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Abstract - The rheological behavior of an aqueous suspension of silver nanoparticles stabilized with
aminosilane-based surfactant flowing under confinement was investigated. Three stability levels were defined
based on the zeta potential: high (41.73 mV, pH 4.3), medium (10.44 mV, pH 7.4), and low (0.74 mV, pH 8.6).
Furthermore, the preliminary investigation showed that the surface charge remained positive, and the formation
of agglomerates was not observed. Due to the particle coating and the ionization of the amino groups of the
surfactant an electrosteric stabilization was evidenced. Shear rates ranging from 50 to 1000 s and shear stresses
between 0.02 and 0.2 Pa, at the temperatures of 15, 25 and 35 °C, were evaluated with the nanofluid flowing in
microchannels with a gap of 100, 300 and 500 um. A trend to dilatant behavior was observed at high shear rate
and a slit size of 500 pm, while Newtonian behavior was predominant at lower slit sizes. A reduction of 47.3%
was noticed at 25 °C with the variation in the slit size from 500 to 300 um. Furthermore, the viscosity of the

nanofluid decreased as much as 60% when the slit size was reduced from 500 to 100 pm.
Keywords: Nanofluid; Silver; Functionalization; Rheology; Microfluidics.

INTRODUCTION

A suspension of nanoparticles, with size ranging
from 1 to 100 nm in at least one dimension (Delay
et al, 2011), is known as a nanofluid. These
nanosuspensions can exhibit singular properties
depending on the particle size distribution and shape,
concentration, density, as well as pH and presence of
additives. Several methods for preparation, dispersion
and optimization of nanofluids have been described
in the literature (Kumpulainen et al., 2011; Shi et al.,
2011; Mahbubul et al., 2012; Keramati et al., 2015; Du
etal, 2016).

Additives have been frequently used in the
preparation of nanofluids for the functionalization of
the surface of the nanoparticles, promoting stability
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(Ghamidi et al., 2011) and avoiding agglomeration
through the action of steric and electrostatic repulsive
forces (Lin et al., 2012).

Recently, there is an increased interest in the
investigation of the flow of nanofluids in confined
structures. Application of nanofluids in microchannels
can be found in microelectronics, energy generation,
biomedicine, and manufacture of nanostructures. In
all cases, however, the rheological behavior of the
nanosuspension in microfluidic devices has been
reported as complex (Sundar and Sharma, 2010;
Sridhara and Satapathy, 2011; Mohammed et al., 2011;
Hojjat et al., 2011; Haghighi et al., 2015).

Sharma et al. (2016) considered the particle
nature, concentration, base fluid, stabilization method,
shear rate and shear stress for a phenomenological
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evaluation of several nanofluids. Moreover, Sohrabi
et al. (2016) modeled nanofluid flow in a microfluidic
device considering the particle interaction, geometry
of the microchannel, shear rate, density and particle
size distribution.

According to Hojjat et al. (2011), the rheological
behavior of nanofluids can change from Newtonian
to non-Newtonian depending on the concentration of
nanoparticles. Furthermore, viscosity reduction was
also reported when increasing the shear rate (Tamjid
and Guenther, 2010). Clogging and particle aggregation
(Georgieva et al., 2010; Chandrasekar et al, 2010) and
stability of the flow regime (Ho et al., 2010; Singh et
al., 2012) were also reported when flowing nanofluids
through microchannels. However, Chen et al. (2007)
reported that hydrodynamic forces can be insufficient
to break up the aggregates of particles into individual
primary particles.

Based on this scenario, the importance is evident
of comprehensive investigation of the rheology
of nanofluids flowing in microchannels, given the
complexity associated with this phenomenon and the
increased search for applications of these systems.
This work focuses on the investigation of the rheology
of a nanofluid consisting of silver nanoparticles
dispersed in water and stabilized with an aminosilane-
based surfactant flowing under confinement. Silver
nanoparticles have been used as antimicrobial
agents, for instance. When in aqueous suspensions,
additives such as surfactants are used to ensure
stability (i.e., absence of agglomeration). Giving
that this functionalized nanofluid can flow through
confined spaces in several instances, it is of paramount
importance to know its rheological properties for
proper design and optimization of the equipment. That
is, precisely, the novelty of this work.

MATERIAL AND METHODS

A commercially available nanofluid was kindly
provided by TNS Nanotechnology (Floriandpolis/
SC, Brazil). This nanosuspension consists of silver
nanoparticles, synthesized by reduction of silver
nitrate (AgNO,), dispersed in water and stabilized
with an aminosilane-based surfactant. A preliminary
characterization  revealed  morphological  and
physical-chemistry properties of the nanofluid, used
as commercialized without any additional treatment.
Then, the rheological performance in confined space
was evaluated.

The particle size distribution was determined in a
dispersion analyzer (LUMiSizer, 6110- 87, Germany).
The equipment was operated at 25 °C, with a light
factor of 1.0. The same principle adopted for the
evaluation of static sedimentation was applied herein,

using centrifugal force for shortening total analysis
time and infrared light transmission to determine the
particle size profile along time. The tests were carried
out in duplicate.

Mass concentration of the nanoparticles in the
suspension was determined by flame atomic absorption
spectroscopy (FAA, Perkin Elmer, PINAACLE 900T,
USA) and the mean free path of the particles (A) was
calculated from Fullman’s equation (1953) as A = (2/3)
d (1-¢ )¢ ,whered is the average particle size and ¢
.p p p . p. . p
is the volumetric fraction of the particles. Pycnometry
was used to determine the density of the nanofluid.

Transmission electron microscopy (TEM, Jeol
JEM-1011 Electron Microscope, Japan) images were
obtained with a maximum voltage of 100 kV, on all
samples.

Measurements of zeta potential (Stabino, Particle
Metrix, Germany) were performed with automatic
titration of sodium hydroxide (0.01 N) over the pH
range of 3.0 to 10.0. Based on the results obtained from
this technique, three stability levels (high, medium
and low) were defined within the pH range and further
experiments were performed at the chosen pH values.

The rheological behavior of the stabilized silver
nanofluid was analyzed through rotational rheometry
(Haake, Mars II, Germany), using parallel plates with
35 mm diameter and adjustable size. Shear rates ranged
from 50 to 1000 s*', with shear stress between 0.02 and
0.2 Pa. The rheometer operated in controlled stress
(CS) mode that enabled normal force measurements
within the range of 0.01 N to 50 N with uncertainty
in viscosity measurements of + 5% for the slit size
of 500 um, according to the equipment manufacturer
(FISCHER, 2007).

Measurements were carried out at three different
temperatures (15, 25 and 35 °C), keeping all other
conditions constant. Additionally, the experimental
data were compared with the Newtonian (t = p. . v,
where 1 is the shear stress, . is the viscosity of the
nanofluid and vy is the shear rate), Power Law (t = , .
Yy where 1 < 1 and 1 > 1 imply in pseudoplastic and
dilatant fluids, respectively) and Herschel-Bulkley (t
=1, W, . y", where 1, corresponds to the initial shear
stress) models.

A non-fractional factorial design with three factors
evaluated at three levels was applied, resulting in 27
experiments (see Table 1), aiming to determine the
effect of these parameters on the nanofluid viscosity
when reaching a shear rate of 1000 s

Table 1. Factorial design for the characterization of
the nanofluid.

Stability pH Slit Temperature
Level value size (um) (°C)
High 43 100 15

Medium 7.4 300 25
Low 8.6 500 35
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The Reynolds number was calculated [Re=(p. Q.
L?)/u,] and the possible occurrence of a secondary flow
was analyzed (Ewoldt et al., 2015).

The data were interpreted using a statistical software
(Statistica 10, Statsoft) at a confidence interval of 95%
for the variance analysis (ANOVA) through Tukey’s
test.

RESULTS AND DISCUSSION

Preliminary characterization of the nanofluid

The average size of the silver nanoparticles was 30
nm, with D, of 21 nm. A multimodal distribution was
observed, with minimum size of 13 nm (<10% of the
suspended content). Tamjid and Guenther (2010) and
Aberoumand et al. (2016) reported silver nanofluids
with particles sizes of 40 and 20 nm, respectively,
which is in accordance with the results obtained
herein. Moreover, the particle size measurements were
corroborated by the TEM images, as reported in Fig.
1. Similar characteristics were also described by Paul
et al. (2012) and Mahbubul et al. (2012).

The density of the nanofluid measured at 25 °C
was 0.9612 g-mL"'. Moreover, the concentration of
the silver nanoparticles, determined by FAA, was 956
mg-L1(~0.096 wt.% or~0.087 vol.%). Although results
for aqueous silver nanosuspensions stabilized with
aminosilane-based surfactant are not available in the
literature for direct comparison with the data reported
herein, the characteristics of other nanofluids can be
used as a reference. Rao et al. (2015) obtained different
values for the density of alumina nanosuspensions in
water as a function of the concentration: 1.1015 g'mL™' at
0.035 vol.%, 1.0714 g'-mL" at 0.025 vol.%, and 1.0416
g'mL" at 0.015 vol.% solids. Shoghl et al. (2016), on
the other hand, determined the density of different

-

Figure 1. TEM images evidencing the morphology
and the particle size of silver nanoparticles in an
aqueous suspension, stabilized with aminosilane-
based surfactant, at different magnifications.

nanofluids as a function temperature, with different
surfactant concentrations. The density of the base fluid
(water + surfactant) was 0.996 g-mL™! for 0.02 wt.%
sodium dodecylsulfate (SDS) at 30 °C, while at 40 °C
the value of this parameter decreased to 0.992 g'mL"'.

The mean free path estimated by Fullman’s
equation was 16 nm. According to Chen et al
(2007), this is a semiconcentrated nanofluid (~0.05
to 0.1) vol.%, with possible non-Newtonian behavior.
Higher concentrations of the nanoparticle could not
be reached due to hindered dispersion of particles,
possibly due to limitation of the dispersing capacity
of the surfactant. It should be highlighted, though, that
higher concentrations (0.12 to 0.72 wt.%) of silver
nanoparticles were reported when dispersed in oil
(Aberoumandetal.,2016). Moreover, Parametthanuwat
et al. (2015) worked with an aqueous suspension of
silver nanoparticles with sizes varying from 95 to 100
nm (non-stabilized with surfactant as in this work)
with concentration of 0.5 wt.%. Additionally, Singh
and Raykar (2008), Chen et al. (2010), Oliveira et
al. (2014) and Afrand et al. (2016) reported silver
nanosuspensions with concentrations of (1.0, 16.0, 0.3
and 1.2) vol.%, respectively.

The zeta potential of the nanoparticles in
suspension was measured as a function of pH and the
result is reported in Fig. 2. Values of the zeta potential
associated with stable suspensions (>30 mV) are
clearly observed for pH around 4, reaching ~42 mV
at pH 4.3, which corresponds to a positively charged
surface. The stability of the silver nanoparticles
in water is then steadily reduced for higher values
of pH and the isoelectric point is reached in the pH
range of 8.6-10. Therefore, three stability levels were
defined for the rheological investigations at the pH
corresponding to the highest, intermediate and lowest
values of zeta potential (i.e., highest, intermediate and
lowest levels of stability). It should be highlighted that
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Figure 2. Stability levels of the nanofluid according to

the zeta potential as a function of pH.
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the nanofluid is commercialized with a pH of 3.1 (zeta
potential of 22.60 mV).

Different results were obtained by Sadowski et
al. (2008), Elzey and Grassian (2010), and Leo et al.
(2013) for silver nanoparticles in suspension. In all
cases, the charge at the surface was negative and the
isoelectric point was located at the acid pH of 2.0, 2.5
and 3.0, respectively. Therefore, both the nature of the
charges and the values of the isoelectric point are not
in agreement with the results obtained in this work.
It should be highlighted, though, that in these cases
the silver nanoparticles received different treatments
compared to the one applied in this work. Thus,
the differences observed might be attributed to the
stabilization of the aqueous silver nanoparticles with
the aminosilane-based surfactant.

The behavior of aqueous silver nanosuspension
treated with aminosilane-based surfactant can be
explained with the scheme presented in Fig. 3.

According to Parks (1965), the isoelectric point
of the silver nanoparticles (without treatment)
corresponds to pH in the range 1.5 — 3.5. Aggregation
can occur when the pH is changed to values out of this
interval or due to the addition of electrolytes to the
solution. However, when a surface treatment is applied,
using aminosilane-based surfactant for instance, the
nanoparticles can remain stable even in a pH range
different from that corresponding to the isoelectric
point of untreated silver, due to the formation of a
steric layer with ionizable groups (Loftizadeh et al.,
2016).

The aminosilane-based surfactant can ionize
completely and shift the zeta potential to the acid
pH range. Silver nanoparticles, which have naturally

Silver nanoparticles without surface modification
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negative surface charges, are fully coated as the
surfactant ionizes, reacting with hydroxyl groups at the
particle surface. Thus, there is a saturation of positive
charges at low pH. Therefore, the silver nanoparticles
do not agglomerate due to the repulsive electrostatic
forces. As the pH is increased to neutral or alkali
ranges, though, this behavior is not observed, and the
zeta potential is close to zero. Under this condition, van
der Waals forces become significant and the particles
tend to agglomerate.

A simplified ionization mechanism of the
amino groups in contact with the surface of silver
nanoparticles, in acid medium, is suggested as

Ag,, +AM/, +H,0, +HX > Ag +H,0, +X~ (1)

where Ag - represents the silver nanoparticle, AM "
is the aminosilane surfactant, HZO(I) is the reaction
medium, HX is an acid, Ag(s* represents the silver
nanoparticle with surface modification,H,O* is the
hydronium ion formed and X" is an anion.

Rheological behavior of the nanofluid under
confined flow

The evaluation of the rheological behavior of the
nanofluid under confinement (microchannels) was
performed in a parallel plate rotational rheometer, as
described in section 2. The same procedure was used
by Hedayati and Domairry (2015) for the rheological
evaluation of titanium dioxide nanofluid under
confinement.

Figures 4, 5 and 6 present, respectively, the
rheological behavior of the silver nanofluid stabilized

7.0 10.0

Tonizable amino | '™
groups

. H
(H
Non-ionizable amino ‘.

groups

Silver nanoparticles with surface modification

Figure 3. Scheme representing the action of aminosilane-based surfactant on silver nanoparticles in an aqueous

medium at different pH values.
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Figure 4. Shear stress and viscosity as a function of
shear rate for the nanofluid at 15 °C, considering three
stability levels (pH) and slit sizes of (a) 500 um, (b)
300 pm and (c) 100 um.
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Figure 5. Shear stress and viscosity as a function of
shear rate for the nanofluid at 25 °C, considering three
stability levels (pH) and slit sizes of (a) 500 um, (b)
300 um and (¢) 100 um.
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Figure 6. Shear stress and viscosity as a function of
shear rate for the nanofluid at 35 °C, considering three
stability levels (pH) and slit sizes of (a) 500 um, (b)
300 pm and (c) 100 um.

with aminosilane-based surfactant at 15 °C, 25 °C
and 35 °C for three pH values (corresponding to the
lowest, intermediate and highest level of stability as
previously defined) and three slit sizes: (a) 500 um, (b)
300 pm and (c) 100 pm.

A tendency of dilatant behavior was observed for
high shear rates at the larger slit size (500 um). As the
slit size was reduced, though, the nanofluid exhibited
Newtonian behavior. This trend was observed for all
temperatures evaluated. Moreover, the power-law
model presented the best fit for all cases (R~ 1).

Rheological behavior of the silver nanofluid
was not related to that of the aminosilane-based
surfactant, as can be confirmed by Fig. 7. Rheological
results indicated that the behavior of the surfactant
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Figure 7. Shear stress and viscosity as a function of
shear rate for the aminosilane-based surfactant at 25

°C and slit size of 500 um.
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was Newtonian with a correlation of 0.9940. The
analysis was conducted at 25 °C and slit size of 500
um. The surfactant showed a small hysteresis and
suggests thixotropic behavior. In this condition, the
aminosilane-based surfactant presented a viscosity 13
times bigger than the nanofluid.

Non-linearity was also observed by Mostafizur et
al. (2014) when working with alumina and titanium
dioxide nanofluids. The dilatant behavior was
predominant for temperatures ranging from 1 to 20
°C, with concentrations in the range of 0.01 — 0.15
vol.%.

No evident differences were noted for the
different pH values (stability levels), maintaining
all other conditions constant. Furthermore, no time
variation of the profiles of viscosity and shear stress
was noticed. In addition, no hysteresis was found in
these profiles.

The viscosity decreased as the slit size was
decreased, reaching a reduction of 47.3% when the
size changed from 500 to 300 um at 25 °C. Viscosities
in the range of (0.585 —0.974) mPa-s, (0.716 — 1.124)
mPa-s and (1.008 — 1.417) mPa-s were measured as
a function of the slit sizes of 100, 300 and 500 pm,
respectively. Moreover, the influence of temperature
on the rheology of the nanofluid can be observed in
the values of viscosity measured at the shear rate
of 1000 s'. Keeping the slit size constant, there
was a decrease in the viscosity of ~25.2% when the
temperature varied from 15 to 25 °C, while a variation
of ~4.6% was observed from 25 to 35 °C. Fig. 8
shows the values of viscosity obtained at different
temperatures and slit sizes for the shear rate in the
range of 800 - 1000 s™.

The viscosity decreased as the temperature
increased, which agrees with the works of Namburu et
al., (2007), Kole and Dey (2010) and Hojjatetal. (2011)
when working with different nanofluids. Interestingly,
at the temperature of 35 °C the average valued of

2,5
—=—500 um
20 4---1 —#300um
—4+—100 um
1,5 1--- averages (mPa-s)

Viscosity (mPa-s)

10 20 30 40
Temperature (°C)
Figure 8. Viscosity at the shear rate in the range of
800-1000 s!as a function of temperature and slit size.
Average viscosities for the slit sizes of 100, 300 and

500 um are also shown.

viscosity measured was slightly higher than at 25 °C
for the slit sizes of 300 and 100 um, even though the
error associated with these measurements does not
allow one to precisely define a tendency. Chen et al.
(2008) observed a similar effect at temperatures above
55 °C when working with carbon nanotubes suspended
in distilled water, ethylene glycol and glycerol.

Therefore, it is evident that the behavior of
nanofluids flowing at the microscale is distinct from
that observed at the macroscale. Smaller dimensions
provided a viscosity reduction higher than 60%,
which represents a significant advantage in terms of
microfluidic applications. This data can be observed
in Fig. 8 (yellow line) with average viscosities of
~1.14, ~0.84 and ~0.68 mPa-s for the slit sizes of 500,
300 and 100 pum, respectively. However, it should
be considered that the efficiency of microflow of
nanofluids is dependent on the functionalization of the
nanoparticles.

Yao and Kim (2002) obtained a different behavior
when using polymeric materials. An increase of up
to 130% in viscosity was reached when the polymer
flows through a slit of 0.1 pm when compared with a
condition of non-confinement.

Moreover, although there was a tendency of dilatant
behavior, corresponding to a viscosity increase at
high shear rates, this phenomenon was not due to an
agglomeration process, as mentioned by Mahbubul
et al. (2013) and Mostafizur et al. (2014), since the
original value of viscosity was reached as the shear
rate decreased (i.e., absence of hysteresis).

Using the average viscosity (as a function of
temperature and pH) at each slit size, the Reynolds
number and the steady shear viscosity were calculated:
0.1004, 0.0294 and 0.0013 for the slit sizes of 500,
300 and 100 pm, respectively. Therefore, Re . (=12.0,
considering an error of ~3% for pure water at 25 °C and
slit size of 500 um) was not reached in any experiment.
Thus, the experimental limit of steady shear viscosity
[1(y)] was not exceeded and the results obtained do
not correspond to a possible secondary flow (data not
shown) (Ewoldt et al., 2015).

The response surface graphs presented in Fig. 9
summarize the combined influence of slit size x pH,
temperature x pH and temperature x slit size. Clearly,
the slit size and temperature have significant influence
on the viscosity of the nanofluids at high shear rates.

Finally, the statistical analysis revealed a relevant
effect of the slit size and the temperature, at high shear
rates, on the viscosity of the nanofluid. Table 2 shows
the ANOVA, where the non-significance of the pH
is evidenced. However, all combinations of factors
influenced the dependent variable. The values of p
close to zero indicate that the data were not random,
with a confidence level of 95%.
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Table 2. Variance analysis (ANOVA) for the evaluation
of factors capable of influencing the nanofiuid
viscosity, measured at the shear rate of 1000 s

Factor Factor F p
pH 0.0 0.28
Slit size (um) 385.9 0.00
Temperature (°C) 269.5 0.00
pH x slit size (um) 0.6 0.63
pH x temperature (°C) 0.9 0.50
Slit size X temperature (°C) 5.9 0.02

*p <0.05; p~ 0 — non-random results.

CONCLUSIONS

A nanofluid consisting of an aqueous suspension
of silver nanoparticles stabilized by aminosilane-
based surfactant was characterized in terms of
morphological and physical-chemistry properties.
Then, the rheological behavior of the nanosuspension
was evaluated considering three levels of stability
(regarding the =zeta potential), three values of
temperature (15, 25 and 35 °C) and three slit sizes for
a rotational rheometer (100, 300 and 500 pm), in order
to simulate conditions of confined flow.

The rheological behavior of the silver nanofluid was
dependent on the different sizes of the microchannels
evaluated. At 500 um, a tendency to dilatant behavior

was observed, while Newtonian behavior was
predominant at lower sizes.

In addition, lower viscosities were measured as the
slit size was reduced, due to the minimal hydrodynamic
effects caused on the nanoparticles’ surface. A
reduction of 47.3% in the viscosity of the nanofluid
was observed when the slit size changed from 500 to
300 um at 25 °C. Furthermore, the viscosity of the
nanofluid decreased as much as 60% when the slit size
was reduced from 500 to 100 pum.

Moreover, as the temperature was increased, the
viscosity of the nanofluid tended to decrease. At high
shear rates and keeping the slit size constant, there
was a decrease in the viscosity of ~25.2% when the
temperature varied from 15 to 25 °C, while a variation
of ~4.6% was observed from 25 to 35 °C. The viscosity
decreased as the slit size was decreased, reaching a
reduction of 47.3% when the size changed from 500
to 300 pm at 25 °C. Viscosities in the range (0.585
—0.974) mPa-s, (0.716 — 1.124) mPa-s and (1.008 —
1.417) mPa-s were measured at 100, 300 and 500 um,
respectively. Nevertheless, the pH did not influence
significantly the rheological behavior of the silver
nanofluid flowing in microchannel.
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