Available online at www.sciencedirect.com

ScienceDirect #Eo(‘;{?{?u%amﬁv

ELSEVIER Powder Technology 186 (2008) 145153

www.elsevier.com/locate/powtec
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Abstract

This paper presents an experimental study on the homogeneous dispersion of nanoparticles in nanofluids. In this study, various physical
treatment techniques based on two-step method, including stirrer, ultrasonic bath, ultrasonic disruptor, and high-pressure homogenizer were
systematically tested to verify their versatility for preparing stable nanofluids. Initially carbon black and silver nanoparticles dispersed in base
fluids with the presence of surfactant were found to be highly agglomerated with the hydrodynamic diameter of 330 nm to 585 nm,
respectively. After both CB and Ag nanofluids were treated by various two-step methods, stirrer, ultrasonic bath, and ultrasonic disrupter was
found to do a poor performance in deagglomeration process for the initial particle clusters. However, the high-pressure homogenizer produced
the average diameter of the CB and Ag particles of 45 nm and 35 nm, respectively, indicating that among various physical treatment
techniques employed in this study, the high-pressure homogenizer was the most effective method to break down the agglomerated
nanoparticles suspended in base fluids. In order to prepare another nanofluid with much smaller primary nanoparticles, we also employed a
modified magnetron sputtering system, in which the sputtered nanoparticles were designed to directly mix with the running surfactant-added
silicon oil thin film formed on a rolling drum (i.e. one-step method). We observed that Ag nanoparticles produced by the modified magnetron
sputtering system were homogeneously dispersed and long-term stable in the silicon oil-based fluid, and the average diameter of Ag
nanoparticles was found to be ~3 nm, indicating that the modified magnetron sputtering system is also an effective one-step method to prepare
stable nanofluids.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction dispersed in the working fluids to improve their thermal pro-

perties or heat transfer characteristics [2,6—9]. However, those

It has long been recognized that the suspensions of solid  previous practical applications were mostly confined to the

particles in liquids provide useful advantages in industrial fluid suspensions with millimeter or micrometer-sized particles,

systems, including heat transfer fluid, magnetic fluid, and  which tended to quickly settle down and subsequently resulted
lubricant fluid [1-5]. Since the working fluids have the in severe clogging in micro-channels.

limitation of heat transfer performance, solid particles were Unlike micrometer-sized particle suspensions, nanoparticle-

based fluids (i.e. nanofluids) were recently reported to be much

more stable due to vigorous Brownian motion of suspended

nanoparticles in the base fluids [10,11]. Even though various
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Table 1
Test conditions and materials for producing nanofluids
Nanofluids
CB-—water Ag-silicon oil
Particles CB (carbon black) Ag (silver)
Primary size: 40 nm Primary size: 35 nm
Weight percentage: 0.5 wt% Weight percentage: 0.5 wt.%
Basefluid DI-water Silicon oil (DC-704)
Viscosity: 0.87 mm?*/s Viscosity: 39 mm?/s
Surfactant SDS (Sodium dodecyl sulfate) Oleic acid

Weight percentage: 1 wt.% Weight percentage: 1 wt.%

particle agglomeration in the base fluids. In order to prepare
stable nanofluids, numerous investigations on colloidal disper-
sions have been conducted in view of particle motion analysis
in various flow conditions and sedimentation characteristics
studies on suspended nanoparticles in base fluids [12—-14].
Among the various nanofluid preparation methods, the addition
of surfactants was known to be effective to homogeneously
disperse nanoparticles in the base fluids [15,16]. The surfactants
(e.g. sodium dodecyl sulfate (SDS)) resulted in the electrostatic
repulsion between surfactant-coated nanoparticles, which sig-
nificantly reduces the particle agglomeration due to van der
Waals forces of attraction [17].

There are two major methods for producing nanofluids; (i) the
one-step direct evaporation method represents the direct formation
of the nanoparticles inside the base fluids, and (ii) the two-step
method represents the formation of nanoparticles and subsequent
dispersion of the nanoparticles in the base fluids. In either case, the
preparation of a uniformly dispersed nanofluid is essential for
obtaining stable reproduction of physical properties or superior
characteristics of the nanofluids [4,18]. Although many experi-
mental studies on nanofluid systems have been performed, the
preparation methods for stable nanofluids were not systematically
studied yet. In this work, we employed various physical treatment
techniques, including a stirrer, an ultrasonic bath, an ultrasonic
disruptor, a high-pressure homogenizer, and a modified magne-
tron sputtering system to prepare nanofluids, and then we ob-
served the effect of each nanofluid preparation technique on the
suspended nanoparticle size, morphology, and dispersity in the
water- or silicon oil-based fluids.

2. Materials and methods
2.1. Materials

Table 1 shows the specification of two materials used for
producing nanofluids. First, carbon black (CB) nanoparticles
were dispersed in deionized (DI) water with initial concentra-
tion of 0.5 wt%. The primary size of CB nanoparticle was
40 nm. Second, Ag nanoparticles were mixed with silicon oil
(DC-704, Dow Corning Inc.) with the initial concentration of
0.5 wt.%, and the primary size of Ag nanoparticles was 35 nm.
To prevent the agglomeration between primary nanoparticles in
the base fluid, either SDS or oleic acid was added as the
surfactants to coat the surface of CB and Ag nanoparticles,

(b) CB nanoparticles

Fig. 1. SEM images of the tested nanoparticles.

respectively. The surfactants were added in each base fluid with
the concentration of 1 wt.%. Fig. 1 shows the scanning electron
microscope (SEM) images of Ag and CB nanoparticles before
dispersing them into the base fluid. Both SEM images show that
the particles were highly agglomerated.

2.2. Methods
Table 2 summarizes the detailed experimental conditions of

various nanofluid preparatory methods employed in this study.

Table 2
The methods of producing nanofluids

Method of producing nanofluid Test condition

Two-step method ~ Stirrer Revolution speed: 1500 rpm
Revolution time: 120 min
Sonication time: 60 min
Frequency: 40 kHz
Sonication time: 60 min
Frequency: 20 kHz
Max. sonicating power: 350 W
High-pressure Number of pass: 3
homogenizer Pressure: 18,000 psi
One-step method Magnetron sputtering DC power: 0.2 kV
Ar gas mass flow rate: 25 cm®/min

Ultrasonic bath

Ultrasonic disruptor
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In the two-step method, nanoparticles were first separately
produced, and then the prepared nanoparticles were dispersed in
the base fluid with the assistance of various physical treatment
techniques, including the stirrer, the ultrasonic bath, the ul-
trasonic disruptor, and the high-pressure homogenizer, which
will be described in detail later. These two-step methods were
aimed at deagglomerating the particle clusters in order to ob-
tain homogeneous suspensions. In the one-step method, we
employed the modified magnetron sputtering technique, in
which Ag nanoparticles were formed by direct condensation of
Ag vapor produced by the magnetron sputtering, and subse-
quently the Ag nanoparticles hit the surface of low vapor
pressure liquid film formed by a rotating drum, which soaked in
the surfactant-presented base liquid. In this one-step method, we
aimed at developing a method to prepare a stable nanofluid with
isolated smaller primary particles by shortening the particle
travel distance so that the coagulation process between the
primary particles formed in the gas phase was significantly
reduced.

In this study, CB—water and Ag—silicon oil nanofluids were
produced by the two-step methods. Also another Ag—silicon oil
nanofluid was produced by the one-step method for comparison
purpose. The size distribution and zeta potential of nanoparti-
cles suspended in nanofluids were measured by an electro-
phoretic light scattering (ELS) particle counter (Model No.
ELS-8000, Otsuka Electronics Inc.), which consisted of a laser
source, a scattering cell, electrodes for applying an electric field,
a photomultiplier, and a spectrum analyzer. Operating principle
of the ELS is described in detail elsewhere [19,20]. Briefly, the
charged particles in the scattering cell were forced to move
along the applied electric field. This particle motion resulted in

Starting Particles

Inlet
Reservoir

CONSTANT PRESSURE

Doppler shift of scattered laser light detected by the spectro-
meter. The detector signal was then sent to a digital correlator,
and subsequently the resulting autocorrelation function was
analyzed to find the information of the distribution of particle
velocities and diffusion constant of moving particles. Then the
diffusion constant was used to determine the Stokes diameter of
suspended particles [21]. Here Stokes diameter is defined by the
diameter of spherical particle with same velocity and density of
the suspended particle. And the zeta potential was extracted
from the relation of particle mobility, fluid viscosity, and
dielectric constant of liquid [22]. The measured size with this
method is that of primary particles or clusters of particles in
motion. This real size distribution of the particles of clusters is
so called “hydrodynamic diameter” in the suspension.

The stirrer used in preparing CB—water and Ag—silicon oil
nanofluids had 4 blades. The revolution speed and time of blades
were 1500 rpm and 2 h, respectively. Two types of sonicators
were also employed in this study. One was the ultrasonic bath
(40 kHz) and the other was the ultrasonic disruptor (20 kHz,
350 W). Ultrasonic wave has been transferred to the test sample
through water for the ultrasonic bath while it has been pro-
pagated directly to the test sample from a vibrating horn for the
ultrasonic disruptor. The suspensions were sonicated for 1 h for
both the ultrasonic bath and disruptor. There was no appreciable
change in suspended particle morphology with more than 1 hour
sonication.

As another two-step method for producing a nanofluid,
we employed a high-pressure homogenizer (Model No. M-
110LCE, Microfluidics, Inc.). Fig. 2 presents the schematic
diagram of the high-pressure homogenizer, which is consisted of
two micro-channels, dividing a liquid stream into two streams.

Ending Particles

Outlet
Reservoir
4
Patented f\
Interaction * * FIXED GEOMETRY
Chamber K’

A%

|-

Pressure gauge

v |

Fig. 2. Schematic diagram of the high-pressure homogenizer for producing nanofluids.
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Fig. 3. Schematic diagram of the modified magnetron sputtering system for producing nanofluids.

The both liquid streams divided were then recombined in a
reacting chamber. Here the significant increase in the velocity of
pressurized liquid streams in the micro-channels resulted in the
formation of cavitations in the liquid [23]. The high energy of
cavitations was used to break the clusters of nanoparticles [24].
In this work, the nanoparticle suspension flows through a tube
with the inner diameter of 3 mm prior to the interaction cham-
ber in the high-pressure homogenizer. When the suspension
reached inside the interaction chamber, it is designed to flow
through the microchannel with the inner diameter of 75 pm. In
such a contracting flow condition, the flow velocity of the
suspension flowing through the microchannel should be in-
creased up to ~1600 times according to Bernoulli’s theorem,
and simultaneously cavitation phenomena are significantly oc-
curred. In this fast flow region, particle clusters must be broken
by the combination of various mechanisms, including (i) strong
and irregular impaction on the wall inside the interaction cham-
ber, (ii) microbubbles formed by cavitation-induced exploding
energy, and (iii) high shear rate of flow. This leads us to finally
obtain very homogeneous suspensions with less aggregated
particles. CB—water and Ag—silicon oil nanofluids were pro-
duced at the applied pressure of 18,000 psi, and then the
nanofluids were passed through the high-pressure homogenizer
over 3 times repeatedly to obtain sufficiently homogeneous
nanoparticle distribution in the base fluids. As the results shown
later, the particle clusters has been broken into the size of the
primary particle size after 3 pass treatment at the pressure of
18,000 psi.

As a one-step method, we also employed the modified
magnetron sputtering system. Fig. 3 shows the schematic
diagram of the magnetron sputtering system for producing
nanofluids [25,26]. The vacuum in the chamber was pumped

down to 1x10”° torr by a diffusion pump. After filling the
chamber with argon (Ar) gas up to a desired gas pressure,
a constant Ar gas flow rate ranging from 15 to 50 cm’/min
was adjusted. The sputtering Ar gas pressure was fixed at
1x102 torr for producing Ag nanoparticles. The target sub-
strate was a rotating drum dipped into the reservoir of silicon
oil. The rotational speed was varied from 0 to 10 rpm. The
distance between Ag sputtering target and drum was fixed to
8 cm. The Ag particles sputtered directly dispersed in the thin
film of silicon oil formed on the rotating drum. To avoid
agglomeration of the Ag particles, the oleic acid (1 wt.%) was
dissolved in the base fluid prior to the sputtering process. For a
transmission electron microscope (TEM) sample preparation,
TEM grid was manually dipped into the sonicated solution,
which had the mixing ratio of particle suspension:acetone =
1:10 in volume.

3. Results and discussion

To see the effect of physical treatment on the suspended
particle morphology, we performed TEM analysis for two-step
method-assisted CB nanoparticles in DI-water nanofluids seen
in Fig. 4. Without any physical treatment, CB nanoparticles
with surfactant were highly agglomerated in DI-water (see
Fig. 4a). After using the stirrer, there was no appreciable change
in particle morphology (see Fig. 4b) However, after using the
ultrasonic bath and ultrasonic disrupter, the size of agglomer-
ated particles and number of primary particles in a particle
cluster was significantly decreased (see Fig. 4c and d). As one
can see in Fig. 4e, the high-pressure homogenizer was found to
be the most effective method to deagglomerate the CB
nanoparticles in the suspensions.
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(¢) Ultrasonic bath

(d) Ultrasonic disruptor

(e) High-pressure homogenizer

Fig. 4. TEM images of CB nanoparticles in water-based nanofluids prepared by two-step methods. (The inserted scale bar is 200 nm).

Fig. 5 shows TEM images of Ag nanoparticles in silicon
oil-based nanofluids. Without any physical treatment, the Ag
nanoparticles dispersed in silicon oil with the presence of
surfactants were observed to have high level of agglomeration
in the silicon oil, and the average diameter of Ag particles
was found to be 335 nm. As previously observed from CB-
water nanofluids, the stirrer does not seem to be an effective
method to break down the size of the Ag nanoparticle clusters
(see Fig. 5b). Even both sonication methods did not seem to
provide sufficient energy to break the particle clusters as seen
in Fig. 5c and d. The high-pressure homogenizer was found to
effectively break down the agglomerated particles as seen in
Fig. Se. The particle morphology in Fig. 5e is a little bit

different with the others. When a suspension go through the
microchannel inside the interaction chamber, particle clusters
in the suspension undergo extremely strong impactions on the
inside wall of the interaction chamber, which is coated with a
diamond layer in this study. Because diamond coating layer
has much higher hardness than silver, silver nanoparticles was
presumably worn and rounded by the strong impaction, which
resulted in a little different morphologies.

To corroborate the effect of each physical treatment on the
level of particle deagglomeration, we measured particle size
distributions for each CB-DI-water and Ag-silicon oil
nanofluid prepared by two-step methods as shown in Fig. 6.
Without any physical treatments, the average diameter of CB
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Fig. 5. TEM images of Ag particles in silicon oil-based nanofluids prepared by two-step methods. (The inserted scale bar is 50 nm).

and Ag particles measured were 585 nm and 335 nm, re-
spectively. After using various physical treatment techniques
including the stirrer, the ultrasonic bath, the ultrasonic disruptor
and the high-pressure homogenizer, the average diameter of CB
nanoparticles was reduced to 182 nm, 147 nm, 66 nm, and
45 nm (see Fig. 6a), respectively, while for Ag nanoparticles,
the average diameter of particles was reduced to 150 nm, 90 nm,
40 nm, and 35 nm (see Fig. 6b), respectively. These results
indicate that the mechanical energy and cavitation energy gen-
erated by the stirrer and ultrasonication were not sufficient to
break down the clusters of primary particles. However, the high-

pressure homogenizer was able to provide sufficient energy to
deagglomerate the particle clusters with the combination of
cavitations, shear force, and strong impaction on the nanopar-
ticle clusters.

Now, we turn our attention to a one-step method for en-
hancing the dispersity of nanoparticles in the base fluid. To
generate Ag nanoparticles, we employed the modified magne-
tron sputtering system, in which sputtered Ag nanoparticles
were directly impacted on the silicon oil thin film formed on a
rolling drum (see Fig. 3) for 20 min. Fig. 7a presents the TEM
image of Ag nanoparticles produced by our modified magnetron
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Fig. 6. The particle size distributions in nanofluids as a function of the dispersion methods.

sputtering system. For the TEM analysis, Ag—silicon oil nanofluid
was diluted with acetone with volume mixing ratio of nanofluid:
acetone = 1:10. The Ag nanoparticles were relatively uniform with
the primary size of less than 5 nm. This was also verified by
particle size distribution measurement performed by ELS (see
Fig. 7b), indicating that average diameter of Ag nanoparticle was
~3 nm and the particles were well-dispersed in the silicon oil
because no agglomerated particles with larger particle diameter
were observed. We believe that the formation of well-dispersed
~3 nm primary particles with less agglomeration was presumably
resulted from the suppression of coagulation process between Ag
primary particles in surfactant-presented base fluid. After
producing Ag-silicon oil nanofluids with the assistance of the
modified magnetron sputtering system, no sedimentation was

observed for ~60 days, indirectly indicating the long-term stability
of the prepared Ag—silicon oil nanofluid.

To evaluate the dispersion stability of nanofluids prepared by
various dispersion methods, we measured the zeta potential
values of the CB nanoparticles dispersed in DI-water using
ELS. The values of zeta potential ({) can be calculated by the
Helmholtz—Smoluchowski equation [24],

{=nU/e (1)

where U is the electrophoretic mobility, and u and ¢ are the
viscosity and the dielectric constant of the liquid in the boundary
layer, respectively.

The measured zeta potential of the CB nanoparticles
suspended in water without surfactant prepared by the ultrasonic
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disruptor was found to be —1.27 mV at pH 7.5. However, with
the simple addition of the SDS (1 wt.%), the zeta potential of the
CB nanoparticle fluid was significantly reduced to —26.25 mV at
the same pH level of 7.5. The zeta potentials of surfactant-added
CB suspensions prepared with no physical treatment, stirrer,
and high-pressure homogenizer were —20.84, —25.11 mV and
—26.92 mV, respectively. The zeta potential values of suspen-
sions with surfactant treatment are almost similar. The small
differences in zeta potentials measured for each type of physical
treatment are in the range of measurement error. This indicates
that the addition of SDS in CB nanofluids is presumably resulted
in the strong electrostatic repulsion between the CB nanopar-
ticles regardless of physical treatment, and it promotes the
stabilization of the CB nanofluids.

Fig. 8 shows that the zeta potentials of the CB suspensions as
a function of pH without and with SDS. These suspensions were
prepared with the high-pressure homogenizer. Without SDS
addition, the zeta potential of CB suspension was significantly
decreased with increasing pH value. However, with the con-
trolled-amount addition of SDS, the zeta potential of the CB

Particles number fraction (%)
Cumulative (%)

0
1 34 114 385 130
Particle diameter (nm)

(b) Particle size distribution

Fig. 7. (a) TEM image and (b) the size distribution of Ag particles in silicon oil-
based nanofluids prepared by the modified magnetron sputtering system (i.e.
one-step method).
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Fig. 8. The evolution of zeta potentials of the water-based CB nanofluids as a
function of pH (a) without SDS and (b) with SDS (1 wt.%).

suspension remained at relatively low negative charge range
regardless of pH value, indicating that the hydrophilic segment
of the SDS added was presumably negatively ionized in the
broad pH ranges [15].

After preparing various stable nanofluids, we previously mea-
sured the thermal conductivity of various nanofluids [27]. We
observed that the relative thermal conductivity of nanofluid to pure
fluid was reached up to ~5% enhancement for CuO (1 Vol.%)-
water nanofluid, ~9% enhancement for CuO (1 Vol.%)-E.G.
nanofluid, and ~3% enhancement for fullerene (1.5 Vol.%)-
mineral oil, which were kept constant due to the stability of the
prepared nanofluids. To ensure the constant thermal properties of
nanofluids, it is important to prepare nanofluids with the dispersion
stability [28].

4. Conclusions

In this work, we produced the CB—water and Ag—silicon oil
nanofluids using two-step methods with the assistance of the
stirrer, the ultrasonic bath, the ultrasonic disruptor and the high-
pressure homogenizer, and also we produced Ag—silicon oil
nanofluids using the one-step method with the assistance of the
modified magnetron sputtering system.

Among the two-step methods, the most stable nanofluid was
prepared by the high-pressure homogenizer. It is believed that the
highly agglomerated nanoparticles were able to be easily broken
by the combination of strong shear force and cavitation generated
by the high-pressure homogenizer. We also observed that
extremely stable nanofluid was able to be produced by the one-
step method, in which we employed the modified magnetron
sputtering system. The average diameter of Ag particles produced
by the magnetron sputtering method was ~3 nm, and no sed-
imentation was observed for 60 days. It is noted that the sur-
factants (i.e. SDS or oleic acid) plays key role to prepare stable
nanofluids by increasing the magnitude of the zeta potential.

To get stable nanofluids, one should employ the high energy-
assisted deagglomeration process of particle clusters dispersed
in a base fluid with suitable surfactants. In this work, we have
systematically tested the effect of various physical dispers-
ing methods on dispersity and stability of nanoparticles in
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nanofluids, which may provide useful guidelines for choosing a
suitable method to prepare stable nanofluids in various nano-
fluid-based applications.
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