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Abstract 17 

Carbon nanohorns and oxidised carbon nanohorns-based nanofluids were characterised by 18 

taking one step forward. The advantage of studying oxidised carbon nanohorns is that they are 19 

surfactant-free. The stability of both nanofluids was checked after a 3-month preparation 20 

period at high temperature, which comes closer to real applications. Two different dynamic 21 

light scattering (DLS) systems were used to measure stability at high temperature before being 22 

compared. A deep optical analysis was run. An integrating sphere was attached to the classic 23 

spectrophotometer to determine the scattering of nanofluids. After obtaining the 24 

experimental values of the optical parameters for both nanofluids, the Kubelka-Munk Theory 25 

was applied to obtain optical coefficients. Finally, the scattering albedo was calculated to 26 

facilitate comparisons with the literature. Studying both nanofluid types provided us with new 27 

knowledge about their potential use as direct solar absorbers in solar thermal collectors.   28 

 29 

Key words: solar absorbers; carbon nanohorns; oxidised carbon nanohorns; scattering albedo; 30 

high temperature stability.  31 
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1. Introduction 32 

In recent years, solar thermal energy has attracted much interest given its thermal storage 33 

possibilities and economic appeal [1]. Conventional solar thermal collectors transform solar 34 

radiation energy into the thermal energy of the transport medium. Typical solar collectors use 35 

a black surface to absorb incoming sunlight. Then this energy is transferred to water to form 36 

high quality pressurised steam in a boiler/heat exchanger. Thus, in general, many transfer 37 

steps (via radiation, convection, conduction and boiling) are required to follow this process 38 

and convert light energy into thermal energy for a power cycle. In order to minimise 39 

limitations, which result from following many energy transfer steps, some alternative concepts 40 

have been addressed [2]. Of these, the idea of absorbing light inside the working fluid while 41 

generating steam has been well studied [3]. Direct steam generation can make solar plants 42 

more economic and more environmentally friendly, and would present fewer thermal losses 43 

than conventional solar plants, which would improve the cost of energy by 11% [4]-[6]. 44 

Moreover, when only light is absorbed by the working fluid, efficiency is enhanced by around 45 

10% compared to absorbing light on a black surface, as in typical collectors [4]-[12]. 46 

One proposal is to use nanofluids as working fluids to directly absorb light. Nanofluids are 47 

defined as engineered colloidal suspensions of nanometric solid particles in a base fluid [13], 48 

[14]. The reason for suspending these small particles is to enhance heat transfer capabilities, 49 

especially thermal conductivity over the base fluid [15]-[17]. 50 

Among the particles utilised as part of nanofluids, single-wall carbon nanohorns (SWCNHs) [18] 51 

are modest graphene sheets wrapped to form horn-shaped cones with a half-fullerene cap. 52 

They are 30-50 nm long, have a variable diameter of 2-5 nm [19], and the tips of nanohorns 53 

are cone-shaped with an edge of around 20° [20], [21]. SWCNHs tend to form aggregates that 54 

resemble "dahlia" flowers or buds [22]. One major characteristic of SWCNHs is lack of metal 55 
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contamination. Consequently, their production does not need to resort to decontamination 56 

processes. 57 

Suspensions of SWCNH in water have also been investigated for energy applications to 58 

produce black fluids for volumetric solar absorption in solar collectors [23] – [27]. As SWCNHs 59 

are not effortlessly dispersible in water given the hydrophobic nature of their surface, 60 

surfactants are normally used to accomplish proper stability. However, utilising surfactants 61 

entails some drawbacks that can make the colloid unstable [28]– [30]. Thus another method 62 

has been used to mostly oxidise SWCNH surfaces as a perfect strategic device to achieve stable 63 

suspensions in water without having to resort to surfactants [31]. 64 

As briefly described, since there is one paper reporting the application of CNH based 65 

nanofluids in a real solar collector [26] and there is still a lack of reliable and accurate 66 

experimental measurements of different thermophysical properties especially of oxCNH based 67 

nanofluids for this peculiar application This is even more crucial when the optical properties 68 

and the stability of such nanofluids are considered. In fact, the long-term (at lab scale) stability 69 

is of fundamental interest to understand the feasibility of a nanofluid in real life applications. 70 

Besides, it is also very important the analysis of the effects of the operating conditions on the 71 

nanofluid, especially when the temperature is considered. The aim of this paper is to study and 72 

compare the stability and optical properties of SWCNH and oxidized SWCNH suspensions in 73 

water in the perspective to use them as possible future direct sunlight absorbing fluid in a solar 74 

thermal collector. Different measurements to ensure the potential of these nanofluids in real 75 

applications were collected. These measurements are performed for two different particle 76 

concentrations of each of the SWCNH samples and include particle morphology, long-term 77 

dispersion stability at room temperature, particle size distribution using two equipment and 78 

also for different temperatures, scattering and absorbance spectra of the four samples. By 79 

virtue of the methodologies applied (e.g. double independent DLS methods) the present 80 
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database can be considered accurate and reliable and can become a reference for future 81 

measurements carried out in other world-wide lab.  82 



6 
 

2. Methods 83 

2.1. Synthesis of nanofluids 84 

Four different nanofluids were herein synthesised and studied. The base fluid employed for 85 

them all was water (Millipore, 18 M cm). The difference in them lay in the type of 86 

nanoparticles, the stabilisation method and the nanoparticle concentration in nanofluids. 87 

One of them consisted of SWCNH suspended in water using sodium dodecyl sulphate (SDS, 88 

99%, Sigma) as a surfactant at two different SWCNH concentrations (0.005 and 0.002 %wt). 89 

The other utilised nanofluid and was also based on an aqueous suspension, but an oxidised 90 

SWCNH was used to avoid resorting to surfactants, and also at two different concentrations 91 

(0.005 and 0.002 %wt). These concentrations have been determined in previous works as 92 

being suitable for solar nanofluids [32], [33]. 93 

SWCNHs were provided by Carbonium S.r.l. and were produced by a process based on the 94 

rapid condensation of carbon atoms with no catalyst, but gave considerably reduced 95 

production costs [34]. The morphological characterisation of nanoparticles was made by 96 

Field Emission Scanning Electron Microscopy (FESEM) with a SIGMA Zeiss instrument (Carl 97 

Zeiss SMT Ltd, UK).  98 

Two SWCNH suspensions were prepared with concentrations of 0.005 %wt and 0.002 %wt in 99 

water according to the following procedure. Firstly, 250 mL of the water solution containing 100 

SDS as the surfactant (10:1 surfactant-to-nanoparticle weight ratio) were taken, after which 101 

the appropriate amount of SWCNHs was dispersed in the solution via initial homogenisation in 102 

an ultrasonic processor (VCX 130, Sonics & Materials), which operated at 60 kHz and 65 W for 103 

10 min with a 12 mm-diameter Ti6Al4V alloy tip. Next the suspension was processed for 20 104 

minutes in a high-pressure homogeniser (Panda, GEA Niro Soavi, Germany) operating at 1,000 105 

bar. 106 
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By this method, dispersions were assured long-term stability as no particle settling was 107 

observed over a 3-month period.  108 

In order to make SWCNH suspensions stable in water without surfactants, surface oxidation 109 

was prepared by using concentrated HNO3 (68-70%, provided by Alfa Aesar) according to a 110 

previously described procedure [31]. Firstly, 0.5 g SWCNH were poured into 250 mL HNO3. This 111 

mix was magnetically stirred for 2 h at 80°C, followed by spinning in a centrifuge at room 112 

temperature for 10 minutes at 8,000 rpm. Afterwards, the processed powders and acid were 113 

divided into two phases to be separated by paper filtering and thoroughly washed with 114 

deionised water until the filtrate reached a pH that came close to 6. Finally, the powder was 115 

washed with 100 mL of ethanol (absolute anhydrous, provided by Carlo Erba, Italy) and air-116 

dried at 80°C for 2 h. The oxidised SWCNH suspensions were prepared at the 0.005 and 0.002 117 

%wt concentrations by mixing the SWCNH oxidised with deionised water by the same 118 

procedure used for the suspensions with the surfactant. 119 

Figure 1 (a) shows the SWCNH powder’s structure, while Figure 1 (b) illustrates that of the 120 

oxidised SWCNH. As the figures clearly denote, the typical morphology was maintained in both 121 

cases.  122 

Figure 1. SEM images of the SWCNH powder (a) and oxidised SWCNH (b) 123 

As already stated, the nanofluids were prepared according to what proposed by part of the 124 

present authors in ref. [31]; in fact, as clearly stated in [31], the synthesis of ox SWCNH is a 125 

complex process because the selection of unbalanced operating condition during the oxidation 126 

process or during the sonication can alter the morphology of the CNHs. Thus, the oxSWCNH 127 

nanofluids were produced following the cited reference procedure and then a set of SEM 128 

images were taken to verify the morphological characteristics of the oxCNH in the colloidal 129 

dispersion. The results were similar to what found in [31], confirming with the SEM images 130 
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that the SWCNH dispersed in the nanofluid were not damaged by the sonication during the 131 

nanofluid dispersion nor the oxidation process. 132 

The investigated SWCNH samples are listed in Table 1 with their corresponding label. 133 

Table 1 The samples investigated in this work 134 

Label Particle type Concentration (%wt.) 

CNH_0.002 SWCNH 0.002 

CNH_0.005 SWCNH 0.005 

oxCNH_0.002 Oxidised SWCNH 0.002 

oxCNH_0.005 Oxidised SWCNH 0.005 

 135 

2.2. Experimental techniques 136 

Two different systems were followed to measure and validate the particle size distribution in 137 

nanofluids which, if repeated over time, can be related to their stability. Both used dynamic 138 

light scattering (DLS) as the measuring technique and were measured at different 139 

temperatures.  140 

One of the devices used for measuring stability was Zetasizer Nano (Malvern Instruments), 141 

which is commonly found in the literature to measure particle size distributions of nanofluids 142 

by DLS. Zetasizer Nano also includes a heating system that can measure at high temperature 143 

(up to 90°C), which helps evaluate stability at different temperatures. The same equipment 144 

type is available at the ITC-CNR (Padova, Italy) and the Universitat Jaume I (Castellón, Spain), 145 

and was used in different research stages. 146 

The other system was a VASCO FLEX particle size analyser (Cordouan Technologies). This is a 147 

new commercial system used to measure a nanofluid’s stability. The main difference between 148 

both devices is that Vasco FLEX can analyse samples outside the apparatus. As acquisition is 149 
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external, the temperature range within which it is possible to measure samples’ particle size 150 

depends only on cuvette design. In this case, this system’s maximum working temperature is 151 

300°C. A spectrophotometer (with an integrating sphere) was employed to measure samples’ 152 

different optical properties.  153 

The spectrophotometer employed to measure the sample’s NIR-Vis spectra was CARY 500 154 

(Varian Devices), which enables the use of an integrating sphere. This system was chosen 155 

because different optical parameters, such as ballistic transmittance, reflectance, and forward 156 

and backward scattering, can be measured. To measure a sample’s scattering, an integrating 157 

sphere was attached to the spectrophotometer. 158 

Ballistic transmittance is obtained (IT) when measuring with no integrating sphere. Figure 2 159 

provides a schematic of the system. 160 

Figure 2. A schematic of the CARY 500 spectrophotometer with no integrating sphere  161 

Three measurements were needed to obtain the whole parameters that were involved in this 162 

phenomenon. If the cuvette was placed in front of the sphere at port S1, transmittance and 163 

forward scattering were obtained (IT+FS). If the cuvette was located at the back of the sphere at 164 

port S2, there were two possibilities: not tilted and then backward scattering (IBS) obtained or 165 

tilted 3° to obtain reflectance plus backward scattering (IR+BS). Figure 3 represents a detailed 166 

scheme of the system. 167 

Figure 3 A schematic of the spectrophotometer CARY 500 with integrating sphere 168 

All the measurements were normalised by their corresponding reference signal (Io), obtained 169 

by directly measuring light from the source with no cuvette on the optical path; for example, 170 

ballistic transmittance (T) was calculated with no sphere. 171 

𝑇 =
𝐼𝑇

𝐼𝑂
 ( 1) 
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The extinction spectra can be directly calculated as: 172 

𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 =  −𝑙𝑜𝑔10

𝐼𝑇

𝐼0
 ( 2) 

The scattering spectra values were obtained, and normalised by their corresponding reference 173 

signal as: 174 

𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 =
𝐼𝑇+𝐹𝑆

𝐼0
−

𝐼𝑇

𝐼0
 + 

𝐼𝐵𝑆

𝐼0
 ( 3) 

The absorption spectra were calculated by subtracting scattering from the extinction spectra. 175 

Finally, the data absorption (K), scattering (S), extinction (E = K+S) and scattering albedo 176 

(ω=S/E) coefficients were calculated by the Kubelka-Munk Theory [35] using the following 177 

equations: 178 

 179 

K

S
=

R2-T2+1

2R
-1 ( 4) 

𝐶 = √
𝐾

𝑆
(

𝐾

𝑆
+ 2) 

 

         (5) 

 

 

𝑆 =
1

𝐶𝑑
𝑐𝑜𝑡ℎ−1 (

𝑇2 − 𝑅2 + 1

2𝑅𝐶
) 

 

(6) 

 

where T is transmittance, d is sample thickness and R is calculated as: 180 

𝑅 =
𝐼𝑅+𝐵𝑆

𝐼0
−

𝐼𝐵𝑆

𝐼0
 ( 7) 
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3. Results and discussion 181 

3.1 Particle size characterisation 182 

In order to test the stability of nanofluids, the particle size distribution of the four samples was 183 

measured by DLS at room temperature.  184 

3.1.1 Particle size distribution 185 

The nanofluid’s particle size distribution was measured daily for 1 month after it was prepared 186 

at room temperature. The averaged results of the measurements taken over the 30-day period 187 

are shown in Figure 4. 188 

Figure 4. The averaged particle size distribution measured over 1 month for the SWCNH (left) 189 

and oxidised SWCNH (right) suspensions at two different concentrations 190 

Similar particle size distributions were obtained for the four nanofluid samples during the 1-191 

month period.  192 

3.1.2 Long-term stability 193 

Three months after preparing the nanofluid, the size distribution of the four samples was 194 

measured again. Figure 5 shows the particle size distribution obtained by the Zetasizer Nano 195 

system for the SWCNH suspension at two different concentrations, measured 3 months after 196 

preparation at room temperature. 197 

Figure 5. The particle size distribution for the SWCNH (left) and oxidised SWCNH (right) 198 

suspensions at two different concentrations, measured 3 months after preparation 199 

The curves in Figures 4 and 5 are centred on the same values, which confirm that 200 

agglomeration was almost negligible for a 3-month period. Thus these nanofluids were stable 201 

at both concentrations.  202 
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In addition to particle size distribution, the samples’ Zaverage values over time are presented. 203 

This is an intensity-based overall average size based on a specific fit to the raw correlation 204 

function data [36]. 205 

Table 2. A comparison of the Zaverage results between months 1 and 3 (room temperature) 206 

 CNH_0.002 CNH 0.005 oxCNH_0.002 oxCNH_0.005 

Month 1 144 145 163 149 

Month 3 132 156 154 156 

 207 

When comparing the Zaverage values in Table 2 of the samples measured for 1 month after 208 

preparation (in Padova) with those measured 3 months later (in Castellón), no significant 209 

differences were observed (including the measurements taken by both devices). This result 210 

reveals that the samples remained stable over time. 211 

3.1.3 Particle size distribution with temperature 212 

After evaluating the stability of the nanofluid samples at room temperature, it was necessary 213 

to check their stability at high temperatures; that is, under conditions that come closer to 214 

those in real applications.  215 

Therefore, samples were thermally treated to test if this process affected their size distribution 216 

and, therefore, their stability at high temperature. The thermal treatment was performed by 217 

introducing sealed glass tubes filled with nanofluids inside a stove (Digitronic 2005141, J.P. 218 

Selecta, S.A.) for 30 minutes at 75°C. After this thermal treatment, particle size distributions 219 

were measured by the Zetasizer Nano system at 20°C, 50°C and 75°C. 220 

Figure 6 shows the Zaverage results of the thermally treated samples at different measuring 221 

temperatures. The graphs demonstrate that particle size remained almost constant when 222 

temperature varied, and only a slight Zaverage increasing trend was observed.  223 
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Figure 6. Zaverage variation with the temperatures of the thermally treated samples measured 224 

for a) CNH 0.002 b) CNH 0.005 c) oxCNH 0.002 and d) oxCNH 0.005 225 

The Zaverage results obtained with the fresh samples and the thermally treated samples at 226 

25°C were compared in Table 3 to observe if any variation occurred after thermal treatment.  227 

Table 3. The Zaverage comparison between the fresh and thermally treated samples at 25°C 228 

 CNH_0.002 CNH_0.005 oxCNH_0.002 oxCNH_0.005 

Month 3 

Fresh 

132 155 154 156 

Month 3 

Thermally treated 

125 135 154 145 

 229 

After analysing particle size and the Zaverage results, it was concluded that samples remained 230 

stable within this temperature range. 231 

3.1.4 Particle size distribution with the two DLS devices 232 

The repeatability of the particle size distributions measured at different temperatures (25°C 233 

and 75°C) by two different DLS systems (VASCO FLEX and Zetasizer Nano systems) was 234 

analysed in this section.  235 

Figure 7 shows that the particle size distributions obtained for all the samples were similar for 236 

both DLS systems, with only negligible differences especially in mean size terms. 237 

Figure 7. Particle size distribution measured in two DLS systems at 25°C of a) CNH 0.002 b) CNH 238 

0.005 c) oxCNH 0.002 and d) oxCNH 0.005 239 

Figure 8 shows a graph for all four samples, where the particle size distributions obtained in 240 

each DLS device at 75°C were compared. Similar mean size data were observed for both DLS 241 
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systems at high temperature, even though slightly wider distributions were observed when the 242 

oxidised samples were measured by the VASCO system.  243 

Figure 8. Particle size distribution measured in two DLS systems at 75°C of a) CNH 0.002 b) CNH 244 

0.005 c) oxCNH 0.002 and d) oxCNH 0.005. 245 

From the stability characterisation, it was concluded that all the samples proved stable in 246 

either studied circumstance: for 3 months at room temperature at 75°C and corroborated by 247 

two different systems; after being thermally treated at 75°C for 30 minutes.  248 

 249 

3.4 Optical characterisation 250 

Given the importance of the optical properties of the studied nanofluids, the spectra of the 251 

SWCNH and oxidised SWCNH samples were measured in a CARY 500 Spectrophotometer 252 

(Varian Dev) from 400 to 800 nm. To minimise the effects of undesired reflections and 253 

absorptions, samples were placed inside a quartz cuvette with a path length of 1 mm and a 254 

planar interface. Figure 9 shows the extinction, scattering and absorption spectra from 400 to 255 

800 nm of the SWCNH nanofluids at different weight nanoparticle concentrations 256 

Figure 9 a,b) Extinction, c,d) scattering and e,f) absorbance spectra for the SWCNH (left) and 257 

oxidised SWCNH (right) water suspensions at different concentrations. 258 

It is worth noting the positive effect of SWCNH as direct sunlight absorbers for both 259 

concentrations in relation to the base fluid (water). In the extinction spectra, a 665% increase 260 

within the 400-800 nm range was obtained for the lowest concentrate versus pure water, 261 

while the highest concentrate presented an 860% improvement for the same wavelength 262 

range. These results imply that extinction significantly improved with only a small amount of 263 

nanoparticles (0.002 %wt). 264 
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Once again, substantial enhancement in extinction terms was achieved when the oxidised 265 

SWCNH were added to water. By comparing the enhancements accomplished with the 266 

oxidised SWCNH with those of the analogous SWCNH concentrations, the results of the 267 

oxidised ones were lower, but still considerable. 268 

The most remarkable aspect was that the scattering (Figures 9, c and d) contribution remained 269 

constant within the whole wavelength range for both nanofluids, at around 0.1 a.u. This value 270 

was similar in both cases because scattering mostly depends on nanoparticle size and shape. 271 

The averaged values of the scattering measurements for each sample within the 400-800 nm 272 

range are shown in Table 4.  273 

Table 4. The averages of the scattering results for the four samples 274 

 275 

 276 

 277 

Table 4 and Figure 9 reveal that for the SWCNH nanoparticles within the 400-800 nm range, 278 

scattering represented around 30% of extinction, increased slightly with nanoparticle 279 

concentration and their contribution remained constant within this whole wavelength range. 280 

This agrees with the literature [20],[24], which also indicates that the scattering of the SWCNH 281 

and oxidised SWCNH remain constant within a certain wavelength range. 282 

The absorbance spectra of the four samples are shown in Figure 9 (e, f). Higher dependences 283 

were obtained in these spectra in relation to nanoparticle concentration, and constant 284 

behaviour was also observed within the measured wavelength range. 285 

 0.002 %wt. 0.005 %wt. 

CNH 0.11 0.12 

oxCNH 0.07 0.09 
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Apart from the different spectra, the extinction, scattering, absorption and scattering albedo 286 

coefficients were also calculated by the Kubelka-Munk Theory. These values are shown in 287 

Figure 10 according to the wavelength for the different measured nanofluids. 288 

Figure 10. a) Scattering coefficient b) Absorption coefficient c) Extinction coefficient and d) 289 

Scattering albedo coefficients for the four measured nanofluids 290 

As with the different spectra, nanoparticle load and type (oxidised and non-oxidised) more 291 

strongly influenced absorption than the scattering coefficient. A reduction in relation to 292 

wavelength was observed for these two coefficients.  293 

The constant scattering albedo coefficient values within this wavelength range are shown in 294 

Figure 10 d). For the different measured nanofluids, these values varied from 10-15%, which 295 

coincides with the bibliography for such nanoparticles [23],[37],[38].  296 

It can be concluded that, even with small concentrations, the higher the concentration, the 297 

greater absorbance and scattering become. Finally, these results highlight the major 298 

improvement that nanoparticles confer absorption, which make such nanofluids very 299 

interesting candidates as direct sunlight absorbers.   300 
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4. Conclusions 301 

Four water-based nanofluids with two different concentrations of SWCNH and oxidised 302 

SWCNH were synthesised and evaluated herein as possible direct sunlight-absorbing fluids by 303 

measuring their stability and optical properties.  304 

In order to measure the stability of nanofluids at different temperatures, two DLS systems 305 

were used. One of the systems is frequently found in the literature, Zetasizer Nano, while the 306 

other one is a new external system that is suitable for high-temperature measurements.  307 

Stability over 3 months was evaluated at room temperature with Zetasizer Nano, with good 308 

results. Afterwards, samples were thermally treated at 75°C for 30 minutes, and their size 309 

distribution was measured again. As the results were similar to those obtained with the fresh 310 

samples, it can be concluded that the thermal treatment that goes up to 75°C does not affect 311 

their stability.  312 

Particle size distributions were measured from 25°C to 75°C in both DLS devices. The 313 

concordance obtained between both systems’ results ensures the repeatability of this 314 

measurement. Moreover, samples presented good stability with temperature when 315 

considering a similar size particle distribution at different temperatures. 316 

Regarding optical properties, an integrating sphere was used to measure the scattering 317 

phenomena produced by nanoparticles to isolate this effect from absorbance.  318 

An increment from 665% to 860% in extinction within the 400-800 nm range was obtained for 319 

nanofluids in relation to their base fluid. This significant improvement was obtained even for 320 

low nanoparticle concentrations. 321 

For both nanofluid types, the higher the concentration, the greater the absorbance and 322 

scattering spectra became. Moreover, the same trend was observed for their corresponding 323 

Kubelka-Munk coefficients. In line with the literature, constant scattering albedo ranging 324 
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values between 10-15% were found along the whole wavelength range from 400 to 800 nm for 325 

all the nanofluids measured herein. 326 

Given their stability and optical properties, the SWCNH and oxidised SWCNH water-based 327 

nanofluids can be good candidates as direct sunlight absorber fluids. The highlighted 328 

advantages of oxidised nanofluids are that they present higher absorbance values and do not 329 

need surfactants to be stable, which provides a more environmentally friendly nanofluid. 330 

 331 

Abbreviations 332 

Dynamic Light Scattering    (DLS) 333 

Single-Wall Carbon Nanohorns    (SWCNHs) 334 

Sodiumdodecylsulphate    (SDS) 335 

Field Emission Scanning Electron Microscopy  (FESEM) 336 

Carbon nanohorns     (CNH) 337 

Oxidized carbon nanohorns    (ox_CNH) 338 

 339 

Acknowledgements 340 

This article is based on work from COST Action CA15119 NANOUPTAKE, supported by COST 341 

(European Cooperation in Science and Technology). The authors gratefully acknowledge the 342 

financial support from Pla de Promoció de la Investigació a l’UJI (Project: UJI-B2016-47) from 343 

the Spanish Ministry of Economy and Competitiveness (Project: ENE2016-77694-R) and from 344 

the Generalitat Valenciana (Project: PROMETEU/2016/079). Alexandra Gimeno-Furio 345 



19 
 

acknowledges EU COST for her STSM grant (Ref: COST-STSM-CA15119) that allowed some 346 

parts of this work to be conducted in Padova. 347 

Author details 348 

1Department of Mechanical Engineering and Construction, Universitat Jaume I, Castellón, Spain 349 

2 CNR-ICMATE Institute of Condensed Matter Chemistry and Technologies for Energy, Corso 350 

Stati Uniti, 35127 Padova, Italy 3 CNT-ITC Construction Technologies Institute, Corso Stati Uniti, 351 

35127 Padova, Italy 4 Department of Management, University of Padova, 36100 Vicenza, Italy 352 

Competing interests 353 

The authors declare that they have no competing interests. 354 

References 355 

1. M. Thirugnanasambandam, S. Iniyan, and R. Goic.2010. A review of solar thermal 356 

technologies. Renew. Sustain. Energy Rev. 14:312–322. 357 

2. T. P. Otanicar, P. E. Phelan, and J. S. Golden.2009. Optical properties of liquids for direct 358 

absorption solar thermal energy systems. J Sol. Energy, 83:969-977. 359 

3. R. A. Taylor, P. E. Phelan, R. J. Adrian, A. Gunawan, and T. P. Otanicar. 360 

2012.Characterization of light-induced, volumetric steam generation in nanofluids. Int. 361 

J. Therm. Sci. 56:1-11.. 362 

4. J. Birnbaum, M. Eck, M. Fichtner, T. Hirsch, D. Lehmann, and G. Zimmermann.2012. A 363 

Direct Steam Generation Solar Power Plant With Integrated Thermal Storage. J. Sol. 364 

Energy Eng. 132:031014. 365 

5. J. F. Feldhoff, D. Benitez, M. Eck, and K.-J. Riffelmann.2010. Economic Potential of Solar 366 

Thermal Power Plants With Direct Steam Generation Compared With HTF Plants. J. Sol. 367 

Energy Eng. 132:041001. 368 



20 
 

6. M. J. Montes, A. Rovira, M. Muñoz, and J. M. Martínez-Val. 2011. Performance analysis 369 

of an Integrated Solar Combined Cycle using Direct Steam Generation in parabolic 370 

trough collectors. Appl. Energy, 88:3228-3238. 371 

7. T. Otanicar, P. E. Phelan, R. S. Prasher, G. Rosengarten, and R. A. Taylor. 2010. 372 

Nanofluid-based direct absorption solar collector. J Renew. Sustain. Energy, 2 (3). 373 

8. A. Lenert, Y. S. P. Zuniga, and E. N. Wang. 2014. Nanofluid-based absorbers for high 374 

temperature direct sollar collectors.  IHTC14, 22208:1-10. 375 

9. T. Otanicar, R. A. Taylor, P. E. Phelan, and R. Prasher. 2009. Impact of size and scattering 376 

mode on the optimal absorbing nanofluid. ASME, ES2009-90066. 377 

10. R. A. Taylor, P. E. Phelan, T. P. Otanicar, R. Adrian, and R. Prasher. 2009. Vapor 378 

generation in a nanoparticle liquid suspension using a focused, continuous laser. Appl. 379 

Phys. Lett., 95:161907. 380 

11. R. A. Taylor, P. E. Phelan, T. P. Otanicar, R. Adrian, and R. Prasher. 2009. Nanofluid 381 

optical property characterization: towards efficient direct absorption solar collectors. 382 

Nanoscale Res. Lett. 6:225. 383 

12. R. A. Taylor, P.E. Phelan, T.P. Otanicar, C.A. Walker, M. Nguyen. 2011. Applicability of 384 

nanofluids in high flux solar collectors. J. Renew. Sustain. Energy, 3:023104. 385 

13. J. A. Eastman, U. S. Choi, S. Li, L. J. Thompson, and S. Lee: Enhanced thermal 386 

conductivity through the development of nanofluids. Materials Research Society 1997, 387 

Pittsburgh. 388 

14. Y. Zeng, X. Zhong, Z. Liu, S. Chen, and N. Li. 2013. Preparation and Enhancement of 389 

Thermal Conductivity of Heat Transfer Oil-Based MoS2 Nanofluids. J. Nanomater. 390 

2013:1-6. 391 



21 
 

15. D. Wen, G. Lin, S. Vafaei, and K. Zhang. 2009. Review of nanofluids for heat transfer 392 

applications. Partiquology, 7:141-150. 393 

16. R. Taylor, S. Coulombe, T. Otanicar, P. Phelan, A. Gunawan. 2013. Small particles, big 394 

impacts: A review of the diverse applications of nanofluids. J. Appl. Phys. 113:011301. 395 

17. W. Yu, D. M. France, J. L. Routbort, and S. U. S. Choi. 2008. Review and comparison of 396 

nanofluid thermal conductivity and heat transfer enhancements. Heat Transf. Eng. 397 

29:432-460. 398 

18. R. Pankaj and S. Subudhi. 2018. A review of studies using nanofluids in flat-plate and 399 

direct absorption solar collectors. Renewable and Sustainable Energy Reviews, 84:54-400 

74. 401 

19. S. Iijima, M. Yudasaka, R. Yamada, S. Bandow, K. Suenaga, F. Kokai, K. Takahashi. 1999. 402 

Nano-aggregates of single-walled graphitic carbon nano-horns. Chem. Phys. Lett., 403 

309:165-170. 404 

 20. V. Krungleviciute, A. D. Migone, and M. Pepka. 2009. Characterization of single-walled 405 

carbon nanohorns using neon adsorption isotherms. Carbon N. Y., 47:769-774. 406 

21. K. Murata, K. Kaneko, F. Kokai, K. Takahashi, M. Yudasaka, and S. Iijima. 2000. Pore 407 

structure of single-wall carbon nanohorn aggregates. Chem. Phys. Lett. 331:14-20. 408 

22. M. Yudasaka, S. Iijima, and V. H. Crespi. 2008. Single-Wall Carbon Nanohorns and 409 

Nanocones.  Growth Lakel. 629:605-629. 410 

23. E. Sani, L. Mercatelli, S. Barison, C. Pagura, F. Agresti, L. Colla, P. Sansoni. 2011. 411 

Potential of carbon nanohorn-based suspensions for solar thermal collectors. Sol. 412 

Energy Mater. Sol. Cells, 95:2994-3000. 413 

24. L. Mercatelli, E. Sani, G. Zaccanti, F. Martelli, P. Di Ninni, S. Barison, C. Pagura, F. Agresti, 414 



22 
 

D. Jafrancesco. 2011. Absorption and scattering properties of carbon nanohorn-based 415 

nanofluids for direct sunlight absorbers. Nanoscale Res. Lett., 6:1-9. 416 

25. E. Sani, P. Di Ninni, L. Colla, S. Barison, and F. Agresti. 2015. Optical properties of mixed 417 

nanofluids containing carbon nanohorns and silver nanoparticles for solar energy 418 

applications. J. Nanosci. Nanotechnol., 15:3568-3573. 419 

26. M. Bortolato, S. Dugaria, F. Agresti, S. Barison, L. Fedele, E. Sani, D. Del Col. 2017. 420 

Investigation of a single wall carbon nanohorn-based nanofluid in a full-scale direct 421 

absorption parabolic trough solar collector. Energy Convers. Manag., 150:693-703. 422 

27. L. Mercatelli, E. Sani, D. Fontani, G. Zaccanti, F. Martelli, and P. di Ninni. 2011. 423 

Scattering and absorption properties of carbon nanohorn-based nanofluids for solar 424 

energy applications. J. Eur. Opt. Soc. 6:36. 425 

28. E. R. Bandala, M. A. Peláez, M. J. Salgado, and L. Torres. 2008. Degradation of sodium 426 

dodecyl sulphate in water using solar driven Fenton-like advanced oxidation processes. 427 

J. Hazard. Mater., 151:578-584. 428 

29. H. Hidaka, S. Yamada, S. Suenaga, N. Serpone, E. Pelizzetti, M. Grätzel. 1989. 429 

Photodegradation Degradation of Surfactants in the Presence of Semiconductor 430 

Particles by Solar Exposure. J. Photochem. Photobiol. 47:102-112. 431 

30. J. Lea and A. A. Adesina. 1988. The photo-oxidative degradation of sodium dodecyl 432 

sulphate in aerated aqueous TiO2 suspension. J. Photochem. Photobiol. A Chem. 433 

118:111-122. 434 

31. F. Agresti, S. Barison, A. Famengo, C. Pagura, L. Fedele, S. Rossi, S. Bobbo, M. Rancan, 435 

M. Fabrizio. 2018. Surface oxidation of single wall carbon nanohorns for the production 436 

of surfactant free water-based colloids. J. Colloid Interface Sci. 514:528-533. 437 

32. A. Gimeno-Furio, N. Navarrete, R. Martinez-Cuenca, J. E. Julia, and L. Hernandez. 2018. 438 



23 
 

Influence of high temperature exposure on the thermal and optical properties of 439 

thermal oil-based solar nanofluids. J. Nanofluids, 7:1-8. 440 

33. A. Gimeno-Furió, E. Juliá, S. Barison, F. Agresti, C. Friebe, and M. H. Buschmann. 2018. 441 

Nanofluids as Direct Solar Energy Absorbers. J. Nanofluids, 8:17-29. 442 

34. M. Schiavon. 2006. Device and method for production of carbon nanotubes, fullerene 443 

and their derivatives. U.S. Pat. 7,125,525 - EP 142879. 444 

35. A. Jaradat, M-Ali. Al-Akhras, G. Makhadmeh, K. Aljarrah. 2011. Artificial semi-rigid tissue 445 

sensitized with natural pigments: Effect of photon radiations. J Pharm Bioallied Sci. 446 

3:266-276. 447 

36. M. Instruments. 2011. Inform white paper dynamic light scattering. pp. 1–6. 448 

37. T. R. Wagner, W. G. Houf, and F. P. Incropera. 1980. Radiative property measurements 449 

for india ink suspensions of varying concentration. Sol. Energy, 25:549-554. 450 

38. L. Mercatelli, E. Sani, A. Giannini, P. Di Ninni, F. Martelli, and G. Zaccanti. 20120. Carbon 451 

nanohorn-based nanofluids: Characterization of the spectral scattering albedo. 452 

Nanoscale Res. Lett 7:1-12. 453 


