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This paper describes preparation of zinc oxide (ZnO) based nanofluids in
polymer matrix. The rheological properties of nanofluid were studied and were
applied in heat transfer application. Heat transfer application of aqueous based
ZnO nanofluid was tested and it was observed that, the presence of ZnO nanofluid
effectively reduces the temperature propagation in a sono-chemically heated
system. It is observed that the heat absorption capacity was increased by about
30-40% for the ZnO containing nanofluid. For the preparation of nanofluids,
as synthesized ZnO nanoparticles were utilized after characterization by
various modern tools such as UV-visible, Raman spectroscopy, XRD, SEM,
Particle size analysis, and TGA studies. The average particle size of as prepared
ZnO nanoparticle was in the range of 19 to 30 nm and XRD analysis revealed
hexagonal crystal structure.
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Introduction

Nanofluids (NFs) are new class of fluids comprising of base fluid i.e. water, ethylene-glycols, oils, bio-fluids, polymer
solutions or other common fluids with nanoparticles (1-100 nm) suspended in them [1-3]. Nanofluids have the potential
to enhance the heat transfer capability of conventional liquids both in terms of conductivity and continuity. Choi et.al were
the first to introduce the concept of nanofluids to obtain better thermal characteristics that include thermal conductivity
for heat transfer application [4-6]. They studied nanofluids and compared its thermal properties with suspensions
containing nanoparticles. Among all the nanoparticles used in the nanofluid, metal oxides, carbides or carbon nanotubes
are most common [7].

Nanofluids have novel properties that make them potentially useful in many applications such as heat transfer [8], engine
cooling and vehicle thermal management [9] electronic devices [10] nuclear system [11], space [12], heat exchanger
[13], electronics cooling system [14], fuel cell [15,16], solar collectors [17], domestic refrigerator [18]. Many researchers
investigated the heat transfer characteristics of nanofluids experimentally [19] as well as theoretically [20-22]. Based
on the literature, it is understood that the heat transfer efficiency can be increased up to 30% by applying nanofluid
[23] Heyhata et al. worked on laminar flow convective heat transfer characteristics of alumina-water nanofluid in fully
developed flow regime. They reported that the heat transfer coefficient of the nanofluid was higher by 32% for a specific
study than the water, which also increased with increasing the Reynolds number and particle concentrations. Pak et al.
[24] studied heat transfer behaviour of Al2O3 and TiO2 nanofluid up to 4% volume concentration where they reported that
at fixed Reynolds numbers heat transfer coefficient increases with increase of nanoparticles concentration. Williams et al.
[25] studied nanofluid with varied concentration of Al2O3 nanoparticles and observed that the heat transfer rate enhanced
with increasing nanoparticles concentration.

Duangthongsuk et al. [26] studied TiO2/water heat transfer characteristics in the range of 0.2% to 2% volume concentration of
nanoparticles. They observed that heat transfer grows by increasing nanoparticles fraction up to 1% volume concentration.
For higher concentrations, however, heat transfer coefficient growth stops and starts to decrease. There are parameters
other than nanoparticle concentration which affect thermo physical properties and hence heat transfer performance of
nanofluids. For example, increasing zeta potential value of fluid minimizes particle-particle interaction and then decreases
viscosity and thermal conductivity of suspension [27]. Indeed, agglomeration and clustering of nanoparticles should be
taken into account to avoid undesirable results.
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Similarly, several researchers have applied zinc oxide based nanofluid in their study where it has been reported that ZnO
based nanofluid showed higher thermal properties than pure water. For instance, Haghshenasfard et al. [28] studied ZnO/
water nanofluid heat transfer in concentric tube and plate heat exchangers and obtained 14% and 20% increase of heat
transfer coefficient compared to base fluid. In another study, thermal conductivity of an ethylene glycol/ZnO nanofluid
was investigated by Lee et al. [29] where they proposed a one-step physical method that enhances the nanofluids thermal
conductivity more than the value predicted theoretically. It is also reported in the literature that nanofluids may always not
enhance the heat transfer coefficient. Indeed it has been observed that some nanofluid formulation show less heat transfer
even with higher concentration of the nanoparticles. Despite impressive literature on oxide based nanofluids, it is gathered
that ZnO based nanofluids formulations are not in plenty. It is therefore imperative to conduct study on less explored oxide
material which similar to other oxides e.g. TiO2.

The present work demonstrates the heat transfer application of as-prepared ZnO based nanofluid tested against various
solvent compositions during sonication process. It is well known that long duration of sonication process generates
considerable heat and thus, sonicator was used as a source of heat for normal water containing vessel surround by a bath
which contains the formulated nanofluids based on ZnO nanoparticles. Various common solvents such as water, ethanol,
Toluene and Hexane were tested with and without the bath of ZnO nanofluid. We observed that the presence of ZnO
nanofluid bath effectively reduced the temperature propagation in a sonochemically heated system.

Experimental

Materials and characterization

All chemicals were purchased commercially and were used as received. Zinc Nitrate hexahydrate, Zn(NO3)2, 6H2O (99%)
was purchased from Thomas Baker, India. Starch and Polyvinylpyrrolidone, PVP (M.W 40,000) was purchased from Loba
chemicals, India. The UV-visible spectroscopy was measured on Specord spectrophotometer. X-ray diffractions patterns
were measured by using Cu-Kα (λ=1.5406 Å) radiation having tube voltage with 40mA current on Mini Flex Rigaku X-ray
diffractrometer. SEM images and elemental analysis recorded (EDX) on Carl Zeiss Scanning electron microscope. TEM
images were recorded using TECHAI G2 300 kV of (FEI, USA). Particle size distribution (DLS) was measured in DMF solution
in the range of 0-100 nm using Sympatech (France) particle size analyzer at a Laser wavelength of 632 nm.

Synthesis of ZnO nanoparticles

In the present method, the synthesis was performed in de-ionised water by preparing the alkali solution of zinc nitrate
by dissolving 0.5M zinc nitrate [Zn(NO3)2.6H2O] and 1M NaOH, in 100 ml water. The solution was continuously stirred
and heated at 75 oC maintaining the pH 12. Polyvinylpyrrolidone (PVP, 0.2 gm) and starch (0.5w%) was added to create a
capping on the surface of the precursor and the reaction mixture was kept for 5-6 hrs. at 75 oC to obtain white suspension.
The particles were separated from the supernatant dispersion by sedimentation followed by centrifugation. The particles
were then collected by centrifugation at 5000 rpm for 15-30 min washed several times with distilled water and ethanol.
The white precipitate obtained was dried at 80 oC for several hours in a muffle furnace for ensuring the complete conversion
of Zn(OH)2 to ZnO nanoparticles. The reaction equation for formation of ZnO is as follows.

Zn(NO3)2.6H2O (aq.) + 2NaOH (aq.) → 2NaNO3 (aq.) + Zn(OH)2
Zn (OH)2 ∆ ZnO
→

Synthesis of ZnO nanofluids

In the Nanofluid preparation, the ZnO nanoparticles were re-dispersed with respect to the base fluid EG/H2O to make
up the volume concentrations 0.1, 0.5, and 1wt %. Also, 5wt % PVP or 1wt % PVA was added in to mixture to make the
suspension more stable. Then, the solution was stirred on a magnetic stirrer before subjecting to ultra-sonication process
(digital ultrasonic cleaner series LMU-6) to ensure re-dispersion of nanoparticles in the based fluids. The composition of the
nanoparticles and suspension of the nanoparticles in the base fluids are shown in table 1. The rheological characterization
of nanofluid was then performed using a controlled rate digital rheometer (Contrives LS 40) (Table 1).
SAMPLE

Amount of ZnO
(w/vol%)

PVP

PVA

P1

0.1

5%

-

P3

1.0

5%

P2
P4
P5
P6
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0.5
0.1
0.5
1.0

5%

-

-

1%

-

1%

-

1%

Table 1: Formulation of ZnO nanofluids with samples codes and concentrations
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Result and Discussion

Characterization and Analysis of Samples

UV-visible Spectroscopy was employed to understand optical properties of as-formed zinc oxide nanoparticles. The UV-Vis
spectrum of ZnO nanoparticles prepared with 0.5wt% concentration of soluble starch is shown in Figure 1. The absorption
peak of the as-prepared ZnO nanoparticles was observed at 345 nm which was blue shifted with respect to the bulk ZnO
and the absorption value showed an increased band gap of ZnO nanoparticles from bulk band-gap of 3.37 eV to 3.6 eV. Such
enhanced band-gap properties can provide useful behaviour in presence of sun-light [30-32]. ZnO based nanofluid if used
in a glass system will get reasonable understanding from the absorption properties after exposure to sunlight during the
study (Figure 1).

Figure 1: UV-visible spectrum of ZnO nanoparticles

X-ray diffraction patterns were recorded within a range of 2 theta 10 to 90o. The crystalline nature, crystal phase and
crystallite size of synthesized ZnO nanoparticles were studied with the help of XRD spectrum. The obtained XRD spectrum
shown in Figure 2a matched well with the diffraction pattern of the bulk ZnO. The peaks observed at (100), (002), (101),
(102), (110), (103), (200), (112) and (201) can be assigned to various crystal planes of hexagonal crystal structure of ZnO.
Additionally, some minor peaks were also observed indicating excellent crystallinity of the sample. The average crystallite
sizes of samples can be determined by the Debye-Scherrer formula [33],
D= 0.9 λ/ β cosθ.
Where, D - crystallite size, λ- wavelength (1.54 Å), β - full width at half of maxima and θ - diffraction angle. The crystallite
size calculated from Debye-Scherrer equation was estimated to be between 15-20 nm.

a.

b.

Figure 2: a) XRD pattern of ZnO nanoparticles and b) Particle size distribution curve of ZnO nanoparticles

The crystallite size calculated by XRD was correlated with Dynamic light scattering particle size analyser. The particle
size of the ZnO powder was measured by re-dispersing a small amount of as-synthesized ZnO nanoparticles in distilled
water. The measurements showed (Figure 2b) shows the VMD (volume mass distribution) was 14.10 nm and SMD (surface
mass distribution) was 9.54 nm (Figure 2a and b). TEM and SEM images of ZnO nanoparticles were obtained to study the
morphology and approximate size of the particles. Figure 3 shows the spherical morphology of the ZnO nanoparticles.
Careful examination of the individually formed of ZnO nanoparticle indicates that the diameters of the particles vary from
15-30 nm as per SEM and indeed this was much accurately observed by TEM where particle size was estimated to be about
15-25 nm (Figure 3a and b). It is clear that PVP capped ZnO nanoparticles are agglomerated. However, these aggregates are
loosened or they break and disperse freely when sonicated in solvents such as water or ethanol.
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Figure 3: a) TEM image (scale bar =50 nm), b) SEM image (scale bar = 1 μm) of ZnO nanoparticles used for nanofluid formulation

From Rheological studies one can understand about the shear thinning and thickening properties due to decreases or
increase in viscosity causing shear stress. On the testing of nanofluid sample in the preset study, nanofluid at the volume
concentration of 0.1w%, 0.5w%, 1w% with two different binding agents (PVA and PVP) were tested. Composition of
nanofluid is given in Table 1. The rheology of various ZnO Nanofluids was measured and the correlation is shown in figure
4c (Figure 4). The graph shows decreasing viscosity with increase in the shear rate. This therefore hints towards their
pseudoplastic nature due to shear thinning behaviour. At a certain shear rate, the nanofluid at 1wt% have the highest
viscosity while the viscosity value is the lowest in the 0.1wt% nanofluid. So, in the present study nanofluid have behaved as
non-Newtonian fluids [34]. Viscosity of the nanofluid gradually increases with increase in ZnO concentration. The relative
viscosity increases up to about 60% in comparison of to the base fluid as the volume concentrations of nanoparticles
increases to 1vol%.
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Figure 4: a) Optical photograph of ZnO nanofluids samples; b) schematic representation of shear thinning phenomena and c)
Rheological studies of various ZnO Nanofluids samples showing shear thinning

Contact angle is one of the important characterizations to measure the wettability and nature of the fluids. The smaller the
contact angles (less than 900) more the hydrophilic character. More hydrophilic nature is caused because of the weakening
of cohesive forces. The larger contact angle value (greater than 900) shows the hydrophobic nature. In the present case, the
Contact angle of the entire ZnO based nanofluid sample is found to be less than 900 (Figure 5) which means that they are
all hydrophilic in nature. Indeed, the same is expected as the surface capping around ZnO is that of polymers that disperses
well in water.
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Figure 5: Contact angle images of ZnO based nanofluid
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Study of heat transfer application of nanofluid

The experimental testing of ZnO based nanofluid for the application of heat transfer/absorption was conducted for
sonochemically thermolyzed liquid composition e.g. water, EG and aromatic liquids. Sonicator was used as a source of
heating whereby during sonication process heat is generated in the solvent system. The experimental setup is shown in
Figure 6 which includes a sonicator, two thermometers, two bath tubs (one is smaller than other) and AC power supply
(Figure 6). Thermometers were used to measure the temperatures of both the solvent and the bath. Before the experiment,
total six sample P1, P2, P3, P4, P5 and P6 with the variation of 0.1wt%, 0.5wt%, and 1wt% were prepared with two
different binding agents (PVA and PVP). In the samples P1, P2, P3, 5 wt. % PVP as a surfactant and for P4, P5, P6, 1wt%
PVA as a surfactant was used. In the present testing method, a typical solvent was taken in a small beaker and labelled
as ‘A’ the solvents used for testing were water, ethanol, toluene and hexane. The ZnO based nanofluids were taken in the
bath tub and the beaker containing solvent was placed in the nanofluid bath. The probe of the sonication instrument was
dipped in the solvent and the solvent was continuously sonicated for 5 min. immediately, after sonication the temperatures
of both the solvent (TB oC) and the nanofluids in the bath (TC oC) was measured to observe the heat transfer/absorbing
capacity of the nanofluids. All the experimental data in the graphical form is shown in Figure 7. Interestingly, we observed
that when the solvent was sonicated in the absence of the nanofluids bath, the temperature of the solvent was much
higher as compared to the temperature when nanofluids bath was used (Figure 7). Typically, the temperature (TA oC) of
water, ethanol, toluene and hexane was 81, 70, 90 and 60 oC respectively when sonicated alone without the presence of
nanofluids bath. The temperature of nanofluids when sonicated for 5 min in absence of any supporting bath fluid was 66
o
C which is considerably lower than its base solvent which is water (81 oC).

Figure 6: a) Photograph of probe sonicator used for the experiments and b) Schematic representation of
experimental set-up of heat transfer application of ZnO nanofluids

Thus, when the nanofluids bath was employed the temperature of the solvent (TB oC) decreased significantly and almost
equalled the temperature of the nanofluids bath (TC oC). It was also observed that increase in ZnO wt.% leads to better heat
transfer and absorbing properties as the temperature TB oC and TC oC were slightly decreased as the concentration of ZnO
nanoparticles was increased from 0.1 w% to 1 w%. It was obvious that the thermal coefficient enhancement in nanofluids
resulted in such heat transfer and absorbing properties.
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Figure 7: Experimental result for heat transfer in various solvent with and without nanofluids
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Conclusion

Zinc oxide was synthesized by chemical precipitation method from zinc nitrate and soluble starch using sodium hydroxide
at pH 8. The UV-visible spectroscopy revealed that the ZnO nanoparticles show good optical properties with absorption
wavelength at 345 nm with enhanced band gap energy which is related to behaviour of ZnO nano-particle under the photolight. The particle size analysis by DLS technique showed a narrow particle size distribution of 20-30 nm which correlated
well with the crystallite size calculated from Scherer’s equation following the FWHM value obtained from the XRD pattern.
ZnO nanoparticle based nanofluids were prepared by two step method and its rheological properties are studied. All the
samples of nanofluids showed shear thinning behaviour which could be ultimately prove a valuable property during the
application of nanofluids in various applications. Contact angle was also measured and found that the all the sample is
hydrophilic in nature. Heat transfer/absorbing application of the as-prepared nanofluids was tested and it was observed
that the presence of ZnO nanoparticles enhanced the thermal conduction under sonication environment where heat is
generated in the solvents during the process.
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