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Abstract: The nanosized titanium oxide (TiO,) nanopar-
ticles (NPs) were synthesized via sol-gel method. The
crystalline nature of the synthesized TiO, nanoparticles
was confirmed by X-ray powder diffractometry method.
The surface morphology and particle size of the nano-
particles were analyzed by high-resolution scanning elec-
tron microscopic method. UV-visible spectroscopy was
employed to determine its band gap energy value. The
different concentrations of nanofluid samples of TiO, NPs
dispersed in ethylene glycol were prepared and mixed
thoroughly by ultrasonication process. The value of ultra-
sonic velocity and density were measured for the different
concentrations of TiO, nanofluids. The acoustical parame-
ters such as adiabatic compressibility, intermolecular free
length, and acoustic impedance were calculated from the
experimental data. It was observed that ultrasonic veloc-
ity showed linearity with particle concentration, and the
results were discussed. In addition to the TiO_-ethylene
glycol (particle-fluid) interaction studies, a new method-
ology was proposed to find the thermal conductivity of
nanofluids using ultrasonic velocity.
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1 Introduction

It is a well-known fact that by tuning the size of the parti-
cle, one could transform the property of the material and
make use of it in different applications. The suspensions
of nanoparticles in a base fluid called nanofluids could
provide dramatic improvements concerning the heat trans-
fer properties of host fluids. There is a great interest toward
nanofluids due to their enhanced thermal conductivity
compared with bulk fluids. The nanofluids find wide appli-
cations in the field of electronics, transportation, medi-
cine, solar cells, sensors, cooling, MEMS, tunable optical
fiber, optical switches, etc. [1-6]. Nanofluids provide a new
cooling and also an optimistic outlook in improving the
efficiency of heat transfer rate. A high efficiency of heat
transfer could be obtained with the nanofluids containing
NPs of higher thermal conductivity [7, 8]. A scan of the liter-
ature survey revealed that numerous works have enhanced
the thermal conductivity of suspensions that contained the
solid particles since Maxwell’s theoretical work was pub-
lished more than 100 years ago [9-13]. The metal oxide NPs
are preferred for preparing nanofluids, though it possesses
low heat transfer capacities than metals [14-24]. Metal
nanoparticles increase the interfacial resistance due to
the surface oxidation, and hence, its thermal conductivity
decreases. The metal oxide-based nanofluids find a prom-
ising place in the list of potential nanofluid systems. They
are less hazardous than metal nanoparticles, and also,
they surpass the possible reduction in thermal conductiv-
ity on account of interfacial resistance.

Ultrasonic measurement has become a powerful tool
in studying the physicochemical properties of matter
[25-27]. Measurement of ultrasonic velocity and other
derived parameters in the solvent plays essentially a vital
role in the study of molecular interactions between the
solute and solvent systems. TiO, NPs are one of the promis-
ing n-type semiconductors that have many attractive proper-
ties including high refractive index, high dielectric constant,
chemical stability, and a wider band gap. The low freezing
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point, high boiling point, and moderate heat transfer prop-
erties of ethylene glycol motivated us to choose it as the base
fluid. In the present study, the ultrasonic velocity measure-
ment of the TiO,-EG nanofluids has been measured to know
how they interact with each other. Also, we intended to
formulate the relationship between ultrasonic velocity and
thermal conductivity of nanofluids, which would be of great
importance in view of the difficulties in the experimental
determination of thermal conductivities of a fluid system.

2 Materials and methods

2.1 Synthesis and characterization

The TiO, NPs were prepared via sol-gel method using Tita-
nium (IV) isopropoxide (TTIP) as a precursor obtained from
Sigma Aldrich Company, USA with a stated purity of 97%.
TTIP was dropped slowly into the mixed solution of ethanol
and distilled water (Merck, Germany) in the stoichiometry
ratio of 1:4:1 (TTIP/H,0/ethanol). The solution was con-
tinuously stirred to obtain a white slurry solution for 1 h at
room temperature. Nitric acid (Merck, Germany) was used
to adjust the pH in the range 2-3. The mixture was dried at
120°C for 2 h to evaporate water and other waste organic
material. Finally, the dried powder was sintered at 450°C
for 2 h to obtain the TiO, nanopowder.

The synthesized TiO, NPs were dispersed in EG (Merck,
Germany) by employing ultrasonication for 3 h to get a
homogenous suspension without any phase separation
and sedimentation. It has been noticed that the ultrasoni-
cation increases the stahility of the suspension. Nanofluids
of various concentrations (0.04, 0.05, 0.06, 0.07, 0.08, 0.09,
0.1, and 0.2 wt.%) were prepared without the addition of any
surfactant. No surfactant has been used in order to avoid its
effects on the surface property of the nanoparticle and also
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to avoid chemical contamination. The synthesized TiO,-EG
nanofluids of various concentrations are shown in Figure 1.

The crystalline structure, phase composition, and
average crystallite size of TiO, NPs have been identified
from the X-ray diffraction patterns obtained using 3000 TT
X-ray diffractometer (Serifert Co., Germany) at 293 K, operat-
ing at 30 kV and 30 mA with Cu-Ka radiation (A=1.541 A)
for 26 value ranging from 10° to 80°. The average particle
size and morphology of TiO, nanoparticles have been exam-
ined using a High Resolution Scanning Electron Microscope
(QUNTA FEG 200, FEI Company, Netherland). The digital
ultrasonicator (LMCU-2A: 50 W, 40 KHz, Labman Scien-
tific Instruments Pvt. Ltd., Chennai, India) energy is being
produced by converting electrical energy into mechanical
vibrations by using generator and piezoelectric transducers.
UV-visible spectra of the samples have been dispersed in EG
under ultrasonication, recorded on a T90+UV-VIS spectrom-
eter (PG Instruments Ltd., Leicester, UK). The values of the
band gap energy have been calculated for the different con-
centrations of TiO, nanofluids, and its stability analysis was
done with the UV-visible spectrum measurements.

The density was determined using a specific gravity
bottle by the relative measurement method. The weight
of the sample was measured using the electronic digital
balance with an accuracy of 0.1 mg (Model: ELB 300,
Shimadzu Corporation, Japan). The ultrasonic velocity of
a pure solvent and their solutions have been measured by
using digital ultrasonic interferometer operating at 2 MHz
(Model: VCT 70A, Vi microsystem Pvt. Ltd., Chennai,
India). The uncertainty was estimated to be 1 ms™. All the
measurements were carried out at 298.15 K and 1 atmos-
pheric pressure. The uncertainty of the temperature is
0.1 K and that of the concentration was 0.0001 g cm?>. The
velocity and density measurements were repeated several
times for accuracy. The errors between experimental
values of density and ultrasonic velocity of EG were very
close to that of the literature values [28].

Figure 1: The photographic view of TiO, NPs in ethylene glycol.



DE GRUYTER

From the experimental data of density and ultrasonic
velocity of pure solvent and solutions, various acousti-
cal parameters have been calculated using the following
standard equations:

(i) Adiabatic compressibility f=
(ii) Freelength L=KA"
(iii) Acoustic impendence Z=Up

1
U’p

where g, U, p, L, K, and Z are the adiabatic compressibility,
ultrasonic velocity, density, free length, temperature-
dependent constant, and acoustic impedance of the
solution, respectively.

3 Results and discussion

3.1 Structural and morphology studies

The crystal structure of the obtained powder was charac-
terized by powder X-ray diffraction (XRD) analysis. From
Figure 2, the highest peak at 25.4° (101), which was indi-
cated as (101) plane anatase phase of TiO, pattern and
matched well to the Joint Committee on Powder Diffrac-
tion Standards data (JCPDS, card no: 21-1272). The pattern
confirms its tetragonal (4/m 2/m 2/m) crystal struc-
ture with lattice parameters of a=3.7845 A, b=3.7845 A,
c=9.5143 A, a=f=y=90°. The crystalline size obtained
from the Scherrer formula is 34 nm. The morphology of
the prepared TiO, sample was analyzed by HR-SEM, and it
is shown in Figure 3. From the HR-SEM image, it has been
observed that the synthesized TiO, NPs have an average
size of 15 nm.
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Figure 2: XRD Pattern of TiO, NPs sintered at 450°C.
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Figure 3: HR-SEM morphology of calcinated TiO, NPs at 450°C.

Energy dispersive X-ray spectroscopy (EDS) is an ana-
Iytical technique used for the elemental analysis or chem-
ical composition of a sample. The EDS spectrum of TiO,
NPs is shown in Figure 4. It has been noticed that there
was no trace of any other impurities within the detection
limit of the EDS.

3.2 UV-visible spectral studies

The optical absorbance coefficient « of a semiconductor
close to the band edge could be expressed by the follow-
ing equation:

ohv=A( h\)-Eg )"
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Figure 4: Energy dispersive X-ray spectrometry (EDS) of TiO, NPs.
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where « is the optical absorption coefficient, E_ is the
absorption band gap, A is a constant, n depends upon the
nature of the transitions, n may have values 1/2, 2, 3/2, and
3 corresponding to allowed direct, allowed indirect, for-
bidden direct, and forbidden indirect transitions, respec-
tively. In this case, n=1/2 for direct allowed transition [29].
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The absorption spectra of TiO, NPs are shown in Figure 5A.
The absorption band edges were estimated around 337,
343, 347, 350, 352, 360, 366, and 389 nm (about 3.68, 3.7,
3.61, 3.55, 3.5, 3.4, 3.37, and 3.2 eV).

The band gap of the energy could be determined by
extrapolation to the zero coefficients, which has been

A
—— 0.04%
10 —— 0.05%
—— 0.06%
—— 0.07%
—— 0.08%
8 —— 0.09%
—0.1%
. ——0.2%
=]
s 67
(0]
g
f
©
g 44
o
(7}
Q B
<
2_
] -
0_
T T T T T T T
300 400 500 600 700 800 900 1000
Wavelength (nm)
B
160] 160 ] 160]
140 0.04% 140] 140
0.05% o
% 120] 120] ° 1201 0.06%
S 100, 100 ] 100
o 80] o 80 a 80]
& 60] 60] 60]
E 401 40] 40
20 20] 20
0] 0] 0]
2 mev) 4 2 meEv) 4 2 ey 4
160] 160 ] 160]
140] 0.07% 140 0.08% 140
% 120] 120 120 0.09%
S 100 100 ] 100
N ., 801 80
2 60] 60] 60
S 40] 40] 40]
20 20 20
0] 0] 0]
2 ey * 2 ey * 2 ey *
160] 160 ]
140 0.1% 140 ]
%L 120 120 ] 0.2%
S 100 100 ]
o 80] 80 ]
2 60] 60
E 401 40
20 20
0] 0]
2 ey ? 2 ey ¢

Figure 5: (A) UV-visible absorbance for TiO,-ethylene glycol nanofluids. (B) Band gap obtained by extrapolating the linear portion of the

(ahv)? vs. hv curve.
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calculated from the above equation. The intercept of
the tangent to the plot («hv)? vs. hv in Figure 5B gives a
good approximation of the band gap energy for this direct
band gap of material. The band gap energies (Eg) of the
as-prepared TiO, NPs are larger than the value of 3.2 eV
for the bulk TiO,. This could be explained as the band
gap of the semiconductors has been found to be depend-
ent on the particle size [30]. The band gap increases with
a decreasing particle size, and the absorption edge has
been shifted to a higher energy (blue shift) with that of the
decreasing particle size. Considering the blue shift of the
position of absorption, the bulk TiO,, the absorption onset
of the present samples could be assigned to the direct
transition of electrons in the TiO, nanocrystals. The values
of the band gap validate our crystallite size results accord-
ing to the smaller crystallite size, which should have been
a larger band gap (15 nm, 3.8 eV), and the large crystal-
lite size should have a smaller band gap (15 nm, 3.7, 3.61,
3.55, 3.5, 3.4, 3.37, and 3.2 eV) by increasing and with the
increase in concentration of the nanofluid.

In this paper, a brief study regarding dispersion stabil-
ity has been made with the help of a UV-visible spectrome-
ter. TiO, NPs have high UV light absorption characteristics.
The stability of the fluids observed in terms of settling
time is presented in the Table 1. The nanofluids have been
found to be stable for more than 4 days with no sedimen-
tation or phase separation. Hence, the absorbance of the
sample was obtained at 390 nm every day and is plotted
in Figure 6. It remains constant for up to 4 days (0.2 wt.%)
from synthesis, and then starts decreasing, which ensures
the stability of the nanofluid for more than 4 days.

3.3 Ultrasonic velocity studies
The velocity of ultrasound is the most significant para-
meter, and it is the quantum of molecular vibration in

the medium through which the wave passes. It gives a
quantitative measure of interparticle and intermolecular

Table 1: Stability of TiO,-ethylene glycol nanofluids.

Sample no. Concentration (wt.%) Stability

1 0.04 5days 22 h
2 0.05 5days 13 h
3 0.06 5 days 06 h
4 0.07 5days 01 h
5 0.08 4 days 20 h
6 0.09 4.days 14 h
7 0.10 4 days 08 h
8 0.20 4 days 00 h
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Figure 6: Plot of absorbance vs. time recorded at 390 nm.

interactions in the nanofluid sample, in their natural
environment, without any dilution. The variation of
the ultrasonic velocity with concentration is shown in
Figure 7 where it is clear that the velocity of the nanofluid
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Figure 7: Acoustical parameters of TiO,-NPs in ethylene glycol at
different concentrations. (A) Ultrasonic velocity (U); (B) adiabatic
compressibility (8); (C) acoustic impedance (2); (D) free length (L).
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increases with the increase in nanoparticle concentration.
The velocity increases from 0.04 wt.% (for 0.036 vol.%)
to 0.2 wt.% (for 0.18 vol.%), higher than that of the base
fluid at 298.15 K. This enhancement in ultrasonic velocity
with the increase in concentration has been attributed to
the TiO,-EG interactions, and it further ensures the domi-
nance of intramolecular interaction over the intermolecu-
lar interactions [31]. Moreover, with the particle loading,
there was a possibility of increasing the rate occurrence of
the Brownian motion of the fluid molecule, along with the
increase in surface layer that can persuade an increase in
ultrasonic velocity.

As the structural changes affected the compress-
ibility, there was a change in ultrasonic velocity. It was
found that there was an increase in acoustic impedance
values with an increase in the concentration of particles.
Acoustic impedance is almost reciprocal to adiabatic com-
pressibility. The higher value of the acoustic impedance
indicates that there is a significant interaction between
the particle and base fluid molecules, which might affect
the structural arrangement. The interaction between the
particles and the base fluid molecules increases the inter-
molecular distance between the molecules, which in turn
causes impedance in the propagation of ultrasonic waves.
The decrease in adiabatic compressibility and free length
supports the particle and fluid interaction as shown by the
ultrasonic velocity and acoustic impedance results. The
calculated acoustical parameters are given in Table 2. The
variations of ultrasonic velocity, free length, and acoustic
impedance with TiO, nanofluid are illustrated in Figure 7.

3.4 Thermal conductivity studies
Thermal conductivity values k_  of TiO,-EG nanofluids of

various concentrations measured at 298.15 K are depicted
in Figure 8. The thermal conductivity of EG at 298.15 K was

Table 2: Acoustical parameters of TiO, NPs in ethylene glycol.
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found to be 0.252 W/m K, which is in agreement with the
value reported earlier [32]. The effective thermal conduc-
tivity of EG has been increased due to the addition of NPs.
The increase in the thermal conductivity was proportional
to the increase in particle concentration. Figure 8 repre-
sents the increase in thermal conductivity of EG due to the
addition of NPs. The increase in thermal conductivity was
attributed to the fact that the thermal conductivities of
metal oxides are several orders of magnitude higher than
those of liquids used as base fluids. It was observed that
the nanofluid of 0.2 wt.% shows the maximum enhance-
ment of 36.77% than the base fluid. The enhancement in
thermal conductivity with nanoparticle loading in the
nanofluid has been contributed by various factors such
as Brownian motion, micro convection, clustering, and
agglomeration [33, 34]. It is vivid from Figure 8 that the
thermal conductivity of TiO,-EG increases from 0.3374 to
0.3474 W/m K with respect to the increase in concentra-
tion from 0.04 to 0.2 wt.% with an enhancement of 2.96%.

One of the widely accepted trends in the theory of
heat conduction of liquids is based on Debye’s concept. As
per Debye [35], the hydroacoustic vibrations (phonons) of
a continuous medium (base fluid) are responsible for the
heat transfer in liquids. Based on the above heat transfer
mechanism, Bridgman has obtained a formula [36], char-
acterized by the direct proportionality between thermal
conductivity and from the assumption of the liquid
state as a cubic lattice in which molecules have been
arranged with minimal distance between their centers
and is given by

N 2/3
k=3[%} kU §)

where N, is the Avogadro’s number, U is the velocity of the
liquid, p is the density of the liquid, M is the molar mass
of the liquid, and k,, the Boltzmann’s constant. The above

Sampleno.  Concentration Density (p) Ultrasonic velocity  Adiabatic compressibility ~Acousticimpedance  Free length (L) A
of Ti0, (wt.%) (kg m?3) V) (ms™) (A (10N m?) (2) (106 kg m2s?)
1 0.00 1110 1661.010 3.2654 1.8437 0.3717
2 0.04 1115 1664.099 3.2387 1.8555 0.3702
3 0.05 1118 1664.873 3.2270 1.8613 0.3695
4 0.06 1120 1666.424 3.2152 1.8664 0.3688
5 0.07 1122 1667.200 3.2065 1.8706 0.3681
6 0.08 1124 1668.977 3.1978 1.8748 0.3678
7 0.09 1126 1668.849 3.1892 1.8790 0.3673
8 0.10 1128 1649.528 3.1805 1.8832 0.3668
9 0.20 1152 1677.268 3.0856 1.9322 0.3613
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Figure 8: Thermal conductivity (k ) values obtained through the
Bridgman equation.

equation is well established [35] for predicting the thermal
conductivity of plain fluids used in the present work and
to find the k value of EG. As there has been no effort
reported, so far, in applying this equation to find out the
thermal conductivity of nanofluids, it has been proposed
to extend the equation to nanofluids. So, Eq. (1) is being
modified by replacing the density and molar mass of a
single liquid by those of nanofluids and is given in Eq. (2),

2/3
N
kbm=3[h] kU @
M

nf

where k_ is the thermal conductivity value obtained
through the modified Bridgman equation, U is the velocity
of the nanofluid, p ; is the density of the nanofluid, and
M =X M +X M is the molar mass of nanofluid. X, ;and X
are the molar fractions of the base fluid and nanoparticle,
respectively, whereas M, ; and M, are the respective molar
masses of the base fluid and nanoparticle. The theoretical
value of thermal conductivity obtained through the modi-
fied Bridgman Eq. (2) is also illustrated in Figure 8.

4 Conclusion

The stable TiO,-EG nanofluids of various concentrations
have been synthesized, and their ultrasonic and thermal
properties have been studied at room temperature. The
ultrasonic analysis leads to the understanding of the
molecular level interactions taking place between the par-
ticles and the fluid molecules. The evaluated acoustical
parameters clearly confirm that the molecular interaction
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was pronounced in EG. It was due to the greater associa-
tion between the solute-solvent molecules in the ethylene
solvent. Hence, it has been proven that there had been
a strong molecular interaction that existed between the
component molecules in the mixtures. In addition, a new
approach to find out the thermal conductivity of nanoflu-
ids through ultrasonic velocity has been proposed.

Acknowledgments: The authors would like to express their
sincere thanks to SAIF, IIT-Madras, Chennai, for providing
HRSEM, and the Department of Nuclear Physics, University
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