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Magnetic nanofluids consisting of fluids suspended with magnetic materials are of current interest

and have potential applications in both energy related and biomedical fields. In this paper, we

present a novel magnetic nanofluid obtained by dispersing silicon dioxide (SiO2) coated on

magnetite (Fe3O4) particle decorated multiwalled carbon nanotubes (MWNTs) (Fe3O4@SiO2/

MWNTs) in de-ionized water. As compared to a magnetite decorated MWNT based nanofluid, the

present system shows better stability and thermal properties without the use of any surfactants.

Fe3O4/MWNTs and Fe3O4@SiO2/MWNTs have been synthesized via a simple chemical reduction

technique and dispersed in de-ionized water via ultrasonication. Dispersed de-ionized water based

nanofluids containing Fe3O4/MWNTs with surfactant and Fe3O4@SiO2/MWNTs without surfactant

show a thermal conductivity enhancement of 20% and 24.5%, respectively, for a volume fraction of

0.03% in the presence of magnetic field. The enhancement in the thermal conductivity has been

observed for other volume fractions also. The increase in the thermal conductivity of these

nanofluids can be attributed to the chain formation of magnetic nanomaterials in the base fluid in

the presence of magnetic field.VC 2011 American Institute of Physics. [doi:10.1063/1.3642974]

I. INTRODUCTION

Nanofluids research is one of the emerging fields in

nanotechnology application because of its wide use in the

electronics and automobile industries. The commonly used

nanomaterials for making nanofluids are Al2O3, CuO, TiO2,

Cu, carbon nanotubes (CNTs), graphene, etc.1–5 The type of

dispersant can change the property of a nanofluid and,

thereby, the application. Magnetic nanofluids are a class of

nanofluids made by dispersing magnetic nanomaterials such

as Fe2O3, Fe3O4, and CoFe2O4 in a base fluid.6–8 Magnetic

nanofluids have broad applications in rotating seals or bear-

ings in magnetic field. De-ionized (DI) water based magnetic

nanofluids are mainly useful in biomedical applications,

including magnetic cell separation, drug delivery, hyperther-

mia, and magnetic resonance imaging.9

The limited number of thermal conductivity studies on

magnetic nanofluids is a result of the difficulty in making sta-

ble nanofluids.9–12 In the absence of a proper surface coating,

hydrophobic interactions between the nanoparticles will

cause them to aggregate and form large clusters, resulting in

an increased particle size. This can be avoided via the use of

surfactants. However, in some cases the use of surfactants

negatively affects the thermal conductivity of the nanofluid.

In recent years, considerable efforts have been devoted to the

design and controlled fabrication of nanostructured materials

that display specific functional properties. Alternatively, or-

ganic compounds have often been employed in order to pas-

sivate the surface of the magnetic nanoparticles during or

after the preparation procedure so as to avoid agglomeration.

For example, organic compounds coated on iron oxide nano-

particles have been found to preserve the magnetic properties

of iron oxides as well as exhibit the properties of organic

molecules, and they therefore have potential applications in

several areas.13–16 Similarly, previous reports on the thermal

conductivity enhancement of nanofluids with inorganic com-

pounds suggest that those materials also can be used for

coolant applications.17–19 Chen et al.20 reported that when

the particle size of SiO2 nanoparticles increases, the thermal

conductivity of the corresponding fluid increases.

Owing to special properties such as a high thermal con-

ductivity, a high aspect ratio, and good mechanical strength,

CNTs are considered as good candidates for nanofluids. The

thermal and magnetic properties of CNTs have been further

improved by coating them with metals/metal oxides.21,22

Wright et al.22 have reported that Ni coated single walled

carbon nanotubes (SWNTs) show excellent thermal behavior

in the presence of magnetic field. The reason for this

enhancement in the thermal conductivity is explained based

on the alignment of the Ni coated SWNTs in the presence of

magnetic field.

Philip et al.23 have suggested that the chain formation of

magnetic nanoparticles in the presence of magnetic field can

increase the thermal transport property of magnetic nano-

fluids. Considering the special property of the enhancement

of thermal conductivity in the presence of magnetic field, in

the present work we have studied the thermal conductivity of

Fe3O4 decorated multiwalled carbon nanotubes (MWNTs)

(Fe3O4/MWNTs) without and with a SiO2 coating. SiO2

coating and functional groups present on the MWNTs give

the proper dispersion of magnetic nanotubes in polar sol-

vents without surfactant. In comparison with surfactant-

coated nano-sized magnetite (NSM) particles, silica-coated
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NSM particles have some distinct advantages, including (a)

no interference with the NSM’s applications in medical and

biological environments, (b) limited particle aggregation in

solution, (c) improved chemical stability, and (d) easy sur-

face modification with coupling agents. For comparison, the

thermal conductivity of Fe2O3/MWNTs is also carried out.

II. MATERIALS AND METHODS

The synthesis of Fe3O4/MWNTs and Fe3O4@SiO2/

MWNTs is described elsewhere.24 Briefly, MWNTs were

synthesized via catalytic chemical vapor deposition over an

alloy hydride catalyst and were purified by means of air oxi-

dation and acid treatment. The purified MWNTs were first

decorated with Fe3O4 nanoparticles via chemical reduction

using hydrated ferric chloride and ferrous sulfate as precur-

sors. Core-shell Fe3O4@SiO2/MWNT nanoparticles were

prepared by growing silica layers onto the surface of the

Fe3O4/MWNTs via a chemical reduction technique. Tetrae-

thoxysilane was used as the precursor for silica. Raman spec-

tra were obtained using a WITEC alpha 300 Confocal

Raman system equipped with a Nd:YAG laser (532 nm) as

the excitation source. The intensity was kept at a minimum

so as to avoid laser induced heating. Thermogravimetric

analysis (TGA) studies were carried out using a Perkin

Elmer TGA 6 analyzer. The morphology of the samples was

characterized via field emission scanning electron micros-

copy (FESEM) (FEI QUANTA). Transmission electron mi-

croscopy (TEM) was carried out using a JEOL JEM-2010 F

microscope. For the TEM measurements, samples were dis-

persed in absolute ethanol using mild ultrasonication and

casted onto carbon coated Cu grids (SPI supplies, 200 mesh).

The thermal conductivity of these fluids with magnetic field

has been studied using the setup shown in Fig. 1. The setup

consists of an electromagnet, a constant current source, and a

Gauss meter. The distance between the poles of the electro-

magnet is about 5 cm. The sensor head inserted at the center

of the sample bottle is placed at the middle of the poles. The

magnetic field distribution between the poles is nearly uni-

form, and therefore the position of the sample bottle between

the poles is not very important, but the sample bottle should

be steady between the poles. The thermal conductivity of the

nanofluids was measured using a KD2 Pro thermal properties

analyzer (Decogon devices, USA). The KD2 Pro uses a tran-

sient heated needle to measure the thermal properties of the

fluid media. The direction of the magnetic field was perpen-

dicular to the plane of the rods (poles). The thermal conduc-

tivity measurement was performed along the direction of the

magnetic field.

III. RESULTS AND DISCUSSION

The morphology and structure of the MWNTs were ana-

lyzed using TEM images and Raman spectra, respectively.

The TEM image in Fig. 2(a) shows purified MWNTs of

nearly uniform diameter. The diameter of the nanotubes

varies between 30 to 40 nm. The Raman spectrum of purified

MWNTs in Fig. 2(b) shows a peak at about 1569 cm�1

called the G-band, which is a characteristic of most of the

graphitic materials. The D-band peak at 1339 cm�1 is due to

the defects and disorder in the system.25 The peak at 2675

cm�1 is the 2 D-band, which is the second order harmonic of

the D-band. Figure 3(a) shows the Raman spectra of Fe3O4/

MWNTs and Fe3O4@SiO2/MWNTs. The peaks at about

1326 cm�1 and 1580 cm�1 correspond to the D-band and

G-band vibrations, respectively. The shift in the D- and

G-band peak positions of Fe3O4/MWNTs and Fe3O4@SiO2/

MWNTs is also confirmation of the decoration of

FIG. 1. (Color online) Experimental setup used for the measurement of the

thermal conductivity of the magnetic nanofluid in the presence of magnetic

field.

FIG. 2. (Color online) (a) TEM image

and (b) Raman spectrum of purified

MWNTs.
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nanoparticles on the MWNTs. The peaks below 1000 cm�1

in general represent the presence of oxides.26–28 In the pres-

ent case, the Fe3O4/MWNTs show peaks corresponding to

Fe-O asymmetric bending T2g at about 281 and 591 cm�1,

Fe-O symmetric bending at about 393 cm�1 Eg, and Fe-O

symmetric stretching at about 644 cm�1 A1g.29 In the case

of Fe3O4@SiO2/MWNTs, the peak positions are slightly

shifted compared to those of Fe3O4/MWNTs due to the SiO2

coating. The thermal stability of the samples was studied

using TGA in air atmosphere and is given in Fig. 3(b). The

drastic weight loss in the TGA of Fe3O4/MWNTs and

Fe3O4@SiO2/MWNTs around 550 �C is due to the decompo-

sition of the MWNTs. The small weight loss before this tem-

perature is due to the removal of water and functional groups

from the material.30 The material left behind in the sample

holder at 700 �C is due to the residual oxide nanoparticles. In

FIG. 3. (Color online) (a) Raman spectra and (b) thermogravimetric analysis of Fe3O4/MWNTs and Fe3O4@SiO2/MWNTs.

FIG. 4. (a),(b) Field emission scanning

electron microscopy images of Fe3O4/

MWNTs and Fe3O4@SiO2/MWNTs.

(c),(d) Transmission electron microscopy

images of Fe3O4/MWNTs and Fe3O4@

SiO2/MWNTs.
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the TGA of Fe3O4/MWNTs, the weight of the residue is

about 60%. This suggests that Fe3O4/MWNTs contain 60%

Fe3O4 nanoparticles. Because the same Fe3O4/MWNTs are

used to make the Fe3O4@SiO2/MWNTs, the residue left at

700 �C is due to Fe3O4 and SiO2. The weight loss of

Fe3O4@SiO2/MWNTs at 700 �C is about 32%, i.e., the

remaining 68% is Fe3O4 and SiO2. Given that the Fe3O4 con-

tent is known to be 60% from the first curve, the other 8% is

SiO2.

FESEM [Figs. 4(a) and 4(b)] and TEM [Figs. 4(c) and

4(d)] images of Fe3O4/MWNTs and Fe3O4@SiO2/MWNTs

show the surface morphology of the nanomaterials. Nanopar-

ticles are decorated on the MWNTs nearly uniformly. Fe3O4/

MWNT dispersed nanofluid is made by dispersing a specific

quantity of Fe3O4/MWNTs in DI water with 100 ll of

oleic acid via ultrasonic irradiation. The same procedure is

followed to make Fe3O4@SiO2/MWNT dispersed nano-

fluids, without oleic acid. Figure 5 shows photographs of (a)

Fe3O4/MWNTs and (b) Fe3O4@SiO2/MWNTs in DI water

based fluid without surfactant. The photographs are taken af-

ter one week of the synthesis. The Fe3O4/MWNT nanofluid

settled nearly completely in this period of time, but no con-

siderable settling is observed in the case of the Fe3O4@SiO2/

MWNT nanofluid.

Figure 6(a) shows the thermal conductivity of the

Fe3O4/MWNT nanofluids with respect to the temperature for

different Vf without magnetic field. The enhancement of the

thermal conductivity is calculated using the relation

% enhancement ¼
ðkn � kf Þ

kf
� 100;

where kf is the thermal conductivity of the base fluid and kn is

that of the nanofluid. Fe3O4/MWNT dispersed DI water based

nanofluid with a Vf of 0.005% shows an enhancement in ther-

mal conductivity of about 3% at 30 �C and 5% at 50 �C. For

0.03% Vf, the enhancement is about 6.5% at 30 �C and 10%

at 50 �C. The thermal conductivity increases with respect to

both the volume fraction and the temperature. The increase in

the thermal conductivity enhancement with respect to the tem-

perature has been associated with an increase in the Brownian

motion of the nanoparticles.31 The enhancement in the ther-

mal conductivity is not linear with the temperature and vol-

ume fraction; this is in agreement with previous reports.32–34

FIG. 5. (Color online) Photograph of (a) Fe3O4/MWNT and (b) Fe3O4@

SiO2/MWNT nanofluid (in DI water) without surfactant. The photograph

was taken after one week of the synthesis.

FIG. 6. (Color online) Thermal conductivity of Fe3O4/MWNTs (a) without magnetic field and (b) with magnetic field for different volume fractions.

FIG. 7. Sample bottle (a) without magnetic field and (b) with magnetic

field.
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The thermal conductivity of these fluids with magnetic

field is given in Fig. 6(b). The magnetic fluid is kept between

the poles of an electromagnet, and the thermal conductivity

is measured with a constant magnetic field of �80 G. The

initial two points correspond to the thermal conductivity of

the magnetic nanofluid at 30 �C without magnetic field. The

points after that represent measurements in the presence of

magnetic field. The thermal conductivity was measured in

15-minute intervals. The thermal conductivity increased tre-

mendously in the presence of magnetic field, and the

enhancement in the thermal conductivity is calculated using

Eq. (1). In the presence of magnetic field, the enhancement

in the thermal conductivity is about 10% for a 0.005% vol-

ume fraction and 20% for a 0.03% volume fraction. As

reported by Philip et al.,23 this enhancement can be due to

the chain formation of magnetic MWNTs. The direction of

the field is given in Fig. 7. Figure 7(a) shows the sample bot-

tle without magnetic field; the nanomaterials are randomly

oriented. But Fig. 7(b) shows the sample bottle in the pres-

ence of magnetic field; the magnetic nanomaterials are trying

to align in the direction of the magnetic field, which helps

with proper conduction. Though the enhancement in the ther-

mal conductivity is less than that of Fe3O4 nanofluids,
23 it is

nearly comparable to that of Ni coated SWNT nanofluids.22

When the field is switched off, the thermal conductivity

starts decreasing due to the settling and segregation of the

Fe3O4/MWNTs. However, after ultrasonication, the fluid

again becomes a magnetic nanofluid, and the thermal con-

ductivity is nearly the same.

Well-stabilized magnetic nanofluid has been synthesized

using Fe3O4@SiO2/MWNTs. The thermal conductivity mea-

surement performed on Fe3O4@SiO2/MWNT magnetic

nanofluid is shown in Fig. 8. The thermal conductivity of

Fe3O4@SiO2/MWNT nanofluid without magnetic field for

different Vf at different temperatures is given in Fig. 8(a). In

this case, again the thermal conductivity increases with

respect to the temperature and the Vf. The enhancement in

the thermal conductivity is slightly higher than that of

Fe3O4/MWNT nanofluid. The enhancement in the thermal

conductivity is around 3.7% for 0.005% Vf at 30 �C and

�6% at 50 �C. Similarly, the enhancement is about 7.5% at

30 �C and �10.5% at 50 �C for 0.03% Vf. The effect of mag-

netic field on this nanofluid is shown in Fig. 8(b). With mag-

netic field, the magnetic nanofluid shows an enhancement in

its thermal conductivity of around 11.6% for 0.005% Vf and

24.5% for 0.03% Vf. Also in this case, when the magnetic

field was removed, the thermal conductivity started decreas-

ing. However, when the magnetic field was increased to a

high value of about 130 G, the particles started agglomerat-

ing in the base fluid. Figure 9 shows the measurement of the

thermal conductivity of the Fe3O4@SiO2/MWNT nanofluid

under different magnetic fields with a 0.005% Vf of

Fe3O4@SiO2/MWNTs. This suggests that by applying a high

magnetic field to magnetic nanofluids, one can separate out

magnetic nanoparticles from the base fluid. Because the

maximum thermal conductivity enhancement is observed

around the range of 80–120 G, the thermal conductivity

measurements have been performed in a magnetic field of

about 80 G.

IV. CONCLUSION

In summary, the thermal conductivity of Fe3O4/MWNT

and Fe3O4@SiO2/MWNT DI water based nanofluids has

FIG. 8. (Color online) Thermal conductivity of Fe3O4@SiO2/MWNTs (a) without magnetic field and (b) with magnetic field for different volume fractions.

FIG. 9. (Color online) Study of the thermal conductivity of a 0.005%

volume fraction of Fe3O4@SiO2/MWNT dispersed nanofluid with varying

magnetic fields.
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been measured with and without magnetic field. Enhance-

ments in the thermal conductivity of 20% and 24.5% have

been achieved for a volume fraction of 0.03% Fe3O4@SiO2/

MWNTs at 30 �C. The enhancement in the thermal conduc-

tivity is due to the chain formation of magnetic MWNTs in

the presence of magnetic field. The enhancement in the ther-

mal conductivity suggests that these nanofluids can be used

for coolant, sealing, and biomedical applications. Though

there is an enhancement in the thermal conductivity, investi-

gations of the effect of the base fluid and optimization of the

volume fraction and temperature with magnetic field are fur-

ther warranted.
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