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This study investigates the shelving stability of dispersed aluminium nanoparticles in water mixtures fabricated by the conventional and
the controlled bath temperature two-stepmethods. The nanofluidswere prepared withwater of pH 9 and nanoparticles of 0.1–1.0 vol.%.
A bath type ultrasonicator was employed for dispersing the nanoparticles into the base fluid. The sonication process, for all as-prepared
samples, lasted for 4 hours and was either device bath temperature uncontrolled or controlled in the range of 10–60°C. Furthermore, the
stability of the as-produced nanosuspensions was evaluated using the sedimentation photograph capturingmethod by capturing images
at equal intervals of time for 12 hours then analysing the data based on the sample sedimentation height ratios. It was found that the
sedimentation behaviour of the nanofluids fabricated via the controlled temperatures of less than 30°C was of dispersed
sedimentation type, while those produced by the conventional method and the fixed temperatures of 30°C and higher were of
flocculated sedimentation type. In addition, increasing the controlled sonication temperature has shown to increase the settling
process of the sediments. Moreover, the rise in nanoparticle concentration was seen to reduce the variation in sedimentation height
ratio between the fixed temperature samples. A comparison between the two fabrication methods has shown that the 30°C
nanofluids had better short- and long-term stability than the conventionally produced suspensions.
1. Introduction

Aluminium (Al) is one of the most abundant crystal
metals found on earth, which due to its capability of being
fully recyclable, it is considered as a very sustainable mate-
rial. The element itself and its alloys possess valuable elec-
trical, mechanical, and thermal properties, which make
their usages in various fields, such as construction and
building, electrical engineering, and packaging favourable
to the industry. Because of its relatively low density of
2700 kg/m3, Al is known to be the lightest among most,
if not all, commonly used metals [1]. The low density and
promising properties of Al have, for long time, attracted
manufacturers, especially in the automotive sector, to employ
this element in fabricating their constructions and machined
parts, so that the overall weight of the vehicles can be signif-
icantly reduced, and hence, the fuel consumption and CO2
emissions consequently get reduced alongside [2]. On the
nanoscale, colloidal solutions containing Al nanoparticles
(NPs) or its oxides (known as nanofluids) have been fre-
quently reported as promising advanced working fluids that
exceed conventional liquids in their heat transfer perfor-
mance [3]. This is because the nanofluid effective thermal
conductivity, which is the net thermal conductivity of the
mixture, is seen to have a value within the range of the
particles and the hosting fluid thermal conductivities.
The highest effective thermal conductivity in any fabri-
cated nanofluid can be achieved by optimizing the colloidal
stability, which means that the dispersion of NPs needs to
be maintained in a homogeneous manner at all time;
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Figure 1: Forms of sedimentation mechanism in unstable nanofluids, where t represent the settling time and t0 < t1 < t2 < tf [6].
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otherwise, its thermal, along with the physical, properties will
gradually degrade [4].

Often this is hardly even possible, as one of the main
challenges that is associated with nanofluids is their poor sta-
bility, whereby the NPs tend to attract each other into form-
ing different sizes of clusters of particles or agglomerations.
The reason behind such attraction behaviour was previously
found to be due to the imbalance between the electrostatic
repulsion force caused by the electrical double layers on the
particle large surface area and the strong van der Waals force
of attraction among the NPs [5].

Furthermore, the gravitational force tends to separate the
agglomerated particles from the base fluid causing the sedi-
ments to settle at the bottom of the hosting fluid, and hence,
the kinetic stability of the nanofluid gets negatively impacted.
There are three types of sedimentation behaviours that can be
observed in any unstable nanofluid [6], which are (1) dis-
persed sedimentation, (2) flocculated sedimentation, and
(3) mixed sedimentation. An illustration of the three differ-
ent types of sedimentation behaviours is shown in Figure 1.

Several methods were developed to evaluate the stabil-
ity of nanofluids, such as (1) zeta potential analysis, (2)
centrifugation method, (3) spectral analysis approach, (4)
3ω-method, (5) electron microscopy analysis, and (6) sed-
imentation photograph capturing method [4]. From all of
the aforementioned evaluation approaches, the sedimenta-
tion photograph capturing method is considered to be the
simplest, cheapest, and is a reliable approach for measuring
nanofluid stability [7, 8]. In this technique, images of the
change in sedimentation settling behaviour, due to gravita-
tional force, are captured within equal intervals of time; thus,
visual estimation of nanofluid shelf-life can therefore be
obtained [9]. It is important to note that this approach is con-
sidered as a qualitative method rather than a quantitative
one. On the other hand, the parameters that influence the
stability of any fabricated nanofluids are the type of nanoma-
terial used, concentration, particle size, morphology, and
density of the solid particles, as well as the kind of base fluid
used and its temperature; while the shape and size of the
cluster depend greatly on the liquid pH value, surfactant
(if added), sonication power intensity, and duration of
mixing. Modifying one or more of the previously men-
tioned parameters can help in improving the homogeneity
and dispersion of the NPs within the nanofluid.

Our review of the available literature [10, 11] has shown
that, when using an ultrasonicator for preparing nanofluids,
the device bath temperature gradually rises with time, and
that the highest temperature is constrained by the surround-
ing atmospheric conditions of the site. This fact needs to be
factored in when considering the reproducibility and com-
mercial production of the nanofluids in large scale as different
ultrasonic devices and/or surrounding atmospheric condi-
tions would lead to varying the thermophysical properties
and stability of the fabricated colloid.

Therefore, in this study, an evaluation of the stability of
dispersed Al NPs in water fabricated via the conventional
two-step method and the controlled sonication bath temper-
ature approaches was performed. The sedimentation photo-
graph capturing method was employed to determine the
nanofluid stability variation with time. The examined nano-
fluids were prepared at equal sonication time using different
concentrations of NPs, in the range of 0.1–1.0 vol.%. Further-
more, for the controlled temperature method, the ultrasoni-
cator bath temperature was fixed at a set of temperatures of
10°C to 60°C, while the conventional fabrication route was
initiated at room temperature conditions. Stability monitor-
ing for all as-prepared samples lasted for the same duration
of time. The outcome of this research is expected to widen
the understanding of both researchers and manufactures of
the significant and importance role of the production process
on the stability of nanofluids.

2. Experimental Procedure

2.1. Materials. A purity of 99.9% Al nanoparticles, of spheri-
cal particle shape and size between 40 and 60nm, were pur-
chased from SkySpring Nanomaterials Incorporated. A
set of 60mL clear glass vials, of 27.5mm outer diameter
and 140mm height, with screwed top were provided by
Sigma-Aldrich. Polypropylene holed caps, which include
a polytetrafluoroethylene (PTFE)/silicone septa for each,
were obtained from Sigma-Aldrich to seal the aforementioned
vials. Deionised water, produced by an Elga PR030BPM1-US
Purelab Prima 30 water purification system, was used as the
base fluid for the nanofluid preparation after adjusting its
pH value to 9, at an in-lab temperature of 25°C. The reason
behind selecting the liquid pH value to be 9 is because other
authors have reported high alumina nanofluid stability when
using water of pH ≤ 8 [12–14]. Therefore, a pH of 9 would
provide an unstable nanofluid that is close to the stability level,
which will enable us to conduct our research investigation.
Modification of the water pH was achieved by adding sodium
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Figure 2: Ultrasonicator bath temperature changes with operation time.
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hydroxide (NaOH) solution (1.09956, Titrisol®) to the liquid,
while beenmonitored by a calibrated HACHHQ11D portable
pH meter that is connected to a PHC20101 Intellical gel-filled
pH electrode. The accuracy of the pHmeter, as reported by the
manufacturer, is of ±0.002 pH, and the initial calibration of the
device was performed using commercial calibration fluids of
pH 4, 7, and 10 that were purchased from Metrohm USA
Incorporated.

2.2. Nanoparticle Characterization. Elemental test was per-
formed for the Al NPs through a 9 kW Rigaku SmartLab,
Japan, and X-ray diffraction (XRD) analyser and its software,
SmartLab Guidance, using a CuKα X-ray source with a dif-
fraction angle of 2θ and an incidence beam step of 0.2° to
determine the Bragg’s peaks of the elements contained in
the examined sample. The diffraction scanning angle range
was from 20° to 80°, with a scanning rate of 1°/min. A JEOL
JSM-6010LA InTouchScope™ scanning electron microscopy
(SEM) device and its integrated energy dispersive X-ray spec-
troscopy (EDS) analyser were used to check the morphology,
size, and level of oxidisation of the as-received Al powder.
The SEM images were recorded at two different magnifica-
tions by the secondary electron mode from the surface region
of the tested sample. It is important to note that the SEM and
EDS analyses were conducted at a working distance of 10mm
from the sample with an accelerating voltage of 20 kV to
reduce any possible damages to the examined powder, and
that the operating software used was InTouchScope 1.12.
The density of the NPs ðρnpÞ was obtained to calculate the
Al powder volumetric concentration, which is part of the
nanofluid fabrication process requirement. This was done
by first measuring the Al sample weight, using an ae-
ADAM PW 214 analytical balance of 0.0001 g readability
and ±0.0002 g accuracy. Then, the weighted powder was
placed inside a HumiPyc™ Model 1 gas pycnometer-
volumetric analyser, which operated at 25°C, to obtain
the density of the sample from its input mass and the
volume measured by the instrument.

2.3. Nanofluid Fabrication. Each nanofluid sample was pre-
pared by placing the NPs first inside the vial then injecting
20mL of as-prepared water, using a disposable syringe, on
top of the nanopowder after which the vial was tightly sealed
using the provided caps. The concentrations of NPs used
were 0.1, 0.5, and 1.0 vol.%, for each experimental setup,
which was calculated by using the mixing theory (Equations
(1) and (2)) that is widely used by many researchers in the
field [4, 15].

Vnp =
mnp

ρnp
, ð1Þ

f V =
Vnp

Vnp +Vbf
, ð2Þ

where f V , Vnp, Vbf , and mnp are the NP concentration, vol-
ume of NPs, volume of base fluid, and mass of NPs, respec-
tively. The vial containing the solution was then placed
gently in a Soniclean Company benchtop bath type ultra-
sonic vibrator, running at 100% power (43 kHz pulse) and
filled with water to the recommended operating level by the
manufacturer, to agitate the mixture. This kind of particle
dispersion method is known as the two-step approach, which
is a common procedure used for the production of nano-
fluids by many researchers [4, 16]. The fabrication process
then took one of the following two routes: (1) conventional
two-step method, where the sonicator bath temperature
initially starts at 25°C and ends at 54°C, without external
interference (Figure 2); and (2) controlled temperature
two-step approach, where the device bath temperature
was controlled for a set of temperatures from 10°C to
60°C, with a margin of ±1°C. It is worth noting that the
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lab temperature where the nanofluid preparations were con-
ducted at was 25°C, surfactants or dispersing materials/-
chemicals were not used, sonication duration was 4 hours
for all as-fabricated nanofluids, and the bath temperature
was maintained by gradually adding hot or cold water inside
the ultrasonic tank and extracting any access water from the
device via the attached ejection valve. Figure 3 demonstrates
the schematic procedure used for the nanofluid preparation.

2.4. Stability Measurements. To determine the natural set-
tling behaviour of the nanosuspensions, the as-sonicated
nanofluids were placed individually on a measuring stand
to allow the separation mechanism to take place under grav-
itational force after which their sedimentation heights were
measured with respect to time by capturing their photogra-
phical images, using a Canon EOS 700D professional camera
that is equipped with a Sigma 105mm F2.8 EX DG micro
lens and a Phottix Company TR-90 remote switch with dig-
ital timer, at the start then for every 30 seconds for a total
duration of 12 hours. The configuration used for the stability
measurements is shown in Figure 4. Sediment height ratio
ðSHRÞ was later calculated in terms of the average sediment
height ðHSÞ (i.e., the average of both left and right sides of
the sediment) and total liquid height ðHTÞ, as illustrated in
Equation (3).

SHR = HS

HT
: ð3Þ

The accuracy of the two previously mentioned heights
(i.e., HS and HT) was within ±0.5mm. Furthermore, a com-
parison between the different preparation methods was per-
formed, via the obtained SHR’s, to evaluate the nanofluid
natural settling behaviour with time.

3. Results and Discussion

3.1. X-Ray Diffraction Analysis. The diffraction pattern of the
as-received Al NPs is shown in Figure 5. It can be observed
from the analysis, at angles 2θ = 20:46°, 40.80°, and 48.82°,
that the Al sample contains some traces of oxidation. The
aforementioned angles are indexed in the XRD pattern as
(020), (041), and (042), respectively. Furthermore, the crys-
tallite sizes (Dhkl) of the highest peaks of Al and α-Al2O3 have
shown to be about 50 nm, at (111), and 91nm, at (042),
respectively. The Dhkl values were obtained using the Scher-
rer formula [17–20], which is demonstrated in Equation (4).

Dhkl =
Fλ

βhkl cos θhkl
, ð4Þ

where F represents a constant value of 0.9, λ signifies the
wavelength of the CuKα X-ray radiation source and is equal
to 0.15405 nm, βhkl is the full width at half the maximum of
the ðhklÞ diffraction peak, and θhkl is the Bragg angle at the
ðhklÞ peak.
3.2. Aluminium Nanoparticle Morphology, Level of
Oxidisation, and Density. The SEM analysis of the as-
received nanopowder has shown that the morphology of
the examined NPs is of spherical shape and that some
agglomerations between the particles do exist, as illustrated
by the SEM patterns (Figures 6(a) and 6(b)). Moreover, the
size of the particles was seen to be roughly in the range of
50 to 95 nm. The observed growth in some of the NP sizes
(i.e., larger than the reported by the manufacturer) is due to
the formation of α-Al2O3 caused by the unavoidable expo-
sure of the sample to the surrounding atmosphere, when per-
forming the characterisation tests. This was also confirmed
by the previous XRD analysis and the EDS X-ray spectrum
(Figure 6(c)), which shows the present of oxygen within the
specimen. The EDS elemental percentages of the charac-
terised nanopowder are tabulated in Table 1. Furthermore,
the measured density of the Al NPs was found to be
3.22 g/cm3, with a standard deviation of 0:81 × 10−2 g/cm3.
Thus, using Equations (1) and (2), the amounts of NPs
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Figure 5: X-ray diffraction patterns of as-received aluminium nanoparticles.
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required to fabricate the 0.1, 0.5, and 1.0 vol.% of nanofluids
with 20mL of water are 64, 323, and 650mg, respectively.

3.3. Nanofluid Settling Behaviour. Settling characterisation of
the as-fabricated nanofluids has shown two types of sedimen-
tation behaviours, which are the dispersed sedimentation and
the flocculated sedimentation. The dispersed sedimentation
was observed by the nanofluids prepared with 0.1 and
1.0 vol.% at controlled temperatures of 10°C and 20°C, while
the other samples have illustrated a flocculated sedimenta-
tion settling mechanism. Such variation in settling behaviour
is believed to be caused by the timing of NPs oxidation, where
the reaction rate of the particles starts to prominently
increase, within the aforementioned samples of dispersed
sedimentation, after the sonication phase, in contrast to the
nanofluids of flocculated sedimentation behaviour which
most of its particles oxidise during the preparation stage.
This is clearly seen by the notable hydrogen generation in
the nanofluids that had experienced a dispersed sedimenta-
tion mechanism in comparison to the other as-fabricated
suspensions. The hydrogen production is due to the fol-
lowing two possible reactions between the Al NPs and
the hosting solution.

Al + 3H2O + NaOH⟶NaAl OHð Þ4 + 3/2H2 ð5Þ

NaAl OHð Þ4 ⟶Al OHð Þ3 + NaOH ð6Þ

Equations (5) and (6) can be summed up into the fol-
lowing overall reaction.

Al + 3H2O⟶Al OHð Þ3 + 3/2H2 ð7Þ
An example of the two previous settling behaviours is
demonstrated in Figure 7, and an in-depth discussion
and explanation of the significant role of water tempera-
ture on the hydrogen production rate from dispersing Al
can be found in Hiraki et al. published work [21].

Furthermore, the changes in the SHR of the as-prepared
nanofluids during the photographical analysis are shown in
Figure 8. It can be seen that the settling data of the nanofluids
sonicated at controlled 10–20°C has a different trend behav-
iour than the suspensions that were fabricated with higher
temperatures. This is expected and is associated with, as pre-
viously mentioned, the different types of sedimentation
mechanism formed due to the timing of the highest oxidation
rate occurrence within the samples. It was also found that ris-
ing the fabrication temperature, of the 0.1 and 0.5 vol.%
nanofluids, caused the NP settling mechanism to escalate
(Figures 8(a) and 8(b)) and hence increases the separation
between the water molecules and the hosted NPs. In addi-
tion, the SHR was seen to rapidly decrease at the early stages
of the nanofluid shelving time, reaching values as low as 0.44
and 0.47 within 64min, for the 0.1 and 0.5 vol.% suspensions
produced at 60°C, respectively. Such observation is expected
in most nanofluids and is known as the rapid settling region,
as reported by other researchers [4, 22]. In general, there exist
two phase separation speed regions; the first is the previously
introduced rapid settling region and the one beyond it is
called the slow settling region, where the settling speed highly
reduces along the shelving time period. On the other hand,
the effect of sonication temperatures, between 30 and 60°C,
on the suspensions of higher NP concentration (i.e.,
1.0 vol.%), has shown to have less influence on the stability
of the as-prepared nanofluids (Figure 8(c)). The divergence
in SHR between the conventional method and the controlled
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Figure 6: SEM and EDS analysis of the as-received Al nanopowder, where (a, b) are the SEM images of the sample at low and high
magnifications, respectively, and (c) is the EDS X-ray spectrum of the elements within the characterised specimen.

Table 1: EDS elemental percentage of the as-received Al
nanopowder.

Element Mass (%) Atom (%) Sigma Net K ratio

Aluminium 62.35 49.55 0.09 1582595 0.3617546

Oxygen 37.65 50.45 0.07 210593 0.1499887

Total 100 100 — — —
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temperature approach for the nanofluids, of 1.0 vol.%, has
shown to be at the end of the settling experiment (i.e., at time
720min) -44.4% (10°C), -31.3% (20°C), +10% (30°C), -6.1%
(40°C), -2.2% (50°C), and +2.3% (60°C) than the nanosus-
pension of uncontrolled bath temperature.

In general, the nanofluids that were fabricated at 30°C
have demonstrated better short- and long-term stability than
the ones produced by the conventional two-step approach, as
illustrated by the data in Figure 8 and the photographical
images shown in Figure 9, with the advantage of being repro-
ducible at different atmospheric conditions, as this is not pos-
sible with the uncontrolled temperature scheme.
4. Conclusion

Water-based colloid containing dispersed Al nanoparticles
has been characterised via the sedimentation photograph
capturing method to emphasize the role of the fabrication
approach on the stability of the mixture. Two procedures
were undertaken for the production of the as-prepared nano-
fluids, which are the conventional two-step approach and the
two-step controlled sonication bath temperature method.
The parameters studied include the nanoparticle concentra-
tion, nanofluid fabrication temperature, and sediment height
ratio in the fluid.
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Figure 8: Sediment height ratio variation with settling time for the nanofluids fabricated with (a) 0.1 vol.%, (b) 0.5 vol.%, and (c) 1.0 vol.%.
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Sodium hydroxide was used to adjust the pH value of
the base fluid to 9, as lower pH values were reported in
the literature to highly stabilise similar types of nanofluids.
Mixing of the colloid was performed using an ultrasonic
bath type device to induce the dispersion of the particles.
It was found that the conventional two-step approach
caused the bath temperature to increase with time, thus con-
firming other researchers’ findings. Moreover, the experi-
ments have revealed that nanofluids produced at controlled
temperatures lower than 30°C follow a dispersed sedimenta-
tion behaviour, whereas those fabricated at 30°C and above
obeyed a flocculated sedimentation settling mechanism.

Evaluation of the nanofluids prepared by the controlled
temperature method has generally shown a decrease in their
stability with the increase in fabrication temperature. In addi-
tion, the increase in nanoparticle concentration has shown to
reduce the variation in sedimentation height ratio between
the samples that were produced at different fixed tempera-
tures. Furthermore, when comparing the nanofluids fabri-
cated by the two aforementioned preparation methods, it
was seen that the stability of the 30°C colloid has exceeded
all other controlled temperature samples, which obeyed the
same sedimentation mechanism, beyond the rapid settling
region. The 30°C nanosuspensions have also demonstrated
better short- and long-term stability behaviour than the
conventionally fabricated nanofluids. Thus, confirming that
the controlled temperature two-step nanofluid fabrication
approach is much promising in terms of the colloidal shelv-
ing stability than the conventional method.
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