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a b s t r a c t

Concentrating solar power is becoming one of options for producing energy to replace conventional
polluting energy sources. However, improving the efficiency and reducing the cost of technologies based
on this type of energy to make it more competitive is still a work in progress. This study proposes
replacing the thermal oil used as the heat transfer fluid in the absorber tubes of parabolic trough solar
collectors (PTCs) with nanofluids based on spherical molybdenum disulphide nanoparticles with the aim
of improving the thermal efficiency of concentrating solar power plants. The colloidal stability of the
nanofluids was verified by UltravioleteVisible spectroscopy, Zeta potential and Dynamic Light Scattering
monitoring. The presence of spherical MoS2 nanoparticles resulted in an increase of up to 13% in specific
isobaric heat and 6% in thermal conductivity compared to thermal oil. Finally, the efficiency of parabolic
trough solar collectors was estimated to increase by 5%, which also favours the decrease of pumping
power and the elimination of selective coatings on the absorber tube. To our knowledge, this is the first
time that MoS2-based nanofluids are tested as heat transfer fluids in PTCs analysing its implementation
in the solar energy application.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The depletion of fossil fuels and the environmental damage
caused by their combustion has encouraged the search for alter-
native sources of energy. In this sense, concentrating solar power
(CSP) is a type of clean and renewable energy capable of supplying
the global energy demand. In 2000, CSP plants produced 1 TWh of
energy, rising to 11 TWh in 2017 [1]. Following this growing trend,
CSP energy production is expected to reach 180 TWh by 2030 [2],
and with the right support and technological advances, 11% of
electricity produced in 2050 could be generated by CSP plants [2,3].
Currently, there are four types of CSP technologies [4] that depend
on the mirror system to concentrate solar energy: parabolic trough
collector [5], linear Fresnel reflector [6], central receiver system [7]
and parabolic dish [8]. Among these, parabolic trough collectors
(PTC) represent 95% of the total technology installed worldwide [9].
Typically, in CSP plants based on parabolic trough collectors,
concave mirrors concentrate solar radiation on the receiver tube
Ltd. This is an open access article u
that is located in the focus [10,11]. The absorber tubes contain a
heat transfer fluid which is heated to 400 �C [12] before being
pumped through several heat exchangers to produce superheated
steam. Finally, the steam is used in a steam turbine generator to
produce electricity [13,14]. However, one of the most significant
barriers to concentrating solar power plants based on parabolic
trough collectors is their high cost compared to conventional power
plants. Therefore, several research lines in recent years have stud-
ied ways to improve the overall energy efficiency of CSP plants
based on parabolic trough collectors and make them more
economically competitive in relation to fossil fuel-based energy
production [15]. One of the strategies to enhance the thermal
performance of PTC systems is to increase the effective thermal
conductivity and the isobaric specific heat of the heat transfer fluid.
In this regard, several authors have proposed replacing the HTF in
the absorber tube with a colloidal suspension of nano-sized parti-
cles, typically known as nanofluids [16,17]. The improvements in
thermal properties such as thermal conductivity, isobaric specific
heat and thermal diffusivity that nanofluids exhibit compared to
conventional fluids make them a promising alternative. Chaudhari
et al. [18] obtained an increase of about 7% in the thermal efficiency
of parabolic trough solar collectors when using TiO2/water
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:javier.navas@uca.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2022.02.069&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2022.02.069
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.renene.2022.02.069
https://doi.org/10.1016/j.renene.2022.02.069


Nomenclature

BE Binding Energy (eV)
CP Isobaric specific heat (J$Kg�1 K�1)
L PTC array total length (m)
T Temperature (K)

Greek symbols
r Density (kg m�3)
j Efficiency (�)
ṽ Flow rate (l$s�1)
Ø Volume fraction (%)

Subs and superscripts
bf Base fluid
coll Collector
exch Heat exchanger
max Maximum
nf Nanofluid
np Nanoparticle

out Outlet
sys system

Abbreviations
3D-MoS2 Three-dimensional molybdenum disulfide
CSP Concentrating Solar Power
DLS Dynamic Light Scattering
HTF Heat Transfer Fluid
M3-PALS Phase Analysis Light Scattering
NTU Number of transfer units
PEG Polyethylene Glycol
PTC Parabolic Trough Collector
TEM Transmission Electron Microscopy
THB Transient Hot Bridge
TMDSC Temperature Modulated Differential Scanning

Calorimetry
TRX-100 Triton X-100
UVeVis spectroscopy Ultravioletevisible spectroscopy
XRD X-ray diffraction (XRD)
XPS X-ray photoelectron spectroscopy
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nanofluids for a weight nanoparticle fraction of 0.1%. Similar im-
provements were found in the aqueous Al2O3 and TiO2 nanofluids
investigated by Subramani et al. [19,20]. These authors studied
nanofluids of volumetric concentrations between 0.05% and 0.5%
under different turbulent flow conditions. The greatest improve-
ments in collector efficiency at 0.2 vol% were 8.5% and 8.66% for
Al2O3 and TiO2 nanofluids, respectively. Kasaeian et al. [21] found
that the global efficiency of parabolic trough collector enhanced
5e7% when 0.3% MCNT/mineral oil nanofluid is used, instead of
pure oil.

Most of the studies in the literature use water as the base fluid
instead of the thermal oil typically used in CSP plants based on
parabolic trough collectors. However, the base fluid used to prepare
the nanofluids in this study was Dowtherm A™ thermal oil, a
eutectic mixture of biphenyl (27%) and diphenyl oxide (73%). There
is a need to analyse nanofluids based on this thermal fluid, both in
its properties and in its possible application in CSP technology,
because the possible enhancement of the global efficiency of CSP
plants thanks to the use of nanofluids can be an important
contribution to the green transition of the future production of
electricity. Furthermore, the nanomaterials typically used for pre-
paring nanofluids are metallic, metal oxides or carbon-based
nanoparticles, but only little research has been conducted
involving advanced nanomaterials with interesting properties. In
this regard, MoS2 nanoparticles could be a good reagent for the
preparation of nanofluids due to their high thermal conductivity
compared to the base fluid [22,23]. This study focuses on the
preparation of nanofluids based on spherical MoS2 nanoparticles
synthesized in our laboratory. The nanomaterial was characterized
extensively, and studies were performed into the temporal stability
of the nanofluids as well as their rheological and thermal proper-
ties. To our knowledge, this is the first time that MoS2-based
nanofluids are tested as heat transfer fluids in PTCs analysing its
implementation in the solar energy application.

2. Materials and methods

2.1. Reagents and equipment

For the synthesis of the MoS2 nanoparticles, the reagents were
ammonium molybdate tetrahydrate ((NH4)6Mo7O24$4H2O, purity
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99%, Alfa Aesar©), citric acid (C6H8O7, purity �99.5%, Sigma-
Aldrich©), ammonium sulfide ((NH4)2S, 20 wt% solution in water,
density 0.997 g/cm3 at 25 �C, Sigma-Aldrich©) and ammonium
hydroxide (NH4OH, 28e30 wt % solution in water, density 0.89 g/
cm3 at 20 �C, Honeywell Fluka™). In the case of nanofluids, Dow-
therm A™was supplied by Dow Chemical Company©. Triton X-100
(TRX-100, (C2H4O) nC14H22O, average molecular weight 625 g/mol,
density 1.065 g/cm3 at 20 �C, Panreac Química S.A.©) and Poly-
ethylene Glycol 200 (PEG-200, H(OCH2CH2)nOH, density
1.124e1.126 g/cm3 at 20 �C, average molecular weight 190e210 g/
mol, Sigma Aldrich©) were used as surfactants.

Several techniques were used for characterizing the MoS2
nanoparticles. X-ray photoelectron spectroscopy (XPS) was per-
formed on a Kratos© (Manchester, United Kingdom) Axis UltraDLD
spectrometer. X-ray diffraction (XRD) measurements were per-
formed on a Bruker© (Billerica, Massachusetts, United States)
diffractometer, D8 Advanced A25 Davinci. Finally, transmission
electron microscopy (TEM) using an FEI© (Waltham, Massachu-
setts, United States) Talos F200X microscope. Also, nanofluids sta-
bility and their thermophysical properties were characterized. For
the stability analysis, the extinction coefficient versus time was
measured in a modular system incorporating a OceanOptics©
(Duiven, The Netherlands) DH2000-Bal halogen lamp and an Oce-
anOptics© USB-2000þ; and particle size and z potential values
were registered in a Zetasizer Nano ZS system supplied by Malvern
Instruments Ltd© (Malvern, United Kingdom). In addition, A HR 10
rheometer supplied by TA Instruments© (Milford, Massachusetts,
United States) was used to study the viscosity of nanofluids; the
isobaric specific heat was measured using a differential scanning
calorimeter supplied by Netszch© (Selb, Deutschland), model DSC
214 Polyma. Finally, thermal conductivity was measured by using a
transient hot bridge (THB-100) equipment supplied by Linseis©
(Selb, Deutschland).

2.2. Synthesis of spherical MoS2 nanoparticles

In a typical process [24], 1.20 g of ammonium molybdate and
2.52 g of citric acid were dissolved in 60 ml of distilled water. After
the complete dissolution of the reactants, approximately 2 ml of
ammonium hydroxide was added dropwise until the solution
reached a pH of 4. Subsequently, the solution was kept at 90 �C and
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3.75 ml of 20 wt% solution of ammonium sulfide in water was
added dropwise. The clear solution changed colour to orange and
finally to dark brown. A modification of the method of Deorsola
et al. [24] consisted of keeping the solution at 4 �C for three days.
The purpose of this modification was to decrease the solubility of
the product andmaximize themass of the precipitate obtained. The
solution was centrifuged at 10000 rpm for 1 h, and the precipitates
were washed in distilled water three times and then dried at 80 �C
for 24 h. The black product was calcined at 900 �C for 1 h in flowing
N2.

2.3. Preparation of 3D-MoS2-based nanofluids

The 3D-MoS2-based nanofluids were prepared by the two-step
method, whereby the previously synthesized spherical MoS2
nanoparticles were dispersed in the base fluid by applying ultra-
sound. The base fluid was a solution of surfactant in a thermal oil.
The thermal oil used in this study, commercially named Dowtherm
A™, is a eutectic mixture of 73% diphenyl oxide (C12H10O) and 27%
biphenyl (C12H10), which is used as a heat transfer fluid in parabolic
through solar collectors [25,26]. TRX-100 and PEG-200 were the
surfactants used to improve the dispersion of the nanomaterial and
the stability of the resulting colloidal system. Previous studies [27]
have reported a reduction in the ratio of the components of the
surface tension of Dowtherm A™ and its approximation towards
that of other transition metal dichalcogenides through the addition
of these surfactants. Six nanofluids (Table 1), each with a volume of
50 ml, were prepared that differed with regard to the initial con-
centration of spherical MoS2 nanoparticles and the surfactant used.
A Sonics Vibra Cell VCX 750 sonicator was used to prepare the
nanofluids and the temperature was maintained at 293 K bymeans
of a refrigeration system. Sonicationwas programmed for 2 h, and a
pulse time of 2 s on and 4 s offwas established. After the ultrasound
treatment, the resulting MoS2 nanofluids showed a dark coloration.
The nanofluids were named according to the concentration of
nanoparticles and the surfactant used.

2.4. Characterization of the 3D-MoS2 nanomaterial and nanofluids

The synthesized 3D-MoS2 nanomaterial was extensively char-
acterized. To determine its chemical composition and chemical
state bonding, XPS measurements using a monochromatic Al Ka
radiation, 20 eV pass energy and an accuracy of 0.1 eV. The crystal
structure was analysed by XRD. Finally, the size and morphology of
the nanostructures were determined by TEM.

In relation to the nanofluids, a detailed study was performed of
their temporal stability, rheological and thermal properties. One of
the strategies to analyse the temporal stability of the MoS2-based
nanofluids consisted in the monitoring by UVeVis spectroscopy of
the extinction coefficient at thewavelength of 628 nm, where there
is a characteristic band of MoS2 [28,29]. The extinction coefficient
measured is qualitatively related to the MoS2 concentration in the
nanofluids. Therefore, changes in the extinction coefficient values
are indicative of agglomeration and sedimentation phenomena.
Table 1
Description of the MoS2 based nanofluids prepared.

Nanofluid label 3D-MoS2/wt% Surfactant

5 $ 10�3 wt% MoS2_TRX 5 $ 10�3 0.12 wt% TRX-100
10�2 wt% MoS2_TRX 10e2

1.5 $ 10�2 wt% MoS2_TRX 1.5 $ 10�2

5 $ 10�3 wt% MoS2_PEG 5 $ 10�3 0.25 wt% PEG-200
10�2 wt% MoS2_PEG 10e2

1.5 $ 10�2 wt% MoS2_PEG 1.5 $ 10�2
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Measurements were performed in triplicate for 30 days. In addi-
tion, the agglomeration of the nanoparticles was studied by ana-
lysing the evolution of the particle size using the dynamic light
scattering (DLS) technique. The repulsion between the nano-
structures was analysed by phase analysis light scattering (M3-
PALS), which provides the z potential values.

The density of the HTF andMoS2 nanofluids were determined by
pycnometry. Also, the viscosity in a temperature range between
298 K and 388 K was measured using a concentric cylinder ge-
ometry and the shear rate ranged between 1 s�1 and 100 s�1.
Concerning the thermal properties, the isobaric specific heat of the
samples was determined by the temperature-modulated
differential scanning calorimetry (TMDSC) technique. The tem-
perature program established for the determination of isobaric
specific heat has been reported in previous studies [30]. The ther-
mal conductivity of the HTF and the 3D-MoS2-based nanofluidswas
measured in a temperature range between 298 K and 388 K by
means of transient hot bridge technique.

3. Results and discussion

3.1. Characterization of MoS2 spherical nanoparticles and
nanofluids

XPS studies were performed to confirm the chemical composi-
tion of the synthesized sample by determining the oxidation state
and the chemical state bonding of the elements present in the solid.
The survey XP spectrum of Fig.1a shows peaks arising fromC, O,Mo
and S elements. The signals located at a binding energy (BE) of
284.6 eV and 531.2 eV are assigned to the C 1s and O 1s contribu-
tions. These signals are typically attributed to common contami-
nants in XPS analysis such as adsorbed species with oxygen, such as
hydroxyl or carbonates groups, and also to the presence of adven-
titious C [31]. Fig. 1b shows a doublet for the Mo 3d contribution
that corresponds to the Mo 3d3/2 at a BE of about 232.8 eV and the
Mo 3d5/2 at a BE of about 229.5 eV. According to the literature
[32,33], these BEs for the Mo 3d contributions are associated with
the presence of Mo4þ, which corroborates the formation of MoS2.
The peak of S 2s [24] was also detected at 226.8 eV in Fig. 1b. The
high resolution XP spectrum of the S 2p orbital (Fig. 1c) shows two
peaks at 163.7 eV and 162.4 eV that correspond to the S 2p1/2 and S
2p3/2 signals [32,33]. These signals are consistent with the presence
of S2�, which again confirms the formation of MoS2. Further evi-
dence of the formation of MoS2 is the ratio of the atomic concen-
tration S/Mo ¼ 2 obtained from the signals S 2p and Mo 3d.

Fig. 2 shows the XRD pattern of the synthesized powder. Five
diffraction peaks were recorded at 14.17�, 32.91�, 39.91�, 50.08� and
58.75�. According to the diffraction pattern in JCPDS card 37e1492,
these peaks are related to the (002), (101), (103), (006) and (110)
planes, corresponding to the hexagonal structure of MoS2 with a
P63/mmc space group. Therefore, the presence of MoS2 in the
samples synthesized is confirmed by XRD.

The morphology and size of the nanostructures were deter-
mined by the TEM technique. The microscopy images in Fig. 3
reveal the formation of spherical nanoparticles, no uniform parti-
cle size distribution being observed. Nanoparticles were foundwith
sizes between 30 nm and 150 nm, with a predominance of nano-
particles between 100 and 110 nm. Besides, nanoparticle agglom-
erates of up to 400 nm were detected. Therefore, the XPS and XRD
results demonstrate the formation of MoS2 while the TEM results
confirm the formation of spherical nanoparticles, which proves the
efficiency of the synthesis process.

As described in the experimental section, spherical MoS2
nanoparticles were dispersed in different surfactant and HTF so-
lutions to obtain six nanofluids. In the following, the colloidal



Fig. 1. (a) Survey XP spectrum for synthesized MoS2 nanoparticles; and high-resolution XP spectra for (b) Mo 3d and (c) S 2p.

Fig. 2. XRD pattern of the synthesized MoS2 nanoparticles.
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stability and thermal properties of the 3D-MoS2-based nanofluids
will be discussed. The temporal stability of nanofluids plays a key
role in their performance since instability can cause pipes to clog
and a loss of their thermal enhancements [34,35]. Fig. 4a shows the
evolution of the extinction coefficient at 628 nm of the nanofluids
over 30 days. The extinction coefficient decreases in all the nano-
fluids during the first five days. In this period of time, the nano-
particles tend to interact through van der Waals forces and form
agglomerates of significant sizes that settle, leading to a decrease in
the extinction coefficient of 48e58% in the least concentrated
nanofluids and 58e67% in the most concentrated ones. After this
initial time period, all the nanofluids, regardless of the nano-
material concentration, maintained constant extinction coefficient
values, which indicates that from the fifth day all the nanofluids
were stable. The nanofluids prepared with TRX and with PEG show
the same behaviour. Thus, although the more concentrated nano-
fluids showed a greater decrease in the extinction coefficient, the
highest extinction coefficient values were obtained in these nano-
fluids after 30 days. This means that the amount of MoS2 nano-
particles dispersed in the fluid is higher in the1.5$10�2 wt%
MoS2_TRX and 1.5$10�2 wt%MoS2_PEG nanofluids compared to the
rest of the prepared nanofluids. Therefore, these nanofluids are



Fig. 3. TEM images obtained for the synthesized MoS2 nanoparticles.

Fig. 4. Evolution over time of the extinction coefficient for MoS2 nanofluids at l ¼ 628 nm (a) and of particle size (b).
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expected to present greater thermal improvements.
The UVeVis results are consistent with the particle size char-

acterization performed by DLS. Fig. 4b shows a higher variability in
the first few days when agglomeration and sedimentation pro-
cesses are more likely. The concentration of MoS2 nanoparticles is
observed not to be an influential factor on the particle size, and
neither is the surfactant used. The nanofluids prepared with TRX
present an average size of around 350e400 nm while those pre-
pared with PEG exhibit an average size of around 650e800 nm. The
longer chain length of TRX compared to PEG may cause a higher
steric hindrance on the surface of the MoS2 nanoparticle, pre-
venting the formation of large agglomerates, which justifies lower
particle sizes values than those detected in the nanofluids with
PEG.

As in the particle size and UVeVis results, the z potential char-
acterization (Fig. 5) reveals a higher variability in the system during
725
the first few days, after which a constant z potential trend is
observed for all the nanofluids. The average z potential values were
around �60 and �80 mV for all the nanofluids, regardless of the
concentration of MoS2 nanoparticles and surfactant used. Typically,
z potential values between ±40 and ± 60 mV are indicative of good
colloidal stability of the nanofluids [36,37]. If the values are greater
than ±60 mV, nanofluids are considered to have excellent stability
[38]. In the case of the MoS2 nanofluids in this study, the high z
potential values measured are evidence of their high stability.

In addition to colloidal stability, other properties of fluids such
as density, viscosity, isobaric specific heat and thermal conductivity
have a strong influence on heat transfer processes [39,40]. Table 2
shows the density values obtained for the HTF and for the nano-
fluids by pycnometry at 298 K. These measurements were per-
formed in quintuplicate. It is observed that the presence of
nanoparticles increases the density of the base fluid since all the



Fig. 5. Evolution over time of the z potential values for MoS2 nanofluids.
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MoS2 nanofluids present higher density values than the HTF.
Generally, greater density is associated with an increase in the heat
transfer coefficient [41]. In the MoS2 nanofluids prepared in this
study, the density increases with the concentration of MoS2
nanoparticles. The maximum increase is of 0.95% for the 1.5 $

10�2 wt% MoS2_TRX and 1.5 $ 10�2 wt% MoS2_PEG nanofluids. In
addition, the volume fraction can be calculated from density values
to determine an effective concentration of the nanofluids when the
colloidal stability is reached. Volume fraction was estimated ac-

cording to 4ðvol:%Þ ¼ 100$
�
ðrnf � rbf Þ

.
ðrnp � rbf Þ

�
, where the

subscripts nf, bf and np refer nanofluid, base fluid and nanoparticles
(rnp¼ 5060 kgm�3), respectively. The values obtained are shown in
Table 2.

An increase in the viscosity of the base fluid due to the addition
of nanoparticles can be detrimental to heat transfer and cause
pressure drops [42,43]. Fig. 6a shows that the HTF and nanofluids
have a Newtonian behaviour as the apparent viscosity remains
constant with changing shear rates. Furthermore, the measured
viscosity value of the HTF was 3.59 mPa s at 299K while the value
provided by the supplier was 3.64 mPa s [26]. The difference be-
tween the experimental and supplied value is 1.42%, which dem-
onstrates the accuracy of the experimental method for measuring
viscosity. Fig. 6b shows that the viscosity of all the nanofluids and
the base fluid decreased with temperature and that the viscosity of
the HTF increased slightly with higher concentrations of MoS2
nanoparticles in the nanofluids. The increases in viscosity are in the
range between 0.1 and 4%, with the highest values for the most
Table 2
Density results obtained for the HTF and MoS2 nanofluids at 298 K.

Sample Density/kg $ m�3 4/vol%

HTF 1055.7 ± 0.1 e

5 $ 10�3 wt% MoS2_TRX 1062.6 ± 0.1 0.172
10�2 wt% MoS2_TRX 1064.4 ± 0.2 0.217
1.5 $ 10�2 wt% MoS2_TRX 1065.4 ± 0.1 0.242
5 $ 10�3 wt% MoS2_PEG 1063.7 ± 0.2 0.200
10�2 wt% MoS2_PEG 1064.9 ± 0.2 0.230
1.5 $ 10�2 wt% MoS2_PEG 1065.7 ± 0.1 0.250
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concentrated nanofluid. Therefore, the use of MoS2-based nano-
fluids is not expected to have a negative impact on thermal per-
formance or operational conditions due to the low viscosity
increases.

Regarding the thermal properties of the fluid, Fig. 7a and b
shows the isobaric specific heat and thermal conductivity mea-
surements of the nanofluids and HTF. The isobaric specific heat of
the MoS2 nanofluids (see Fig. 7a) followed the same increasing
trend with temperature as the HTF. In the case of the HTF, the
experimental value only differs by 0.2% from the value provided by
the supplier [26]. Note that the isobaric specific heat is higher in the
nanofluids than in the HTF, evidence that this value increases due to
the presence of MoS2 nanoparticles. According to the literature,
solids typically present lower isobaric specific heat values than
liquids, so nanofluids are expected to have lower values than the
corresponding base fluid [44]. In this study, the opposite effect
occurs, i.e. the MoS2-based nanofluids had a higher specific isobaric
heat than the base fluid, with the difference becoming more sig-
nificant with increasing temperature. However, this trend has been
observed before [45,46] and can be explained if nanofluids are not
considered to be a simple mixture of a solid in a liquid. The liter-
ature suggests that three main factors are responsible for this
behaviour: the energy produced on the surface of the nano-
particles, the interactions between the nanoparticles and the base
fluid, and the order of the liquid molecules around the nanoparticle
leading to the formation of a semi-solid layer, as has been reported
in different systems such Pd-based nanofluids in a thermal oil [47],
silica-based nanofluids in molten salts [48], alumina nanofluids
using liquid aluminium as the base fluid [49], or in nanofluids
modelled by Molecular Dynamics [50]. The present study reports a
maximum increase in the isobaric specific heat of up to 13% with
respect to the HTF in the 10�2 wt% MoS2_TRX nanofluid at 388 K.
These results are favourable considering the beneficial influence of
the increase in the isobaric specific heat on the heat transfer
enhancement [44].

In addition, the trend of the isobaric specific heat with respect to
the nanoparticle concentration (i.e. volume fraction) differs ac-
cording to the surfactant used. Fig. 7b shows the isobaric specific
heat values versus the volume fraction for several temperature



Fig. 6. (a) Viscosity values of HTF and MoS2 nanofluids at different shear flow rates and at different temperatures, and (b) viscosity of the samples versus temperature at a constant
shear flow rate of 25 s�1..

Fig. 7. (a) Isobaric specific heat of MoS2-based nanofluids versus temperature and (b) volume fraction. At the top of Figure b, the conductivity values of nanofluids prepared with
PEG and with a MoS2 volume fraction of 0.172 vol%, 0.217 vol% and 0.242 vol% are plotted at different temperatures. At the bottom of Figure b, the same analysis has been performed
for the nanofluids prepared with Triton X and with a MoS2 volume fraction of 0.200 vol%, 0.230 vol% and 0.250 vol%.

Fig. 8. Evolution of the thermal conductivity values of HTF and MoS2-based nanofluids
with temperature.
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values. In the case of the nanofluids prepared using PEG, the vari-
ationwith the volume fraction is slight and for several temperature
an increase of isobaric specific heat with the volume fraction is
observed. In the case of the nanofluids prepared using TRX-100 as
the surfactant, however, the highest values are found at the inter-
mediate concentration. This behaviour cannot be explained by the
typical models considering a binary system, but the presence of a
solid-liquid interface can explain these values, as reported by
Hentschke [51]. According to this model, the increase in the isobaric
specific heat up to intermediate concentrations followed by a
decrease at higher concentrations may be due to adjacent layers
around the nanoparticles overlapping [51]. This means that the
internal organization of the components of the nanofluids is
different according to the surfactant used, as is observed for the
different behaviour of the isobaric specific heat values.

Thermal conductivity is one of the most important properties
involved in heat transfer processes of fluids [52,53]. Fig. 8 shows
that it increases with temperature in the HTF and nanofluids, which
is evidence that the presence of MoS2 nanoparticles does not alter
the trend of the thermal conductivity of the fluid with temperature.
It is also noticeable that the enhancements in the thermal
727
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conductivity of the MoS2 nanofluids compared to the HTF becomes
more significant at higher temperatures, which is of great interest
for their application in parabolic trough collectors, which operate at
high temperatures. The highest thermal conductivity values were
associated with the nanofluids 10�2 wt% MoS2_TRX and 1.5 $

10�2 wt% MoS2_TRX, which exhibited a thermal conductivity
enhancement of around 6%. In the case of the nanofluids prepared
with PEG, the maximum improvement was of 2% for the 1.5 $

10�2 wt% MoS2_PEG. In addition, the less concentrated nanofluids
(10�2 wt% MoS2_TRX and 10�2 wt% MoS2_PEG) were the ones with
the lowest thermal conductivity for both the TRX-100 and PEG
systems. Therefore, the thermal conductivity of the system in-
creases with an increasing concentration of MoS2 nanoparticles,
since the nanofluids of intermediate and higher concentrations had
the highest thermal conductivity values regardless of the surfactant
used. Furthermore, it is noteworthy that, according to the
increasing trend of the thermal conductivity improvements of the
nanofluids with temperature, increases of more than 6% could be
achieved at a temperature above 388 K. These results are of great
interest considering that the heat transfer fluid reaches a temper-
ature close to 673 K in concentrating solar power plants [54].

3.2. Efficiency of nanofluids in solar power plants

In this section, the use of 3D-MoS2-based nanofluids in
concentrating solar power plants has been analysed. The efficiency
of the solar collector and the heat exchanger using nanofluids has
been compared with the base fluid, which is the typical HTF used in
CSP plants using parabolic trough collector technology. To analyse
the overall efficiency, the solar collector efficiency and also the
effectiveness of the coupled heat exchangers were estimated.

According to the solar collector efficiency, the expected outlet
temperature under turbulent flow conditions has been estimated
for surface PTCs, used in CSP-PTC plants, and also for volumetric
PTCs, which are able to be implemented for dark coloured nano-
fluids, such as those developed in this study. Two approximate
analytic solutions reported by Bellos et al. [55] and O'Keeffe et al.
were used [56]. A detailed description of these solutions is included
in the Supplementary Material. The mean deviation in the outlet
temperature is found to be 0.06% and in the thermal efficiency,
1.16% [55]. Expressions for the outlet temperature, the collector
efficiency, the exchanger effectiveness, and the whole efficiency are
given in the Supplementary Material for surface and volumetric
Fig. 9. (a) Outlet temperature in surface and volumetric PTCs using the base fluid (BF) used
nanofluid (NF) prepared in function of the length of the collectors array; and (b) collector
configurations.
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PTCs. The values of all the variables used in the calculation are
shown in the Supplementary Material. The outlet temperature
(Tout) for both types of collectors, using the base fluid or the
nanofluid, is given by the maximum temperature (Tmax) at which
the base fluid is stable, which is 673 K. Thus, for Tout ¼ Tmax, the
required length for the collectors array (L) to reach 673 K has been
estimated. The base fluid with that nanofluid showing the most
promising thermal properties were compared, namely the nano-
fluid prepared using Triton X as surfactant and a MoS2 concentra-
tion of 10�2 wt%. For typical surface PTCs, the flow rate (ṽ) used was
2.6 l s�1. The value of the flow rate is important in the surface
collectors because it should be high enough to maintain the tur-
bulent flow, thus preventing local overheating and thermal stress in
the receiver. Moreover, energy losses by radiative processes are
minimised. As Fig. 9 shows, for surface PTCs, Tout ¼ 673 K for the
base fluid at L ¼ 257 m, and at L ¼ 310 m for the nanofluid. In the
case of a volumetric collector using the nanofluid with the same
geometry and flow rate, Tout¼ 673 K at L¼ 327m.Meanwhile, using
the base fluid in a volumetric collector is unfeasible due to the pale
colour of the fluid. In other words, a volumetric PTC with the same
configuration as a surface PTC is less efficient. However, since
overheating problems do not apply in volumetric collectors, the
flow rate can be decreased. The energy storage capability of the
fluid and the nanofluids, given by the product (r$CP), is 1928 and
2326 kJ m�3 K�1 for the base fluid and the nanofluid, respectively.
Therefore, it is possible to reduce the flow rate by 20% without
affecting the energy storage capability. Thus, the efficiency of
volumetric collectors was estimated for a flow rate of 2.0 l s�1. For
volumetric PTCs, using the nanofluid prepared in this work,
Tout ¼ 673 K at L ¼ 261 m. This length is only 4 m greater than that
estimated for surface PTCs using the base fluid, which is the stan-
dard condition, but volumetric collectors are built without a
coating, avoiding higher costs and thermal stress on the surface.
The length is greater because the specific heat of the nanofluid is
higher, and it needs to be heated to 673 K. However, this does not
necessarily imply that using a nanofluid is less efficient because it is
necessary to take into account the thermal efficiency of the col-
lector and the effectiveness of the heat exchanger.

The thermal efficiency of the collector, jcoll, can also be esti-
mated from the solutions of Bellos et al. and O'Keeffe et al., while
the heat exchanger effectiveness, jexch, was calculated by using the
NTU (number of transfer units) method [57]. The complete system
efficiency is then given by jsys ¼ jcoll $ jexch. The details of the
in this study, which is the typical HTF used in CSP-PTC plants, and the most promising
efficiency, effectiveness of the heat exchanger and the overall efficiency for the same
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calculations are shown in the Supplementary Material. Four sys-
temswere analysed: (a) surface PTC using the base fluid (the typical
HTF used in CSP-PTC plants) and a flow rate of 2.6 l s�1, (b) surface
PTC using the nanofluid prepared and a flow rate of 2.6 l s�1, (c)
volumetric PTC using the typical HTF and a reduced flow rate of
2.0 l s�1, and (d) volumetric PTCs using the nanofluid and a reduced
flow rate of 2.0 l s�1. The results obtained are shown in Fig. 9b. It
shows that using either the typical HTF or the nanofluid the col-
lector efficiency is higher for surface PTC than for the volumetric
PTC, but the difference is really slight (about 1.3%). In turn, the
collector efficiency is similar for the surface PTC using the typical
HTF and the nanofluid. In addition, the effectiveness of the heat
exchanger is higher for the volumetric PTC using the nanofluid,
~5.4% higher than that for the surface PTC. Considering both effi-
ciencies, the overall efficiency can be analysed. Accordingly, the
estimated overall efficiency is ~5% higher for the volumetric PTC
using nanofluids (about 36%) than the typical configuration (sur-
face PTC, flow rate 2.6 l s�1, using the typical HTF).

In summary, the use of the nanofluid in a volumetric PTC
showed an improvement in the overall efficiency of the system of
~5%, while also reducing the pumping requirements by 20%, the
thermal stress on the surface receiver and the cost of the coating
needed for the surface PTC; the PTC array was only 1.5% longer
(261 m by 257 m, as was described previously). This suggests that
nanofluids can help to optimize CSP-PTC plants, and that nanofluids
with the right thermophysical properties can increase the overall
efficiency of CSP-PTC plants.

4. Conclusions

In the present study, nanofluids based on spherical MoS2
nanoparticles were prepared and characterised for use as heat
transfer fluids in parabolic trough solar collectors. The two-step
method was used to prepare 3D-MoS2-based nanofluids. In the
first part step, spherical MoS2 particles were synthesized by an
oxidation-reduction reaction. In the second, the solid was dispersed
by ultrasound probe treatment in the eutectic mixture of biphenyl
and diphenyl oxide commonly used as the heat transfer fluid in
solar collectors. Polyethylene glycol and Triton X proved to be good
surfactants for the preparation of these nanofluids since all the
nanofluids showed high colloidal stability for about onemonth. The
viscosity of the base fluid was not significantly altered by the
presence of MoS2 nanoparticles in any nanofluid, which avoids
problems in heat transfer or pressure drop. The 3D-MoS2-based
nanofluids exhibited improved thermal properties compared to the
thermal fluid, the most significant improvements found at higher
temperatures. The concentration of MoS2 nanoparticles has an in-
fluence on the thermal improvements, with the best results ob-
tained for nanofluids of an intermediate and higher nanoparticle
concentration. Specifically, compared to the base fluid, the isobaric
specific heat was increased by up to 13% and the thermal conduc-
tivity by up to 6% for the nanofluid prepared with an intermediate
MoS2 nanoparticle concentration and Triton X. The dark colour of
the 3D-MoS2-based nanofluids allows their implementation in
volumetric collectors, which, unlike conventional collectors, do not
use a selective coating on the absorber tube. According to the nu-
merical analysis, volumetric collectors using MoS2 nanofluids
would improve the overall efficiency by 5%, in addition to reducing
the pumping requirements by 20%, the thermal stress on the sur-
face receiver and the cost of the coating needed for the surface PTC.
Therefore, nanofluids based on the spherical MoS2 nanoparticles in
this study lead to improvements in the thermal properties of the
conventional thermal fluid and the development of a new PTC
configuration that would improve the overall efficiency of
concentrating solar power plants.
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