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Acetylacetone (acac) ligand has been used for stabilization of ZnO NPs in water that form weak chelating
complex which simultaneously breaks ZnO clusters, wrap and make ZnO NPs water soluble. Both thermal
effusivity and conductivity show sigmoidal behavior over a temperature range of 283-323K for low
concentration fluids. The flow characteristics show rheopectic behavior according to concentration of
ZnO NPs with highly non-Newtonian characteristics at lower shear stresses. Temperature dependence

of the rheological characteristics suggests that above room temperature viscosity is higher for higher
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concentration nanofluid that can be attributed to agglomeration.
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1. Introduction

Zinc oxide NPs exhibits remarkable physical properties that
make metal oxide NPs as strong candidates in nanofluids and
other applications [1]. Despite such an extraordinary heat transfer
properties of oxide NPs there are still many issues to be resolved
for their practical applications [2]. Key issues are insolubility and
aggregation of oxide NPs in aqueous solutions due to their strong
hydrophilicity and Van der Waals interactions which make practi-
cal applications very problematic [3]. In recent years, progress has
been made in preparing dispersion of various oxide NPs in aqueous
media using various dispersing agents such as surfactants, binders,
polymers, etc. [4-6]. Nanofluids have been usually synthesized by
dispersing oxide NPs in base fluids with sonication and encapsulat-
ing with dispersants. The dielectric constant of solvent also plays an
important role in solubility of inorganic salts and NPs where higher
polarity of solvent refers to greater solubility [7]. In the nanofluids
using water, ethylene glycol as base media with metal NPs, oxide
NPs with surfactant such as a cetyl trimethyl ammonium bromide
(CTAB) and sodium dodecyl sulphate (SDS) have been selected to
generate an electrical double layer, but other coordination com-
plexes such as acac have received scarce attention in stabilization
of nanoparticulate suspension [3]. Acac and its derivatives have
been studied for their facile formation of stable complexes with
metal oxides. The successful procedures for the synthesis of water
soluble metal oxides have been reported for ZrO,, TiO,, etc., with
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acac [8]. Zaban and Grinis [5] prepared stable suspensions of TiO,
NPs using uncharged metal oxide NPs treated with acac in polar
organic solvents under ultrasonication and then utilized for elec-
trophoretic deposition (EPD) process [5,8]. To authors knowledge
there is no report on stable suspension of ZnO NPs in water using
acac. To prepare stable nanofluids and controlling the aggregation
of oxide NPs, in general, is still a challenge. The versatility of acac
as coordinating ligand for aluminosilicate compounds is explained
by Sohn and Lee [9]. Acac is well known bidentate ligand an oxo-
bridged dimmer complexating single metal atom in two or more
numbers [10]. For this reason passivation with very thin layer of
non-ionic surfactant like acac is highly desirable. It is not only use-
ful to prevent complete agglomeration but also breaks the ZnO
nanocrystallites and distributes ZnO NPs uniformly throughout the
solution. Recent publications have focused on determination of
thermal conductivity and diffusivity of various nanofluids [11,12].
Thermal conductivity and diffusivity are two direct heat conduc-
tionindices that are used to describe thermal behavior of nanofluids
[13,14]. Effusivity measures the nanofluids ability to exchange heat
with surroundings, i.e. its utility in making complete thermal char-
acterization of materials through a single parameter. At the best
of authors knowledge there is no report on thermal effusivity of
nanofluids. A measurement of thermal effusivity has been reported
for liquids using photoacoustic technique with their focus on the
measurement technique [15-19]. Castro et al. reported effusivity
measurements for biodiesels using photothermal technique and
found ester inclusion is responsible for the variation in effusiv-
ity [20]. George et al. measured effusivity values by photoacoustic
technique for liquid crystal mixtures [18]. However, when using the
photothermal and photoacoustic techniques the instrumentation
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Fig. 1. XRD spectra of calcinated ZnO NPs (a)

required is very costly compared to the plane heat source tech-
nique which is very versatile and cheaper to design or fabricate.
Recently, there has been significant interest in studying rheologi-
cal and other flow properties of nanofluids for thermal applications
[21]. Chen et al. [21,22] prepared TiO, nanofluids using ethylene
glycol as base media and reported the Newtonian behavior of
nanofluids and increased viscosity was explained because volume
fraction and aggregation of NPs. Namburu et al. [23] has reported
rheological behavior of CuO NPs in ethylene glycol at subzero tem-
peratures, showing Newtonian behavior. However, they do not
found rheopectic behavior of nanofluid. In this paper we propose a
novel and simple method for the synthesis of water soluble ZnO NPs
with a careful selection of acac amount to break ZnO clusters and
make it water dispersible. Modifying NPs with acac precludes their
aggregation and sedimentation in water. Moreover O-H groups on
the surface of obtained ZnO NPs are reduced and perfect disper-
sion is achieved in water. The advantage of surface modification
enhances suspension stability, reduces ZnO nanocrystallite size and
the formation of very thin layer of non-ionic surfactant acac. There-
fore, we are interested in knowing the effect of functionalization of
zinc oxide NPs and different amount of particle loadings (in water)
on their thermal and rheological properties.

2. Experimental
2.1. Materials

All chemicals were of reagent grade and were used without
further purification. Zinc acetate dihydrate ((CH3COO),Zn-H,0)
were purchased from Aldrich. Acetylacetone (CsHgO,) spectro-
scopic grade was purchased from Spectrochem Pvt. Ltd. Sodium
hydroxide (NaOH) and tri ethanol amine (TEA) were purchased
from Merk India Ltd.

2.2. Synthesis of ZnO NPs

Two solutions were prepared by dissolving 20mg of
(CH3C00),Zn-H,0 (solution A) and 295mg of NaOH (solution
B) in 100ml deionized water. Subsequently, solution B was
added to solution A under vigorous stirring at 313 K for 20 min in
microwave oven kept at medium level. Thereafter, 2 ml of TEA was
added during vigorous stirring and thereafter temperature was
kept at 333 K. After 30 min of heating, whitish colloidal solution
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and FTIR spectra of ZnO NPs capped with acac (b).

has been obtained. The ZnO NPs were separated from the solution
by centrifuging at 2000rpm for 1h. They were redispersed in
ethanol and centrifuged again, and the procedure repeated for
three times. The separated ZnO NPs calcined for 4 h at temperature
of 973 K under normal conditions [24].

2.3. Synthesis of ZnO nanofluids

Three types of nanofluids were prepared by dissolving 75 mg
(type I), 250 mg (type II) and 500 mg (type III) each in 100 ml of
deionized water. These solutions were sonicated for 1 h and subse-
quently 3, 5 and 7 ml of acac is added in type I, Il and III solutions
and sonicated again for 10 min.

2.4. Characterization of ZnO NPs and nanofluids

The crystalline structure of the NPs was examined by X-ray
diffractometer (Bruker AXS, Germany Model-D8) with Cu Ko radi-
ation (A=1.5418A). The crystal phases of as synthesized ZnO
nanopowders were determined by X-ray diffraction (XRD) pat-
terns as shown in Fig. 1a. The diffraction pattern and interplane
spacing has been well matched with that of structural database
which further reveal formation of wurtzite nanocrystals (JCPDS
file number: 080-0074) [25]. Presence of the carbonyl (carboxyla-
tion) groups of acac functionalized ZnO nanofluids was confirmed
by Fourier transform IR (FTIR), as shown in Fig. 1b. A clear C=0
stretching vibration at 1638 cm~! appears in the spectrum of the
carboxylated ZnO nanofluids (see Fig. 1b). The broad band between
3000 and 3600 cm~! is a result of O-H absorptions from the water.
The size and morphology of the ZnO NPs were determined using
scanning electron microscopy (JEOL ASM 6360A). Fig. 2 shows
typical scanning electron micrograph (SEM) images of ZnO NPs
after calcinations. The SEM image shows randomly distributed
ZnO NPs having non-spherical shape and diameter in the range
of 100-150 nm, respectively. The average particle sizes of the ZnO
NPs coated with acac were measured by particle size analyzer
(Nicomp ZLS 380). Particle size measurement of ZnO nanofluids
from dynamic light scattering (DLS) clearly indicates that the size
of ZnO NPs have been reduced from 150 to 80 nm (approximately)
in each case due to the reaction with acac as shown in Fig. 3a
for nanofluid of type II. The reduction in ZnO size is presumably
because of breaking of ZnO cluster aggregation. UV-vis absorp-
tion spectra of the nanofluids were recorded with high resolution
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Fig. 2. SEM images of ZnO NPs.
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Fig. 3. Dynamic light scattering results (a) and optical absorption spectra of ZnO nanofluids (b).

spectrometer (ocean optics HR-400). Absorption spectra showed
a broad absorption band of 300-500 nm with shoulder around
380 nm for all types of solutions with only variation in percentage
of absorption, which could be attributed to percentage or concen-
tration loading of ZnO NPs and provided additional evidence of the
existence of single size distribution of ZnO NPs (Fig. 3b). The image
in Fig. 4 compares the ZnO NPs dispersion in water before and after
surface modification and shows that the modified ZnO NPs form
transparent stable water dispersion. It can be clearly observed that

Fig. 4. Nanofluids after the addition of acetylacetone (a) and before (b).

the aggregation and sedimentation of NPs is prevented by modify-
ing the ZnO NPs with acac. It also does not scatter the laser light
visibly (Tyndall effect). All the three solutions have been found to
be stable from date of preparation to as on date (over 9 months to 1
year). A rheological study of nanofluids was done using Rheologica
Nova Rheometer with plate-plate geometry having plate diameter
of 25 mm.

2.5. Effusivity sensor fabrication and measurement

A plane heat source based effusivity sensor having radius of
circle 25 mm was designed using insulated constantan wire. The
heater so arranged is compressed between the two copper foils
with the help of araldite and filled with silica insulation powder to
reduce convection and a copper constantan thermocouple is placed
at the center of heating coil. This assembly was compressed under
heavy weight and kept for 2 days. Thereafter, this assembly was
fixed between two bakelite rings having inner diameter of 48 mm
and outer diameter 52 mm to reduce the heatlosses [26]. The sensor
is placed in the nanofluid sample inside a beaker. For a particular
run a 45 mA of current was supplied through programmable power
supply and temperature-time data were collected with the help of
data acquisition system. From the slope of temperature time data
effusivity of nanofluid was calculated [26] using Eq. (1):

q
BovT

(1)
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Fig. 5. Thermal conductivity (a) and effusivity (b) results for ZnO nanofluids.
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temperature-time data.
2.6. Thermal conductivity measurement

Transient hot wire method [27] was used to measure the ther-
mal conductivity of nanofluids. The thermal conductivity can be
calculated using Eq. (2):

k= 4 In(t/t)
T 47 T2 — T]

where g can be taken as the input power per meter length of heat-
ing wire, Ty and T, are temperatures at time t; and t;, respectively.
For measurement of effusivity and thermal conductivity, the con-
tainer was filled with sample and the sensor was inserted at the
center of the double walled container connected to constant tem-
perature bath (Julabo F32 model) and allowed to equilibrate to
bath temperature. After the initial temperature was recorded, cur-
rent was supplied to the heater. The temperature versus time data
was acquired using data acquisition system from which thermal
conductivity was estimated.

(2)

3. Results and discussion

To understand thermal transport properties of ZnO NPs in water,
thermal conductivity and effusivity measurements have been car-
ried out on ZnO nanofluids. Hot probe method and plane heat
source technique have been used for thermal conductivity and for
thermal effusivity measurements, respectively [25,26]. Fig. 5a and
b, respectively, shows variation of thermal conductivity and effu-
sivity ratio with temperature for type 1(0.075% ZnO), type 11 (0.25%
ZnO0) and type III (0.5% ZnO) nanofluids. The thermal conductivity
and effusivity values of each nanofluid are obtained by sweeping
the temperature from 283 to 323 K. All solutions exhibit enhanced
heat transfer characteristics with temperature [26], except for type
Inanofluid. As can be seen from figure both thermal conductivity (k)
and effusivity (e) increases with temperature. Thermal conductivity
exhibits slow increase for I and Il nanofluids while type Il nanofluid
shows relatively fast increase in k for the given temperature range.
Beyond 303 K temperature, the k and e is found to increase abruptly
for nanofluid of type III, which can be attributed to agglomeration
of ZnO NPs. At higher temperature acac in the solution of type III
is not able to hold the ZnO NPs in dispersed condition and results
in agglomeration. Beyond 323 K the nanofluid starts evaporating
and ZnO starts to deposit on the wall of glass beaker in which

measurements have been carried out. In case of type III solution
with increases in temperature 303 K onwards, solvent molecules
become free and leading to agglomeration of ZnO NPs. One can say
that nanofluid has separated into solid and liquid phase. Moreover,
evaporation increases rapidly with increase in temperature and has
been observed during experiments. Therefore higher loading of ZnO
NPs and evaporation are jointly responsible for agglomeration in
type III solution. In type II and I solution loading of ZnO NPs being
less and acac is able to hold NPs in well dispersed phase for given
the temperature range. Above about 323K it has been observed
that all the solutions start showing agglomeration with significant
evaporation.

This highly agglomerated ZnO, in case of nanofluid of type III,
forms a non-uniform coating over thermal conductivity probe and
effusivity sensor which gives out high values of thermal conductiv-
ity and effusivity. The measured thermal conductivity and effusivity
values for water at room temperature (303 K) are 0.61 (W/mK) and
1580 (Jm~2 K~1s-1/2), respectively. The normalized k and e val-
ues (by that of base fluid) at temperature 303 K are 0.9918, 0.9893,
1.024 and 1.06, 1.105 and 1.110 for type [, II and III nanofluids,
respectively. Thermal property of water is not only affected by addi-
tion of ZnO NPs but also due to surfactant (acac) (being constituent
phase of nanofluid). In case of type I solution added acac is 3 ml,
i.e. 3% by volume. It also lowers the effusivity of solution as com-
pared to increment due to added ZnO NPs. Acac is having very low
effusivity (558 ] m~2 K1 s~1/2 obtained from k and volumetric heat
capacity [26]) in comparison to water (1580] m~2K~1s-1/2) and
responsible for decrement in effusivity of ZnO nanofluid of type
I. In type II and III case the effect of particle loading is significant
as compared to added acac. Certain amount of variation in ther-
mal property in type I solution may also be due to measurement
uncertainty.

Nanofluids using ZnO modified by acac showed heat transfer
enhancement for solutions of type Il and IIl. However, higher con-
centration nanofluid of type III is not suitable for heat transfer
application as it settles down, agglomerates and forms a coating
inside the container in which tests are carried out.

In order to study flow properties of the ZnO nanofluids,
plate-plate geometry configuration of rheometer has been used.
The typical flow characteristic of each nanofluid is obtained by
sweeping the stress from 0 to 10Pa. Fig. 6a and b shows typical
flow characteristics for ZnO nanofluids on normal and logarithmic
scales. All nanofluids exhibit analogous flow characteristics for high
stresses. For nanofluid of type I the shear rate increases linearly
with stress. When the stress is increased, the shear rate exhibits a
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Fig. 6. Flow properties of ZnO nanofluids: (a) viscosity variation with stress and (b) plot on natural logarithmic scale.

local non-linear behavior between 0.1 and 0.2 Pa stress value for the
nanofluids of type Il and Il whereas sample I shows more or less lin-
ear behavior. Beyond this value, the shear rate-stress curve shows
a regime of rheopexy for a range of stress from 1 to 10 Pa [28,29].
For further increment of stress the nanofluids are being thrown out
from the plate-plate geometry configuration. The typical increase
in viscosity observed for a read-out stress of 0.1-0.2Pa is from
3.356 to 3.975mPas, 2.468 to 4.543 mPas and 0.866 to 4.89 mPas
for nanofluids of type I, Il and III, respectively. For dilute disper-
sion (type I) with 0.1-0.2 Pa stress range the linear behavior can be
explained based on weakly bonded particle aggregation forming a
dispersed suspension with near Newtonian behavior as shown in
Fig. 6b. The linear state has drastically changed to non-linear state
for higher loading of ZnO NPs.

These results suggest that there is a rapid increase in viscosity
for higher loading and at lower stress rates. The effect of the non-
linear increase in the viscosity at low stresses for higher loading can
be explained with the help of yield stress characteristics shown in
Fig. 7a and reveal that the nanoparticle suspension begins to flow
only after the applied stress exceeds certain critical value, know as
the yield stress [30]. This value is approximately 0.27 Pa for type
Il nanofluid. The effect of agglomeration/cluster formation starts
from the initial value of stress showing cluster formation at faster
rate up to the stress value of 0.2 Pa beyond which nanofluid begins
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to flow showing saturated viscosity type of behavior. For the low
concentration samples (nanofluid of type I and II) there is small
amount of cluster formation as seen from small rise in viscosity
while for nanofluid of type III viscosity increase is higher as can be
seen from lower shear rate values for applied stress below 0.2 Pa.
After yield stress all nanofluids show more or less linear increase
in shear rate with stress yielding slight increase in viscosity which
can be accounted for rheopectic nature of nanofluids as shown in
Fig. 7b.

Further information about the agglomeration/cluster formation
mechanisms can be obtained from temperature-dependent viscos-
ity measurements. Fig. 8 shows the viscosity measured at 0.2 Pa
stress as a function of temperature for all nanofluids. The initial
rapid decrease in viscosity from 283 to 288 K can be explained by a
well dispersed phase of ZnO NPs that exist for all the three nanoflu-
ids at low temperature, while the viscosity for nanofluids of type |
and Il is almost temperature-independent within the temperature
range of 288-323 K. The viscosity-temperature curve for nanofluid
of type Il beyond the room temperature shows an interruptible
behavior as shown in Fig. 8. This interruptible behavior in viscosity
above room temperature shows an almost non-linear-dependence
on applied temperature indicating the viscosity increase is dom-
inated by solvent evaporation and concentration of ZnO NPs. In
contrast, there is slight decrease in viscosity for type I and II
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Fig. 7. Yield characteristics of ZnO nanofluids: (a) yield stress and (b) viscosity variation with stress.
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nanofluids. As evaporation increases with increases in temperature
above 323K, viscosity is expected to increase with an interrupt-
ible behavior because of the loss of solvent above this temperature.
This suggests that the lower concentration nanofluid (type I and
IT) have the constant viscosity (or slight decrease without solvent
evaporation) governed by stable dispersion of suspension for given
temperature range. In contrast, below room temperature all the
nanofluids show almost constant viscosity. Whereas the viscos-
ity of higher loaded nanofluid of type IIl deviates almost 10 mPas
at a temperature of 313K from room temperature viscosity. This
behavior can be explained by the agglomeration of ZnO NPs as rate
of evaporation of solvent increases with increase in temperature
above room temperature (303 K onwards).

4. Conclusions

Water soluble ZnO NPs have been synthesized and the effect
of ZnO NPs loading and temperature on thermal and rheological
behavior of ZnO nanofluids has been investigated. Acetylacetone
have been used as functionalizing agent to prepare water soluble
ZnO NPs. The adsorption of acac on ZnO NPs exhibits reduction
of particle size from approximately 150-80 nm, respectively. For
higher loading of ZnO NPs (0.5 wt.% and above) in water the amount
of acac added is not been able to prevent agglomeration of NPs.
Researchers have given much attention on thermal conductiv-
ity rather than thermal effusivity of nanofluids. This investigation
presents combined study of thermal conductivity and effusivity
of nanofluids. An optimal enhancement of 2%, at room tempera-
ture, in thermal effusivity and conductivity with respect to water
was discovered at about 0.25 wt.% loading. The results indicate that
for higher loading of ZnO NPs aggregation could result in incre-
ment in thermal effusivity and conductivity of ZnO nanofluids. All
studied nanofluids show non-linear rheological behavior (rheopec-
ticity) with the 0.5wt.% loaded nanofluid exhibiting the largest

non-linearity in viscosity. This non-linearity is attributed to the
effect of the agglomeration. Nanofluid with low weight percent
loading close to or below the yield stress value showed almost
linear behavior as exhibited by Newtonian fluid. The highly agglom-
erated state of higher loaded ZnO NPs was also demonstrated by
viscosity studies which indicate interruptible increase in viscos-
ity above room temperature while viscosity of samples remains
unaffected below room temperature. The present approach may
be explored for the synthesis of similar water soluble metal oxide
NPs by proper selection of functionalizing agents with particle size
tuning. The overall thermal and rheological results indicate that
ZnO nanofluids could be used as a coolant below 0.5% loading of
ZnO NPs in water with acetylacetone as a ligand for stabilization of
suspension.
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