles carbonized under 200°C
[36] and PANI-coated carbonized PANI base [37]
showed higher ER efficiency value. Nonetheless, the
MR efficiency is lower than core-shell urchin-like
ZnO coated carbonyl iron microparticles [10].
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Figure 7. EMR efficiency of 20 wt% Fe;O4@PANI suspen-
sion under a) electric and b) magnetic fields

The dispersion stability of both Fe;O4 and
Fe;04@PANI suspension was examined using a
Turbiscan, as shown in Figure 8. It measures the
degree of light transmission as a function of time
along the y-axis sample coordinates. Fe;O4@PANI
stays steady compared to pure Fe;O4 more than five
times. The sedimentation test corresponded to the
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Figure 8. Sedimentation ratio of Fe;O4 and Fe;O4@PANI
suspension (Inset: optical images of samples)

decrease in particle density from 4.46 g/cm? (Fe30,)
to 2.76 g/cm’ (Fe;04@PANI) because the coating
of polymer resulted in low density and can improve
the dispersion stability.

4. Conclusions

PANI-coated Fe;04 was successfully prepared by
solvothermal and oxidation polymerization. The
chemical bond formation between Fe;O4 and PANI
was confirmed by FT-IR spectroscopy, which showed
a blue-shift and red-shift of PANI and Fe;O4 peaks,
respectively. SEM and TEM images confirmed that
PANI was attached well to the Fe;O4 surface. VSM
data showed that magnetization saturation was
38 emu/g for Fe;O4@PANI which is lower than that
of pure Fe;0y particles. The prepared Fe;O4@PANI-
based EMR suspension demonstrated typical ER or
MR characteristics when electric or magnetic fields
were applied, respectively, because of the conduct-
ing PANI-shell and magnetic Fe;O4-core structure.
It is noteworthy that the suspension responded both
of electric and magnetic fields and its sedimentation
stability was also improved simultaneously.
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