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ABSTRACT: Magnetite nanoparticles were synthesized by adding an ammonium hydroxide to a mixed solution of
iron (II) and (III) chlorides. A silicon surfactant of o,m-(3-aminopropyl)polydimethylsiloxane was adsorbed on the
particles as dispersant and a polydimethylsiloxane polymer was used to prepare ferrofluids of silicone oil base.
Fluorinated surfactants of anionic ammoniated perfluoroalkyl sulfonamide and nonionic fluoroaliphatic polymeric
esters were applied to the particles and a perfluoropolyether was used to prepare ferrofluids of fluorine oil base. The
experimental conditions were used for preparing the ferrofluids with concentrations of 200, 300 and 400 mg/mL, and
density, magnetization and viscosity of the products were characterized. The density values increased in proportion to
the concentration, indicating 1.11-1.27 g/mL for silicone-oil-based fluids and 1.95-2.10 g/mL for fluorine-oil-based
fluids in the range of 200-400 mg/mL. The saturation magnetization of the silicone-oil-based and fluorine-oil-based
fluids indicated 14.7, 24.4, and 30.7 mT and 15.8, 23.3, and 33.7 mT for 200, 300, and 400 mg/mL, respectively,
depending on the content of magnetic particles in the fluid. The viscosity of the silicone-oil-based ferrofluids was
highly stable compared to that of the fluorine-oil-based with increasing temperatures. The ferrofluids are usually

applied to seals and speakers with the silicone base and to seals with the fluorine base.
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1. INTRODUCTION

Nanometer-sized inorganic particles can be dispersed into
hydrophilic or lipophilic liquid base by covering them with the
suitable surfactants. Magnetic ferrite nanoparticles with
inverted spinel structure have attracted much attention owing
to their potential application as ferrofluids [1]. These nanopar-
ticles can be prepared by mechanical milling or chemical syn-
thesis, in which more uniform and smaller particles are
produced by chemical methods. Particulate magnetite have
been usually obtained by coprecipitating iron ions with the
addition of ammonium hydroxide to a solution containing
both Fe’* and Fe’* [2,3]. In general, an unsaturated fatty acid is
first adsorbed with two molecular layers onto the particle sur-
face, in which the nonpolar group is positioned towards the
outside of the inlayer and the inside of the outlayer. The out-
layer is removed through an acid treatment to pH 5.0. There-

fore, an anionic group of the first surfactant is conjugated to
the cation of the iron oxide on the inside, with hydrophilic
and/or lipophilic functional groups of the second surfactant
compatible with the liquid base pointing towards the outside
[4]. Since the magnetic nanoparticles are characteristic of
superparamagnetism [5,6], their fluid flow can be reversibly
controlled and localized at a specific site in dependence on the
external magnetic field strength [7]. Moreover, the tempera-
ture properties of the ferrofluids are significantly important for
use in vacuum seals, damping elements, etc. owing to decrease
of their viscosity.

In this work, the magnetite nanoparticles were produced by
coprecipitation with a solution of iron chlorides and
ammonium hydroxide. As silicone and fluorine oil bases
for dispersion of the nanoparticles, polydimethylsiloxane
(PDMS: (CH,),SiO[SiO(CH,),],Si(CH;);) and perfluoro-
polyether (PFPE: CF,-[(O-CFCF,;-CFE,),,-(O-CFE,),]O-CF;)
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were used, respectively. The silicone oil has been adopted for a
hydrophobic medium of magnetorheological fluids [8]. A sil-
icon surfactant of a,w-(3-aminopropyl)polydimethylsiloxane
(NH,(CH,),Si(CH,),0[Si(CH,),0],Si(CH;),(CH,),NH,) was
applied to the nanoparticles for the silicone-oil-based ferro-
fluids, and fluorinated surfactants of anionic ammoniated per-
fluoroalkyl sulfonamide and nonionic fluoroaliphatic polymeric
esters were used for a bilayer formation in the fluorine-oil-
based ferrofluids. The density, dispersion and magnetization of
the ferrofluids were studied with concentrations in the range
of 200 to 500 mg/mL (particles weight to fluid volume), and
their viscosity was investgated with different concentrations at
various temperatures.

2. EXPERIMENTAL PROCEDURE

FeCl-4H,0 (M,, 198.81, >99%) and FeCl,-6H,0 (M,
270.29, >99%) were dissolved in 100 mL of distilled water, to
give an Fe*'/Fe’* stoichiometric ratio = 0.5. The fine particles
of iron oxide were synthesized by stirring this chloride solu-
tions (300 rpm for 10 min at room temperature in a 500 mL 3-
neck flask) and adding NH,OH (28-30 wt% NH,) in a 1.5
times excess over the stoichiometric reaction amount. The
precipitate from the reaction was washed several times with
distilled water using ultrasonication and magnetic decantation
to remove the by-product of the ammonium chloride salt. The
homogeneous black particles were obtained by drying the pre-
cipitate gel for a long time at a low temperature of 40°C. The
proper surfactants were introduced to form a stable dispersion
in the liquid base. An adequate amount of o.,®-(3-aminopro-
pyDpolydimethylsiloxane (JNC Silaplane FM-3321: M, 5000,
d 0.97, 120 cSt) was adsorbed onto the particles by stirring for
1 h at 80°C in 80 mL of silicone oil (Dow Corning XIAM-
ETER® PMX-200: d 0.96, 50 cSt) to prepare the silicone-oil-
based ferrofluids, and ammoniated perfluoroalkyl sulfon-
amide (3M FC-5130: 1.1 g/mL, 10 cP) and fluoroaliphatic
polymeric esters (3M FC-4434: 1.1 g/mL, <30 cP) were
adsorbed by stirring for 1 h each at 80°C in 80 mL of fluorine
oil (Solvay Plastics Fomblin® M Lubricant: 1.83 g/cm?, 150 cSt)
to prepare the fluorine-oil-based ferrofluids. The ferrofluids
were prepared with the concentrations of 200, 300, and
400 mg/mL. Fig. 1(a) and (b) show a typical process for pre-
paring ferrofluids with the PDMS and PFPE bases, respec-
tively.

The magnetic properties of the particles were measured
with a vibrating sample magnetometer (VSM) using a field
range of +10 kOe. The saturation magnetization of ferrofluids
was obtained from [9]

M, =o0,-p, (p—p)p,— Pr) (1)

where o, is the saturation value of bare particles and p, p, and
p; are the density of as-prepared ferrofluid, dispersed particles
and liquid base, respectively. The density value 4.8 g/cm’ was
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Fig. 1. A process for preparing ferrofluids of (a) silicone oil and
(b) fluorine oil bases

applied to the Fe,O, nanoparticles. The viscosity of the fluids
was obtained using a Brookfield viscometer (LVDV-II + PRO)
equipped with a small sample adapter (SSA 18/13R).

3. RESULTS AND DISCUSSION

3.1 Preparation of Ferrofluids

In the precipitation reaction of FeCl, + 2FeCl, + 8NH,OH >
Fe,0, + 8NH,Cl + 4H,0, 8 g of magnetic particles was pro-
duced from FeCl,-4H,0 6.88 g (0.0346 mol) and FeCl,-6H,0
18.72 g (0.0692 mol), which led to formation of magnetite
phase with particle size of about 12 nm [3,10,11]. A 100 mg/
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Table 1. Experimental conditions used for preparing ferrofluids of silicone oil base with various concentrations at a fixed volume of 80 mL

Fluid conc. FeCl,- FeCl, NH,OH F.eSOjrl Silicon . Silicﬁone Volume fraction (%)
(mg/mL) 6H,0 4H,0 (mL) yield surfactant oil Particle Surfactant Base
(g) (g) g (mL) (mL) (mL)
100 18.72 6.88 27.2 8 (1.6) 14 77 2 1.8 96.2
200 37.44 13.76 54.4 16 (3.2) 2.8 74 4 3.5 92.5
300 58.16 20.64 81.6 24 (4.8) 4.2 71 6 53 88.7
400 74.88 27.52 108.8 32 (6.4) 5.6 68 8 7.0 85.0
500 93.60 34.40 136.0 40 (8.0) 7.0 65 10 8.8 81.2

+ The Fe;O, volume was obtained using a density value of 5.0 g/mL.

i Silicon surfactant: o,-(3-aminopropyl)polydimethylsiloxane

Table 2. Experimental conditions used for preparing ferrofluids of fluorine oil base with various concentrations at a fixed volume of 80 mL

Fluid conc. FeCl,- FeCl,- NH,OH F§3O s Fluorosurfactant* Fluo.rine Volume fraction (%)
(mg/mL) 6H,0 4H,0 (mL) yield Ani Noni oil particle | Surf B

(g) (g) g (mL) nion onion (mL) article urfactant ase
100 18.72 6.88 27.2 8(1.6) 1 2 75.4 2 3.8 94.2
200 37.44 13.76 54.4 16(3.2) 2 4 70.8 4 7.5 88.5
300 58.16 20.64 81.6 24 (4.8) 3 6 66.2 6 11.3 82.7
400 74.88 27.52 108.8 32(6.4) 4 8 61.6 8 15.0 77.0
500 93.60 34.40 136.0 40 (8.0) 5 10 57.0 10 18.8 71.2

+ The Fe;O, volume was obtained using a density value of 5.0 g/mL.

i Fluorosurfactants: anionic ammoniated perfluoroalkyl sulfonamide, nonionic fluoroaliphatic polymeric esters

mL fluid concentration was prepared to give 80 mL of the fer-
rofluid with that, and the ferrofluids of higher concentration
were obtained using corresponding amounts of the particles in
the fixed fluid volume. A single surfactant of o,0-(3-amino-
propyl)polydimethylsiloxane was applied to the magnetic
nanoparticles to prepare the silicone-oil-based ferrofluids,
whose functional groups were compatible with both particle
surface and polydimethylsiloxane base. The anionic ammo-
niated perfluoroalkyl sulfonamide and nonionic fluoroal-
iphatic polymeric esters were applied to form a bilayer of
surfactants for a stable dispersion of the magnetic particles in
the PFPE base. Table 1 and 2 summarize experimental con-
ditions used for preparing 80 mL of the silicone-oil and flu-
orine-oil-based ferrofluids at various concentrations, respectively.
The amount of surfactants needed to form the monolayer on
the magnetite particles is optimized with an area site occupied
by each surfactant molecule on the particle surface [12]. The
nonionic surfactant was added twice as much as the anionic
surfactant, ensuring complete coverage of the particles.

3.2 Density of Fluids

The density of a completely dispersed ferrofluid was
obtained by measuring the volume and weight of as-prepared
ferrofluids. The density values were 1.11, 1.21, and 1.27 g/mL
for the silicone-oil-based ferrofluids and 1.95, 2.01, and 2.08 g/
mL for the fluorine-oil-based ferrofluids with concentrations
of 200, 300, and 400 mg/mL, respectively, directly reflecting
the density of each base oil. The dispersion of the ferrofluids
was only a half compared with 70-80% of hydrocarbon-based
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Fig. 2. Density values of silicone-oil and fluorine-oil-based ferro-
fluids as a function of concentration

ferrofluids [12,13], in which the prepared fluids were layer-
separated within a day. Therefore, the agglomerated fluids
were used after strongly shaking the bottles containing them
for redispersion. Fig. 2 shows dependence of the density on
concentration for the oil-based fluids.

3.3 Magnetic Properties

The magnetization measurement of the magnetite nanopar-
ticles indicated the saturation value o, of 62.4 emu/g with
superparamagnetism. Since the magnetization of ferrofluids is
measured per unit volume, their saturation value can be
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Fig. 3. Comparison of saturation magnetization values of sili-
cone-oil and fluorine-oil-based ferrofluids approximated
by Shimoiizaka equation with straight line obtained from
saturation values of bare particles

obtained by multiplying the saturation magnetization for bare
particles by a concentration. In case of polyalphaolefin-based
ferrofluids [12], the difference between the values approxi-
mated by eq. (1) and obtained from the saturation mgneti-
zation of bare particles was all within 10% (error limit for
measurement) in the range of 200-500 mg/mL. Therefore, the
saturation magnetization observed in this experiment also
would be practically the same with the calculated saturation
values. The saturation magnetization values in eq. (1) were
14.70, 24.41, and 30.68 mT for the silicone-oil-based ferro-
fluids and 15.78, 23.25, and 33.71 mT for the fluorine-oil-
based ferrofluids at concentrations of 200, 300, and 400 mg/
mlL, respectively, which corresponded to the values calculated
with saturation magnetization of bare particles and fluid con-
centration. Fig. 3 shows the saturation magnetization values of
ferrofluids approximated by eq. (1) along with the saturation
values of bare particles at each concentration.

3.4 Viscosity of Fluids

The viscosity observed for the ferrofluids should be con-
sidered as a relative value under a certain condition because
the viscometer indicated different viscosity values with the
same specimens in dependence on spindle speed. The vis-
cosity of the ferrofluids was measured with a spindle speed of
3.0 rpm (measurable up to 1000 cP) to hold the torque values
within the confidence limits. Fig. 4 shows variations of the vis-
cosity values with temperature at concentrations of 200 and
300 mg/mL ferrofluids. The viscosity of the ferrofluids
decreased exponentially with increasing temperatures, with
similar tendency to the curves for each oil base. The decrease
in the viscosity with the temperature increase from 20°C to
80°C was on an average 48% (200 mg/mL: 314 to 151 cP, 300
mg/mL: 481 to 273 cP) for the silicone-oil-based ferrofluids
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Fig. 4. Viscosity vs. temperature curves of silicone-oil and fluo-
rine-oil-based ferrofluids obtained at different concen-
trations using 3.0 rpm of Brookfield S18 spindle

and 94% (200 mg/mL: 516 to 33 cP, 300 mg/mL: 936 to 62 cP)
for the fluorine-oil-based ferrofluids. Although the viscosity of
the silicone-oil-based ferrofluids was lower than that of the
fluorine-oil-based ferrofluids at the room temperatue, depend-
ing on the properties of each base oil, the former values
decreased at a half level of the latter with increasing tem-
peratures.

3.5 Sealing Ability

The field test was carried out using leak detector (ULVAC
HELIOT 700) at a domestic motor manufacturer. The sili-
cone-oil-based ferrofluid of 300 mg/mL was selected as a test
sample, which was compared with a poly-a-olefin-based fer-
rofluid of the same concentration. The leak-detecting appa-
ratus for magnetic fluids is shown in Fig. 5. A leakage at the
testport decreased base pressures of the vacuum chamber. The
test result revealed that the ultimate pressures were in the

Fig. 5. Leak detector used for testing seal performance. The fer-
rofluid seal was positioned at the upper part of chamber
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medium vacuum region, indicating 20 and 0.23 Pa for the sil-
icone-oil-based ferrofluid and the poly-o.-olefin-based ferro-
fluid, respectively. The higher vacuum degree in case of the
latter than the former would be due to stabler dispersibility of
the magnetic nanoparticles in the hydrocarbonaceous base,
because the dispersion of the oil-based fluids was remarkably
lower than that of the hydrocarbon-based fluids.

4. CONCLUSIONS

Magnetite nanoparticles were obtained by chemical precip-
itation using an iron chloride solution and ammonium
hydroxide. The particles were covered with a silicon surfactant
of a,m-(3-aminopropyl)polydimethylsiloxane to disperse into
polydimethylsiloxane base and with a combined fluorosur-
factant of anionic ammoniated perfluoroalkyl sulfonamide
and nonionic fluoroaliphatic polymeric esters to disperse into
perfluoropolyether. Experimental parameters were deter-
mined for the silicone-oil-based and fluorine-oil-based ferro-
fluids of 200, 300, and 400 mg/mL, and the properties of
density, magnetization and viscosity were studied with the pre-
pared ferrofluids. The fluid density increased from 1.11 g/mL
to 1.27 g/mL for the silicone oil base and from 1.95 g/mL to
2.10 g/mL for the fluorine oil base in proportion to the con-
centration. Values of the saturation magnetization of the fer-
rofluids were 14.7 to 30.7 mT for the silicone oil base and 15.8
to 33.7 mT for the fluorine oil base with increasing concen-
trations in the range of 200 to 400 mg/mL, depending on the
content of magnetic particles in the fluid. In the viscosity-tem-
perature property, the silicone-oil-based fluid was effective for
practical use compared with the fluorine-oil-based fluid.
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