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Abstract Highly stable graphene oxide (GO)-based
nanofluids were simply prepared by dispersing graph-
ite oxide with the average crystallite size of 20 nm, in
polar base fluids without using any surfactant. Elec-
trical conductivity, thermal conductivity, and rheo-
logical properties of the nanofluids were measured at
different mass fractions and various temperatures. An
enormous enhancement, 25,678 %, in electrical con-
ductivity of distilled water was observed by loading
0.0006 mass fraction of GO at 25 °C. GO—ethylene
glycol nanofluids exhibited a non-Newtonian shear-
thinning behavior followed by a shear-independent
region. This shear-thinning behavior became more
pronounced at higher GO concentrations. The maxi-
mum ratio of the viscosity of nanofluid to that of the
ethylene glycol as a base fluid was 3.4 for the mass
fraction of 0.005 of GO at 20 °C under shear rate of
27.5 s~'. Thermal conductivity enhancement of 30 %
was obtained for GO-ethylene glycol nanofluid for
mass fraction of 0.07. The measurement of the
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transport properties of this new kind of nanofluid
showed that it could provide an ideal fluid for heat
transfer and electronic applications.
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Introduction

Graphite oxide (GtO), a material first discovered by
Benjamin Brodie in 1859 (Brodie 1860), has attracted
recurring interest from the chemist community. Exfo-
liation of GtO produces monolayers of atomically thin
graphene oxide (GO) sheets that are dispersible in
basic media. GO is a heterogeneous compound
consisting of graphene sheet covalently bonded to
oxygen-bearing groups. The basal plane of GO is
decorated with epoxy and hydroxyl functional groups,
whereas carbonyl and carboxylic acid are attached to
the edges (Kumar et al. 2014). The coverage of oxygen
groups varies depending on the degree of oxidation in
the preparation process.

GO possesses unique features such as large
surface area, high water dispersibility, good colloi-
dal stability, ability to easy surface modification,
good biocompatibility, distinctive amphipathic nat-
ure, and superior mechanical properties (Yin et al.
2013). GO is prepared via a simple and low cost
route using graphite, an abundant and inexpensive
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natural source (Yin et al. 2013). The peculiar
properties make GO to be a versatile, solution-
processable candidate material for next-generation
ultrathin optoelectronics (Loh et al. 2010), biode-
vices (Yin et al. 2013), and nanocomposites (Li
et al. 2013). The amphipathic nature makes GO to
be easily dispersed in lots of common solvents
including water, ethylene glycol (EG), and ionic
liquids (Wang et al. 2012a). These advantages
suggest that this material can also perform as an
excellent additive in nanofluid technology.

Nanofluid technology, a new interdisciplinary field
of great importance, has largely developed over the
past decade. Nanofluids, suspensions of nanometer-
sized materials, have various superior properties
compared with those of their base fluids (Goharshadi
et al. 2013). The distinguished features of nanofluids
make them potentially useful in a plethora of appli-
cations such as in cooling of electronic equipment,
vehicle engines, nuclear reactors, biomedical engi-
neering, and energy efficiency enhancement (Salehi
et al. 2013).

Among all the physical properties of nanofluids, the
thermal conductivity (TC) is the most important
property for many applications. By suspending some
nanomaterials in heating or cooling fluids, the heat
transfer performance of the fluid can be improved
significantly. A large number of investigations have
been reported on TC of metal and metal oxide
nanofluids both experimentally and theoretically (A-
bareshi et al. 2010; Moosavi et al. 2010; Patel et al.
2010). The nanofluids containing carbonaceous mate-
rials such as carbon nanotubes (CNTs) (Chen and Xie
2009), diamond nanoparticles (Yeganeh et al. 2010),
graphene (Baby and Ramaprabhu 2010), and GO (Yu
et al. 2010a) have attracted great interest because of
their large intrinsic TC and low density compared with
those of metals or metal oxides (Yu et al. 2010a). Yu
et al. (2010a) reported the TC of GO-EG nanofluids.
They observed an enhancement of 61 % for a loading
of 5 vol% of GO nanosheets at room temperature.
Later, the same group (Yu et al. 2010b) studied the TC
of GO dispersion in distilled water, propyl glycol, and
liquid paraffin. They reported the TC enhancement
ratios of 30.2, 62.3, and 76.8 % for nanofluids (5 vol%
GO loading) with distilled water, propyl glycol, and
liquid paraffin as base fluid, respectively.
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Electrical conductivity (EC) of a nanofluid is
related to the ability of charged particles in the
suspension to carry the charges toward respective
electrodes when an electric potential is applied
(Sarojini et al. 2013). The electrically conducting
fluids have a variety of technological and industrial
applications such as field-induced pattern formation in
colloidal dispersion, sensors, and electrically conduc-
tive adhesive technology (Kolbe et al. 2007). EC of
nanofluids containing metal, metal oxide, and CNT
have been studied in the literature (Azizi-Toupkanloo
et al. 2014; Goharshadi and Azizi-Toupkanloo 2013b;
Sarojini et al. 2013). Baby and Ramaprabhu (2010)
measured the electrical conductivity of graphene—
water nanofluid with different volume fractions and at
different temperatures. They observed an enhance-
ment of about 1,400 % for a volume fraction of
0.03 % at 25 °C. To the best of our knowledge, the
present research is the first work measuring the EC of
aqueous suspension of GO nanosheets.

Rheological properties provide the knowledge on the
microstructure under both static and dynamic condi-
tions (Goharshadi and Azizi-Toupkanloo 2013b). One
of the most important rheological measurements is
determining the dynamic viscosity, which is an impor-
tant transport property for applications of nanofluids in
thermal devices such as heat exchangers or cooling
systems. Researchers accomplished some works on the
viscosity of different nanofluids focusing on the
effective parameters like temperature, shear rate, and
particle size, shape, and concentration (Azizi-Toup-
kanloo et al. 2014; Goharshadi and Hadadian 2012;
Moghaddam et al. 2013; Ruan and Jacobi 2012). Tesfai
et al. (2013) investigated the rheological properties of
aqueous suspension of GO. They observed 470 %
increase in viscosity of the nanofluid for 0.5 mg/ml GO
loading at a shear rate of 2.5 s~ .

The first aim of the present work was to fabricate
GtO using modified Hummers’ method. The prepared
sample was characterized by different techniques.
Stable and well-dispersed GO-distilled water and
GO-EG nanofluids with different mass fractions were
prepared by exfoliation of GtO in the base fluids.
Measurement of three transport properties including
EC, TC, and viscosity of the prepared nanofluids as
functions of mass fraction and temperature constituted
the second goal of this study.
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Materials and methods
Materials

All chemicals including graphite powder (<0.1 mm
and >95 %), sulfuric acid (H,SO,), sodium nitrate
(NaNOs;), potassium permanganate (KMnQy), hydro-
gen peroxide (H»O,), hydrogen chloride (HCI), and
EG were of analytical grade and used as received
without further purification.

Synthesis of GtO

GtO was synthesized from parent graphite powder
using modified Hummers’ method (Wu et al. 2009).
Typically, graphite powder (2 g) was mixed with
70 ml concentrated H,SO4 (95 %) and 0.024 mol
NaNOj; for 15 min while being cooled in an ice water
bath. Subsequently, 0.038 mol potassium permanga-
nate was gradually added into the mixture. The
suspension was stirred for 15 min at 0 °C. The color
of the mixture turned to green due to the presence of
oxidizing agent (MnO*"). The ice bath was removed
and the mixture was allowed to stand for 48 h at room
temperature with gentle stirring. Subsequently, 92 ml
deionized water was slowly added to the obtained
brown pasty mixture for 10 min. Then, the suspension
was diluted by 200 ml of warm water (35 °C) and
treated with 70 ml of H,O, (30 wt%) for 30 min. By
this treatment, residual permanganate reduced to
soluble manganese ions (Wu et al. 2009). The
resulting solid was centrifuged and washed several
times with HCI (5 wt%) and deionized water. In order
to ensure that SO;~ and Cl~ were completely
removed, the supernatant was tested by BaCl, and
AgNO;, respectively. Finally, it was dried at 60 °C in
vacuum oven overnight.

Nanofluid preparation

To prepare GO-based nanofluids with various mass
fractions, different masses of GtO were added to 50 ml
of the base fluids (distilled water and EG). The
suspensions were subjected to ultrasonic vibration for
15 min at 25 °C to exfoliate GtO and obtain uniform
dispersions of GO. Using mass fraction in preparing
nanofluids seems to be more appropriate than using

volume fraction because the precise density value of
GO is not available.

Instruments

The chemical composition of GtO was analyzed using
Thermo Finnigan (Flash 1112 Series EA) CHN
analyzer based on the burn-off mass of the sample.
The X-ray diffraction (XRD) pattern of sample was
determined by means of a Bruker/D8 Advanced
diffractometer in the 20 range from 5° to 65°, by step
of 0.04 degree, with graphite monochromatic Cu Ko
radiation (1 = 1.541 A).

The transmission electron microscope (TEM) used
for analysis of the sample was a Philips CM120 TEM
with a maximum acceleration voltage of 120 kV.
Morphology observations were performed on a field
emission scanning electron microscope (FESEM),
Hitachi S4160 operated at 15 kV. The Fourier trans-
form infrared (FTIR) spectrum was recorded at room
temperature on Thermo Nicolet Avatar 370 FTIR
Spectrometer ranging from 500 to 4,000 cm™'.
Raman spectrum of the sample was recorded using
an Almega Thermo Nicolet Dispersive Raman Spec-
trometer with an excitation energy of 2.33 eV
(532 nm, Nd:YLF laser source). The sample was
deposited on silicon wafer in powder form without
using any solvent. The UV—Vis absorption spectrum
was obtained for the samples using an Agilent
photodiode-array Model 8453 equipped with glass of
1 cm path length. The spectrum was recorded at room
temperature within the wavelength range of
200-800 nm.

Sonicator 4000 (20 kHz) with total power of 50 W
was used for dispersing GtO in order to make GO
suspensions. The zeta potential of GO—distilled water
nanofluid was measured by the Zeta sizer (Nano-ZS)
from Malvern instrument.

The EC of the GO-distilled water nanofluids
(stationary) was measured using an EDT instrument
BA 380 (DC9 V 0.5 W) with accuracy of =1 %. The
measurements were performed in the range of 0.1 pS/
cm—-200 mS/cm. The measuring cell was connected to
a circulating cooling water bath (BL 7100, Major
Science) to control the water temperature. The
viscosity of GO-EG nanofluid was measured using a
Brookfield rheometer (LV DV-II 4+ ProEXTRA) with
a sample adaptor. It contains a cylindrical sample
holder equipped with a water jacket connected to a
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circulating cooling water bath to control the water
temperature. The TC was measured using the KD2 Pro
Thermal Properties Analyzer (Decagon Devises, Inc.).
KD2 Pro is based on the well-known transient hot wire
method. The sample container was connected to a
circulating water bath (Thermo Haake K10) to ensure
the measurements were done at constant temperatures.

Results and discussion
Characterization

CHN elemental analysis was carried out to evaluate
the chemical composition of the sample. It showed
that GtO was composed of approximately 44.7 wt%
carbon and 2.5 wt% hydrogen. The oxygen content
can be estimated as a difference between 100 % and
the sum of C+H, assuming that ash is not present
(Long et al. 2010; Sun et al. 2012). The GtO prepared
in this work contains approximately 52.8 wt% oxy-
gen. Hence, the atomic ratio of carbon to oxygen (C,/
0, is ca. 1.13.

The XRD pattern of GtO shows a strong peak at
20 = 11.6° attributed to the (002) crystalline plane
(Fig. 1a). The corresponding interlayer spacing of
GtO (0.76 nm) was larger than that of pristine graphite
(0.34 nm) (El Achaby et al. 2012; Lee et al. 2012)
indicating the full oxidation of graphite. During
oxidation of graphite, oxygen-containing functional
groups are introduced into the basal plane and the edge
of its structure. Therefore, water can be intercalated
within the lamellar structure of GtO and results in a
large basal spacing compared to pristine graphitic
structure. The value of basal spacing depends on the
amount of water within the GtO structure. Conse-
quently, different 20 values, ranging from 10° to 12.4°,
were reported for GtO in the literature (Lee et al. 2012;
Shao et al. 2012; Wang et al. 2012b).

FTIR spectrum was employed to explore the
functional groups on GtO. The FTIR spectrum of
GtO shown in Fig. 1b confirms the successful oxida-
tion of the graphite. The spectrum displays a broad
peak at 3,401 cm™! attributed to O-H stretching
vibrations of adsorbed water molecules and structural
OH groups (Wang et al. 2012b). The most recogniz-
able features in the most reported IR spectra of GtO are
two bands in the middle of the spectrum. One is the
band around 1,722 cm™' which is unambiguously
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assigned to C=0 stretching of carbonyl group. The
other band appears around 1,617 cm™'. Some
researchers attributed this band to the aromatic C=C
bond (El Achaby et al. 2012), while others assigned it
to water bending modes (Wojtoniszak and Mijowska
2012). The presence of epoxy functional groups could
be detected at around 1,226 and 1,053 cm™! (Chen
et al. 2010).

Raman spectroscopy as a powerful and non-destruc-
tive tool has historically played an important role in the
structural characterization of graphitic materials. Fig-
ure 1c shows the Raman spectrum of GtO. There are
two main prominent peaks for GtO assigned to G band
(1,597 cm™") and  disorder-induced D  band
(1,358 cm™"). These bands are present in all polyaro-
matic hydrocarbons. G band originates from the in-
plane vibration of sp> carbon atoms and is a doubly
degenerate phonon mode (E,, symmetry) at the Brill-
ouin zone center. The G band is always in the range
1,500-1,630 cm™'. The D band is a defect-induced
breathing mode of A, symmetry involving phonons
near the K zone boundary (Moghaddam et al. 2013).
This mode is forbidden in perfect infinite graphite and
becomes active in the presence of disorder. The D mode
exhibits a dispersive behavior i.e., its frequency in the
Raman spectra changes as a function of the energy of the
incident laser (Malard et al. 2009). The G band of GtO
shifts toward a higher wavenumber with respect to that
of graphite (1,575 cm™"). It may be due to the oxidation
of graphite and the formation of new sp3 carbon atoms,
defects, and disorder in the graphite lattice (Krishna-
moorthy et al. 2013). In addition to G and D bands, there
were three other Raman bands with weaker intensity,
called 2D (2,740 cm_l), D+G (2,950 cm_l), and 2G
(3,182 cm™Y). The 2D band is the overtone of the D
band. Some authors prefer to call it the G’ band because
this band is symmetry-allowed and appears in the
second-order Raman spectra of crystalline graphite
(without any kind of disorder) (Pimenta et al. 2007).
Similar to the D band, 2D peak position is also
dispersive (Malard et al. 2009). The 2G band is the
overtone of the G mode, while D+G is the combination
mode induced by disorder (Pimenta et al. 2007).

It is known that a ratio between the intensity of
D and G bands (Ip/lg) is a measure of disorder and
determines the relative defect content (Wojtoniszak
and Mijowska 2012). Here, the value of Ip/lg was
approximately 0.96. This ratio depends not only on
the amount of disorder but also on the excitation
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Fig. 1 a XRD pattern, b FTIR spectrum, and ¢ Raman spectrum of GtO. d UV-Vis absorption spectrum of aqueous GO suspension

(Plot of (ochu)2 versus photon energy is shown in the inset)

laser energy. Tuinstra (1970) performed systematic
Raman and XRD studies of many graphitic samples
with different average crystallite sizes, L,. They
concluded that this ratio is inversely proportional to
the average crystallite size. The general equation of
L, was given by Cancodo et al. (2006) using the Ip/
I ratio and the fourth power of the excitation laser
energy in eV, Ej.,e, used in the Raman
experiment:

Ly = 59 (’—) )

E? I

Laser

Considering the laser line wavelength (Ay ,sc;) in nm
units, Eq. (1) can be rewritten as

-1
Ly(nm) = (2.4 x 107"°) 2 . (?) . (2)
G

The value of L, for GtO in this work was calculated
to be 20.11 nm.

The UV-Vis absorption spectrum recorded for
aqueous GO dispersion is shown in Fig. 1d. The
absorption spectrum exhibited a maximum peak at
234 nm corresponding to 7—n* transition of conjuga-
tion system in the polyaromatic structures. A small
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shoulder at 300 nm which is due to n—n* transition of
carbonyl groups was also observed (Marcano et al.
2010). The absorption peak of GO related to conju-
gation system showed blue shift when compared with
that of graphene (270 nm). Reduction of electronic
conjugation during oxidation of graphite causes the
HOMO and LUMO to be further away in GO and
results in a lower A, (Kumar et al. 2013).

The band gap energy, E,, was estimated from UV—
Vis absorption using Tauc’s equation (Goharshadi and
Hadadian 2012):

(ahv)" = B(hv — E,), (3)

where o, hv, and B are absorption coefficient, photon
energy, and a constant relative to the material,
respectively. The parameter n represents the nature
of optical transition, n = 2 for direct transitions and
n = 1/2 for indirect transitions. Plotting (¢4v)" against
the photon energy and extrapolating the linear region
of the curve to the x-axis give the optical band gap.
The variation of (ahv)> with photon energy for
aqueous GO dispersion is shown as the inset of
Fig. 1d. The estimated band gap of GO was calculated
to be 3.95 eV. Of course, Tauc’s relation has some
limitations. First, it is valid in a relatively narrow
energy range corresponding to the region of parabolic
bands where a sharp increase of the optical transmis-
sion is detectable experimentally (Amato 1991).
Second, Tauc’s plot overestimates slightly band gap
in a reflection type of measurement such as spectro-
scopic ellipsometry (Radovi¢ et al. 2013). Finally,
there is ambiguity on the energy range that the Tauc’s
extrapolation is correct (Solomon et al. 1988).

Understanding the electronic band structure of GO
is complicated due to its large structural and chemical
inhomogeneity. Different factors such as oxidation
degree and time can influence the structural and
optical properties of GO. Therefore, different band
gap energies were reported for GO in the literature. In
general, for non-stoichiometric and hygroscopic com-
pounds like GO, a linear increase of the band gap with
an increase in oxygen to carbon ratio has been
established (Acik and Chabal 2012; Boukhvalov and
Katsnelson 2008; Jung et al. 2009).

Figure 2a shows a typical TEM of GO. In order to
perform TEM analysis, GtO powder was dispersed in
deionized water under sonication. The figure clearly
illustrates well-exfoliated and large surface area GO
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which was folded in some regions. It also shows that
GO consisted of few-layer thick and transparent
nanosheets. The FESEM image of GtO (Fig. 2b)
shows that GtO was composed of paper-like layers
with different sizes. It also illustrates that stacking of
the sheets was substantially disordered.

Stability of dispersions

Aqueous suspension of GO is highly stable with no
coagulation for a long time. Lerf—Klinowski model
(Lerf et al. 1998) proposes that GO consists of two
different randomly distributed domains: aromatic
region of pure graphene with sp” hybridized carbon
atoms and areas of oxidized or sp hybridized carbon
atoms. The oxidized domains result in the polar
surface properties and excellent hydrophilicity of GtO.

The stability of GO—distilled water dispersions is
due to the electrostatic or charge stabilization. The
origin of the surface charge is due to the deprotonation
of surface acidic groups. One of the peculiar properties
of GO is the high acidity of its aqueous solutions (pH
~3) (Dimiev et al. 2012). The first evidence for the
presence of acidic groups was the change of pH of the
nanofluid with mass fraction, f;,,. For investigating this
evidence, the GO aqueous suspensions with different
mass fractions were prepared using sonication
(Fig. 3a), and the pHs were measured (Fig. 3b). As
the figure shows, by increasing the mass fraction from
0.0001 to 0.0006, pH decreased from 2.96 to 2.66. The
increase in acidity of the suspension by increasing GO
loading indicates that more number of protons (H™)
are released through deprotonation of surface acidic
groups. The second evidence for the deprotonation of
GO was the evolution of pH with time during the
preparation of the suspension (Fig. 3c). In order to
investigate the second evidence, the GO-distilled
water suspension (f,, = 0.0003) was prepared by
magnetic stirring instead of sonication. It is impossible
to read pH during the sonication because of the
possibility of damaging the pH meter electrode.
Decreasing the pH with time indicates that the
deprotonation of surface acidic groups occurs. The
deprotonation was faster within the first few seconds
because more acidic groups were available. Then, it
reduced until reaching a constant value. The feasibility
of forming stable GO dispersions through electrostatic
stabilization was examined by the zeta potential
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Fig. 2 a TEM image of GO and b FESEM picture of GtO

analysis. The zeta potential values more negative than
—30 mV or more positive than 430 mV are generally
considered to represent sufficient mutual repulsion to
ensure the stability of a dispersion. Concerning the
GO/water interface, it is known that GO nanosheets
have negative charges when they are dispersed in
water (Park and Ruoff 2009). As shown in Fig. 3d,
zeta potential of GO-distilled water nanofluid at pH
range between 3 and 10 was highly negative revealing
strong repulsive forces between GO nanosheets. GO-
distilled water nanofluid at pH = 3 exhibited zeta
potential of —45.4 mV indicative of good stability of
the suspension. The electrostatic repulsion between
ionized carboxyl groups at the edge of GO nanosheets
provides the major barrier preventing the GO sheets
from aggregating (Shih et al. 2011). The negative zeta
potential value indicates that the surface charges are
negative. The surface charge depends upon the degree
of deprotonation of the GO acidic functional groups
(Goncalves et al. 2009; Shih et al. 2011). The ratio of
C./Oy (estimated by XPS or CHN analysis) deter-
mines the number of acidic functional groups. It may
correlate with the zeta potential—the greater the value
of this ratio, the more the positive zeta potential (Kang
and Shin 2012).

The aqueous suspensions of the prepared GO were
stable for more than 5 months without any sedimen-
tation (inset of Fig. 3d). The stability of aqueous
dispersion of GO (0.01 mg/ml) was examined by UV-
Vis spectroscopy (Fig. 3e). The absorbance at the
wavelength of 228 nm was plotted against time during
60 days. The absorbance had no significant change

which also confirmed the high stability of the
suspension.

Electrical properties

The EC of GO-distilled water nanofluids was mea-
sured as a function of GO mass fraction, at different
temperatures (Fig. 4a). The EC of distilled water was
0.9 puS/cm at room temperature.

As GtO is dispersed in distilled water, the nano-
sheets gain negative charges due to the deprotonation
of surface functional groups (White et al. 2011). The
negative surface charge is proved by the negative
value of zeta potential (—45.4 mV). The ions with
opposite charge are attracted to the surface, and the
charged diffuse layer is formed. This layer together
with the surface charge constitutes electrical double
layer (EDL) which would vigorously contribute to the
conduction through electrophoretic mobility (Shen
et al. 2012).

As Fig. 4a shows, the EC of nanofluid increased
linearly with increasing mass fraction and it reached to
about 232 pS/cm for a mass fraction of 0.0006 at
25 °C. No leveling off in EC of the present nanofluids
by increasing mass fraction was observed. The level-
ing off is due to the counter-ion condensation effect,
indeed, it happens at high mass fractions (White et al.
2011). The mass fraction of GO-distilled water
nanofluid in this work was very low.

The EC increased exponentially with temperature
(Fig. 4b). The electrophoretic mobility of charged
particles, y;, which determines the EC of a nanofluid
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(Sarojini et al. 2013) has reciprocal relationship with
viscosity:

_ Qetr
6nyr’

i (4)
where Q. and r are effective charge and total radius of
the ions, respectively. On the other hand, based on
Arrhenius-like equation, the viscosity of fluid, #,
decays exponentially with temperature:

n=Cexp (g—AT) (5)

where EA, T, C, and R are activation energy for the
viscous flow, temperature, a constant, and molar gas
constant, respectively. As the temperature increases,
the viscosity of the fluid tends to decrease exponen-
tially, and electrophoretic mobility rises exponen-
tially. Therefore, EC shows an exponential growth by
temperature.

A critical parameter affecting the electrophoretic
mobility is EDL thickness. According to the Derja-
guin—Landau—Verwey—Overbeek theory (Hunter
1981), the thickness of EDL varies inversely with
the absolute temperature. By increasing the tempera-
ture, the EDL thickness decreases which has a positive
effect on the enhancement of the EC of the nanofluid
(Goharshadi and Azizi-Toupkanloo 2013b).

The agglomeration of the nanomaterials is an
important factor that may affect the electrical con-
ductivity of the suspensions (Ganguly et al. 2009).
Formation of aggregates decreases the effective num-
ber of charge carriers due to reduction of the number
density of the particles in the system. Therefore, it
tends to reduce the electrical conductivity of the
suspension (Ganguly et al. 2009). On the other hand,
the aggregation leads to an enlargement of the particle
size which has negative impact on both Brownian
motion and electrophoretic mobility of nanomaterials
in the suspension. Hence the electrical conductivity
reduces (Dong et al. 2013; Sarojini et al. 2013). Since
our prepared nanofluids were stable during several
months, it is plausible to say that agglomeration was
not formed to affect the value of the electrical
conductivity.

The EC enhancement percentage of a nanofluid is
defined as (Baby and Ramaprabhu 2010)

; (6)

~ % 100

Oo

o
EC enhancement % =

where ¢ and ¢, correspond to ECs of the nanofluid and
the base fluid, respectively. EC enhancement was
plotted versus mass fraction for different temperatures
(Fig. 5). It is obvious that the EC enhancement
increased with mass fraction and decreased with
temperature. Maximum enhancement of about
25,678 % in EC of distilled water was observed for
mass fraction of 0.0006 of GO at 25 °C. As temper-
ature increased for a certain mass fraction, the EC
increased while its enhancement percentage
decreased. The EC of the nanofluid with mass fraction
of 0.0006 increased from 232 to 240 pS/cm by
increasing temperature from 25 to 60 °C, while its
enhancement decreased from 25,678 to 8,789 %.

A variety of equations have been suggested for
description of the EC of the suspensions (Carrique and
Ruiz-Reina 2009; White et al. 2011). Maxwell (1904)
proposed the first model for predicting EC of liquid—
solid suspensions. This model predicts the experimental
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Fig. 5 EC enhancement percentage of GO-distilled water
nanofluids as a function of mass fraction at different
temperatures

data of dilute suspensions consisting of spherical
microparticles (Ganguly et al. 2009). In the case of
suspensions containing nanoparticles, this model
underestimates the experimental values of EC (Ganguly
et al. 2009; Sarojini et al. 2013) because it does not
consider all the parameters affecting the EC of
nanofluids such as EDL thickness, ionic strength,
particle size, and surface charge (Chakraborty and
Padhy 2008). Some researchers attempted to develop
some models by considering the neglected parameters
in Maxwell model (Chakraborty and Padhy 2008;
White et al. 2011). Although the proposed models
reproduce experimental data of spherical colloidal
particles, they cannot be applied for nanofluids con-
taining sheet-like nanomaterials such as GO.

In this study, a simple empirical equation was
developed for the EC of GO-distilled water nanofluids
as a function of mass fraction for all temperatures:

6 = o+ Pfm, (7)

where o and f§ are parameters of fitting.

Table 1 represents the parameters of fitting and the
correlation coefficients for different temperatures.
Parameters o« and f are functions of temperature.
The values of parameter « as a function of temperature
were fitted by an exponential equation with correlation
factor of 0.997:

o= o, + ¢ exp(dT), (8)

where o, ¢, and d are 30.55 uS/cm,
3.3306 x 107° pS/cm, and 0.0598 K~'. Parameter o

@ Springer

Table 1 Parameters and the correlation coefficients of linear
equations of Eq. (7) for GO-distilled water nanofluids at dif-
ferent temperatures

T (°C) o (uS/cm) p (uS/cm) R?

25 32.320 333,228.571 0.9998
30 33.213 332,057.143 0.9991
35 33.980 330,200.000 0.9989
40 34.667 328,857.143 0.9991
45 38.107 327,457.143 0.9992
50 38.533 326,571.429 0.9992
55 41.953 325,228.571 0.9988
60 45.160 324,828.571 0.9988

increased exponentially with temperature due to the
exponential decrease of viscosity. The temperature
dependence of parameter f§ can be represented by

B = B, +f exp(—gT), )

where f,, f, and g are 3,16,656.75 uS/cm,
96,48,593.64 nS/cm, and 0.0213 K. The correlation
factor of this equation was 0.996.

The ability of the resulting empirical equation to
predict the EC of GO-distilled water nanofluid was
evaluated by calculating the average of deviation
percent which is defined as follows:

Ocal — Oexp

Deviation percent = x 100, (10)

Oexp
where 0., and o, represent the predicted and
experimental EC of the nanofluid, respectively. The
evaluated average deviation for EC of the present
nanofluids was calculated to be 0.04 %.

A comparison between our work that was done for
the first time on EC of GO-based nanofluid and some
recent works on different carbonaceous nanofluids is
shown in Table 2. It is outstandingly obvious that
although the in-plane EC of GO is low, it provides
significant enhancement in EC of the fluids in
comparison with those of other works. The reason is
that the surface charges of nanoparticles play an
important role in increasing EC of the nanofluids, and
there are high surface charges on GO nanosheets
originating from its functional groups. Surprisingly,
aqueous suspension of GO showed much higher EC
enhancement in comparison with that of aqueous
metal or metal oxide suspensions studied in our group
(Azizi-Toupkanloo et al. 2014; Goharshadi and Azizi-
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Table 2 EC enhancement of different carbonaceous nanofluids

Nanomaterial Base fluid EC enhancement  Concentration Temperature Ref.
(%)
Multiwalled CNT Distilled water ~25 3 wt% 25 °C Glory et al. (2008)
Sulfonated CNT Deionized water: EG 1,200 0.5 wt% 25 °C Glover et al. (2008)
(50:50)

Functionalized Deionized water 1,400 0.03 vol% 25 °C Baby and Ramaprabhu
graphene (2010)

Functionalized EG: distilled water 8,620 0.395 vol% 30 °C Kole and Dey (2013)
graphene (70:30)

Functionalized Silicone oil 1,400 0.07 wt% 25 °C Ma et al. (2013)
graphene

Graphene Distilled water 950 0.1 wt% 25 °C Mehrali et al. (2014)
nanoplatelet

GO Distilled water 25,678 0.06 wt% 25 °C Present study

Toupkanloo 2013a) and other scientific groups (Gan-
guly et al. 2009; Minea and Luciu 2012).

Rheological behavior

The rheological properties of suspensions are gov-
erned by different factors. It is therefore necessary to
investigate the rheology of GO-EG nanofluids at
various mass fractions, temperatures, and shear rates.
The viscosity of EG at 25 °C and shear rate of 27.5 s~
was 16.5 cP which is in agreement with literature
value (16.1 cP) (Lide 2000).

The viscosities of EG and GO-EG nanofluids as
functions of shear rate at 25 °C are plotted in Fig. 6a.
As the figure shows, the viscosity of nanofluids
decreased non-linearly with increasing shear rate,
indicating the strong “shear-thinning” behavior at low
shear rates.

This shear-thinning behavior becomes more pro-
nounced at the higher GO concentrations due to the
stronger sheet—sheet and multi-sheet interactions with
the increase in concentrations. Figure 6a shows that
the viscosity of the nanofluid was higher than that of
the base fluid. By increasing the concentration of GO
in a suspension, the system becomes progressively
chaotic as more aggregates form and viscosity
increases. As the shear rate increases, the individual
particles of aggregate start to break apart and align in
the direction of the shearing flow and hence, the
viscosity decreases. Therefore, the GO—EG nanofluids
exhibited an obvious non-Newtonian shear-thinning
behavior at low shear rates. The viscosity of nanofluid

tended to reach a Newtonian plateau at high shear
rates.

Figure 6b shows the viscosity of GO-EG nanofluid
versus shear rate at different temperatures. Over the
measured temperature range, viscosity of the nano-
fluid decreased with increasing shear rate. This non-
Newtonian behavior was more obvious at low tem-
peratures. At higher temperatures, the breakage of the
nanoparticle aggregates leads the viscosity be inde-
pendent of shear rate. This figure also shows that the
viscosity of nanofluids decreased with an increase in
temperature.

The values of #,¢/nys, defined as ratio of nanofluid
viscosity, 7, to the viscosity of the base fluid, 7y,
under the same conditions are summarized in Table 3.
By increasing mass fraction of GO nanosheets, the #,,¢/
N increased for all shear rates and temperatures. As
the mass fraction increased from 0.001 to 0.005 at
50 °C under shear rate of 67.5s”!, the Nt/ Mot
increased from 1.52 to 2.34. The #,¢/nys decreased
from 1.53 to 1.45 by increasing shear rate from 90 to
115 s~ ! which confirms the shear-thinning feature of
nanofluids. This shear-thinning behavior is more
prominent at low temperatures, high mass fractions,
and low shear rates.

Different empirical equations have been proposed
in the literature to predict the temperature dependence
of viscosity of nanofluids (Kole and Dey 2010). Here,
the viscosity of the base fluid and the GO-EG
nanofluids was found to fit well with the Vogel-
Tammann—Fulcher (VTF) equation (Goharshadi et al.
2013):
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Fig. 6 The viscosity of a GO-EG nanofluids as a function of
shear rate at 25 °C, and b GO-EG nanofluid as a function of
shear rate at different temperatures with mass fraction of 0.005

B
=A E— 11
n CXP<T+C>, (11)

where A, B, and C are constants. The three parameters
in Eq. (11) have clear physical meanings: A is the
value of # at the infinite temperature. B corresponds to
the energy barrier associated with the so-called cage
confinement due to the close packing of liquid
molecules. C represents the temperature at which
viscosity becomes infinite. It is also called zero-
mobility temperature at which the free volume or
configurational entropy of the liquid would vanish
(Goharshadi et al. 2013). The experimental data at
constant shear rate (80 sfl) were fitted by Eq. (11)
(Fig. 7). The fitting parameters and the correlation

@ Springer

Table 3 The values of n,¢/n,¢ at different temperatures and
mass fractions under constant shear rates

Shear rate (s~ ") T(°C) Mt/ Mot

Jm = 0.001 0.003 0.005

67.5 20 1.37 1.60 2.27
25 1.34 1.64 2.27
30 1.39 1.64 2.28
40 1.44 1.73 2.32
50 1.52 1.85 2.34
90 20 1.31 1.53 2.17
25 1.30 1.61 2.18
30 1.39 1.62 222
40 1.42 1.69 222
50 1.49 1.76 2.18
115 20 1.26 1.45 2.03
25 1.28 1.56 2.10
30 1.35 1.58 2.11
40 1.39 1.64 2.12
50 1.44 1.71 2.08

coefficients between the equation and measured
values of the viscosity of nanofluids at different mass
fractions are summarized in Table 4.

Thermal conductivity

TC of GO-EG nanofluid, k., was measured at
different mass fractions and various temperatures
(Fig. 8a). As the figure shows, the TC of EG and
nanofluids increased linearly with raising temperature.
The TC of the base fluid, kyf, was 0.249 Wm™"' K" at
25 °C. Atlow mass fractions of GO (0.001 and 0.005),
there was no significant enhancement in the TC of the
nanofluids with respect to the base fluid. As the mass
fraction increased to 0.01, the TC increased to about
0.259 Wm ™' K ! at 25 °C because of the connection
between the nanosheets (Baby and Ramaprabhu
2011).

The TC enhancement of nanofluids was calculated
using the following equation:

(knf - ko)
(8]
The TC enhancement of GO-EG nanofluids as a

function of temperature and mass fraction is shown in
Fig. 8b. The TC enhancement showed approximately

TC enhancement%= x 100. (12)
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Fig. 7 Viscosity of GO-EG nanofluids as a function of
temperature at a constant shear rate (80 s™'), the symbols and
lines are the measured and calculated values using Eq. (11),
respectively

Table 4 The empirical constants of Eq. (11) and the correla-
tion factors at different mass fractions under constant shear rate

(80s71)

fin A B C R?

0 0.418 321.63 64.53 0.999
0.001 1.258 204.274 48.307 1
0.003 0.480 439.730 86.960 0.997
0.005 0.164 727.262 111.369 0.999

a linear increase with GO concentration. The maxi-
mum enhancement of ca. 30 % was observed for GO-
EG nanofluid with mass fraction of 0.07. As the
temperature increased, the TC of GO-EG nanofluid
increased, while TC enhancement was being almost
constant with raising temperature. Similar trend was
reported by Yu et al. (2010a) for GO-EG nanofluids.

Many researchers found that the TC enhancements
of nanofluids obviously increase with increase in
temperature. Most of them proposed that Brownian
motion of nanoparticles and the micro-convection
caused by Brownian motion could explain the mech-
anism of TC enhancement (Jain et al. 2009; Jang and
Choi 2004). However, as shown in Fig. 8b, the
temperature exhibited no influence on the TC
enhancements of GO-EG nanofluids in our work
implying that the Brownian motion and micro-con-

vection were not the dominant heat transfer
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0324* £
4 030 v ¥ I
- 0304y ¥ v T(C)
=]
J " f0
F 028 v 0.001
=< P .
e« o ¢ 0 0.005
A 0010
0261, . . " ® 0.030
. : v 0.050
g % 2 = ¢ 0.070
20 30 40 50 60 70
T (°C)
(b)

TC enhancement %

33
T(c)

Fig. 8 a TC of EG and GO-EG nanofluids as a function of
temperature at different mass fractions. The error bars are not
visible because of large range of y-axis. The inset shows the TC
of nanofluid with mass fraction of 0.03 versus temperature. b TC
enhancement of GO-EG nanofluids both as a function of
temperature and mass fraction

mechanisms. The geometry of GO with high surface
area and sheet-like structure is conducive for chain
formation and percolation network structure (Wang
et al. 2012a). The formation of a low-resistance heat
flow percolation paths in the liquid could possibly
explain the TC enhancement of GO-EG nanofluids.

Some research groups (Kole and Dey 2013; Yu
etal. 2011) found that the experimental data of thermal
conductivity of nanofluids containing nanosheets were
in good agreement with the model developed by Nan
etal. (1997). According to Nan’s model, the TC of the
nanofluid is expressed as
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3+ ¢2B1 (1 — Lin) + Bs(1 — L)
3 — 2B Lt + BisLaz) ’
(13)

ks = kot

where ¢ and L;; are volume fraction and geometrical
factor, respectively. For GO, the aspect ratio is very
high, so L1; = 0 and L33 = 1 (Yu et al. 2011). f;; is
defined as

ko
ko + Lii(kp — kor)’

B (14)
where ki, is the TC of the particles. As Fig. 9 shows,
the TC proposed by Nan’s model can be matched to
the experimental results very well. Based on Eq. (13),
using least square fitting of the experiment data, the in-
plane thermal conductivity of GO was found to be
3.77 + 0.09 Wm ™' K~'. Using Nan’s model, Yu
et al. (2011) also estimated the in-plane thermal
conductivity of GO tobe 4.9 + 0.6 Wm ™' K~'. Such
a low value for TC of GO was possibly due to
significant amount of structural defects introduced
during the chemical oxidation of graphite to GO.
These defects promote phonon scattering effects and
result in low thermal conductivity of GO (Yu et al.
2011). Furthermore, based on theoretical calculations
(Nika et al. 2009), the TC depends strongly on the size
of nanosheets and the edge roughness.

A linear regression analysis was also employed to
develop an empirical relationship between TC of GO—
EG nanofluids and mass fraction of GO nanosheets at
different temperatures:

knt = afm + b, (15)

0.33

0.32 A

0.31

0.30

0.29 4

0.28 4

TC (W m™ KV)

0.27

0.26 ®  Present data
Predicted by Nan's model

0.25 . . .
0.00 0.01 0.02 0.03

Volume fraction

Fig. 9 TC of prepared nanofluids based on Nan’s model (Nan
et al. 1997) and experimental data at 25 °C
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where a and b are the parameters of fitting. Table 5
shows the parameters and related correlation coeffi-
cients for different temperatures.

Conclusions

In summary, GtO was prepared via modified Hummers’
method. It was successfully dispersed in distilled water
and EG as the base fluids. One of the outstanding
features of this work is that stable GO nanofluids were
prepared via a simple way without requiring expensive
surfactants or any special rigorous processes. The
stability of the prepared nanofluids was investigated by
UV-Vis spectroscopy and zeta potential measurement.

The transport properties, i.e., EC, viscosity, and TC
of the nanofluids, were measured as functions of GO
concentration and temperature. The main conclusions
are as follows:

e The EC of GO-distilled water nanofluids was
investigated for the first time. It was showed that
the EC increased with increasing both mass
fraction and temperature. An enormous enhance-
ment of about 25,678 % was obtained (for mass
fraction of 0.0006) which was much higher than
those of other carbonaceous materials, metals, or
metal oxides.

e The viscosity of nanofluids decreased significantly
with increasing temperature, while it increased
with increasing mass fraction. The maximum
viscosity of GO-EG nanofluid, 81.29 cP, was
obtained at 20 °C for 0.005 mass fraction of GO
nanosheets (under shear rate of 25s'). The
nanofluids revealed shear-thinning behavior at
low shear rates. The viscosity became constant at
high shear rates because the interactions in the
nanofluid became weak and the fluid aligned in the
direction of the shearing flow.

Table 5 The parameters of Eq. (15) and the correlation
coefficients

T (°C) a(Wm™' K™ b (Wm™' K™ R?

20 1.050 0.247 0.996
25 1.063 0.248 0.995
30 1.049 0.249 0.995
40 1.058 0.249 0.995
50 1.073 0.251 0.992
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e Maximum of ca. 30 % enhancement in TC was
achieved for GO-EG nanofluid with mass fraction
of 0.07 for all temperatures. The TC enhancement
of GO-EG nanofluids was almost constant with
temperature.

The results obtained in the present work can
provide better understanding of the transport proper-
ties of the GO dispersions for the different application
areas such as conductive ink, coatings, and electronic
and cooling industries.
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