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a b s t r a c t

SnO2 nanofluids were prepared by dispersing tin dioxide nanoparticles in deionized (DI) water as a base
fluid. 4–5 nm tin dioxide crystals were synthesized via chloride solution combustion synthesis (CSCS)
using SnCl4 and sorbitol as a novel precursor and the fuel, respectively. Ammonium nitrate was also
used as the combustion aid. The molar ratio of sorbitol plus ammonium nitrate to SnCl4 was set at unity;
whereas, the molar ratio of sorbitol-to-ammonium nitrate divided by that of stoichiometric value (˚) was
varied in the range of 0.5–1.4 in order to find the optimum values of specific surface area for the CSCS
technique. Transition electron microscopy (TEM), scanning electron microscopy (SEM), powder X-ray
diffraction (XRD), and Brunauer–Emmet–Teller (BET) techniques were employed for the characterization
of the nanoparticles. Since SnO2 nanoparticles form clusters within fluids, the fluids were ultrasonicated
to improve the dispersion and stability of the nanoparticles. The colloidal stability of the SnO2 nanofluids
was quantitatively characterized by UV–vis spectrophotometric measurements. The results of the UV–vis

experiments indicate higher dispersion together with enhanced stability for the nanofluid prepared by
SnO2 nanoparticles synthesized at ˚ = 1.0. After 500 h sedimentation time, the relative concentration of
the nanofluid with the highest stability is remained at around 77% of the initial concentration of the fluid.

A transient hot-wire apparatus was used to measure the thermal conductivities of the nanofluids. In
addition, the effects of pH and temperature on the thermal conductivity were also investigated. At 353 K,
for the nanofluid prepared by SnO2 nanoparticles synthesized at ˚ = 1.0 at a weight fraction of 0.024%,

nhan
thermal conductivity is e

. Introduction

With an ever-increasing thermal load due to trends toward
maller microelectronic devices, greater power output for engines,
nd brighter beams for optical devices, cooling of such devices
nd related systems is a crucial issue in high-tech industries such
s microelectronics, transportation and advanced nuclear systems.
he conventional approach for increasing cooling rates is the use
f extended surfaces such as fins and microchannels. However,
urrent designs have already stretched this approach to its limits.
herefore, there is an urgent need for new and innovative concepts

o achieve ultra-high-performance cooling. It has been recognized
or a long time that the fluid suspensions of solid particles pro-
ide useful advantages in industrial fluid systems, including heat
ransfer fluids, magnetic fluids, and lubricant fluids [1,2]. The key
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ced up to about 8.7%, with an optimal pH = 8.
© 2009 Elsevier B.V. All rights reserved.

idea is to exploit the very high thermal conductivities of solid par-
ticles, which can be hundreds or even thousands of times greater
than those of conventional heat transfer fluids such as water and
ethylene glycol.

Nanofluids, i.e. fluid suspensions of nanometer-sized solid par-
ticles and fibers, have been firstly proposed by Choi [3] as a route
for surpassing the performance of common heat transfer liquids [4].
The much larger relative surface area of nanoparticles, compared to
those of micro-scale particles, not only significantly improves heat
transfer capabilities, but also increases the stability of the nanofluid
suspensions. The enhancement of thermal-transport properties of
such “nanofluids” is even greater than that of suspensions of coarse-
grained materials [5–7]. Keblinski et al. [8] listed four possible
explanations for the cause of an anomalous increase of thermal con-
ductivity: Brownian motion of the nanoparticles, molecular-level

layering of the liquid at the liquid/particle interface, the nature of
heat transport in the nanoparticles, and the effects of nanoparticles
clustering.

Although such suspensions do indeed exhibit the appropriate
augmentation in thermal conductivity, they suffer from stability

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:sajjad.habibzadeh@mail.mcgill.ca
dx.doi.org/10.1016/j.cej.2009.11.007
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nd rheological problems. Especially, the particles tend to swiftly
ettle out of suspensions thereby cause severe clogging, partic-
larly, in mini- and microchannels. Contrary to the milli- and
icrosized particle slurries explored in the past, nanoparticles are

elatively close in size to the molecules of the base fluid, and thus
an realize very stable suspensions with little gravitational settling
ver long periods of time [9]. Generally, there are two common
echniques for the preparation of nanofluids: the single-step [10]
nd the two-step method [11]. As compared to the single-step
ethod, the two-step technique shows better results for oxide

anoparticles, while it is lesser successful for metallic particles.
Many methods have been developed to synthesize SnO2

anoparticles [12–16]. Since the two-step method strongly
epends upon the method of synthesis of nanoparticles, we uti-

ize the SnO2 nanoparticles synthesized through a novel technique
amed chloride solution combustion synthesis (CSCS) [17]. Solu-
ion combustion synthesis (SCS) which have been developed over
0 years is a simple and single-step method to synthesize ultra-
ne powders of metal oxides. SCS method relies on a self-sustained
ombustion reaction between a fuel and an oxidizer. SCS typically
ses a metal precursor in the nitrate form. Reaction between the
uel and oxygen containing species, formed during the decom-
osition of the nitrite species, provides high temperature which
acilitates rapid interactions [18–25]. In addition, according to the
iterature, microwave has been used for fast and homogeneous
eating of the combustion synthesis solutions [17].

Since long-term stability is a crucial characteristic of nanofluids,
tudy of the colloidal stability of the nanofluids is of great impor-
ance. Nanofluids dispersing carbon nanotubes, copper, aluminum
nd their oxide, titania [26–32] nanoparticles have been widely
nvestigated by many researchers. However, tin dioxide, which
as excellent chemical and physical stability, is not widely used
lthough it is a cheap and commercially available mineral prod-
ct. In this work, for the first time, SnO2 nanofluids are prepared
y dispersion of tin dioxide nanoparticles in DI water as the base
uid. A microwave-induced combustion synthesis method using
in chloride precursor along with the ammonium nitrate salt as a
ombustion aid and sorbitol as the fuel, is used to prepare SnO2
anoparticles [17,33–34]. Three fuel-to-ammonium nitrate molar
atios are used for synthesis of different tin dioxide nanoparticles
n order to prepare nanofluids with various stabilities. The ultra-
onication technique is employed to disperse the nanoparticles
roperly and form nanofluids with high stabilities.

The surface chemical behavior changes the suspension stabil-
ty through surface charge states and thereby surface potential.
herefore, in the present study we have changed pH of the suspen-
ion systematically to control surface potential that can be reflected
y zeta potential. The effects of the pH value of the aqueous sus-
ension, the temperature of nanofluids and the weight fraction of
he dispersed SnO2 nanoparticles on the thermal conductivity have
een studied as well.

. Experimental

.1. Preparation of SnO2 nanoparticles

For preparation of SnO2 by the chloride solution combustion
ynthesis (CSCS) method, extra pure SnCl4, sorbitol and analytical
rade ammonium nitrate (all from Merck) were used as starting
aterials. Proper amounts of NH4NO3 and sorbitol were dis-

olved in a SnCl4 aqueous solution and the sample was heated at

100 ◦C and stirred for 10 min to remove excess water. The viscous

ransparent aqueous solution in a crucible was introduced into a
icrowave oven with 850 W microwave sources. The sample was

rought to the combustion temperature by microwave-induced
omogeneous heating. Spontaneous and self-propagating decom-
ring Journal 156 (2010) 471–478

position and/or combustion of the sample produce a large amount
of heat and gas. The whole combustion process takes about 3 min.
In order to eliminate possible carbonaceous residues and to stabi-
lize the microstructure of SnO2 powders, without excessive grains
growth, the as synthesized powder was subsequently calcined at
400 ◦C in air for 3 h. Powders were then centrifuged and washed
with distilled water in order to eliminate chloride ions and then
dried at room temperature.

The concentration of sorbitol for the stoichiometric reaction was
calculated using the propellant criterion as described by Jain et al.
[35]. Considering the following valences for the elements: C = +4,
H = +1, O = −2, N = 0, the oxidizing valence of NH4NO3 is −2 and
the reducing valence of sorbitol is +26, so the stoichiometric molar
ratio of NH4NO3/sorbitol is 13. The molar ratio of fuel-to-oxidant
divided by that of stoichiometric value (˚) and the ratio of fuel plus
oxidant to SnCl4 (� ) are also varied.

SnCl4 + NH4NO3 + 2
26

˚C6H14O6 + 1
2

(˚ − 1)O2

→ SnO2 + 12
26

˚CO2 + 4HCl + N2 + 14
26

˚H2O (1)

In the equation mentioned above, ˚ = 1 means that the initial
mixture does not require atmospheric oxygen for complete oxida-
tion of fuel, whereas ˚ > 1 (<1) implies fuel rich (lean) conditions.

2.2. Characterization of SnO2 powders

The crystalline structures and approximate sizes of the SnO2
samples were determined by X-ray powder diffraction (XRD) with a
Philips-X’pert diffractometer using Cu K� radiation (� = 1.54056 Å).
Crystal size of the SnO2 powders was determined by applying
Scherrer formula on (1 1 0) diffraction peak. The BET surface area
measurement was also carried out by nitrogen adsorption after
degassing of the samples at 300 ◦C for 2 h, using a Quantachrome
CHEMBET-3000 apparatus. Transition electron microscopy (TEM)
and scanning electron microscopy (SEM) of as synthesized SnO2
samples were done using Philips CM 200 and CamScan MV 2300,
respectively.

2.3. Preparation of SnO2 nanofluids

For the sake of simplicity, SN0.5, SN1.0 and SN1.4 stand for the
SnO2 nanoparticles synthesized at ˚ = 0.5, 1.0 and 1.4, respectively.
SN0.5, SN1.0 and SN1.4 nanofluids were prepared via a two-step
procedure by dispersing the nanoparticles in DI water as the base
fluid. Since no stabilizing agents, i.e. surfactants were added in the
preparation of nanofluids, it is expected that the nanoparticles form
clusters in nanofluid samples. In order to improve the dispersion of
particles in fluid samples, the nanofluids were ultrasonicated for 2 h
using the ultrasonic processor (Bandelin Sonoplus-HD3200 model,
power – 200 W, frequency – 20 kHz). Then zeta potential and parti-
cle size were measured by a Malvern Nano-ZS (Malvern Instrument
Inc., London, UK). The pH was controlled using hydrochloric acid
(HCl) and sodium hydroxide (NaOH) of analytical grade.

Ultrasonication is an external mechanical energy that helps
the particles to overcome the attractive van der Waals force at
contact. Even though the sonication cannot break nanoparticles
individually, the cluster of nanoparticles breaks into smaller clus-
ters resulting in the smaller clusters with higher stability.
2.4. Measurement of the thermal conductivity of nanofluids

Thermal conductivity measurement is preformed with a tran-
sient hot-wire technique, which is known as an accurate method for
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f a transient hot-wire apparatus.
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Table 1
XRD crystallite sizes estimated from Scherrer’s equation (dXRD), BET surface areas,
average particle sizes estimated from BET data (dBET), and dBET/dXRD as an indication
of degree of nanoparticles aggregation.

Sample Crystallite sizes
(dXRD, nm)

BET surface area
(m2 g−1)

Particle size
(dBET, nm)

dBET/dXRD

1.0 and 1.4 are presented in Fig. 3. The aggregation ratios of the sam-
ples (see Table 1) are confirmed by the SEM micrographs. Another
remarkable observation is the appearance of micron-size pores in
the samples. These pores are shaped by the expansion of large
Fig. 1. Schematic diagram o

etermining thermal conductivities of fluids. A schematic diagram
f the system used in this study is shown in Fig. 1. Pure platinum
ire with a diameter of 0.5 mm and length of 3 cm was used as a hot
ire. The wire is coated with Teflon to remove the effect of static

harge and electrical conductance of particles. Measured thermal
onductivities of the nanofluid are normalized to those of the base
uids. The thermal conductivity of the liquid is determined from
he temperature change of the wire and the heat generation.

In this apparatus R4 is a 20 � dummy resistor used to stabilize
he DC power supply. In the Wheatstone bridge, R1 is a 1 k� poten-
iometer, R2 is a 1 k� resistor, and R3 is a 19 � resistor and Rw is the
esistance of the platinum wire. In order to minimize temperature
uctuations, the hot-wire cell was placed in a thermostatic bath at
he control temperature for which the thermal conductivity mea-
urements were performed. The energy equation of this system is
ritten from Fourier’s law as:

1
˛

∂T

∂t
= 1

r

∂

∂r

(
r

∂T

∂r

)
(2)

And the thermal conductivity k is calculated from following
quation [36]:

= I2R

l
(3)

= q

4�(T2 − T1)
ln

(
t2

t1

)
(4)

here R is the resistance of the wire, l is the wire length, and I is
he electric current. ˛ is the thermal diffusivity, T1 and T2 are the
emperatures at time t1 and t2, and q is the applied electrical power.
rom the temperature coefficient of the platinum wire’s resistance,
he temperature rise can be determined by the change in its electri-
al resistance with time. Using distilled water and ethylene glycol
s standard liquids of known thermo-physical properties, the mea-
urements of the hot wire are calibrated. The temperatures are
ecorded every 0.01 s during 1 s to be used in Eq. (4) to calculate
he thermal conductivity.

. Results and discussion

The X-ray diffraction patterns of the samples prepared by chlo-
ide solution combustion synthesis (CSCS) method and calcined at
00 ◦C for 3 h at lean, stoichiometric, and rich fuel conditions are

llustrated in Fig. 2. The characteristic peaks of the cassiterite phase

JCPDS No. 41-1445) at 26.6, 33.8 and 51.8 two theta degrees and
ssociated h k l Miller indexes of (1 1 ), (1 0 1) and (2 1 1), respec-
ively, have been identified in the XRD patterns. The Scherrer’s
rystallite sizes obtained from the XRD patterns are summarized
n Table 1. The average crystallite size decreases as ˚ increases
SN0.5 5.3 85.6 10.0 1.89
SN1.0 4.3 171.6 5.0 1.08
SN1.4 4.3 126.8 6.8 1.58

from 0.5 to 1.0. The difference between crystallite and particle
sizes sharply decreases at ˚ = 1.0 to a minimum of 0.7 then slightly
increases as ˚ increases to 1.4. This may indicate the lowest degree
of aggregation, which leads to the highest surface area, for the sto-
ichiometric fuel-to-oxidant ratio (˚ = 1.0).

Scherrer crystallite sizes, BET surface areas and estimated parti-
cle sizes of the SnO2 samples synthesized at � = 1.0 and various
˚’s are listed in Table 1. Assuming spherical loose particles,
the BET average particle sizes (dBET) are estimated by equation
d = (6000/SBET × �), where SBET is BET surface area (m2/g) and � is
skeletal density (g/cm3). The ratio of the size of particles to that of
crystallites, i.e. dBET/dXRD, which can be considered as a good rep-
resentation of aggregation of the nanoparticles is also presented in
Table 1.

SEM micrographs of as synthesized samples prepared at ˚ = 0.5,
Fig. 2. XRD patterns of SnO2 at various fuel-to-oxidant ratios: (a) ˚ = 0.5, � = 1.0;
(b) ˚ = 1.4, � = 1.0; (c) ˚ = 1.0, � = 1.0.
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Fig. 3. SEM micrograph of SnO2 prepared by CSCS

mounts of gas bubbles produced during the combustion. The bub-
les pass through the synthesized sample resulting in micro-scale
oles in the samples, as observed in the SEM micrographs. Fig. 3b
hows small pores of about 50 nm size in SN1.0 sample.

The transition electron micrograph (TEM) of SnO2 nanoparticles
t fuel-to-oxidant 0.5 and 1.0 synthesized through chloride solution
ombustion synthesis are shown in Fig. 4. It is seen that the size of
gglomeration at SN0.5 is larger than that of SN1.0.

Fig. 5 illustrates the particle size distributions of SN0.5 and SN1.0
ano-suspensions. The discrepancies in the particle size charac-
eristics between two samples are evident. It is shown that the

verage particle sizes of SN1.0 and SN0.5 are 69 and 152 nm, respec-
ively.

Recently, a new method which can be used to assess the suspen-
ion concentration of nanofluids with increasing the sedimentation
ime has been reported in the literature [37]. The stability of
0.5, � = 1.0; (b) ˚, � = 1.0 and (c) ˚ = 1.4, � = 1.0.

nanofluids is estimated by a UV–vis scanning spectrophotometer
(SpectroFlex 6600).

Fig. 6 illustrates that the peak absorbance of SN0.5 and SN1.0
in DI water-based suspensions appear at 292 and 299 nm, respec-
tively. The absorbance of SN0.5, SN1.0 and SN1.4 in DI water
suspensions decreases with increasing sedimentation time. A lin-
ear calibration curve, as shown in Fig. 7, was constructed at
wavelengths of 287, 292 and 299 nm for SN1.4, SN0.5 and SN1.0
nanofluids, respectively. The calibration curves were developed in
the range of 0.01–0.025 wt% of the SnO2 nanoparticles in the base
fluid. The concentration of the supernatant particles in nanoflu-

ids was determined by fitting the absorbance to the calibration
curve.

Fig. 8 shows the colloidal stability of the prepared nanofluids
according to the results of UV–vis tests and based on initial con-
centration of the fluids, i.e. C0 = 0.024 wt%. The trend of supernatant
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the IEP, which results in the enhanced mobility of nanoparticles
in the suspension [32]. The microscopic motions of the particles
cause microconvection that enhances the heat transport process.
It is also observed as the pH goes away from the IEP, the surface
Fig. 4. Transition electron mic

article concentration (C) in the base fluid as a function of the
edimentation time is always downward. In addition, the stabil-
ty of nanofluids is completely dependent upon the parameters of
he synthesis method, so that the nanofluid prepared by nanopar-
icles synthesized at ˚ = 1.0 is very stable, while a poor stability
s observed for that prepared by SN1.4. It should be noted that
fter 500 h, relative concentration of SN1.0 nanofluid is remained
o about 77% compared to initial concentration (C0). It would be of
nterest to consider that the aggregation ratio (Table 1) of SN1.0, i.e.
.08 is smaller than that of other samples, which is inline with the
tability results. Furthermore, the SN0.5 nanoparticles have higher
ggregation ratio compared to the SN1.4 sample (see Table 1);
evertheless, the nanofluid of SN0.5 nanoparticles is more stable
han that of SN1.4. It can be ascribed to the nature of agglomera-
ion which may be different in the samples. In other words, hard

gglomeration of SN1.4 nanofluid is responsible for its difficult dis-
ersion, resulting in lower stability of SN1.4 nanofluid.

Figs. 9 and 10 show the zeta potential and the thermal con-
uctivity enhancement for SN1.0 (0.024 wt%) suspensions as a

Fig. 5. Particle size distribution of (a) SN0.5 and (b) SN1.0.
ph of (a) SN0.5 and (b) SN1.0.

function of pH. The overall behavior of the particle–water inter-
action depends upon the properties of the particle surface. At the
isoelectric point (IEP), the repulsive forces among SnO2 nanoparti-
cles are zero and nanoparticles will coagulate together under this
pH value. Therefore, when the pH value is equal to or close to the
IEP in the minimum surface charge state, SnO2 nanoparticles sus-
pension is unstable. The hydration forces among particles increase
with the increasing difference of the pH value of a suspension from
Fig. 6. UV–vis spectrum of SnO2 nanoparticles in DI water.
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ig. 7. Relationship between light absorption and concentration of SnO2 in DI water
t maximum wavelengths.

harge increases because of strongly repulsive double-layer (inter-
acial) force according to the DLVO theory [38,39] generated by the
ery high surface charges, leading to an increase in the zeta poten-
ial on the SnO2 powder surface [40]. As can be seen the thermal
onductivity increases with increase of pH value from 3.0 to 8.0.
ne can observe that there are more surface charges at around pH
.0, at which the dispersion behavior is better and thereby the ther-
al conductivity is higher. Under strong acidic conditions or strong

asic conditions, thermal conductivity ratios have a tendency to
ecrease. It may be attributed to the decreasing of the absolute

alue of zeta potentials in this range of pH, because under the both
onditions, more H+ ions and OH− ions are needed to adjust pH
alues.

Thermal conductivity enhancement of nanoparticles synthe-
ized at various fuel-to-oxidant ratio suspensions as a function

ig. 8. Relative supernatant particle concentration of nanofluids with sedimenta-
ion time.
Fig. 9. . Effect of pH on zeta potential of SN1.0 (0.024 wt%) nanofluid.

of solid weight fraction is depicted in Fig. 11. The thermal con-
ductivities of nanofluids are enhanced with increase of the SnO2
nanoparticles weight fraction. The maximum thermal conductivity
enhancement of 7.0% is observed at the 0.024 wt% suspension.

The effect of temperature on the enhancement of thermal
conductivity of nanofluids is also investigated by measuring the
thermal conductivity of nanofluids for different temperatures
ranging from 293 to 353 K. As observed in Fig. 12 the thermal con-
ductivity of SN1.0 nanofluid increases by about 8.7% at 353 K. The
thermal conductivity of different nanofluids increases significantly
with the fluid temperature. This is because the high fluid temper-
ature intensifies the Brownian motion of nanoparticles and also

decreases the viscosity of the base fluid. With an intensified Brow-
nian motion, the contribution of microconvection in heat transport
increases which results in increased enhancement of the thermal
conductivity of nanofluids.

Fig. 10. Effect of pH on thermal conductivity of SN1.0 (0.024 wt%) nanofluid.
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Fig. 11. Thermal conductivity enhancement of nanoparticles synthesized at various
fuel-to-oxidant ratio suspensions as a function of solid weight fraction.

F
f

4

b
c
n
p
p
h
t

t
c
u
c
c

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ig. 12. Thermal conductivity enhancement of nanoparticles synthesized at various
uel-to-oxidant ratio suspensions as a function of temperature.

. Conclusion

Stability of nanofluids of tin dioxide prepared by a novel com-
ustion synthesis method at lean, stoichiometric and rich fuel
onditions have been estimated by UV–vis analyses. Stability of
anofluids is strongly affected by the characteristic of suspended
articles. The experimental results disclose that the nanofluid pre-
ared by SnO2 nanoparticles synthesized at ˚ = 1.0 (SN1.0) with
igher surface area, lower aggregation ratio and thereby fine crys-
allite size is the most stable nanofluid.

Thermal-transport behavior of nanofluids is highly affected by
he dispersion and stability of nanoparticles in a base fluid. Thermal

onductivity enhancement of prepared nanofluids was measured
sing the transient hot-wire method. It was shown that thermal
onductivity enhancement depends upon the pH value, nanoparti-
les concentration and temperature. The results also show there

[

ring Journal 156 (2010) 471–478 477

are more surface charges at around pH 8.0, at which the ther-
mal conductivity is higher. The maximum thermal conductivity
enhancement of up to 8.7% is observed for SN1.0 at 353 K.
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