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The aim of this project is to fabricate a highly stable Fe3O4-OA-MWCNT composite and its colloidal suspension in
polyalphaolefin (PAO) base fluid for heat transfer applications. The nanocomposite was produced in three mass ratios (0.5 : 1,
1 : 1, and 1.5 : 1) to explore the concentration effects on the stability of the nanocomposite. XRD analysis and FTIR
spectroscopy were conducted to inspect the phase and composition of the synthesized nanocomposite. The crystallite sizes
(3.75 nm, 7.74 nm, and 7.52 nm) and dislocation densities of each composite were calculated, and it was revealed that the
samples with high concentration of iron oxide nanoparticles showed small defects in their lattices. Dispersion stability of
ferrofluids was also examined by natural deposition method for 365 days. The ferrofluids displayed high stability for more than
one year with no sign of sedimentation. Thermal conductivity of the nanofluid was also measured via. A transient plane source
method and a linear trend with slight deviation were observed.

1. Introduction

Ferrofluids, also known as ferromagnetic fluids, are an
innovative class of nanofluids which comprises magnetic
nanoparticles suspended into the base fluids like water,
EG, and oil [1]. For the past decades, a lot of research has
been done on these fluids which revealed that the ferrofluids
are beneficial for heat transfer applications, i.e., oil recovery
[2], heat exchanger [3], power generation [4], electronics
cooling [5], and solar systems [6] because of their unique
chemical, thermal, physical, mechanical, and magnetic
properties [1]. These ferromagnetic nanomaterials embody
maghemite (Fe2O3 or γ-Fe2O3), magnetite (Fe3O4), and
ferrites composed of nickel (Ni), cobalt (Co), Manganese

(Mn), silver (Ag), barium (Ba), lithium (Li), chromium
(Cr), and zinc (Zn) [7].

The superparamagnetic behavior of ferrofluids corre-
sponds to quick and firm response to relatively weak mag-
netic fields which make them easier to control magnetically
[8]. However, the applications of these magnetic fluids have
been restricted greatly due to them being heavy causing
sedimentation and agglomeration which directly affects
the heat transfer capability of nanofluids. This is because
soft magnetic materials have very high apparent density
value in comparison to other materials. Also, magnetic
nanoparticles possess high chemical activity and are
oxidized very easily. Such materials are coated with suitable
polymers or surfactants, e.g., oleic acid, castor oil, and
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sodium lauryl sulphate (SLS) in order to tackle the issue
regarding the stability of ferrofluids [9]. Zareei et al. [10]
fabricated alumina/water based nanofluid and used three
surfactants sodium dodecyl sulphate (SDS), cetyl trimethyl
ammonium bromide (CTAB), and Triton X-100 to investi-
gate their effect on pH and particle size. Al-Waeli et al. [11]
studied the influence of CTAB, SDS, tannic acid+ammonia,
dodecyl benzene sulphonates (SDBS) and sodium deoxy-
cholate on silica-based nanofluid. Chakraborty et al. [12]
observed the effect of surfactants like SDS and Tween-20
on Cu-Zn-Al-based nanosuspension and reported 20.9%
thermal conductivity with SDS as a surfactant. The choice
of surfactants depends upon the types of base fluid. For
polar fluids, water-soluble surfactants are used and, for
nonpolar, the opposite [13]. Although surfactants reduce
the apparent density to some extent, this method is still
not considered to be highly effective as it also affects the
thermal conductivity. Hence, synthesis of magnetic com-
posites is thought to enhance the thermal efficiency and
stability of these innovative fluids by reducing their appar-
ent density [14]. For this purpose, carbon nanotubes are
said to possess very small density, unique cylindrical struc-
ture, high mechanical strength, and great chemical stability
and considered a good choice to reduce agglomeration and
enhance the thermal conductivity of ferrofluids by researchers,
scientists, and engineers [15–17]. Shi et al. [18] synthesized a
superparamagnetic nanofluid using Fe3O4@CNT composite
and studied the thermal conductivity via controlling the mass
ratio of composite and magnetic field. Shahsavar et al. [19]
examined heat transfer and entropy generation through
natural convection of Fe3O4@CNT hybrid nanofluid inside a
concentric horizontal annulus. Liu et al. [20] observed thermal
conductivity of 24.25% and 22.62% when inquired
Fe3O4@CNT nanocomposite in water based fluid for the effect
of oscillating magnetic field. Saba and Ahmed et al. conducted
an investigation on flow and heat transfer properties of
Fe3O4@CNT/H2O nanofluid inside a very long asymmetric
channel with porous walls and declared that the CNT’s disper-
sion in a nanofluid has a great influence on the transport prop-
erties. As mentioned above, several studies with open
literature on Fe3O4-MWCNT have been reported with high
thermal performance. However, nanofluid with Fe3O4/
MWCNT composite and polyalphaolefin oil as a cooling agent
have not been reported yet. PAO has been used in various
industries as a lubricant and as a coolant [21]. Also, past liter-
atures reported that nanofluids comprising insulating oil base
fluids like PAO with poor heat transfer properties are more
stable and homogeneous with high heat transfer rates [22].
In addition, the viscosity of PAO usually decreases with
increase in temperature which has a significant effect on ther-
mal conductivity [23, 24].

In this paper, the nanocomposite of Fe3O4 blended with
multiwalled carbon nanotubes (MWCNT) with low appar-
ent density and a hybrid nanofluid with base fluid of poly-
alphaolefin (PAO) is synthesized to explore a method to
fabricate a highly stable nanofluid with high thermal
conductivity for heat transfer application. Thermal con-
ductivity of prepared nanofluid by controlling the morphol-
ogy of nanoparticles, added volume fraction, minimizing

agglomeration, and enhanced stability of the nanoparticles
in the base fluid is also analyzed in this work.

2. Materials and Methods

2.1. Chemicals. All the chemicals, ferrous chloride (FeCl2),
ferric chloride (FeCl3), ammonium hydroxide (NH4OH),
hydrochloric acid (HCl), deionized water, multiwalled car-
bon nanotubes (MWCNT), oleic acid, o-xylene, and polyal-
phaolefin (PAO), are acquired/purchased in Pakistan. All
these reagents were analytical grade and were used without
further purification.

2.2. Synthesis of Iron Oxide Nanoparticle. Iron oxide nano-
particles were prepared by a modified version of chemical
coprecipitation method [25]. At first, ferrous chloride tetra-
hydrate and ferric chloride hexahydrate were dissolved in
100ml of distilled water under constant stirring for 20
minutes. After that, the pH of this solution was maintained
at 10 by adding 35ml of ammonium hydroxide dropwise
during constant stirring at 1100 rpm for 20 minutes. The
solution slowly turned black indicating the formation of
precipitates. These precipitates were collected via centrifu-
gation at 4000 rpm for 10 minutes. Then, they were washed
with distilled water 4-5 times and dried at 40°C in oven
overnight.

2.3. Coating of Iron Oxide Nanoparticles with Oleic Acid. The
synthesized iron oxide nanoparticles were coated with oleic
acid to reduce the apparent density of nanoparticles. For
this, 2wt.% of Fe3O4 nanoparticles was added into the 10%
(v/v) oleic acid solution during constant stirring at 400 rpm
at 40°C for 1 hour. The obtained viscous solution was centri-
fuged at 4000 rpm to collect the nanoparticles. These nano-
particles then washed with alcohol 3-4 times and were
dried in an oven for 24 hours.

2.4. Nanocomposite Fabrication. A solution mixing method
was used to fabricate the multiwalled carbon nanotubes
(MWCNT) based nanocomposite. For this purpose, iron
oxide nanoparticles were mixed with MWCNT in three dif-
ferent mass ratios of 0.5 : 1, 1 : 1, and 1.5 : 1 in 50ml oleic acid
solution during rigorous stirring for 1100 rpm at 40°C tem-
perature for 1 hour. The MWCNT were added into the solu-
tion during second half, and the solution was sonicated for 2
hours at the same temperature. Residuals were removed
through ethanol for several times. Then, obtained compos-
ites were dried in oven for a day and grounded to powder
form for further proceedings.

2.5. Synthesis of Hybrid Nanofluid. Prepared Fe3O4-OA-
MWCNT nanocomposites with three different composi-
tional mass ratios of 0.5 : 1, 1 : 1, and 1.5 : 1 were used to
create polyalphaolefin-based hybrid nanofluid. Nanofluids
were prepared in three different volume fractions of
0.3wt.%, 0.5wt.%, and 0.7wt.% for each composite. Based
on known weights and densities of the sample, the required
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volume fraction of nanocomposite was predicted by follow-
ing equation:

ϕ =
WNanocomposite/ρNanocomposite

� �

WNanocomposite/ρNanocomposite

� �
+ WPolyalphaolefin/ρPolyalphaolefin
� �h i × 100:

ð1Þ

Then nanocomposites were dispersed in 14ml of poly-
alphaolefin oil through sonication of 2 hours at 70°C to
obtain a stable suspension (see Figure 1).

3. Characterization

Crystal behavior and phase identification were analyzed via
XRD analysis. An X-ray diffractometer of D8 Advance (Bru-
ker Germany) (LYNX EYE linear detector) and a diffractom-
eter equipped with copper tube (λ = 1:5406A) were used for
the measurements with an average range of 20° to 80° along
with the step size of 0.5. 6300 type A Jasco infrared spec-
trometer (4 cm−1 resolution with a scanning speed of
2mm/sec) was used to record the complex spectrum of syn-
thesized nanocomposite. The spectral range of 399:193 to
4000 cm−1 was used for the compositional analysis of the
sample at room temperature. Surface morphology of synthe-
sized pure iron oxide nanoparticles was analyzed via. A
JEM-2100 transmission electron microscope (TEM) with
200 kV accelerating voltage was used. Sedimentation photo-
graph technique was used to observe the stability of Fe3O4-
OA-MWCNT amalgam in polyalphaolefin (PAO) base fluid.
It works on the principle that the size of nanocomposite is
directly related to the stability of particles in the nanofluid
as particle with large size will settle down quickly on the bot-
tom of the container. For this, nanocomposites with mass
ratios of 0.5 : 1, 1 : 1, and 1.5 : 1 of IONPs :MWCNT were
used to prepare nanofluids of three different volume frac-
tions (i.e.,0.3wt.%, 0.5wt.%, and 0.7wt.%). The photographs
were taken at various intervals with maximum after one
year. Hot Disc TPS 2500 Thermal Constant Analyzer, which
employ transient plane source method, with thermal con-
ductivity range of 0.005 to 1800Wm/K, and can accommo-

date the temperature from cryogenic to 1000°C, was used
to obtain the heat transfer data of each composition with
uncertainty error of 2% to 5%. A thermal conducting plane
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Figure 1: Flow diagram of synthesis of IONPs.

Figure 2: TEM image of pure Fe3O4 nanoparticles.
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Figure 3: XRD spectra of Fe3O4-OA-MWCNT nanocomposite
with mass ratios between Fe3O4 :MWCNT, i.e., (a) 0.5 : 1, (b) 1 : 1,
and (c) 1.5 : 1.
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sensor acting as a heat source is placed between two testing
sample. The rise in temperature of the source enhances the
heat dissipation of the material under examination at a rate
that depends on its thermal transport properties. The sample
was sonicated at 40°C for 1 hour for homogeneity and then
was placed into holders. Thermal transport properties were
measured at pr. depth of approx. 1.6mm of the sample.
The equipment was calibrated three times before calculation
with standard fluid (PAO) in this case. About five measure-
ments at temperature of 0-100°C were taken for about 4
hours with 25°C intervals in between measurements. The
process was repeated several times to ensure the validity of
the results.

4. Results and Discussion

Three different samples of Fe3O4-OA-MWCNT nanocom-
posite having compositional ratios: (a) 0.5 : 1 (S1), (b) 1 : 1
(S2), and (c) 1.5 : 1 (S3), between IONPs and MWCNT have
been synthesized to investigate its phase, crystal structure,
and chemical composition using various techniques like
XRD and FTIR. Nanofluids with volume concentration
0.3wt.%, 0.5wt.%, and 0.7wt.% for each sample have also
been prepared under suitable conditions to explore its dis-
persion stability.

4.1. Surface Morphology of IONPs. The stability of nanofluids
is directly influenced by the nature of nanoparticles [26].
Therefore, surface morphology and agglomeration behavior
of iron oxide nanoparticles were examined in detail using a
transmission electron microscope (TEM). Figure 2 clearly
confirms the spherical shape and crystalline nature of the
pure IONPs. The particles show agglomeration even after
sonication of 2 hours in the ethanol (solvent). This is due
to the magnetic and inner particle interaction among of
Fe3O4 nanoparticles. The clusters were formed due to high
surface charge and dipolar interactions of particles.

4.2. Phase and Crystal Structure. Figure 3 (a–d) contains the
XRD pattern of all samples, i.e., S1, S2, and S3. The reflecting
planes (220), (311), (222), (400), (440), (511), (531), and
(533) corresponding to 2θ angles 30°, 35.5°, 38°, 43°, 53.7°,
53.4°, 57.3°, and 62.8° show the characteristic peaks of iron
oxide nanoparticles. The lack of planes (210), (300), and
(320) proves the absence of maghemite phase when com-
pared to JCPD card No. 19-0629, as the obtained peaks
match with the standard peaks [27]. The lattice plane (002)
at 25:95° of angle 2θ corresponds to the presence of inter-
layer stacking of graphene sheets embedded together and
confirms the multiwalled nature of carbon nanotubes which
matches exactly to the JCPD card No. 41-1487 confirming
the existence of nanocomposite [28]. Comparing these peaks
leads to conclusion that increasing the iron oxide ratio
directly affects the crystallinity of the nanocomposite; i.e.,
the sharpness of peaks has been enhanced.

The crystallite size of nanocomposite was calculated
using mostly used the Debye-Scherrer formula from the

XRD pattern along with dislocation densities [29]:

Dhkl =
0:94λ
β cos θ , ð2Þ

where Dhkl , β, λ, and θ corresponds to crystallite size, full
wave half maximum, wavelength of Cu-kα, and diffraction
angle, respectively. The dislocation density ðδÞ is the mea-
sure of number of distortions/defects present in a crystal
structure and is expressed in lines per square meter. It was
also calculated by the following formula:

δ = 1
Dhkl

2 : ð3Þ

Table 1 shows the value of diffraction angle, full wave
half maximum (FWHM) in radians, crystallite size, and
dislocation density of Fe3O4-OA-MWCNT nanocomposite
with different mass ratios. Among all three nanocomposites,
the one with least iron oxide content has the smallest size of
3.75 nm and increasing the magnetic content resulted in
increase in crystallite size and decrease in defects. The
maximum crystallite size observed is 7.52 nm of
Fe3O4 :MWCNT with 1.5 : 1 mass ratios and the smallest
dislocation density of 1:77 × 1016 lines/m2. This is because
oxidation or structural interactions due to hydroxyl or

Table 1: XRD parameters of Fe3O4-OA-MWCNT.

Fe3O4 :
MWCNT

θ
(degrees)

FWHM
(radians)

Crystallite
size (nm)

Dislocation density
( × 1016) (lines/m2)

0.5 : 1 25.96 0.03864 3.75 7.12

1 : 1 38.00 0.01871 7.74 1.67

1.5 : 1 35.38 0.01927 7.52 1.77
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Figure 4: FTIR spectra of Fe3O4-OA-MWCNT nanocomposite
with mass ratios between Fe3O4 :MWCNT, i.e., (a) 0.5 : 1, (b) 1 : 1,
and (c) 1.5 : 1.
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carboxyl functional group affects the stacking of tubules
causing distortions among the crystal lattices.

4.3. Compositional Analysis. Figure 4 shows the FTIR spectra
of Fe3O4-OA-MWCNT nanocomposite with three different
mass ratios (0.5 : 1, 1 : 1, and 1.5 : 1) of iron oxide and multi-
walled carbon nanotubes. The wide absorption band at
929.92 cm-1 is due to the out of plane bending of =C-H

bond. A broad band at 740.63 cm-1 in fingerprint region
represents the stretching vibrations of Fe-O bond which
shows slight deviations (747.36 cm-1 and 754.92 cm-1) due
to increase in the mass ratio of iron oxide nanoparticles in
the composite. These absorption bands confirm the presence
of metallic oxide nanoparticles. The presence of C=C was
revealed by the absorption spectra at 1505.41-1695.55 cm-1

which indicates the hexagonal structure of the MWCNT.
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(a)

0.3wt.% 0.5wt.% 0.7wt.%
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Figure 5: Nanofluid containing S1 (Fe3O4-OA-MWCNT)/PAO with weight of 0.3 wt.%, 0.5 wt.%, and 0.7 wt.% (2-hour sonication) after (a)
one week, (b) one month, (c) four months, (d) six months, (e) eight months, and (f) one year.
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The MWCNT shows very weak peaks of C=C aromatic ring
stretching around 1600 cm-1 which is the indication of a
large number of asymmetrical carbons present [30]. The
absorption peaks at 1687.98 and 1512.98 cm-1 elucidate the
presence of C=O. At 1050 cm−1, a strong absorption peak
from C-O bond stretching is obtained. The weak absorption

peaks at 2313-2847 cm-1 indicate the presence of asymmetri-
cal stretching of aromatic bonds of -CH2 and -CH3 which is
due to alkyl groups at 3717.31 cm-1 shows the presence of O-
H stretching vibrations which indicates the modification of
MWCNT. Negligible intensity of O-H peak is the evidence
that the prepared nanocomposite is hydrophobic in nature.
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Figure 6: Nanofluid containing S2 (Fe3O4-OA-MWCNT)/PAO with weight of 0.3 wt.%, 0.5 wt.%, and 0.7 wt.% (2-hour sonication) after (a)
one week, (b) one month, (c) four months, (d) six months, (e) eight months, and (f) one year.
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4.4. Dispersion Stability. Dispersion stability is the most
debated and important characteristics of nanofluids for ther-
mal applications. The prepared samples were utilized to
observe their aggregation behavior in the polyalphaolefin
oil with respect to time. Figure 5 illustrates the stability
investigation of polyalphaolefin oil containing sample S1 in
three different volume fractions. It is evident in the figure
that the ferrofluids comprising of S1 nanocomposite are

stable after 12 months and negligible sedimentation was
observed after six months.

Figure 6 shows the stability of sample S2-based nano-
fluids with respect to time. No apparent change in the color
of suspension was observed even after 12 months indicating
its high storage life.

Figure 7 reveals the dispersion behavior of colloids con-
taining sample S3. After 12 months, suspensions showed

0.3wt.% 0.5wt.% 0.7wt.%
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(d)
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Figure 7: Nanofluid containing S3 (Fe3O4-OA-MWCNT)/PAO with weight of 0.3 wt.%, 0.5 wt.%, and 0.7 wt.% (2-hour sonication) after (a)
one week, (b) one month, (c) four months, (d) six months, (e) eight months, and (f) one year.
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very high stability with negligible deposition due to presence
of multiwalled carbon nanotubes (MWCNT) which form a
complex three-dimensional structure making sedimentation
difficult.

4.5. Thermal Conductivity. Thermal conductivity of polyal-
phaolefin oil-based nanofluid comprising of Fe3O4/OA/
MWCNT nanocomposite was carefully calculated via a ther-
mal constant analyzer at five different temperature values
with 25°C interval among each value. The equipment was
standardized using polyalphaolefin oil, and every calculation
was repeated three times to ensure the reliability of the
calculations.

Figure 8 shows the temperature dependence of the ther-
mal conductivity at various volume fractions for PAO-
based hybrid nanofluid measured at temperatures from
0°C to 100°C. It can be observed that the thermal conduc-
tivity diminishes with the increase in temperature, and a
wide variation is observed at elevated temperature. Devia-
tions in thermal conductivity curves were observed when
compared to pure polyalphaolefin oil; i.e., Curve (d) shows
rise in thermal behavior, and curve (c) shows reduction in
thermal conductivity at high temperatures. This is due to
rise in particle interactions which results in the formation
of aggregates because of large aggregation time and sharp
rise in temperature. This provides new pathways for heat
transport, but when the aggregation is very high, it disrupts
the thermal transport mechanism causing in the reduction
of thermal conductivity, though the heat transfer reduces
when temperature is enhanced but the thermal conductivity
curve shift towards higher values when the particle concen-
tration is increased. As observed in the above graph, the
higher value of thermal conductivity was observed at a vol-
ume concentration of 0.7wt.% and the lowest thermal con-
ductivity was observed at 0.5wt.% which is almost the same
as pure polyalphaolefin oil. The rise of thermal conductivity
observed due to the addition of nanocomposite in PAO was
also calculated with its heat transfer rates varying from
0.25% to 0.9% as compared to base fluid which is not very
high because of large cluster formation and poor heat
transfer capacity of the oil. In the incompetent thermal per-
formance of heat transfer fluids, energy loss is observed.
This can be prevented with a lubricant consisting of good
heat transfer capacity.

5. Conclusion

Fe3O4-OA-MWCNT nanocomposite with weight ratios of
0.5 : 1, 1 : 1, and 1.5 : 1 was magnificently synthesized via
solution blend approach of in situ polymerization method,
and its ferrofluids were prepared in polyalphaolefin oil with
volume fractions, i.e., 0.3wt.%, 0.5wt.%, and 0.7wt.% in the
present study. The crystallite sizes of each composition of
the sample (S1—0.5 : 1, S2—1 : 1, and S3—1.5 : 1) were care-
fully calculated (i.e., 3.75 nm, 7.74 nm, and 7.52 nm) using
Scherrer’s equation with dislocation densities 7:12 × 1016
lines/m2, 1:67 × 1016 lines/m2, and 1:77 × 1016 lines/m2,
accordingly. XRD analysis verified the crystal behavior of
the nanocomposite while FTIR spectra confirmed the

hydrophilic nature and formation of nanocomposite. The
stability assessment revealed that each composition showed
high aggregation stability and no apparent deposition was
observed even after one year. The thermal conductivity of
the sample determination showed the linear trend as a
function of temperature and volume fraction, and highest
thermal conductivity was observed for 0.7wt.% at 50°C
temperature when compared to pure PAO oil. This shows
that Fe3O4-OA-MWCNT/PAO-based nanofluids have great
potential for thermal applications as a lubricant and as a
heat exchanger.
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