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This study presents easy methods of synthesizing silver (Ag) and copper (Cu) nanoparticles through
chemical route in an aqueous medium under atmospheric condition at ambient temperature. The synthe-
sized nanoparticles have been characterized with different techniques, such as x-ray diffraction, Fourier
transform infrared spectroscopy, field emission scanning electron microscopy, energy-dispersive x-ray
spectroscopy, high-resolution transmission electron microscopy, UV-visible spectroscopy and dynamic light
scattering measurements. Experimental observations have revealed the absence of any metal oxide layer
around the nanoparticles which are found to remain stable under ambient conditions. The featured
properties, such as narrow size distribution, stability, make these nanoparticles potential candidates for the
synthesis of effective nanofluids. The nanofluids have been prepared by dispersing the nanoparticles syn-
thesized through chemical route in a suitable base fluid. The thermal conductivity of nanofluids with
different nanoparticles loading has been measured by transient hot-wire method, and the results have
shown that the increasing trend of enhancement in thermal conductivity with respect to nanoparticles
concentration is attainable only when the nanoparticles concentration is below some limiting value
depending on the type of nanofluid. Beyond this limiting value of loading, the thermal conductivity of the
nanofluid decreases due to pronounced agglomeration effect. The measurements of thermal conductivity of
nanofluids over varying temperatures for a given volume fraction loading of nanoparticles have shown that
the thermal conductivity increases markedly with the increase in temperature. Hence, nanofluids are likely
to be much more promising at high-temperature applications.
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1. Introduction

Nanofluids are attracting increasing interest due to their high
potential applications in transportation, microelectronics, aero-
space, medical and manufacturing sectors. The low thermal
conductivity (k) of common heat transfer fluids, such as water,
ethylene glycol (EG), propylene glycol, engine oil, results in
poor heat transfer performance of these fluids and, thus, is a
serious limitation in improving the performance and compact-
ness of engineering equipments, particularly miniaturized
electronic devices, which need rapid rate of heat dissipation.
Research and development activities were undertaken to
improve the heat transport properties, especially the thermal
conductivity and convective heat transfer coefficient of the
coolant fluids. It is found that the thermal conductivity of
metallic (e.g., Ag, Au, Cu, Fe), metallic oxide (e.g., CuO,
Al,O3, TiO,) or non-metallic materials, such as carbon
nanotube, is some order of magnitude higher than the
conventional heat transfer fluids. It is, thus, an innovative idea
trying to enhance thermal conductivity by adding solid particles
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into conventional heat transfer fluids in order to change heat
transfer nature of the fluids (Ref 1). At the very beginning of
this kind of attempt, solid particles of micrometer and/or
millimeter sizes were blended into the base fluids to make
suspensions or slurries. However, large solid particles cause
several problems, such as rapid settling of these particles,
abrasion and erosion of the surface of the channels through
which the fluid flows, clogging of the microchannels, increas-
ing the pressure drop, a low stability of the fluids, which
substantially limit the practical applications (Ref 2, 3). The
situation has changed when researchers have tried to suspend
various metal and metal oxide nanoparticles in various heat
transfer fluids and obtained promising results (Ref 4-6).
However, many things remain elusive about these suspensions
of nanostructured materials, in particular, the mechanism of
heat transfer through these fluids. Choi coined the name
‘nanofluid’ to this newly developed highly efficient heat transfer
fluid, containing nanosized particles of various materials.

To investigate the above concept, colloidal dispersion of
nanometer-sized particles in common heat transfer fluids,
popularly known as ‘nanofluids,” has been attempted by many
researchers (Ref 5, 6). The interesting properties of nanopar-
ticles, such as large surface area to volume ratio, dimension-
dependent physical properties, high mobility, can be exploited
in the nanofluids. At the same time, small size and low weight
would make nanoparticles better and more stably dispersed in
carrier fluids giving rise to high stability of nanofluids. As a
result, nanofluids have attracted considerable research interest
due to their enhanced thermal conductivities compared to their
base fluids (Ref 7 and 8) and long-term stability than those of
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Fig. 1 UV-Vis absorption spectrum of (a) silver and (b) copper
nanoparticles

the suspensions of millimeter or even micrometer-sized parti-
cles. Eastman et al. have reported a 40% enhancement in
thermal conductivity of ethylene glycol by adding small
volume percent of copper nanoparticles with a diameter smaller
than 10 nm (Ref 6). The thermal conductivity enhancement of
nanofluids was found to be dependent of temperature, and the
increase in effective thermal conductivity of nanofluids with
increasing temperature makes them promising for applications
at elevated temperatures (Ref 9). Another interesting phe-
nomenon of nanofluids is that even extremely low concentra-
tion of nanoparticles dramatically increases the critical heat flux
in a pool boiling system (Ref 10). The low cost and high
availability of copper whose thermal conductivity is near to
silver make copper nanoparticle an attractive candidate for the
preparation of nanofluids for industrial applications.

Our aim in the present contribution is to synthesize silver
and copper nanoparticles through chemical route and then to
prepare stable nanofluids by incorporating these nanoparticles
into suitable base fluids. Herein, we report an aqueous phase
synthesis route for pure silver and copper nanoparticles. The
synthesis involves the reduction of silver(I) and copper(Il) salts
by a suitable reducing agent in the presence of a capping agent
without any inert gas protection. The morphologies and
structures of the nanoparticles were characterized by field
emission scanning electron microscopy (FESEM), high-reso-
lution transmission electron microscopy (HRTEM), UV—visible
spectroscopy (UV-Vis), Fourier transform infrared (FTIR)
spectroscopy, powder x-ray diffraction (XRD) and dynamic
light scattering (DLS) experiments. In the two-step process of
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Fig. 2 FTIR spectrum of coated (a) silver and (b) copper nanopar-
ticles

nanofluid synthesis, the nanoparticles produced through chem-
ical route are dispersed uniformly in the base fluid to produce
highly effective and stable nanofluids. The effective thermal
conductivity of silver and copper nanofluids was measured as a
function of volume fraction loading of nanoparticles by
transient hot-wire (THW) method. In addition, we have
investigated the effect of agglomeration on the thermal
conductivity of nanofluids.

2. Experimental

All the chemicals used in our experiments were of analytical
grade and were used without further purification.

2.1 Synthesis of Silver Nanoparticles

Solution of silver nitrate was prepared by dissolving 5 g of
AgNO; in 50 mL deionized water in a 500-mL three-neck
flask. To this solution, 150 mL of 0.7 M trisodium citrate was
added dropwise under magnetic stirring at room temperature.
After complete addition of trisodium citrate, magnetic stirring
was continued for about half an hour. Then, aqueous solution of
sodium formaldehyde sulfoxylate (0.85 M, 50 mL) was added
slowly to obtain dark gray precipitate. The precipitated particles
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Fig. 3 XRD pattern of (a) silver and (b) copper nanoparticles

were separated by filtering, washed several times with methanol
and then dried.

2.2 Synthesis of Copper Nanoparticles

In the present work, wet chemical reduction method is used
to synthesize copper nanoparticles in the presence of water as
solvent under ambient atmosphere. An appropriate amount of
cetyl trimethyl ammonium bromide (CTAB) (0.02 M) was
dissolved in deionized water to obtain a transparent solution.
Then, 0.04 M of cupric chloride was added to the aqueous
solution of CTAB under magnetic stirring for 30 min at room
temperature. The pH of the solution was maintained at 10.
Finally, excess hydrazine hydrate (0.5 M), which acts as a
reducing agent, was added slowly to the above solution under
constant stirring. The resulting solution was left for stirring for
another few hours to allow complete particle growth. The
solution turned brown in color confirming the formation of
copper nanoparticles. The particles were separated by filtering,
washed several times with ethanol and then dried under
vacuum.

2.3 Preparation of Nanofluids

To prepare silver nanofluids of different volume concentra-
tions, the calculated mass of the silver nanoparticles was
dispersed in deionized water under intensive and prolonged
ultrasonication. Copper nanofluids of different volume concen-
trations were obtained by dispersing an appropriate amount of
dried copper nanoparticles in ethylene glycol under ultrasonic
vibration. To get a uniform dispersion and stable suspension,
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the nanofluids were kept under ultrasonic vibration continu-
ously for few hours.

2.4 Characterization

After synthesis, the samples were characterized by different
techniques. The x-ray diffraction (XRD) patterns of the samples
were recorded using the Cu Ko radiation (4 = 0.15406 nm) in a
x-ray diffractometer (X’Pert PRO, PANalytical BV, PW3040/
60, the Netherlands) at a scanning rate of 0.02° per step in the
20 range from 20° to 110°. Fourier transform infrared (FTIR)
spectra were recorded with a Fourier transform infrared
spectrophotometer (Nicolet 6700) within the range from 4000
to 400 cm~ ' wave numbers. Synthesized samples were studied
by UV-Vis absorption spectroscopy from a double-beam
spectrophotometer (Varian Carry 100). The morphologies and
compositions of the nanoparticles were examined by field
emission scanning electron microscope (FESEM) (model: JSM-
6700F, JEOL, Japan) equipped with an energy-dispersive x-ray
spectrometer (EDX). High-resolution transmission electron
microscopic (HRTEM) observations were carried out using
JEOL 2100 electron microscope at 200 kV accelerating voltage.
The particle size distribution and hydrodynamic radii were
analyzed by dynamic light scattering (DLS) measurement
technique using Nano-Zetasizer ZS (Malvern Instruments, UK).
The transient hot-wire (THW) method was employed for
measuring thermal conductivity of nanofluids using KD2 Pro
thermal property analyzer (Decagon devices, Inc.).

3. Results and Discussion

3.1 UV-Visible Spectroscopic Analysis

UV-visible spectroscopy is one of the most widely used
techniques for structural characterization of metal nanoparti-
cles. In Fig. 1(a), we present the UV—visible spectrum of the
silver nanoparticles in solution. The absorption spectrum
consists of a single sharp surface plasmon resonance (SPR)
band at ~ 399 nm, indicating the presence of spherical silver
nanoparticles (Ref 11). In Fig. 1(b), we present the UV—visible
absorption spectrum of the copper nanoparticles in aqueous
solution. The characteristic absorption peak at around 587 nm
can be attributed to the excitation of surface plasmon resonance
of copper nanoparticles (Ref 12). The peak position of the
synthesized copper nanoparticles is little bit red shifted about
10 nm as compared with the reported value (= 577 nm) (Ref
13). The small red shift in the peak position of the copper
nanoparticles is indicating that the peak position depends not
only on the size and shape but also on the capping agent (Ref
14). In addition, the absence of absorption maximum at 800 nm
is implying the formation of non-oxidized copper nanoparticles
(Ref 13). This revealed that the complete reduction of copper
ions into copper nanoparticles with narrow size distribution
would be possible with this approach.

3.2 Characterization of Surface Coating Layer

FTIR spectroscopy is a useful technique for characterizing
the organic molecules present in the coating layer of the
nanoparticles. Figure 2(a) shows the FTIR spectrum of citrate-
stabilized silver nanoparticles. As compared to the FTIR
spectrum of trisodium citrate (Ref 15), we observed the
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Fig. 4 Size distribution of (a) silver nanoparticles dispersed in water and (b) copper nanoparticles dispersed in ethylene glycol
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Fig. 5 The (a) SEM image and (b) EDX pattern of silver nanoparticles

presence of characteristic bands of trisodium citrate in the asymmetric stretching of COO™ at 1589 cm™' shifted to
synthesized silver nanoparticles. For instance, the symmetric 1584 cm ™. The broad peak at 3454 cm ™' is assigned to be OH
stretching of COO™ at 1394 cm™" shifted to 1389 cm™' and stretching vibrations from adsorbed moisture. Figure 2(b)
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Fig. 6 The (a) SEM image and (b) EDX pattern of copper nanoparticles
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Fig. 7 TEM images of silver nanoparticles
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Fig. 8 (a) SAED pattern and (b) lattice fringes obtained from HRTEM testing of silver nanoparticles
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Fig. 9 TEM images of copper nanoparticles

(a)

shows the FTIR spectra of CTAB-stabilized copper nanopar-
ticles. For the synthesis of copper nanoparticles in the presence
of CTAB, there is always a small amount of CTAB adsorbed on
the surface of the copper nanoparticles, which could work as a
stabilizer. Compared with the FTIR spectrum of pure CTAB
(Ref 16), the two peaks corresponding to the CH, stretching
vibrations are shifted to higher wave numbers (2925 and
2852 cm™ ') reflecting the surface coating characteristics of
copper nanoparticles. The broad peak from 3500 to 3100 cm ™'
is attributed to the OH stretching vibrations of CTAOH. The pH
values play a significant role in the reduction of Cu®".
Interestingly, when the solution pH was adjusted to basic (pH
10) condition, the formation of cetyl trimethylammonium
hydroxide (CTAOH) is favored which sticks to the surface of
copper nanoparticles (Ref 17). These results certified that the
surface of synthesized nanoparticles is coated with the capping
agent.

3.3 X-ray Diffraction Measurements

The XRD pattern of the as-synthesized silver nanoparticles
is shown in Fig. 3(a). It can be found that the diffraction peaks
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b)

Fig. 10 (a) SAED pattern and (b) lattice fringes obtained from HRTEM testing of copper nanoparticles

with strong intensities appear at 20 values corresponding to
(111), (200), (220), (311) and (222) planes of face-centered
cubic (fcc) structure of silver. The average crystallite size of the
silver nanoparticles was calculated to be 19.3 nm on the basis
of full width of half maximum of the (111) diffraction peak
using Debye—Scherrer formula (Ref 18). Figure 3(b) shows the
XRD pattern of the synthesized copper nanoparticles. All the
diffraction peaks of the XRD pattern have been indexed to that
of fcc copper phase without any impurities such as copper
oxides (CuO, Cu,0). The diffraction peaks with strong
intensities appear at angles corresponding to the (111), (200),
(220), (311) and (222) planes of copper, respectively. The
average crystallite size of the copper nanoparticles determined
by Debye—Scherrer equation (Ref 18) on peak (111) was
15.3 nm.

3.4 Dynamic Light Scattering (DLS) Measurements

Dynamic light scattering (DLS) was used for measuring the
hydrodynamic size distribution of the synthesized nanoparticles
dispersed in liquid phase. Figure 4(a) and (b) shows the particle
size distribution of the silver and copper nanoparticles,
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Fig. 11 Photographs of silver nanofluids with different volume
fractions, at different instances of time after synthesis

respectively. After analyzing the data, it was found that the size
of silver nanoparticles was in the range of 4-38 nm. The highest
fraction of silver nanoparticles present in the solution was of
7 nm. Similarly, it was observed that the size of copper
nanoparticles was in the range of 9-180 nm. However, beyond
25-nm range the percentage of nanoparticles present is very
less. The maximum fraction of Cu nanoparticles present in the
solution was of 16 nm. From the DLS measurements, it has
been observed that the mean diameter of Ag and Cu
nanoparticles is 7 nm and 16 nm, respectively, with a narrow
size distribution (Fig. 4a and b).

3.5 Morphological Analyses

Field emission scanning electron microscopy (FESEM) was
used to study the morphology of the synthesized silver and
copper nanoparticles. Figure 5(a) and 6(a) show the FESEM
images of the silver and copper nanoparticles, respectively.
These show weakly agglomerated and roughly spherical
particles with smaller size. The capping agent played a key
role to prevent the tendency of agglomeration and coalescence
of nanoparticles. The chemical composition and purity of the
synthesized nanoparticles were examined using EDX analysis
equipped on the FESEM. The EDX spectrum only exhibits the
characteristics peaks of silver (Fig. 5Sb) and copper (Fig. 6b),
suggesting that the synthesized nanoparticles are quite pure.

4000—Volume 27(8) August 2018

The TEM images of the silver nanoparticles are shown in
Fig. 7. The TEM images reveal that the silver nanoparticles are
spherical in shape with homogeneous distribution. The selected
area diffraction pattern (SAED) (Fig. 8a) of the synthesized
silver nanoparticles is characterized by five diffraction rings
which correspond to (111), (200), (220), (311) and (222)
planes, confirming the crystalline nature of the particles with
fcc phase which have already confirmed by XRD analysis. The
clear and uniform lattice fringes observed in the HRTEM
presented in Fig. 8(b) indicate the high crystallinity of the silver
nanoparticles. Figure 9 shows the TEM images of the as-
prepared copper nanoparticles. The particles are spherical in
shape and monodispersed, revealing that the presence of CTAB
indeed restricted the growth of copper nanoparticles efficiently.
The size of the copper nanoparticles observed in the TEM
image is in the range of 12-16 nm, in good agreement with the
result obtained from the XRD pattern. The diffraction rings
revealed in Fig. 10(a) confirm the crystalline nature of fcc
copper nanoparticles. In addition, the lattice fringes observed
by close inspection with HRTEM (Fig. 10b) confirm highly
crystalline nature of synthesized copper nanoparticles.

3.6 Stability Characteristics of Nanofluids

It is essential to investigate systematically the stability of
nanofluids to exploit their practical applications. The stability
of the synthesized nanofluids was assessed by visual examina-
tion of freshly prepared nanofluids with progress of time and to
monitor any possible sedimentation with respect to time. The
photographs taken at different instances after the synthesis of
silver nanofluids (Fig. 11) with different volume fractions show
that there is no observable particle sedimentation in any of the
sample with respect to time and it is stable for 72 h studied
presently. Figure 12 shows the photographs of copper nanofluid
with different volume fractions at different time instances after
synthesis. It reveals the sedimentation of copper nanoparticles
for 0.607 and 0.967 initial vol.% at 72 h. The other volume
fractions of copper nanofluids are quite stable up to 72 h. This
result suggests that the copper nanofluids with high volume
fractions possess weak stability as compared to nanofluids with
low volume fractions.

3.7 Thermal Conductivity Measurement

In the present research, we have devised an easy synthesis
method of silver and copper nanoparticles through chemical
route without any inert gas protection. This synthesis method
employs an aqueous solution under atmospheric condition at
room temperature. This approach is highly effective and also
economical. The nanofluids have been prepared by dispersing
the nanoparticles in a suitable base fluid without the addition of
any external additive or dispersant. The thermal conductivities
of water-based Ag-nanofluid and EG-based Cu-nanofluid have
been measured with varying volume fraction loading of
nanoparticles and temperature. The main focus of the present
parametric type of study is to make a comparative assessment
of the effectiveness of two types of nanofluids, viz. Ag- and
Cu-nanofluids, prepared through the same route and come up
with the most effective nanofluid.

The effective thermal conductivity of nanofluids at room
temperature as well as higher temperature was measured using
transient hot-wire (THW) technique (Ref 19). Figure 13(a)
shows the effective thermal conductivity as a function of
volume fraction loading of silver nanoparticles in water-based
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Fig. 12 Photographs of copper nanofluids with different volume fractions, at different instances of time after synthesis

Ag-nanofluid. It has been observed that the thermal conduc-
tivity of Ag-nanofluid increases in a nonlinear fashion with the
increase in Ag nanoparticles loading. Several models have been
proposed to account for the thermal conductivity enhancement
of nanofluids, which include the Brownian motion of nanopar-
ticles (Ref 20), liquid layering (Ref 21), ballistic transport (Ref
22) and the thermal conductivity difference between the
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dispersed phase and the base fluid (Ref 23). In case of
nanofluid, the thermal conductivity enhancement cannot be
explained solely by just one mechanism. At higher volume
fraction of Ag nanoparticles in the nanofluid, the interparticle
distance between the particles becomes smaller which affects
positively to the heat flow. It is clear that the larger the number
of nanoparticles, the higher will be the thermal conductivity
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enhancement. This agrees with the Maxwell-Garnett model
(Ref 24). Paul et al. reported 21% enhancement of thermal
conductivity of silver nanofluid with average particle size of
55 nm at 0.1 vol.% loading (Ref 25). In the present work, the
maximum enhancement of thermal conductivity of silver
nanofluid is obtained as 62.5% at 0.02 vol.% loading. Fig-
ure 13(b) shows the effective thermal conductivity as a function
of volume fraction of copper nanoparticles in ethylene glycol-
based Cu-nanofluid. It has been observed that the thermal
conductivity of Cu-nanofluid also increases initially in a
nonlinear fashion with the increase in volume fraction (up to
0.399 vol.%) and, thereafter, decreases at still higher volume
fraction, which contradict to the existing theoretical models.
The maximum enhancement of thermal conductivity of copper
nanofluid is obtained as 17.76% at 0.399 vol.% loading. In the
present study, the thermal conductivity value was found to be
lower than the corresponding value reported by Eastman et al.
(Ref 6). The reason for the deterioration of thermal conductivity
is due to the agglomeration of Cu nanoparticles with the
increase in the volume fraction. Addition of more Cu nanopar-
ticles in a fixed volume of carrier fluid (i.e., ethylene glycol)
can be considered as congestion in particles movement in the
nanofluid. At higher volume fraction, the Cu nanoparticles tend
to agglomerate, which in turn reduces particle/fluid interfacial
area. The agglomeration is likely to settle in the nanofluid due
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to larger mass that results in particle gradient in the fluid (Ref
26). Some literature (Ref 27-29) also reported a decrease in
thermal conductivity of nanofluid at higher volume fraction
loading, due to appreciable particle agglomeration. The
agglomeration of nanoparticles results in a decrease in the
effective surface area to volume ratio. Therefore, the reduction
of effective surface area of thermal interaction of nanoparticles
results in a decrease in thermal conductivity of nanofluid. It is
believed that the stability of a nanofluid is a vital factor for the
effective thermal conductivity. Figure 12 evidences no signif-
icant amount of sedimentation up to 0.399 vol.% loading of
copper in ethylene glycol-based nanofluid up to 72 h of holding
under stagnant condition. But above 0.399 vol.% loading, the
sedimentation was observed with progress of time and a gray
precipitate was found at the bottom of the vial at 72 h. To
improve the long-term stability of nanofluids, it is essential that
the nanoparticles should be in well-dispersed form without any
agglomeration and should be uniformly small size required for
Brownian motion. At higher concentration, the presence of
large number of nanoparticles per unit volume results in
agglomeration, and hence, the effective thermal conductivity of
the nanofluid decreases dramatically for the loading of Cu
nanoparticles beyond 0.399 vol.% in ethylene glycol. At higher
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Table 1 Comparison of typical thermal conductivity values of present nanofluids with those of the fluids conventionally

used in industries for heat transfer purpose

Conventional
heat transfer
fluids Present nanofluids
Water-based Water-based EG-based EG-based
Ag-nanofluid Ag-nanofluid Cu-nanofluid Cu-nanofluid
(at 0.02 vol.% (at 0.006 vol.% (at 0.399 vol.% (at 0.02 vol.%
loading and 25 °C  loading and 48 °C  loading and 25 °C  loading and 47 °C
Fluids Water EG temperature) temperature) temperature) temperature)
Thermal conductivity, W m™~' K™' 059 025 1.001 1.94 0.305 0.276

particle concentration, the formation of agglomerates in the
nanofluid facilitates due to Van der Waals forces of attraction.
The agglomeration of nanoparticles is known to have negative
impact on stability as well as the thermal conductivity of the
nanofluid, and the agglomeration size increases with the
loading of nanoparticles (Ref 30 and 31). Hence, loading of
copper nanoparticles in ethylene glycol enhances the thermal
conductivity up to a maximum value. Thereafter, the thermal
conductivity decreases with further addition of copper nanopar-
ticles, due to the agglomeration effect.

Figure 14 shows the thermal conductivity ratio of the Ag
(0.006 vol.% loading)- and Cu (0.02 vol.% loading)-nanoflu-
ids, respectively, as a function of temperature. It is apparent that
with increasing temperature up to ~ 48 °C studied here the
thermal conductivity increases monotonically for both the
nanofluids at a given volume fraction (low) loading. This
happens probably due to the decrease in viscosity of the base
fluid with the increase in temperature that leads to increased
Brownian motion of the nanoparticles within the base fluid and
the consequent higher collision rate of the nanoparticles with
the heat source, and so higher collision induced heat transfer.
Agglomeration of nanoparticles in a nanofluid is found to be
temperature dependent. With increasing temperature, the ten-
dency of nanoparticles for agglomeration decreases (Ref 32).
This would have partly caused higher stability and thermal
conductivity of nanofluids at higher temperatures. Further, at
higher temperature, the surfactant layer capped on the nanopar-
ticles becomes uncapped so that the bare nanoparticle surfaces
come in direct contact with the solvent medium and cause
increase in the thermal conductivity (Ref 33). A combination of
both the surface chemistry of the nanoparticles and Brownian
motion causes the higher enhancement in thermal conductivity
of nanofluids at higher temperatures. It is interesting to note
here that water-based Ag-nanofluid containing only
0.006 vol.% loading exhibits ~ 220% enhancement in thermal
conductivity at a temperature of 48 °C with respect to the
thermal conductivity of water at room temperature (25 °C).
Such a high level of enhancement in thermal conductivity has
not been reported earlier in the existing literature and is highly
encouraging for the application of this type of nanofluids at
high temperature. The outcome of the present study is the
development of a highly effective (with respect to both the
thermal conductivity and stability) water-based Ag-nanofluid
suitable for advanced heat transfer applications, particularly for
high-temperature applications. There are reports on the use of
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carbon-based nanostructures, viz., carbon nanotubes (CNTs),
graphene, to prepare highly stable and effective nanofluids (Ref
34 and 35). However, stability of such kind of nanofluids
requires the addition of external surfactant for the functional-
ization of the carbon nanostructures. In the present study,
highly stable and effective nanofluids containing metallic
nanoparticles have been produced without use of any external
surfactant and hence the present method of synthesis seems to
be highly attractive.

Some typical values of thermal conductivity of the
present nanofluids at different temperature and volume
fraction loading conditions are reported in Table 1, along
with those of the conventional fluids. It is obvious from the
present study that water-based Ag-nanofluids are far more
effective than the conventional heat transfer fluids, partic-
ularly at high temperatures (< 48 °C), and have the
potential to replace the conventional heat transfer fluids in
advanced applications.

4, Conclusion

Chemical reduction method has been used to synthesize
silver and copper nanoparticles. The nanoparticles were
characterized by UV—Vis, XRD, DLS, SEM, TEM and EDX
techniques. The XRD and EDX analysis of the nanoparticles
confirmed the presence of elemental silver and copper without
any significant impurities. Stable water-based silver nanofluids
were obtained without the addition of any dispersant. On the
contrary, sedimentation of Cu nanoparticles was observed for
higher volume fraction loading of copper particles in ethylene
glycol medium. The thermal conductivity of nanofluids has
been evaluated as a function of nanoparticles loading using
transient hot-wire technique. It has been found that the
stabilized silver nanofluid has superior thermal conductivity.
But for copper nanofluid, the thermal conductivity increases
nonlinearly up to a certain limiting volume fraction, followed
by decrease in thermal conductivity at still higher volume
fraction, probably due to particles agglomeration effect. Our
results unambiguously confirm the important role of agglom-
eration on the thermal properties of nanofluids. Moreover,
markedly higher enhancement of thermal conductivity of
nanofluids at high temperature was found. This indicates the
likelihood of far better performance of nanofluids at high-
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temperature applications as compared to normal room temper-
ature applications.
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