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Abstract

Nanofluid development is facing the challenge of instability despite the significant body
of research dedicated to developing new nanoparticle-enhanced fluids. Numerous combi-
nations of fluids and particles have been studied; however, the research on surfactants is
rather limited, and the results are scattered. This paper is dedicated to the study of two reg-
ular polymeric surfactants (PVP and PSS) as well as two polyethylene glycols and one
ionic liquid as possible alternatives. The results of a coordinated experiment are followed
by a discussion of the density, thermal conductivity, thermal effusivity and viscosity of
several samples with the same amount of titanium oxide nanoparticles dispersed in water
and different mass concentrations of surfactants (2, 4 and 6%wt.). The results indicated
that both the thermal properties and viscosity are negatively affected by the addition of
surfactant, which is a drawback. The viscosity remains within a reasonable variation (i.e.,
between a 0.7 and 1.5% increase) for concentrations of PEG 200, PEG 400 and PSS up to
2%wt. Also, the addition of titania nanoparticles increases the water thermal conductivity
by 1.8%, while the addition of surfactant decreases the overall values by around 5%. This
disadvantage is amplified when also considering the foam creation, characteristic of all
regular surfactants, that limits their real-life applications in turbulent flow.

Keywords: nanoparticles; density; viscosity; surfactant; thermal conductivity

1. Introduction
Nanofluids (i.e., nanoparticle-enhanced fluids) are at the forefront of the development

of advanced cooling and heating technologies; however, their widespread application is
hindered by their poor stability and particle sedimentation over time. Despite the numerous
stabilization techniques reported in the literature, surfactant addition remains one of the
most reliable approaches [1–6]. Surfactants are not new (the word “surfactant” comes from
“surface active agent”) and there are many types, which cover many areas in engineering
and beyond. A key challenge associated with surfactant-stabilized nanofluids is the careful
selection of both the type and concentration of the surfactant required for obtaining a
well-balanced nanofluid, particularly with respect to its thermophysical properties, as
several experimental nanofluid studies affirmed (see [7–20], for example).

A good review on surfactants and their relevance for nanofluids preparation was
conducted by Farade et al. [14], who concluded that the precise surfactant concentration
is critical, as both the under- and over-use of surfactants can negatively impact nanofluid
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performance. Consequently, several problems have to be considered in designing fluid–
nanoparticle–surfactant systems (as was outlined by Farade et al. [4]), including the optimal
surfactant concentration and finding the right balance between stability and performance
(i.e., thermophysical properties). Therefore, recommendations of surfactant concentra-
tion are required to balance nanoparticle dispersion and stability with thermophysical
properties, as excessive amounts increase interfacial resistance and reduce thermal conduc-
tivity [15,16]. While optimal levels enhance stability and improve factors such as dielectric
breakdown voltage and resistivity, surplus surfactant leads to property degradation [17,18].
Additionally, the currently used dielectric constant models are insufficient because they
do not fully account for surfactant–nanoparticle interactions, requiring more accurate
predictive modeling [19,20].

A pivotal factor in the practical application of surfactants is the Critical Micelle Con-
centration (CMC), which represents the concentration threshold above which surfactant
molecules spontaneously organize into aggregates known as micelles [2,21]. The CMC is a
fundamental characteristic since it marks the point where the surface tension of the liquid
reaches its minimum value and becomes constant. In nanocolloid preparation, exceed-
ing the CMC unnecessarily can sometimes lead to depletion flocculation or an undesired
increase in fluid viscosity, making its precise determination essential [14,21].

Another aspect that is highlighted in some studies refers to the synergy between surfac-
tant and nanoparticle type, while this phenomenon is primarily governed by electrostatic
and hydrophobic forces. Surfactant molecules are, basically, amphiphilic, possessing both a
hydrophilic (water-loving) head and a hydrophobic (water-fearing) tail [22,23]. The main
mechanisms that may sustain the aforementioned synergy concept are [3,14] adsorption
(i.e., the molecules adsorb onto the nanoparticle surface); electrostatic attraction (i.e., if the
surfactant head group and the nanoparticle surface carry opposite charges, an electrical
double layer is formed, creating a repulsive force between particles that prevents settling)
and hydrophobic interaction. For example, in the case of hydrophobic nanoparticles, the
surfactant’s tails attach to the surface, leaving the hydrophilic heads facing the bulk fluid,
thereby rendering the particles dispersible in polar solvents [14].

Although several studies have investigated the role of surfactants in nanofluids,
research in this field is still in its early stages. Shaban et al. [3] conducted an extensive
review on surfactants, categorizing frequently employed chemicals to mitigate nanoparticle
agglomeration into five groups:

• Anionic surfactants (e.g., SDBS).
• Cationic surfactants (e.g., CTAB).
• Non-ionic surfactants (e.g., Triton X-100).
• Polymeric surfactants (e.g., PVP).
• Magneto surfactants.

Duangthongsuk and Wongwises [1] proposed three effective methods for enhancing
suspension stability: (i) controlling the pH of the suspension, (ii) adding surface activators
or surfactants, and (iii) applying ultrasonic vibration. These techniques aim to modify the
surface properties of suspended nanoparticles, thereby preventing particle agglomeration
and promoting stable suspensions.

Singh [2] examined the stability of nanocolloids in relation to surfactant use, noting
that cetyltrimethylammonium bromide (CTAB) is often highlighted in the literature as an
effective stabilizer for various nanoparticle systems.

Valan Arasu et al. [4] studied a hybrid water nanofluid with sodium lauryl sulfate
(SDS) and sodium dodecyl benzene sulfonate (SDBS) surfactants with different (0.1, 0.3,
0.5, and 0.7%wt.) mass concentrations and studied the impact of the surfactant on thermal
conductivity. The authors found that a higher mass concentration of surfactant minimizes
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the thermal conductivity enhancement of the nanofluid. As far as the authors are explaining
(see [4]), they added 0.28 g of TiO2–Ag composite nanoparticles, and the surfactant quantity
was between 0.2 and 0.29 g, thus corresponding to a mass NP:surfactant ratio of up to
about 1:1.04.

On the other hand, Yang and Du [10] revised research on nanofluids containing
TiO2 nanoparticles and systematically summarized their advantages over other types of
nanoparticle-enhanced fluids. TiO2 nanoparticles are non-toxic and have been widely
employed in diverse applications. Moreover, they can be produced on an industrial scale
and exhibit excellent chemical stability, resistance to acidic and alkaline environments,
and high thermal stability, rendering them cost-effective. In addition, TiO2 nanoparticles
demonstrate favorable dispersion characteristics in both polar and non-polar base fluids,
which can be further enhanced through the use of tailored dispersants.

Das et al. [11] studied the stability and thermophysical properties of TiO2/water
nanofluids for various volume concentrations (0.1%, 0.5%, and 1.0%) using different surfac-
tants, including CTAB, SDBS, SDS, and acetic acid. Their results showed that SDS-stabilized
TiO2/water nanofluids exhibited higher thermal conductivity than those stabilized with
CTAB across all tested temperatures and concentrations. In addition, the effect of Triton
X-100 and sodium dodecyl benzene sulfonate (SDBS) on the properties of TiO2/water
nanofluids were analyzed, and experimental findings indicated enhanced heat transfer
performance when SDBS was employed [12]. Nevertheless, both SDS and SDBS have
a major disadvantage: foam appearance, which limits the practical applications (see an
in-depth discussion in Minea [8] and Ilyas et al. [13]).

Another method to assure a good stability of nanofluids is to perform steric stabi-
lization, which can be commonly achieved by introducing polymeric additives, such as
polyvinylpyrrolidone (PVP), into the suspension. This polymer is able to adsorb onto
the nanoparticle surfaces, forming a protective layer that induces steric repulsion and
inhibits particle agglomeration; for this reason, steric stabilization is often referred to as
polymeric stabilization. Electrostatic stabilization, in contrast, is governed by Coulombic
repulsion, arising when particles bearing similar surface charges approach one another.
While steric stabilization is effective in both aqueous and non-aqueous systems, electro-
static stabilization is generally restricted to water-based applications [9]. For example, Ma
et al. [24] investigated the thermophysical properties of hybrid nanocolloids (specifically
Al2O3-TiO2 and Al2O3-CuO of 0.005 vol%) using various stabilizers. Their findings indi-
cated that polyvinylpyrrolidone (PVP) provided the highest level of stability compared to
other tested agents.

Concluding from the state of the art, current research clearly suggests that there is
no “universal” surfactant for nanocolloid stabilization [25–27]. While ionic (electrostatic)
surfactants are the most widely employed due to their potent repulsive mechanisms,
reported results remain contradictory and highly dependent on the specific nanoparticle–
fluid mixture [28]. Furthermore, while PVP remains a primary choice for researchers, a lack
of transparency regarding specific concentration levels in published data often hinders the
reproducibility of these studies (see Lim et al. [29] for further insights).

Plus, these additives modify the transport properties of nanofluids, including viscosity
and thermal conductivity. It is increasingly recognized that both the type and concentration
of surfactants or dispersants exert significant influence on the transport properties of
nanofluids [5–8], and the selection of an optimal surfactant remains a subject of significant
debate. Therefore, it is clear that the scientific community currently lacks coordinated,
systematic studies that provide a conclusive roadmap for surfactant selection across diverse
nanoparticle types. Considering the challenges identified in the state of the art of nanofluids
stability, this paper presents an experimental study on the surfactant influence over the
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thermophysical properties of a 2%wt. TiO2 + water nanofluid. The scanned properties were
density, viscosity, and thermal conductivity and effusivity. Plus, two traditional polymeric
surfactants were studied (PVP, PSS) together with PEG 200, PEG 400 and ionic liquid as
possible dispersants [8].

2. Methodology
2.1. Chemicals and Samples Preparation

Titanium oxide (IV) nanopowder with a 99.8% metal basis and 21 nm size from
Merck (Darmstadt, Germany) is employed in this study together with two commonly used
polymeric surfactants, polyvinylpyrrolidone (PVP) and poly(sodium 4-styrenesulfonate)
solution (PSS). Additionally, three chemicals are employed as possible dispersants (two low
molecular weight polyethylene glycols and one ionic liquid) and studied for their capacity
to create stable suspensions. All the chemicals are purchased from Merck (Darmstadt,
Germany) and IoLitec (Heilbronn, Germany), and their details are given in Table 1.

Table 1. Chemical properties [30–34].

Name Molecular
Formula

Molecular
Weight [g/mol]

Typical Saturation
Concentration

[mg/mL]
CAS Number

Titanium oxide nanoparticles, 21 nm TiO2 79.87 - 13463-67-7

Polyvinylpyrrolidone (PVP) (C6H9NO)n 55,000 0.05–0.5 9003-39-8

Poly(sodium 4-styrenesulfonate)
solution (PSS) (C8H7NaO3S)n 70,000 0.1–1.0 25704-18-1

Polyethylene glycol PEG 200 (C2H4O)nH2O 200 0.1–2.0 25322-68-3

Polyethylene glycol PEG 400 C2H4O 400 0.1–2.0 25322-68-3

1-Butyl-3-methylimidazolium
tetrafluoroborate ionic liquid

[C4mim][BF4]
C8H15BF4N2 226.02 - 174501-65-6

Distilled water H2O 18 -

PSS (poly(sodium styrene sulfonate)) is an anionic polymeric surfactant (polyelec-
trolyte), where primarily electrostatic stabilization occurs, with an additional steric (electro
steric) contribution due to its polymeric chain. Typical applications of PSS are for the
dispersion and stabilization of nanoparticles in aqueous nanofluids.

PVP (polyvinylpyrrolidone) is a non-ionic polymeric surfactant, often classified as
a polymeric dispersant (steric stabilizer). The stabilization mechanism is steric via the
adsorption of polymer chains onto the nanoparticle surface. PVP is often employed for the
stabilization of nanoparticles in both aqueous and non-aqueous nanofluids [8].

1-Butyl-3-methylimidazolium tetrafluoroborate ([C4mim][BF4]) is a versatile ionic
liquid that is widely used as a solvent, reaction medium, and electrolyte in lithium–ion
batteries and supercapacitors. It exhibits properties such as low vapor pressure, high
thermal stability, and good ionic conductivity, making it applicable in chemical synthesis
and energy storage systems, as it is affirmed by Sigma Aldrich (Darmstadt, Germany) (man-
ufacturer). As an ionic liquid, it is a salt in the liquid state at room temperature, containing
([C4mim]{+}) (1-butyl-3-methylimidazolium) and ([BF4]{−}) (tetrafluoroborate) ions.

Distilled water is used as a base fluid for the nanofluid preparation. The samples
preparation procedure followed a strict protocol developed in the lab: (1) suspensions
calculation; (2) addition of surfactant to water; (3) sonication for 30 min, (4) addition of
nanoparticles; (5) sonication for 30 min followed by (6) magnetic stirring for 60 min.
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The samples were calculated for different mass concentration of surfactants/PEG/IL
and a fixed mass concentration of nanoparticles (i.e., 2%wt. TiO2, related to water con-
tent). The dispersant concentration was established from state-of-the-art recommendations,
where the NP:surfactant ratio was claimed to be up to 1:10 [8]. For each type of surfactant,
three concentrations were considered: 2%wt. (i.e., 2%wt. TiO2 + 2%wt. surfactant, cor-
responding to NP to surfactant ratio of 1:1); 4%wt. (i.e., 2%wt. TiO2 + 4%wt. surfactant,
corresponding to NP to surfactant ratio of 1:2) and 6%wt. (i.e., 2%wt. TiO2 + 6%wt. sur-
factant, corresponding to NP to surfactant ratio of 1:3). The concentrations are related to
sample mass, while 30 g was the total mass of each nanofluid sample.

Ultra sonication (i.e., both mechanical and magnetic) was employed to disperse both
the surfactants and the nanoparticles, since it has been proved as the most effective dis-
persion method for preparing nanofluids. The ultrasonication time was established after
consulting the literature, and our lab protocol was established as such (see also Ilyas
et al. [13] and Arasu et al. [4]). More exactly, first the water + surfactant dispersions were
prepared and sonicated at 60 W power for 30 min, which was followed by nanoparticle
addition. The nanofluid samples with surfactants/PEG/IL (i.e., distilled water + 2%wt.
TiO2 + surfactants) were sonicated for 30 min at 60 W power, which was followed by a
magnetic stirring for 60 min. All the equipment is outlined in the next section where all the
details are included. The samples preparation process was at ambient temperature (i.e.,
around 23 ◦C).

Overall, a total of 16 samples (three concentrations for each surfactant/PEG/IL and
a sample without surfactant) were manufactured and comparatively studied in terms of
their thermophysical properties.

2.2. Equipment

All the samples were tested for thermal properties (thermal conductivity and effu-
sivity), density variation with temperature, as well as viscosity variation at heating. The
equipment along with its characteristics are presented in Table 2.

Table 2. Employed equipment.

Test Type Equipment Sample Weight, g

Preparation and
ultrasonication

Sample weighting KERN ADJ (KERN, Balingen, Germany): automatic
internal adjustment in the case of a change in temperature ≥ 2 ◦C or time
controlled every 3 h, guarantees high degree of accuracy and makes the

balance independent of its location of use. Weighing capacity (max) 120 g,
Readability 0.1 mg, Reproducibility 0.2 mg, Linearity ±0.4 mg,

Stabilization time 4 sec, adjusting weight internal, Accuracy: 1 × 10−3 g.

30

Ultrasonic homogenizer GETI GUC02A (TIPA, Opava, Czech Republic)
with a power of 60 W and a frequency of 40 kHz.

VWR Ultrasonic Cleaner USC100TH, 142-6045 (VWr International BVBA,
Leuven, Belgium), Ultrasonic energy with approx. 45 kHz, Built-in liquid

heater, Heater power 60 W, Tank capacity 0.8 L, Inner dimensions:
190 × 85 × 60 mm

AREX-6 Digital PRO Heating Magnetic Stirred Code: SA20500460 (VELP
Scientifica Srl, Usmate, Italy), Digital hot plate stirrer with white LED

display and a set of icons providing precise settings and clear readout of
the working conditions.

Stirring speed: From 30 to 1700 rpm, External connection Pt 100 Probe,
External connection VTF

https://doi.org/10.3390/app16041890
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Table 2. Cont.

Test Type Equipment Sample Weight, g

ZX4 Vortex mixer with IR sensor and continuous mode available (VELP
Scientifica Srl, Usmate, Italy). The VELP IR sensor uses an infrared system
(IR) to detect the presence of the tube and automatically starts vibrating.
Stirring speed Up to 3000 rpm, Patented IR Sensor, 100 ÷ 240 V/50–60 Hz

30

Viscosity

ROTAVISC lo-vi viscometer with a CBC VISC Lite system (IKA,
Staufen, Germany)

Deviation: The manufacturer reported a viscosity accuracy of 1% and
repeatability of 0.2%.

Temperature Control: Temperature was maintained within ±0.2 K with
stability of ±0.05 K according to DIN 12876.

16

Density Digital Densimeter DS7800 (Krüss Optronic GmbH, Hamburg, Germany)
Deviation: ±0.0001 g/cm3. 3

Thermal
properties

C-Therm Trident Thermal Conductivity System with a Modified Transient
Plane Source (MTPS) sensor (C-Therm, Fredericton, NB, Canada)

Accuracy: The system is reported to have a high accuracy with a deviation
of less than 1%.

4

The samples employed in the different processes of property estimation were estab-
lished based on equipment recommendations, as outlined in Table 2.

3. Results and Discussion
3.1. Density

The experimental data were validated using The National Institute of Standards and
Technology (NIST) [30] data, as can be seen in Figure 1, where the uncertainties are less
than 0.1%. The density variation, at ambient temperature (i.e., 25 ◦C), with the addition
of surfactant lies between 1.6% to 2.7% if compared to water, depending on the surfactant
type and concentration (see Figure 2).

Figure 1. Density measurements validation.
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Figure 2. Relative experimental density plotted at 25 ◦C.

Figure 2 illustrates the relative density, which is defined as the ratio between the
sample density and the density of water or the base nanofluid. Data analysis reveals that
the surfactant’s influence on nanofluid density is minor; this is due to the intrinsic density
of the chemicals, which are close to the density of water [8].

Furthermore, the experimental results for density variation with temperature
(Figures 3–5) show that all samples maintain a higher density than water. The data indicate
a downward trend as the samples are heated up to 40 ◦C.

When nanoparticles are added to water, the density slightly increases 1.6% (see Figure 3),
while the addition of surfactant increases the density up to 2.7% for higher surfactant
concentrations, as can be seen in Figures 3–5. Actually, this is a normal phenomenon for all
the mixtures.

The experimental data were fitted as a function of temperature, and the resulting
linear regression coefficients are summarized in Table 3.

ρ = A + B t (1)

https://doi.org/10.3390/app16041890
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Figure 3. Density variation with temperature for samples with ionic liquids.

Figure 4. Density variation with temperature for PVP and PSS surfactant samples.
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Figure 5. Density variation with temperature for PEG samples.

Table 3. Coefficients and R-squared values for samples density.

Sample A B R-Squared

water −0.0001 1.0012 0.92
2% TiO2 −0.0003 1.0223 0.98

PEG 200 2% −0.0002 1.0226 0.87
PEG 200 4% −0.0003 1.0266 0.97
PEG 200 6% −0.0004 1.0318 0.99
PEG 400 2% −0.0003 1.0232 0.99
PEG 400 4% −0.0003 1.0264 0.98
PEG 400 6% −0.0003 1.0308 0.97

BF4 2% −0.0003 1.0235 0.96
BF4 4% −0.0003 1.0260 0.98
BF4 6% −0.0003 1.0306 0.97
PSS 2% −0.0004 1.0245 0.93
PSS 4% −0.0003 1.0250 0.99
PSS 6% −0.0003 1.0284 0.96
PVP 2% −0.0002 1.0225 0.99
PVP 4% −0.0002 1.0267 0.98
PVP 6% −0.0003 1.0318 0.98

3.2. Thermal Conductivity

Thermal conductivity was evaluated at ambient temperature, where the addition of
titania nanoparticles was found to increase the thermal conductivity of water by 1.8%.

The inclusion of a surfactant, however, led to a decrease in thermal conductivity. As
shown in Figure 6, this reduction was significant enough in some cases to offset the gains
from the nanoparticle addition. This downward trend was also evident prior to the addition
of nanoparticles. Figure 7 illustrates the relative thermal conductivity of water–surfactant,
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water–PEG, and water–IL mixtures compared to pure water. As illustrated in Figure 7,
all additives decrease the thermal conductivity of water with the decline becoming more
pronounced at higher concentrations of polymers or ionic liquids. This phenomenon is
expected, as most polymers exhibit low thermal conductivity (for example, PEGs have a k
value of approximately 0.2 W/mK).

Figure 6. The influence of each chemical addition on nanofluid thermal conductivity at 25 ◦C.

The observed decrease reaches up to 3%, whereas the smallest impact is seen for
PSS and PEGs at concentrations below 4%. In all cases, thermal conductivity decreases
as the mass concentration of the surfactant, PEG, or IL increases. Consequently, it is
recommended to limit dispersant concentrations to a maximum 1:1 ratio relative to the
nanoparticle addition. At this ratio, the impact on thermal conductivity is minor compared
to a nanofluid without dispersants.

A similar phenomenon was noticed also for thermal effusivity. Basically, the ther-
mal effusivity—that is, a material capacity to exchange heat with its surroundings—is
extremely relevant especially in short-duration heat exchange scenarios. The effusivity
was measured with the C-Therm equipment and can create the premises for evaluating
the isobaric heat capacity (i.e., the effusivity formula, which is the square root of (thermal
conductivity × volumetric heat capacity)), and several results are shown in Figure 8. The
experimental data indicate a decrease in the thermal effusivity when surfactants are added
in water that is larger for the concentrated ionic liquid and PEGs, while PSS addition does
not majorly influence the water behavior. If 2%wt. surfactant is added, the influence is up
to 1%, which is balancing well this drawback in the favor of increasing the stability.

https://doi.org/10.3390/app16041890
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Figure 7. Influence of each chemical addition on water thermal conductivity at 25 ◦C.

Figure 8. Influence of each chemical addition on water thermal effusivity at 25 ◦C.

Concluding, the thermal conductivity of the nanofluid is negatively influenced by the
addition of surfactants, as well as other chemicals with lower conductivities than water.
This is a normal phenomenon for all mixtures, especially when it refers to fluid mixtures
(i.e., the case for PEGs and ionic liquid).

https://doi.org/10.3390/app16041890
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3.3. Viscosity

The viscosity of all samples was initially measured across various shear rates, confirm-
ing that the addition of surfactants, PEGs, or ionic liquids does not alter the Newtonian
behavior of water; this remains a significant advantage for these formulations. Following
this confirmation, viscosity was measured continuously during heating, as illustrated in
Figure 9 for several suspensions (water, nanofluid without surfactant, and TiO2 nanofluid
with PEG). Consequently, Figures 10 and 11 present the experimental data for nanofluids
containing PVP, PSS, and ionic liquids.

Figure 9. Experimental data on viscosity of water, TiO2 nanofluid and nanofluids with PEG 200 and
PEG 400.

Figure 10. Experimental data on viscosity of water, TiO2 nanofluid and nanofluids with PVP and
PSS surfactants.

https://doi.org/10.3390/app16041890
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Figure 11. Experimental data on viscosity of water, TiO2 nanofluid and nanofluids with ionic liquid.

At ambient temperature, the viscosity depends on the specific mixture, showing
increases ranging from 0.7% to 266%. The highest values were recorded for the ionic liquid
and the samples with higher PVP loading. In contrast, the addition of PEG 200 had a
minimal impact with a maximum viscosity increase of only 1%.

The viscosity variation with temperature exhibits standard fluid behavior with values
decreasing as temperature rises. While the influence of surfactants depends on their specific
type, the addition of TiO2 nanoparticles alone increases the viscosity of water by 16%. As
noted in Figures 10 and 11, the most significant "viscosity penalty" was observed for the
ionic liquid (due to its high intrinsic viscosity) and the PVP surfactant (which caused a 266%
increase). This sharp rise in PVP-based samples can be attributed to its molecular structure;
specifically, PVP’s longer molecular chains increase flow resistance more significantly than
those of PSS.

On the other hand, due to their specific polymeric structure, PEG 200, PEG 400
and PSS were found to have a lower influence on viscosity (i.e., up to 10%, 19% and
30%, respectively).

All the experimental data on temperature influence on viscosity were plotted against
Arrhenius equation, and the data are available in Table 4. The Arrhenius-type equation
for viscosity describes how viscosity decreases with increasing temperature and can be
expressed as

η = A exp
(

Ea

RT

)
(2)

or in linearized form:
ln η = ln A +

Ea

R
1
T

(3)

where η = dynamic viscosity, A = pre-exponential factor, Ea = activation energy for viscous
flow, R = gas constant (8.314 J·mol−1·K−1), T = absolute temperature (K). The equation is
valid for Newtonian fluids over a limited temperature range (i.e., up to 60 ◦C in this case).
The plot of ln η versus 1/T gives a straight line with slope Ea/R.

https://doi.org/10.3390/app16041890
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Table 4. Coefficients for the Arrhenius equation.

Sample Ea
R ln A R-Squared Value

2% TiO2 954.46 −2.945 0.96
PEG 200 2% 878.76 −2.681 0.92
PEG 200 4% 953.42 −2.911 0.92
PEG 200 6% 1042.2 −3.169 0.93
PEG 400 2% 903.04 −2.752 0.95
PEG 400 4% 1218.1 −3.752 0.99
PEG 400 6% 1168 −3.497 0.99

BF4 2% 1646.6 −4.341 0.99
BF4 4% 1514.9 −3.695 0.99
BF4 6% 1508.2 3.642 0.99
PSS 2% 1309.8 −4.112 0.99
PSS 4% 1427.7 −4.343 0.99
PSS 6% 1423.6 −4.249 0.99
PVP 2% 1491.1 −4.452 0.99
PVP 4% 1307.8 −3.425 0.98
PVP 6% 1894.8 −5.123 0.99

The data presented in Table 4, along with the proposed Arrhenius equations, are
valid for temperatures up to 60 ◦C and a TiO2 nanoparticle concentration of 2%wt. The
experimental results demonstrate a strong correlation with the Arrhenius model, yielding
R2 values greater than 0.92. This high degree of fit confirms that all tested fluids exhibit
standard temperature-dependent behavior.

3.4. Final Remarks on Experiment

Considering all the experimental data, the best outcomes in terms of thermal properties
are obtained with low concentrations of PEG 200, PVP and PSS. When focusing on the
viscosity penalty, the PSS surfactant has a major drawback, while the differences in the
samples’ density are minor.

On the other hand, the stability was very good with all polymers (surfactants and
PEGs) and satisfactory with the ionic liquid. The assessment of sedimentation occur-
rence was visually performed over 2 months of daily observations (several photos are
in Figure 12) and polydispersity index (PDI) evaluation. More exactly, the PDI index is
lower for all samples if compared with the TiO2 nanofluid, being situated under 0.3 for the
evaluated samples.

Another phenomenon that was noticed was the persistent foam occurrence at stirring
for PVP and PSS, which is a phenomenon that is clearly limiting the real-life applications,
especially those in turbulent flow. More exactly, the larger quantity of foam was registered
for the most concentrated samples, and the PSS foam half-life is larger than that of PVP,
lasting for a minimum of 20 min.

Concluding, from this experiment, PEG 200 in concentration of up to 2%wt. might be
the best solution from all the studied samples and concentrations. Alternatively, PVP can
be employed in laminar flow, where the foam occurrence can be kept at minimum for low
Reynolds numbers.
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Figure 12. Several photos of the samples after 3 weeks.

4. Conclusions
This paper presents an experimental study on several surfactants that are either con-

ventional or less conventional. As far as the authors are aware, PEG and ionic liquids are
investigated for the first time as possible surfactants, which is a novel concept. Conse-
quently, several samples were manufactured and experimentally investigated in terms of
their density, thermal properties and viscosity. The conclusion of this investigation are
summarized below:

- PEG 200, PEG 400 and BF4 were employed, for the first time, as possible surfactants
in a TiO2 + water nanofluid.

- The samples’ density decreases with temperature and moderately increases with the
addition of nanoparticles and surfactants.

- Thermal conductivity is negatively influenced by the addition of surfactants, which
is a phenomenon often highlighted in the literature. Nevertheless, lower surfactant
concentration keeps this drawback under control.

- Viscosity is increasing with the addition of surfactants, in some cases in higher per-
centages than the addition of nanoparticles, which is a disadvantage for higher loaded
suspensions. Nevertheless, for concentrations of PEG 200, PEG 400 and PSS of up
to 2%wt., the viscosity remains within a reasonable variation (i.e., between 0.7 and
1.5% increase)

- Foaming is a considerable drawback when PSS or PVP surfactants are employed,
which is a phenomenon that was not noticed for PEG and ionic liquid.

- Adding higher concentrations of surfactant have clear disadvantages over the
nanofluid thermophysical properties, and this paper’s results show that the NP:
surfactant ratio is recommended to be situated at a maximum of 1:1.

In conclusion, although this study is limited to a specific selection of surfactants, the
approach is valuable for evaluating the influence of dispersants on nanofluid develop-
ment and for investigating other chemicals to improve its stability. Nevertheless, a more
extensive experimental effort involving a broader range of surfactants could establish a
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more robust framework for assessing the inherent benefits and drawbacks of surfactant-
enhanced nanofluids.
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