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Phase change materials can store or release large amounts of energy during phase change. An increasing number
of authors are studying the influence of the dispersion of nanometric particles on these materials. This article
presents the design and experimental characterization of temporal stability, thermal conductivity, isobaric heat
capacity, phase change transitions, rheological behaviour, and dielectric properties of nano-enhanced phase
change materials based on carbon black (CB) dispersions in polyethylene glycol (PEG200) by using poly-
vinylpyrrolidone (PVP) as surfactant. We studied the temporal stability of carbon black nanoparticles dispersed
in PEG200 using dynamic light scattering and spectrophotometry techniques. All the samples showed good
temporal stability, since the measurements of the hydrodynamic size of the nanoparticles are practically constant
over time and the wavelength observed by UV-vis shows a small variation of around 4% for static conditions. We
observed small changes in thermal conductivity and isobaric heat capacity. Nevertheless, the thermograms ev-
idence how the latent heat clearly increases with the load of carbon black nanoparticles up to four times that of
the PEG200. The viscosity studies do not show variation with shear rate, indicating a Newtonian behaviour,
excluding the 2.0 wt% CB/PVP + PEG200 nanofluid. Additionally, we noticed frequency dependent and inde-
pendent regions for permittivity.

1. Introduction

According to the State of Energy and CO» Report, there has been a
2.3% global increase in energy consumption over the last decade, which
represents almost double the average rate since 2010. This has had an
impact on the use of fossil resources, and therefore on global carbon di-
oxide emissions and the environment [1]. Over recent decades, society
has realized that energy efficiency is key to be more respectful with the
environment, as well as needing to develop technologies that enable en-
ergy to be used appropriately. In order to meet the economic, energetic
and environmental challenges, different phase change materials (PCMs)
have been proposed for thermal energy storage (TES) systems. Due to the
great capacity that PCMs have to release and store thermal energy
through phase transitions [2], they have been used in various sectors
including heating ventilation and air-conditioning systems [3-5], high-
power electronic cooling [6], concentrated solar power systems [7] or
food processing [8,9], among other industrial applications.

* Corresponding authors.

A TES system must have good storage capacity, fast energy loading
and discharge capacity, and is efficient and safe [10]. Additionally, the
development of effective energy storage techniques has become a pri-
ority for the scientific community in recent decades, as well as
improving the performance of energy harvesting techniques where
technologies that improve energy systems can help combat climate
change while providing energy security [11]. Therefore, TES is consid-
ered to be an enabling technology that entails energy management en-
hancements and stability for both power generation [12-17] and
heating and cooling applications [18-21]. Nano-enhanced PCMs
(NePCMs) based on low molecular mass poly (ethylene glycol) such as
PEG with a molecular mass of 200 g-mol’1 (PEG200) can be also used in
refrigeration [22,23] owing to their melting points [24,25].

Temporal stability plays a key role in nanofluids, thus many authors
are developing nanoparticle dispersions with a surfactant treatment to
increase stability. Gallego et al. [26] observed the temporal stability of
water-based alumina nanofluids over 5 weeks where sodium dodecyl
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benzene sulfonate (SDBS) was used as surfactant at 0.32 wt%, obtaining
good stability for the dispersion of 0.5 wt% of Al,03wt%. Ordénez et al.
[27] investigated the stability of zirconia nanoparticle dispersions using
SDBS, nonionic polyvinylpyrrolidone (PVP), and cationic cetyl-
trimethylammonium bromide (CTAB) as surfactants. They found that
PVP improves the effect on the hydrodynamic diameter further than the
other two studied options, and their stability analysis showed a stable
0.01 wt% nanofluid for 20 days. Ma et al. [28] studied the effects on the
stability of Al,03-CuO/water and Al,03-TiOz/water hybrid nanofluids
for some surfactants at different temperatures and mass concentrations.
They found that the samples containing a small quantity of PVP showed
optimum stability even after 25 days with negligible sedimentation.

Organic PCMs have a low capacity to transfer heat by conduction due
to their low thermal conductivity but including nanometric particles
with high thermal conductivity can improve their thermophysical pro-
file and contribute to increasing and decreasing the speed of fusion and
solidification and therefore, performance.

Among other organic phase change materials used as base fluids over
recent years, including paraffins, fatty acids, or glycols, PEG is consid-
ered a promising material in cold storage due to its stability, recycla-
bility and biodegradability that can be used successfully in organic
synthesis [24]. This polymer presents a high latent heat storage and
through the molecular mass the melting temperatures can be modified.
Recently, several studies have noticed the benefits of this material and it
has been used to obtain NePCMs with different types of nanometric
particles, such as carbon-based nanoparticles [19,25,29-31] or oxides
[31-34], among others.

Current studies in thermal conductivity of different carbon-based
nanofluids and NePCMs have attracted attention. Sobczak et al. [35]
analysed dispersions of two varieties of carbon black nanopowder with
different specific surface areas in ethylene glycol (EG), achieving ther-
mal conductivity improvements of up to 4.8% for the 2% mass con-
centration of the nanoparticles with the highest surface area. Ilyas et al.
[36] studied the dispersion of multi-walled carbon nanotubes with a
length of 10-20 pm and a diameter of 30-40 nm in a thermal oil. An
enhancement in thermal conductivity up to 28.7% for the 1 wt% con-
centration was achieved. Colla et al. reported how carbon black nano-
particles enhance the thermal properties of a nanofluid based on paraffin
waxes. This study showed a remarkable enhancement of the latent heat
of up to 3.4% with respect to base fluid for a dispersion of CB nano-
particles at 1 wt% [37]. Wang et al. obtained an enhancement in the
latent heat of a PCM (OP10E), using spherical graphite nanometric
particles with a 20 to 30 nm diameter. In this case, the latent heat in-
creases up to 5% for the 2% by weight concentration of graphite in PCM
[38]. Lin et al. calculated the heat capacity between 270 and 370 K with
a 10 K step for paraffin-based nanocomposites by adding boron nitride.
They observed how heat capacity varies with temperature, finding a
noticeable peak close to the phase change transition for base fluid and
nanofluids. They also reduced latent heat by adding boron nitride
nanoparticles to the paraffin [39]. In recent years, many authors have
tried to carry out studies on the rheological behaviour of carbon based
nanofluids as a function of factors such as the nanoparticle load or
temperature [35,40-44]. Aberoumand et al. [45] performed an experi-
mental study for electrochemical nanofluids based on graphene oxide
(EGO)/vanadium (IV). They found that the electrolyte-based nanofluids
have a Newtonian behaviour for concentrations below 0.05 wt%, but for
higher concentrations non-Newtonian behaviour was observed. Ilyas
et al. [46] prepared hybrid nanofluids of diamond and graphene nano-
plates using a non-ionic stabilizer, showing a noticeable increase of 35%
in viscosity for a 2% nanoparticle loading. Finally, some studies on
dielectric properties of carbon based nanodispersions have also been
performed. Di Rosa et al. [47] studied two different types of nano-
diamond powders of 87% and 97% purity in various dispersions be-
tween 0.01 and 0.1 wt% in ethylene glycol. They found improvements of
electrical conductivity of up to 720% for the purest nanopowders at the
highest concentration.
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In this work, we designed new stable nano carbon black dispersions
in polyethylene glycol by using polyvinylpyrrolidone (PVP) as surfac-
tant with a PVP:CB mass ratio of 1:10. We also performed thorough
experimental analyses of temporal stability, thermal conductivity,
isobaric heat capacity, phase change transitions, rheological behaviour,
and dielectric properties for these nano-enhanced phase change
materials.

2. Experimental
2.1. Materials

Dispersions of carbon black, CB, nanopowder in poly(ethylene gly-
col), PEG200, were designed by using a polyvinylpyrrolidone, PVP, as
surfactant (PVP:CB mass ratio of 1:10) to improve the stability of the
dispersions. Carbon black nanoparticles were supplied by PlasmaChem
(Berlin, Germany). The nanopowder characteristics specified by the
manufacturer are shown in Table 1. PEG200 with a mass average molar
mass of 259.78 g-mol ! and a polydispersity index of 1.05 [25] was
provided by Sigma-Aldrich (Burlington, MA, USA). A polymeric sur-
factant, polyvinylpyrrolidone, PVP, supplied by BioShop (Burlington,
Canada) with an average molar mass of ~40,000 g-mol~! was used.

Table 2 summarises the different NePCMs designed by means of the
two-step method, as well as their corresponding PVP + PEG200 base
fluids. The studied 0.10, 0.25, 0.50, 0.75, 1.0 and 2.0% carbon black
nanoparticle concentrations with 1:10 PVP:CB mass ratio were first
mechanically mixed for 30 min with an IKA Genius 3 Vortex (Staufen,
Germany). These dispersions were then sonicated for 200 min in an
EMAG Emmi 60 HC (Moerfelden-Walldorf, Germany) ultrasonic bath, in
which water was continuously recirculated to ensure stable sample
temperature. Lastly, all samples were further sonicated for 3 min by a
Sonics Vibracell VCX130 (Newtown, USA) high-energy ultrasonic probe
working at 50% amplitude with a step program of 10 s ON out of each
30s.

2.2. Nanopowder characterization

The morphology of the carbon black nanoparticles was examined by
scanning electron microscopy (SEM) by using a JEOL JSM-6700F SEM
microscope (Tokyo, Japan), and by transmission electron microscopy
(TEM) through a JEM-2010F TEM microscope (Tokyo, Japan). More-
over, the chemical composition of the carbon black nanopowder was
assessed by energy dispersive X-ray spectroscopy (EDS) microanalysis
using an Oxford Instruments-Inca Energy 300 spectrometer (Oxford,
UK) attached to the SEM microscope. The study was carried out on silica
supports (SEM, EDS) and copper supports (TEM). Some drops of nano-
particles dispersed in methanol were placed on each support and dried
at room temperature. Fig. 1 contains SEM and TEM images of the carbon
black nanopowder used, showing the regular shape of the carbon black
nanoparticles. The nanoparticle size declared by the manufacturer, ~13
nm in diameter, can be confirmed according to the images. Fig. 2 shows

Table 1
Manufacturer specifications for commercial carbon black nanopowder.

Nanoadditive Carbon black

Manufacturer PlasmaChem

Composition Mesoporous carbon, C < 100%
CAS No. 7782-40-3

Appearance Form: powder, Colour: black

1,500-1,900 g-cm 3
> 588.15 K

Relative density
Auto-ignition temperature
Average particle size ca. 13 nm

Specific surface area ca. 570 + 20 m%.g !
Purity > 99%

Other contents Ash < 0.02%
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Table 2
List of designed samples.
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Nanofluid Base fluid

PVP:CB mass ratio PVP:PEG200 mass ratio

0.01 wt% CB/PVP + PEG200
0.10 wt% CB/PVP + PEG200
0.25 wt% CB/PVP + PEG200
0.50 wt% CB/PVP + PEG200
0.75 wt% CB/PVP + PEG200
1.0 wt% CB/PVP + PEG200

2.0 wt% CB/PVP + PEG200

0.001 wt% PVP + PEG200
0.010 wt% PVP + PEG200
0.025 wt% PVP + PEG200
0.050 wt% PVP + PEG200
0.075 wt% PVP + PEG200
0.10 wt% PVP + PEG200

0.20 wt% PVP + PEG200

1:10 1:100000
1:10 1:10000
1:10 1:4000
1:10 1:2000
1:10 1:1333
1:10 1:1000
1:10 1:500

the EDS microanalysis of the carbon black nanoparticles. The results
report a larger presence of carbon (C), as expected, and the emergence of
oxygen (O) in a lower percentage. The silica (Si) peak is obtained due to
the used support. In a previous study [35], the Brunauer-Emmett-Teller
(BET) specific surface area of the nanoadditive was experimentally
determined by nitrogen physisorption. The reported BET surface area
was 450 + 8 m2~g’1.

2.3. Methods

The hydrodynamic diameter of the PVP-supported CB nanoparticle
dispersions in PEG200 over time was analysed by using a Marvern
Zetasizer Nano ZS (Malvern, UK). The operating principle of this device
is based on the dynamic light scattering (DLS) technique, which provides
the hydrodynamic diameter of the carbon black nanoparticles in
dispersion from the measurement of the translational diffusion

0 0.5 1 15 2 25 3 35 4 45 5

Full Scale 1121 cts Curser: 3188 (10 cts)

coefficient that characterises Brownian movement and is described in
the ISO standard ISO 22412:2017 [48]. A scattering angle of 173° and a
temperature of 293 K were selected as operating parameters. The
average standard deviation of the size measurements was declared lower
than 3.5%. A Cary 5000 UV-Vis-NIR spectrophotometer from Agilent
(Santa Clara, USA) was used to determine the absorbance in the range of
wavelength 210-710 nm at room temperature.

Thermal conductivity, k, was evaluated from 283.15 to 333.15 K by
using a Decagon KD2 Pro Thermal Analyzer (Pullman, USA), based on
transient hot wire (THW) technique [49,50]. This equipment was
equipped with a KS-1 sensor with a length of 60 mm and diameter 1.27
mm that, vertically inserted into the middle of the samples, is appro-
priated and performs the thermal conductivity measurements of the
fluids. Distilled water was used as calibration liquid and an expanded
uncertainty in the thermal conductivity measurement was less than 3%
for temperatures ranging from 293.15 to 323.15 K [51,52].

Electron Image 1

Fig. 2. Energy-dispersive X-ray spectroscopy microanalysis of the carbon black nanopowder.
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Phase change melting temperatures were obtained using a heat flow
type differential scanning calorimeter TA Instruments DSC Q2000 (New
Castle, DE, USA). We determined them using a heating rate of 2 K/min.
Nitrogen with a flow rate of 50 ml-min~! and a purity in terms of mole
fraction > 0.99999 was used to maintain an inert atmosphere and to
cool the designed dispersions and base fluids during the freezing process
with a refrigerated cooling system RSC90. Each measurement was
repeated 3 times to confirm reproducibility. This device gives estimated
enthalpies and temperatures where the expanded uncertainties are 0.3 K
and 1.2 J-g~}, respectively [53].

Isobaric heat capacities, c,, were analysed by the previously
described DSC Q2000 calorimeter, which worked under the quasi-
isothermal temperature modulated differential scanning calorimetry
method (TMDSC). The temperature applied to the samples was modu-
lated with a period of 80 s and an amplitude of 0.5 K for 30 min. The
temperature range studied was between 233.15 and 353.15 K where the
expanded uncertainty of the experimental c, is 3% [53].

The rheological behaviour was analysed by a Thermo Electron
HAAKE MARS 2 rheometer (Karlsruhe, Germany) at 298.15 K. A cone-
plate geometry (Haake C60) with 60 mm diameter, 0.106 mm gap,
and 2° cone angle was used. The rheometer is also equipped with a
Peltier system with a HAAKE C25P refrigerated bath with a Phoenix II
controller. This system ensures the set temperature with 0.1 K accuracy.
A shear rate range from 10 to 1000 s~ was used to measure the flow
curves. Dynamic viscosities, u, were considered as the average value in
the shear rate range from 10 to 1000 s~!. The reported values achieved
the comparability, repeatability, and reproducibility requirements of the
ASTM D445 standard. The expanded uncertainty of the u measurements
was 5% [54,55].

Electrical permittivity was evaluated using a Novocontrol Technol-
ogies Concept 80 (Montabaur, Germany) broadband dielectric spec-
troscopy system. The measuring stand measures a wide range of
frequencies and temperatures. The frequency was changed from 10 MHz
to 1 Hz in 67 steps using a logarithmic scale. The samples were placed in
a Novocontrol Technologies KG BDS 1309 (Montabaur, Germany)
measuring cell with 11 mm in diameter and 5.5 mm in height. The
temperature was stabilised at 293.15 K with an accuracy of 0.5 K at least
15 min before the measurements. For this purpose, the Novocontrol
Technologies KG Quatro Cryosystem (Montabaur, Germany) was
working as a heating/cooling system. An ohmic standard calibration was
developed prior to the measurements following the manufacturer’s
recommendations [56].

3. Results
3.1. Temporal stability

The low concentrated 0.10 wt% CB/PVP + PEG200 nanofluid was
examined for stability analysis. Fig. 3 shows the temporal evolution of
the Z-average size of CB nanoparticles dispersed in PEG200 with PVP
used as surfactant. One of the dispersions was subjected to mechanical
agitation using a vortex mixer (shaken sample) and the other remained
in stationary conditions during the whole study (static sample). The Z-
average size for the two samples remained constant over time, which
confirmed the stability of the dispersions. There was no sedimentation or
agglomeration of the nanoparticles for 4 weeks. Furthermore, no sig-
nificant differences were detected between static and shaken samples,
since the mean hydrodynamic size during the study period was 127 and
130 nm, respectively. Therefore, it can be confirmed that the designed
dispersions show a long-term stability (static sample) and have a good
dispersibility (shaken sample).

The hydrodynamic size distribution by intensity of the 0.10 wt% CB/
PVP + PEG200 nanofluid was measured by DLS. Thus, the size distri-
bution for the static and shaken samples was compared after preparation
with 28 days later. The results are shown in Fig. 4, where it can be
verified that the size distribution does not significantly vary.

Journal of Molecular Liquids 391 (2023) 123216

175
E 150
5 I I
.§: 125 E:::::: ’:::%:::%::::::Z:::ii::::%::::::%:::%:::%:::::i :::%:::3
2 ¥
o
€ 100 |
S
L
§ 75 | X Shaken Sample
g X Static Sample
50

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time after preparation (days)

Fig. 3. Temporal evolution of nanoparticle Z-average size for the 0.10 wt% CB/
PVP + PEG200 nanofluid under static and shaken conditions. Error bars
correspond to expanded size uncertainty (k = 2) and dashed lines to
average value.
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Fig. 4. Hydrodynamic size distribution by intensity for the 0.10 wt% CB/PVP

+ PEG200 nanofluid just after preparation (—), and 28 days later for static
sample (—) and shaken sample (—).

The absorption spectrum for the most diluted nanofluid was analysed
i.e., 0.01 wt% CB/PVP + PEG200. Fig. 5 shows the absorbance curve for
this dispersion, and the maximum value of the curve was close to 250
nm.
To confirm the good stability results of the new NePCM, a 250 nm
wavelength was selected, where the evolution of the absorbance over
the time was analysed. Thus, the stability of the value was scrutinised for
300 h, taking the measurements every 10 min. Fig. 6a shows the

Abs

210 310 410 510 610 710
Wavelength (nm)

Fig. 5. Optical absorption spectra for the most diluted nanofluid, 0.01 wt% CB/
PVP + PEG200, after preparation at 298.15 K.
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Fig. 6. (a) Kinetic deposition and (b) percent decrease of absorbance for the
0.01 wt% CB/PVP + PEG200 nanofluid at 250 nm wavelength and 298.15 K.

absorbance evolution during this period. The kinetic deposition at the
selected wavelength showed slight variations demonstrating a stable
sample.

Furthermore, Fig. 6b shows the temporal evolution of the absorbance
variation during the period studied, where we registered decreases in
absorbance of 1.2%, 3.0% 4.2% after 4, 8 and 12 days, respectively.

3.2. Thermal conductivity

The experimental values obtained for PEG200 agree with the data
garnered by Gomez—Merino [57], Dubyk et al. [58], Sun et al. [59], and
Rebrovic¢ et al. [60], with deviations between 1.9% and 8.8%. These
comparisons were made at 298.15 K, although the isotherms and mo-
lecular mass for some literature data are not always reported for the said
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PEG200 samples. The influence of the temperature on thermal con-
ductivity was analysed for PEG200, but also for all base fluids and
nanofluids, and similar decreases with increasing temperature were
found. As an example, Fig. 7a shows these temperature dependences for
PEG200, the highest concentrated nanofluid (2.0 wt% CB/PVP +
PEG200) and its corresponding base fluid (0.20 wt% PVP + PEG200),
~2.5 %. These decreases were found in the analysed temperature range
for all samples. In addition, no thermal conductivity enhancement for
the highest CB loaded sample was proven, as the differences were lower
than the accuracy of the experimental method. Spahr et al. [61] states
that, compared to other graphite powders, carbon black nanomaterials
exhibit significantly lower thermal conductivities ranging from 0.1 to
0.5 W m~! KL. Thus, although other carbon nanoparticles such as
carbon nanotubes and nanofibers [62-64], or graphene nanoplatelets
[65,66], have significantly enhanced the thermal conductivity of many
types of PCM, the improvements provided by carbon black nano-
additives are smaller. These slight increases have also been observed in
the literature for other CB nanofluids based on ethylene glycol. Sobczak
etal. [35] studied the experimental values of the thermal conductivity of
CB-EG nanofluids at 298.15 K using two types of carbon black nano-
particles with different specific surface area (SSA). Their results showed
that CB nanoparticles with a SSA of ~570 m2.g™! (the same as in this
work, see Section 2.2) reached a maximum increase of 1.2% for the 2 wt
% nanoadditive concentration. However, nanoparticles with a larger
SSA, ~1000 m2.g~1, reached increases of up to 4.8% for the same
nanoparticle loading.

The effect of the addition of PVP to PEG200 on thermal conductivity
is nearly insignificant in the PVP concentration range of Table 2 (up to
0.20 wt% PVP), although it seems that PVP produce a benefit in terms of
this transport property. To analyse the hypothetical effect of PVP,
thermal conductivity of PVP + PEG200 samples at PVP concentrations
higher than those mentioned in Table 2 were considered. Fig. 7b shows
maximum increases of around 1.6% even for 5.0 wt% PVP concentra-
tion. Similar effects were also observed when adding PVP to deionized
water, as reported by Mingzheng et al. [67]. Consequently, considering
the worsening effect in terms of viscosity by using superior PVP con-
centrations in the base fluids, the selected PVP ratio was reasserted.

3.3. Differential scanning calorimetry

Fig. 8 shows the solid-liquid phase transitions for the base fluids,
PEG200, the 0.20 wt% PVP + PEG200 base fluid, and the different CB/
PVP + PEG200 nanofluids at 2 K-min~! heating rate. To validate the
results, the samples were studied under three cyclical repetitions.
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Fig. 7. (a) Temperature dependence of thermal conductivity for PEG200 ([]), 0.20 wt% PVP + PEG200 base fluid (¢), and 2.0 wt% CB/PVP + PEG200 nanofluid
(®). Error bars correspond to expanded thermal conductivity uncertainty (k = 2). (b) Thermal conductivity enhancements for different PVP + PEG200 samples.
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Fig. 8. DSC heating thermograms at 2 K-min~" heating rate for PEG200 and different CB/PVP + PEG200 nanofluids. Inset: Results for PEG200, 0.20 wt% PVP +

PEG200 base fluid, and 2.0 wt% CB/PVP + PEG200 nanofluid.

It is observed that the dispersion of carbon black in PEG200 has a
huge impact on the latent heat and involves a small shift of the curves.
Three endothermic peaks are observed for PEG200 reaching their
maximum values at 233, 231 and 226 K that may be explained by the
degree of polydispersity of PEG200. A smoothing of these peaks is
observed as the concentration of CB is increased, and two peaks are
shown for the highest CB concentrations. With the aim to elucidate the
distinctive effect of PVP and CB nanoparticles on the transition of
PEG200 the inset of Fig. 8 and Table 3 also include those results for the
0.20 wt% PVP + PEG200 base fluid. The ratio of this mixture is that
corresponding to the base fluid of the highest loaded nanofluid. As
observed, the addition of PVP surfactant maintains the phase change
characteristics of PEG200 preserving the three endothermic peaks.
However, the dispersion of CB nanoparticles entails a slight shift of the
curve to the left which means a valuable maximum reduction of 2.2 K of
subcooling. The latent heat of fusion reaches a maximum value of 32.2
J-g~! for the 2.0 wt% CB/PVP + PEG200 nanofluid which involves in-
creases of the order of four times the PEG200 sample and/or the 0.20 wt
% PVP + PEG200 base fluid.

The isobaric heat capacities were measured for PEG200, the highest
concentrations in CB nanoparticles and their corresponding base fluids
to show the influence of both surfactant and nanoadditive. The experi-
ments were performed over a wide temperature range and far enough
away from the phase transition to avoid inaccurate measurements. The
cp temperature dependences can be observed in Fig. 9 and rises around
13% for all samples within the depicted temperature interval are found.

Table 3

These temperature dependences agree with those reported in the liter-
ature for other polyethylene glycols, PEG200 [68] and PEG400 [65,68].

Adding PVP to PEG200 entails an average isobaric heat capacity
decrease of 3% and 6% for the 0.10 wt% and 0.20 wt% PVP + PEG200
base fluids, respectively. Similarly, the isobaric heat capacity decreases
with the solid nanoparticle loading with average reductions of 1.5% and
3.2% for the 1.0 wt% and 2.0 wt% CB/PVP + PEG200 nanofluids over
the mentioned based fluids, respectively. Similar effects due to nano-
additive dispersions were observed for different carbon-based nano-
particles [63,65,69]. Thus, previous literature works report isobaric heat
capacity decreases of 3% for fullerenol Cgo(OH)22.24 dispersed in water
[69], 0.34% for graphene nanoplatelets (0.5 wt%) [65] and 3% for
multi-walled carbon nanotubes (1 wt%) dispersed in PEG400 [63] with
similar molecular mass, 400 g-mol ",

3.4. Rheological behaviour

To properly analyse the individual effect of the dispersed CB nano-
particles on the rheological behaviour, it is necessary to compare each
dispersion with its corresponding PVP + PEG200 base fluid. The flow
curves shown in Fig. 10 evidence Newtonian behaviours for PEG200 and
all base fluids, at 298.15 K as an example. The here reported viscosity for
PEG200 at 298.15 K, 50.1 mPa-s, agrees well with the obtained values
from the available literature [25,70-73]. Deviations of 4.1%, 0.8%,
—5.5%, —0.5%, and 0.8% were observed with values from Ottani et al.
[70], Vuksanovi¢ et al. [71], Marcos et al. [25], Wu et al. [72], and

Latent heat, Ly, and melting point, T,,, for PEG200, 0.20 wt% PVP + PEG200 base fluid, and different CB nanofluids at 1 K-min~! heating rate. Latent heat en-

hancements are referred to PEG200.

Sample La(Jg™ T (K) (Lh sampte — Lh pEG200)/ Lh PEG200) % 100
PEG200 7.2 233.0 -

0.20 wt% PVP + PEG200* 8.1 232.0 12%

0.10 wt% CB/PVP + PEG200 16.1 233.0 123%

0.50 wt% CB/PVP + PEG200 18.9 232.1 162%

0.75 wt% CB/PVP + PEG200 20.5 232.1 184%

1.0 wt% CB/PVP + PEG200 24.7 230.7 241%

2.0 wt% CB/PVP + PEG200 32.2 230.8 345%

*Base fluid corresponding to the 2.0 wt% CB nanofluid.
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Zivkovié et al. [73], respectively. The explored PVP concentrations
entail viscosity rises of up to 6.7% in relation to PEG200. A similar
behaviour in viscosity was found by Zhang et al. [74] for aqueous PVP
solutions.

Similarly, Newtonian behaviour is found for all nanofluids except
2.0 wt% CB/PVP + PEG200, as observed in Fig. 11a at 298.15 K, for
example. Likewise, Yapici et al. [34] reported that the dispersion of ti-
tanium oxide nanoparticles in PEG200 entails a pseudoplastic behaviour
at low shear rates for concentrations between 1 and 2% wt%. Viscosity
rises regarding PEG200 for the Newtonian nanofluids reach 8.6%, as
observed in this figure. As reported in the literature, CB dispersions in
different base fluids involve low viscosity worsening in comparison with
other carbon based nanoadditives like nanodiamonds, graphite/dia-
mond mixtures, graphene nanoplatelets, or multi-walled carbon nano-
tubes [25,42,63]. Thus, viscosity increases of 13% were reported for a
0.50 wt% CB dispersion in ethylene glycol:water mixture 50:50 vol%
while increases reached 27% for a 0.50 wt% nanodiamond dispersion in
the same base fluid [42]. Likewise, increases up to 102% were reported
for dispersions of multi-walled carbon nanotubes in PEG200 at nano-
additive concentrations of up to 0.7 wt% [25]. These rises reach 71%
and 30% for multi-walled carbon nanotubes dispersions in PEG300 and
PEG400, respectively [25,63].

On the other hand, Fig. 11b shows the percentual viscosity rises for
the Newtonian nanofluids regarding each PEG + PVP base fluid, and
their maximum increments were 3.2%. Therefore, the dispersion of CB
nanoparticles means a lower contribution to the viscosity increases of
nanofuids than that of the addition of PVP surfactant.

3.5. Electrical permittivity

Fig. 12a presents the real part of the complex permittivity (¢”) of
PEG200 with various PVP contents as a function of frequency at 293.15
K. The obtained data can be divided into two regions. Below 2 kHz, the
increasing frequency causes a noticeable decrease in ¢’, in accordance
with the literature [75]. High changes in this frequency band may be
caused by two factors. The first is the effect of electrode polarization
[76,77], while the second is due to Maxwell-Wagner polarization [77]. It
is also observed that the addition of PVP to PEG200 causes an electrical
permittivity reduction in this low frequency range. Above the 2 kHz, ¢’ is
not affected by the frequency changes for PEG200 and PVP + PEG base
fluids, while permittivity increases of around 55 % are reached due to
adding PVP. Similarly, frequency dependent and independent regions
were observed by Saraswat and Sengwafor [78] for ZnO dispersions in a
mixture of ethylene glycol and glycerol, where a frequency crossover
point occurs also around 1 kHz.

Fig. 12b shows the real part of the complex permittivity as a function
of frequency for PEG200 and different CB/PVP + PEG200 nanofluids at
293.15 K. As can be observed, the presence of both dependent and non-
dependent frequency regions is maintained for nanofluids, and a similar
above-mentioned frequency crossing point is exhibited. The permittivity
increases for nanofluids rise with concentration at high frequencies and
these enhancements are very similar to those corresponding to PVP +
PEG200 base fluids. Therefore, PVP entails the main influence in
permittivity values of the samples in this non-dependent frequency re-
gion. Likewise, carbon black nanoparticles lead to a reduction of
permittivity data at low frequencies like the contribution of PVP.

4. Conclusions

In this study, we designed new carbon black-enhanced phase change
materials, CB/PVP + PEG200. The load of CB nanoparticles in PEG200
has been studied from 0.10 wt% to 2.0 wt%, with a PVP:CB mass ratio of
1:10.
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The experimental characterization of their temporal stability, ther-
mal conductivity, solid-liquid phase transitions, isobaric heat ca-
pacity, rheological behaviour, and electrical permittivity were
found.

The addition of PVP surfactant increases the stability of the disper-
sions, obtaining stable samples according to DLS and UV-vis mea-
surements. The Z-average size for both static and shaken samples
remain constant and we observed slight decreases in absorbance.
There was no thermal conductivity enhancement for CB nanofluids
and the effect of the addition of PVP to PEG200 is nearly
insignificant.

The dispersion of CB nanoparticles entails a remarkable increment of
the latent heat of fusion and a slight shift of the melting curves to the
left which means a valuable maximum reduction of 2.2 K of sub-
cooling. The latent heat of fusion increases up to four times with
respect to that of PEG200 and/or the 0.20 wt% PVP + PEG200 base
fluid.

The PVP surfactant addition to PEG200 entails isobaric heat capacity
decreases of up to 6% while the dispersion of CB nanoparticles to
PVP + PEG200 base fluids leads to heat capacity reductions up to
3.2%.

e We found Newtonian behaviour in all samples, except for the 2.0 wt

% CB/PVP + PEG200 nanofluid. The addition of PVP surfactant leads
to the highest contribution to the viscosity increases for the Newto-
nian nanofluids. We also observed increases of up to 8.6% regarding
PEG200 and up to 3.2% regarding the PEG + PVP base fluids.

The impact of CB nanoparticles and PVP surfactant on the electrical
permittivity of PEG200 shows frequency dependent and independent
regions. We noted noticeable increases in the electrical permittivity
for the most concentrated nanofluids at high frequencies, mainly due
to PVP addition.
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