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Abstract The main aim of this work is to investigate the
influence of different parameters on the stability of spheri-
cal CuO nanoparticles dispersed in water, ethylene glycol
and 50:50 water/ethylene glycol binary mixture as different
base fluids for heat transfer applications. Nano-fluids were
prepared using two-step method at weight concentration of
0.1-0.4 %. Time-settlement experiments were established
to examine the stability of nano-fluids. Quality tests were
also performed to investigate the morphology, purity and
size of nanoparticles. In order to stabilize the nano-fluids,
stirring, pH control and sonication were utilized. The cri-
teria for assessing the stability of nano-fluids were zeta
potential and time-settlement experiments. Results dem-
onstrated that the ethylene glycol can be the best medium
for dispersing the CuO nanoparticle in comparison with
water and water/EG binary mixture. The best condition for
achieving the most stable nano-fluid was also introduced.
Role of sonication time, stirring time and addition of sur-
factant on the stability of nano-fluids were investigated and
briefly discussed.

< M. M. Sarafraz
mohamadmohsensarafraz @ gmail.com

M. Kamalgharibi
Mehdi_kamalgharibi @yahoo.com

F. Hormozi
fhormozi @semnan.ac.ir

Seyed Amir Hossein Zamzamian

azamzamian @merc.ac.ir

Faculty of Chemical, Petroleum and Gas Engineering,
Semnan University, Semnan, Iran

Solar Energy Group, Energy Department, Materials
and Energy Research Center (MERC), Karaj, Iran

1 Introduction

Due to the potential of energy-saving and wide applica-
tion of nano-fluids in industrial and commercial aspects,
sedimentation and instability of nanoparticles have been
an indispensable challenge. Nano-fluids are colloidal sus-
pensions, which are comprised of nano-sized solid par-
ticles dispersed in a conventional heat transfer liquid with
poor thermal conductivity such as: water or ethylene gly-
col. This type of coolant was introduced by Choi [1] in
Argonne National Laboratory (ANL). Thermal features
and stability of nano-fluids have been a hotly debated topic
during the last two decades due to their promising applica-
tion in thermal engineering [2—4]. Usually, for preparing
the nano-fluids, the two-step method is preferred such that
the desired mass of nanoparticle is well-dispersed into the
weighted base fluid, while it is agitated in a clean flask [5].
This is a cost-effective and economical method when com-
pared to the single-step method. However, after preparation,
treatments should be applied to the nano-fluids, which are
regarded as interesting subjects for heat transfer researchers.

Instability of nano-fluids can be defined as the gradual sed-
imentation (or scale formation) of nanoparticles simultane-
ously with agglomerating or clustering of nanoparticles inside
the base fluid. Many efforts have been made to determine the
influence of different parameters on the stability of nano-flu-
ids. It is generally believed that nanoparticles can form aggre-
gations due to Van der Waals forces. Therefore, physical or
chemical treatments can have significant impact on stability
of nano-fluids [6, 7]. As an evidence for such efforts, With-
arana et al. [8] established experiments to quantify the influ-
ence of different base fluids on the stability of ZnO, Al,O;
and TiO, nanoparticles and concluded that polyethylene gly-
col is the best medium for dispersing of nanoparticles. Lin
et al. [9] studied the thermal properties and stability of Al,O;
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Table 1 Stability-driven investigations on CuO nanoparticles dispersed in different base fluids

Investigator Nanoparticle size (nm) Base fluid Concentration Stability processes Duration Results

[10] 28.6 Water 1-4 vol% Ultrasonic 11h After 12 h
[11] 10 DI 0.003 vol% pH 2-7h -

[12] 33 EG + SDS 0-1.6 vol% Surfactant, pH - -

[13] 25 DW 0.3 vol% Ultrasonic, pH 15 min -

[14] 25 DW + SDS 0.1 wt% Ultrasonic, pH, surfactant 15 min Foamy, stable
[15] 354 DW 0-1 vol% Ultrasonic 2h Stable

[16] 50 EG 0-0.4 wt% Ultrasonic 45h Stable

EG ethylene glycol, DI deionized water, SDS sodium dodecyl sulfate, DW distillated water

nanoparticles dispersed in water. They used QF-STK190 as
a dispersant and showed that the best stability can be seen in
nano-fluids prepared with dispersant. There are other works
in the literature, which have been summarized in Table 1.

Based on Table 1, several stabilizing techniques can be
found in the literature, which comes as follows.

1.1 The electrostatic stabilization

In this technique, nano-fluids can be stabilized by control-
ling the chemical characteristics of solution such as pH and
concentration of existing ions. In this method, Zeta poten-
tial can be a gold parameter in determining the isoelectric
point (IEP) and assessing the optimum pH, in which the
zeta potential of solution should be far from (smaller or
higher than) the isoelectric point. Noticeably, in IEP, zeta
potential is minimum (approximately zero) and the least
stability of nano-fluids can be seen in this point [8].

1.2 The steric stabilization

In this case, the properties of surface are the key factors
for stabilizing the nano-fluids. These parameters can be
controlled by adding surfactants or dispersants such that
coalescence (cohesive behavior of particles) significantly
decreases and subsequently, reduces the tendency of parti-
cles to be attached to the surface [17, 18].

1.3 The depletion stabilization

In this case, a new free polymer is added into the base
fluid, which changes the intermolecular forces between
nanoparticles. Since particles with lower size have higher
surface energies, these types of nano-fluids have higher

Table 2 Thermo-physical properties of CuO nanoparticles

potential to form the aggregations and subsequently have
higher tendency to be settled on the surface as fouling
layer [8, 19].

1.4 Ultrasonic agitations

These techniques can lead to reduction of agglom-
eration by cracking down the clusters into the smaller
pieces. Such methods strongly depend on the nominal
power, frequency of sonication and sonication time [8,
19-23]. In the present work, as a continuation of our
previous works [24-30], influences of addition of sur-
factant, sonication and stirring on stability of CuO-
water, CuO-ethylene glycol and CuO-water/ethylene
glycol nano-fluids were experimentally investigated and
briefly discussed.

2 Experimental details
2.1 Materials

As mentioned in previous section, for preparing the
nano-fluids, the two-step method was employed. Dry
hydrophilic spherical CuO nanoparticles were pur-
chased from PlasmaChem GmbH, Germany. The
thermo-physical properties of nanoparticles have been
presented in Table 2. As a base fluid, deionized water
and ethylene glycol and also their 50 % volumetric
mixture were provided from Sarir Chemical Company
(SCC) and Sigma Aldrich respectively. Thermo-physi-
cal properties of ethylene glycol have also been repre-
sented in Table 3.

Properties Average particle Thermal conductivity Specific heat Density (kg/m?) Specific surface Purity (%)
size (nm) (W/m K) J/kg K) area (m?%/ 2)
CuO 50 32.9 550.5 6320 20 99.9
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Fig. 1 XRD pattern of CuO nanoparticles

2.2 Initial preparation of nano-fluids

Using the two-step method, different processes were car-
ried out for preparing stable nano-fluids. These processes
summarily include: Initially, desired mass of nanoparticles
was added into the weighted base fluid, while it was agi-
tated in a clean flask. The magnetic stirrer was employed to
agitate the nanoparticle inside the base fluid with average
speed of 450 rpm. In order to ensure about the morphology,
size, and purity of nanoparticles, X ray diffraction and par-
ticle count size and scanning electron microscopic image,
experiments were performed. Results of these tests can be
seen in Figs. 1, 2 and 3 respectively.

Noticeably, ultrasonic device was employed to crack
the agglomerations and clusters into smaller pieces (UP-
4008, Hielscher), followed by pH control and stirring. In
order to manipulate the pH of nano-fluids, buffer solutions
of NaOH and HCl 0.1M were implemented. For measuring
the zeta potential and particle size, DLS analyzer was used
(Malvern Zen-3600).

For investigating the influence of surfactant on stability
of nano-fluids, three different types of surfactants namely:
SDS, PVP and Triton X-100 were added at 0.1 % of gen-
eral volume of nano-fluid (purchased from Merck Darm-
stadt, Germany). Specifications of surfactants have been
given in Table 4.

Fig. 3 SEM image of CuO nanoparticles

3 Results and discussions

In this section, influence of different parameters such as
sonication time, adding the surfactant, stirring and pH con-
trol on the stability of nano-fluids have been discussed.

3.1 Time-settlement experiments

After CuO nanoparticles were dispersed in different base
fluids, post treatments were applied to the nano-fluids to
enhance their stability. Table 5 represents the results of
time-settlement experiments after post-treatments.
According to Table 5, ethylene glycol was the best
medium for dispersing the CuO nanoparticles. Therefore,
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Table 4 Properties of used surfactants

Surfactants Chemical name Molecular structure Density (g cm?) Appearance

SDS Sodium dodecyl sulfate RV 1.01 Cream-colored powder
H3C/\/\/\/\/\/\O/S\(; Na

PVP Polyvinyl pyrrolidone & 1.2 White powder
th*o

Triton X-100 Octyl phenol ethoxylate 1.07 Transparent and a viscous liquid

Table 5 Results of time-settlement experiments for different mass concentrations of nano-fluid

wt% Base fluid Sonication (min) Sonication FRQ (kHz) Stirring (Min) Adjusted pH Stability
0.1 Water 60 24 120 7.43 Stable for 40 days
0.2 Water 60 24 120 8.6 Stable for 35 days
0.3 Water 60 24 120 9.2 Stable for 40 days
0.4 Water 60 24 120 10.2 Stable for 45 days
0.1 Water/EG 75 18 75 7.8 Stable for 50 days
0.2 Water/EG 75 18 75 8.93 Stable for 55 days
0.3 Water/EG 75 18 75 9.2 Stable for 55 days
0.4 Water/EG 75 18 75 9.6 Stable for 55 days
0.1 EG 270 24 60 Not adjusted Stable for 50 days
0.2 EG 270 24 60 9.85 Stable for

2 months
0.3 EG 270 24 60 10.00 Stable for

2 months
0.4 EG 270 24 60 10.2 Stable for 75 days

EG ethylene glycol, FRQ frequency

experiments were conducted to investigate the influence of
pH control, sonication and stirring techniques on the stabil-
ity of CuO/EG nano-fluids.

3.2 Influence of pH on stability of nano-fluids

In a nano-suspension, dispersed nanoparticles can attract or
repel other particles. These interactions depend on the dis-
tance between nanoparticles and the total interface energy
that is the sum of the van der Waals attraction forces and
the electro-static repulsion forces. This relationship can be
interpreted using DLVO theory [31]. When nanoparticles
are uniformly dispersed within the base fluid, have high
surface charge repulsive force. Such forces can prevent the
nanoparticles from formation of agglomeration. There is a
reference point, which is called the IEP. In this point, the
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zeta potential of nano-fluid is equivalent to zero and nano-
fluid is in its most instability condition. As the pH of nano-
fluids departs from the IEP of nanoparticles, the colloidal
particles are more stable. The more stable nano-fluid is, the
higher thermal conductivity nano-fluids have [31]. Results
of time-settlement experiment demonstrated that pH con-
trol has a strong influence on the stability of nano-fluids.
When pH of nano-fluid is adjusted, the height of sedimen-
tation layer of particles inside the vessel is minimized and
agglomeration inside the bulk of nano-fluid is not seen.
Figure 4 demonstrates the stability of CuO/water nano-flu-
ids after 45 days of preparation using pH control.

The similar behaviors were seen for ethylene glycol
(EG) and water/EG based nano-fluids. However, values
of pH adjustment were different to those of adjusted for
deionized water (see Table 5).
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Fig. 4 Influence of pH control on stability of CuO/water nano-fluids. Condition: wt% = 0.4; no surfactants; photographed under influence of

blue ballast light system (anti-flicker) (color figure online)

3.3 Influence of dispersion time and stirrer speed
on stability of nano-fluids

In the present work, magnetic stirrer was implemented to dis-
perse the nanoparticles inside the base fluid. Experiments
indicated that the second effective parameter on the stabil-
ity of nano-fluids is stirring speed. Results showed that, when
nanoparticles were dispersed in the base fluid at higher stirring
speed, height of sedimentation layer and agglomeration signifi-
cantly decreases. Similar trends for CuO-EG nano-fluid and
CuO-water/EG nano-fluids was seen. The main reason of this
phenomenon can be interpreted as by increasing the speed of
stirring, more nanoparticles can be contributed to the dispersing
process. As a result, lower quantity of nanoparticles can settle
down at the bottom of the vessel. Because agitation in bulk of
fluid can be intensified at higher stirring speed. Similarly, dis-
persing time had a significant impact on stability and height of
sedimentation layer of nanoparticles such that with increasing
the dispersing time, height of sedimentation layer significantly
decreased for all nano-fluids and concentrations. Figure 5 rep-
resents the influence of dispersion time and stirring speed, w,
on the height of sedimentation layer of nanoparticles. Notice-
ably, pH was adjusted without sonication technique and visual
observations was carried out after 2 months of stabilization.

3.4 Influence of sonication time on stability
of nano-fluids

Sonication is one of the favorable techniques for stabilizing
the nano-fluids, which has widely been used for breaking
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Fig. 5 Influence of dispersing time and speed on the height of sedi-
mentation layer

the agglomerations. In this work, influence of sonication
time and frequency on the stability of nano-fluids was
experimentally studied. Results showed that with increas-
ing the sonication time up to 60 min, height of sedimen-
tation layer decreased, while increasing the sonication
time interestingly caused the height of sedimentation to be
increased. Figure 6 shows the influence of sonication time
on the sedimentation height of CuO/water nanoparticles at
different concentrations. Similarly, for CuO/EG and CuO-
water/EG, the same behaviors were seen such that the opti-
mum sonication time for CuO/EG and CuO-water/EG is 75
and 90 min respectively. When ultrasonic waves are applied
to the nano-fluid, cavitation phenomenon occurs (due to
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Fig. 6 Influence of sonication time on stability of CuO-water nano-
fluids

the degradation of molecules), which leads the microbub-
bles to be formed inside the nano-fluids. The formed bub-
bles can collapse due to the bubble—bubble interaction and
consequently, micro-streams are formed, which cause the
agitation in bulk of nano-fluid. Also, due to the bubble col-
lapsing phenomenon, local energy releases, which influ-
ences on the temperature of nano-fluids. Thus, the released
energy and the micro-streams, both can have negative influ-
ence on the stability of nano-fluids. When sonication time
increases more than 60 min, released energy and micro-
streams can be intensified, as a result, stability of nano-
fluids is more decreased [32]. Therefore, height of sedi-
mentation layer increases again. So there is an optimum
sonication time, which should be carefully considered.

3.5 Influence of surfactants on stability of nano-fluids

As mentioned, the best medium for dispersing the CuO
nanoparticles was found to be ethylene glycol. Thus, stud-
ies were conducted to determine the suitable surfactant for
stabilizing the CuO/ethylene glycol nano-fluids. The speci-
fications of surfactants are given in Table 4. The formula-
tion procedure was as follows:

The desired volume of surfactant was measured based
on the general volume of nano-fluid. Using stirrer, the
measured surfactant was uniformly mixed with the nano-
fluids. Once again, time-settlement experiments were
implemented to investigate the influence of surfactant. The
procedure was carried out for each concentration of CuO
nanoparticles. Table 6 represents the results of study on the
stability of CuO/EG nano-fluids at different concentrations
of nano-fluid. As can be seen in Table 6, the best stability
was registered for SDS at volumetric concentration of 1 %.
The volume of test nano-fluids was 400 mL. Therefore, the
most stable nano-fluid can be prepared using ethylene gly-
col as base fluid and SDS as suitable surfactant. The best
condition, in which the highest stability of nano-fluid (at
wt% = 0.4) can be achieved, is given in Table 7.

3.6 Theoretical perspective to CuO nano-fluids
stabilization

According to Stokes’ law the sedimentation velocity, Vin a
colloid can be expressed as follows:
R2

V=@~(pp—pz)~g (1

Table 6 Study of influence of

- Surfactant vol%* Sonication (min) pH adjusted Result
surfactants on stability of CuO/
EG nano-fluids at wt% = 0.4 SDS 0.1 60 9.8 2 cm sedimentation
E’;‘eai"gzrﬁﬁsslﬂglfz% K 0.5 75 10.1 1 em sedimentation
1 75 10.3 Stable, 0 cm sedimentation
PVP 0.1 65 9.8 Foamy, 1 cm sedimentation
0.5 75 10.2 Foamy, 1 cm sedimentation
1 75 10.3 Foamy, 0.5 cm sedimentation
Triton X100 0.1 50 9.8 Thin sedimentation
0.5 60 9.9 Agglomeration in bulk of nano-fluid
1 75 10.1 Agglomeration in bulk of nano-fluid

# % of general volume of nano-fluid

Table 7 Best conditions for stabilizing the CuO/EG nano-fluids at wt% = 0.4

Nanoparticle Particle size (nm) Base fluid surfactant

Surfactant (%)

Stirring (min)  Sonication (min) pH adjusted  Stability (days)

40-50 EG SDS 1

60 75 10.2 75

EG ethylene glycol, SDS sodium dodecyl sulfate
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Fig. 7 Sedimentation velocity of CuO nanoparticles in different base
fluids according to Stokes law

where rate of sedimentation decreases with decreasing par-
ticle radius, R, gravity, g, density difference between the
particle and the liquid, (o, — p;) and increasing base liquid
viscosity, u. These are key parameters for a stable nano-
fluid. This formula was applied to the nano-fluids under this
study and results were plotted in Fig. 7. According to the
obtained results, sedimentation velocity of particle for EG-
based nano-fluid is very smaller in comparison with other
base fluids. Thus, it can be concluded that EG-based nano-
fluids were more stable rather than other test nano-fluids.

4 Conclusions

CuO nanoparticles were experimentally dispersed in differ-
ent base fluids including water, ethylene glycol and water/
ethylene glycol 50:50 (by vol%). Following conclusions
have been made:

e According to the time-settlement experiments, by
increasing the stirring speed, nano-fluids were more sta-
ble. However, in case of using surfactant, at higher stir-
ring speed, a foam layer was formed inside the vessel.

e In terms of sonication, results showed that with increas-
ing the sonication time, stability enhanced and then sup-
pressed. In fact, there is an optimum point for sonica-
tion time which should carefully be considered.

e Results of this research showed that SDS is the suitable
surfactant in comparison with other additives, which
stabilizes the nano-fluids up to 75 days at maximum
mass concentration of nanoparticles.

e Sedimentation velocity of nano-fluids was estimated
by Stokes law. Results showed that ethylene glycol is
better medium in comparison with water and water/EG,
since sedimentation velocity for EG-based nano-fluids
was considerably lower than other nano-fluid (approxi-
mately equivalent to zero). This conclusion agrees well
with the experimental results.

e Experiments showed that CuO/EG nano-fluids at any
dilute concentration of CuO nanoparticles (0.1-0.4 %),
pH = 10.1 and 75 min of sonication can be stabilized up
to 75 days without any sedimentation and agglomera-
tion.

All in all, CuO/ethylene glycol nano-fluid was found to
have better stability behavior in comparison with other test
nano-fluids.
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