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Characterization of nanoparticles and nanofluids 

In order to corroborate the synthesis of gold nanoparticles in the base fluid, several 

techniques were required. The chemical state bonding and the oxidation states of the 

solid extracted from the nanofluids were studied by x-ray photoelectron spectroscopy 

(XPS). The XPS spectra were recorded using a Kratos Axis UltraDLD spectrometer, 

with monochromatic Al Kα radiation (1486.6 eV) and 20 eV pass energy. The binding 

energy scale was given with an accuracy of 0.1 eV. Electrostatic charging effects could 

be stabilized with the help of the specific device developed by Kratos. Transmission 

Electron Microscopy (TEM) was used to observe the size and shape of the 

nanoparticles. TEM analysis was performed using a JEM-2100F microscope supplied 

by Jeol©. In turn, x-ray diffraction (XRD) was used to determine the crystalline phases 

in the solid extracted from nanofluids. The patterns were recorded using a D8 Advance 

diffractometer supplied by Bruker® with Cu-Kα radiation. The scan conditions were 

from 10 to 75º in 2θ with a resolution of 0.02º, 40 kV and 40 mA. 

Stability is one of the key concepts in nanofluids because their thermal properties 

depend heavily on whether they are stable or unstable. UV-vis spectroscopy (UV-vis) 

can provide a measurable characterization of stability by evaluating the absorbance of a 

suspension.1 To this end, UV-vis spectra were recorded using a halogen lamp DH-2000-

Bal supplied by OceanOptics© and a monochromator USB-2000+ supplied by 

OceanOptics© operating in the range of wavelength of 400-880 nm, using a glass 

cuvette at room temperature. Also,  potential measurements were performed using 

Zetasizer Nano ZS supplied by Malvern Instruments Ltd. This system uses the principle 

of Electrophoresis Light Scattering (ELS), in which charged particles suspended in a 

fluid are attracted towards the oppositely charged electrode when an electric field is 

applied. The  potential measurements were performed applying a potential of 120 V at 



313 K, and the results were analysed using the Huckel model, typical for low dielectric 

constant fluids. Particle size and size distribution was also measured by Zetasizer Nano 

ZS, using the principle of Dynamic Light Scattering (DLS) as a simple method for 

analysing suspension stability and particle size measurements in solution.2, 3 

Density, viscosity, isobaric specific heat and thermal conductivity were determined to 

characterize the nanofluids performance, taking into consideration their application as a 

new class of heat transfer fluid in solar collectors in CSP. Density was estimated using a 

pycnometer and a thermal bath supplied by Select© to control the temperature of the 

measurements. The density values of each nanofluid were determined five times to 

obtain the most accurate value. Dynamic viscosity was measured using a SV-10 

viscometer supplied by Malvern Instruments Ltd. A water-circulating bath supplied by 

VWR© with heating and cooling features was used to keep the nanofluids at room 

temperature during the experiment. The measurements were performed five times to 

calculate the average values. The isobaric specific heat measurements were performed 

using a Temperature Modulated Differential Scanning Calorimeter (TMDSC), supplied 

by TA Instruments©, model Q-20. To perform the measurements, a program was 

created which can be summarized as: the temperature was equilibrated at 341 K to 

remove contaminants and kept isothermal for 10 min; then the samples were 

equilibrated at 301 K and then ramped to 391 K at 1 K/min. A modulation was 

programmed around the studied temperatures with an amplitude of ± 1 K a period of 

120 seconds. Finally, cooling was performed at 1 K/min. The isobaric specific heat of 

the base fluid was measured to test the method used with regard to the values reported 

by the supplier. Finally, the thermal conductivity of the nanofluids was measured at 

several temperatures using the laser flash technique (LFA 1600 equipment, supplied by 

Linseis Thermal Analysis©). This technique really measures thermal diffusivity, which 



is the thermophysical property that defines the speed of heat propagation by conduction 

during changes of temperature. According to Standard ASTM E 1461-01 the 

relationship between both properties is given by the equation: 

𝑘(𝑇) = 𝐷(𝑇) · 𝐶𝑃(𝑇) · 𝜌(𝑇) (1) 

where k is the thermal conductivity, D the thermal diffusivity, CP is the isobaric specific 

heat and  is the density. All the thermal measurements were performed in triplicate. 

 

  



Results and discussion. XPS analysis 

Figure S1 in the Electronic Supplementary Material (ESI) shows the general x-ray 

photoelectron spectra and the basic assignment of the peaks found. It shows the 

presence of N from the remains of TOAB and Mo from the sample holder used. 

 

Figure S1. General XPS spectrum for the Au nanoparticles synthesized. 

 

 

Figure S2. (A) Na 1s and (B) O 1s signals obtained from the XPS measurements 

performed for the Au nanoparticles synthesized. 

  



Results and discussion. Nanofluid stability 

 

Figure S3. (A) UV-vis spectra obtained for the nanofluids at zero time. (B) Absorbance 

values at  = 520 nm for the nanofluids prepared according to nanoparticle weight 

percentage. 

 

  



 

 

Figure S4. UV-vis spectra obtained for the nanofluid with a nominal concentration of 

0.005 wt.% treated to heating/cooling cycles. 

 

  



Results and discussion. Nanofluids performance 

 

Figure S5. Density values of the nanofluids prepared versus nanoparticle weight 

percentage. 

  



Hamilton-Crosser model and modified Hamilton-Crosser model 

The classic model for thermal conduction is that of Hamilton-Crosser (H-C),4 defined 

according to 

𝑘𝑛𝑓

𝑘𝑏𝑓
=

𝑘𝑝 + (𝑛 − 1)𝑘𝑏𝑓 − (𝑛 − 1)𝜙(𝑘𝑏𝑓 − 𝑘𝑝)

𝑘𝑝 + (𝑛 − 1)𝑘𝑏𝑓 + 𝜙(𝑘𝑏𝑓 − 𝑘𝑝)
 (2) 

where kp is the thermal conductivity of the nanoparticles, n=3/ being =1 for 

spherical nanoparticles, and the remaining variables and sub-indexes have already been 

defined. In turn, the conventional H-C model can be modified to predict the effective 

thermal conductivity of nanofluids for nanoparticles in the form of aggregates as5 

𝑘𝑛𝑓

𝑘𝑏𝑓
=

𝑘𝑎 + (𝑛 − 1)𝑘𝑏𝑓 − (𝑛 − 1)𝜙𝑒𝑓𝑓(𝑘𝑏𝑓 − 𝑘𝑎)

𝑘𝑎 + (𝑛 − 1)𝑘𝑏𝑓 + 𝜙𝑒𝑓𝑓(𝑘𝑏𝑓 − 𝑘𝑎)
 (3) 

where ka is the thermal conductivity of the aggregates, which is estimated using the 

Bruggeman model for spherical nanoparticles6 according to 

𝑘𝑎

𝑘𝑏𝑓
=

1
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𝑘0
]

1 2⁄
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(4) 

where in is the solid volume fraction of aggregates given by 𝜙𝑖𝑛 = 𝜙(𝑎𝑎 𝑎⁄ )𝐷−3 7, and 

aa and a have been defined previously. In this model, the effective volume fraction and 

the thermal conductivity of aggregates are included. 

 

  



Parameters of Hamilton-Crosser conduction model with a Brownian motion 

driven convective model 

 

Koo and Kleinstreuer introduced a model to estimate the thermal conductivity of 

nanofluids composed of spherical particles. It combines the Hamilton-Crosser 

conduction model with a Brownian motion driven convective model.8, 9  

𝑘𝑛𝑓 =
𝑘𝑝 + 2𝑘𝑏𝑓 − 2𝜙(𝑘𝑏𝑓 − 𝑘𝑝)

𝑘𝑝 + 2𝑘𝑏𝑓 + 𝜙(𝑘𝑏𝑓 − 𝑘𝑝)
𝑘𝑏𝑓 + 5 · 104𝛽𝜙𝜌𝑏𝑓𝐶𝑃,𝑏𝑓√

𝜅𝑇

𝜌𝑝𝑑𝑝
𝑓(𝑇, 𝜙) (5) 

where CP,bf, is the isobaric specific heat for the base fluid, p and dp is the density and 

diameter of the nanoparticle, and  is the Boltzmann constant. The factors  y f(T,) can 

be adjusted to the experimental data. is a function of  and depends on the type of 

nanoparticles. f(T,) is a function of T y . The first term represents static conductivity, 

while the second is the dynamic part that predicts the increase in conductivity due to 

Brownian motion. In turn, due to the presence of aggregates in the nanofluids prepared 

in this study, the modified Hamilton-Crosser model was included in the Koo and 

Kleinstreuer one to model the conduction process. This took into account the effective 

volume fraction, the thermal conductivity of aggregates and the diameter of the 

aggregates obtained using the DLS technique for the nanofluid studied, as has been 

shown previously. Thus, the mathematical expression for the model used is 

𝑘𝑛𝑓

𝑘𝑏𝑓
=

𝑘𝑎 + 2𝑘𝑏𝑓 − 2𝜙𝑒𝑓𝑓(𝑘𝑏𝑓 − 𝑘𝑎)

𝑘𝑎 + 2𝑘𝑏𝑓 + 𝜙𝑒𝑓𝑓(𝑘𝑏𝑓 − 𝑘𝑎)
+

1

𝑘𝑏𝑓
5 · 104𝛽𝜙𝑒𝑓𝑓𝜌𝑏𝑓𝐶𝑃,𝑏𝑓√

𝜅𝑇

𝜌𝑝𝑑𝑎
𝑓(𝑇, 𝜙) (6) 

The results obtained are shown in Figure 7C in the main article. The  and f(T,) values 

for the results obtained are shown in Table S1. In turn, the values obtained for  and 

f(T,) are close to those reported previously.10 It is also seen that  does not change and 

f(T,) increases with the temperature, as the model predicts.  depends on the kind of 



nanoparticles, so it is coherent that there is practically no change in this case because the 

same type of nanoparticles were used in all the nanofluids. In turn, f(T,) increases with 

temperature, as expected,10 again showing that the prediction of the values by this 

model, taking into account the effective volume fraction, is in agreement with the 

results obtained experimentally. 

 

Table S1.  and f(T,) values for the plots in Figure 7C in the main article. 

Temperature / K  f(T,) 

297.15 5.7 0.009 

318.45 5.7 0.015 

341.15 5.7 0.018 

363.15 5.8 0.020 

 

 

Figure S6. f(T,) values obtained for the simulated values of thermal conductivity from 

equation (2). 

  



Figure of Merit based on Mouromtseff number 

Under turbulent conditions flow, a Figure of Merit based on the Mouromtseff number 

(Mo) can be used. The Mouromtseff number is defined as 

𝑀𝑜 =
𝜌0.8 · 𝑘0.67 · 𝐶𝑃

0.33

𝜇0.47
 (7) 

where  is the density, k the thermal conductivity, CP the isobaric specific heat, and  

the dynamic viscosity. A high Mo value indicates that the fluid has a high energy 

transfer capacity, so the highest possible value is desirable for the Monf/Mobf ratio. 

Thus, values higher than 1 imply that the nanofluid has a greater capacity than the base 

fluid. Figure S6 shows the values obtained for the Monf/Mobf ratio for all the nanofluids 

at the measured temperatures. Compared with the base fluid, the nanofluid presents an 

increase in efficiency, just over 40% for the fluid with the highest effective volume 

fraction of nanoparticles. 

 

 

Figure S7. Monf/Mobf ratio values for the nanofluids prepared. 

  



Calculation of translational diffusion coefficient 

The translational diffusion coefficients of base fluid and Au-nanofluid were computed 

according to the Einstein ratio by computing the mean square displacement (MSD). 

This translational diffusion coefficient is the thermal diffusivity used typically in 

experimental studies, as is discussed above. Thus, the diffusion coefficients are obtained 

by the following equation: 

𝐷𝑖 = lim
𝑡→∞

〈|𝑟𝑖⃗⃗ (𝑡) − 𝑟𝑖⃗⃗ (0)|2〉

6𝑡
 (8) 

where 〈|𝑟𝑖⃗⃗ (𝑡) − 𝑟𝑖⃗⃗ (0)|2〉 is the mean square displacement (MSD).  

Figure S7A shows the plot of the mean square displacement (MSD) versus time for the 

Au-nanofluid system with the surfactant at varying temperatures. In each case, after 

approximately 3-4 ps the mean square displacement varies in line with time. The 

diffusion coefficients for both the Au-nanofluid system with surfactant, and the base 

fluid, versus temperature are obtained according equation (8) from the slope of the 

linear relationship (Figure S7B). 

 

Figure S8. (A) Mean square displacement for Au-nanofluid and the base fluid at several 

temperatures. (B) The diffusion coefficient estimated from the mean square 

displacement. 
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