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Abstract: Enhancing the thermal conductivity of fluids by using nanoparticles with outstanding ther-
mophysical properties has acquired significant attention for heat-transfer applications. Nanofluids
have the potential to optimize energy systems by improving heat-transfer efficiency. In this study,
cobalt ferrite nanoparticles clusters with controlled mean sizes ranging from 97 to 192 nm were synthe-
sized using a solvothermal method to develop novel nanofluids with enhanced thermal conductivity.
These clusters were comprehensively characterized using transmission electron microscopy, X-ray
diffraction, Raman spectroscopy, vibrating-sample magnetometry, and nitrogen physisorption. The
CoFe; Oy cluster nanofluids were prepared using the two-step method with various base fluids (water,
propylene glycol, and a mixture of both). Dynamic light scattering analyses of the average Z-size of
the dispersed nanoadditives over time revealed that the stability of the dispersions is influenced by
cluster size and the proportion of glycol in the base fluid. The thermal conductivity of the base fluid
and nine different 0.5 wt% CoFeyOy4 cluster nanofluids was measured using the transient hot wire
method at temperatures of 293.15, 303.15, and 313.15 K, showing different temperature dependencies.
The study also explores the relationships between the thermal conductivity, cluster size, and specific
surface area of the nanoadditives. A maximum thermal conductivity enhancement of 4.2% was
reported for the 0.5 wt% nanofluid based on propylene glycol containing 97 nm CoFepOy clusters.
The findings suggest that the specific surface area of nanostructures is a more relevant parameter
than size for describing improvements in thermal conductivity.

Keywords: clusters; CoFe;Oy; solvothermal; SSA; thermal conductivity

1. Introduction

Poor thermal conductivity of base fluids (commonly mineral oils, water and /or glycols)
establishes a barrier to the creation of advanced energy-efficient heat-transfer equipment.
Therefore, improving the efficiency of heat transfer of these conventional fluids is nowadays
a critical issue at the industrial level. Generally, nanofluids are considered as a novel kind of
heat-transfer fluid with nanosized additives dispersing into conventional working fluids [1].
The impact of using heat-transfer fluids with dispersed nanoparticles with important effects
on intrinsic parameters and thermal performance behaviours [2-4] has opened the door for
the improvement of energy-efficient heat-transfer devices [5-8].

The presence of nanomaterials in the fluid implies changes in thermal conductivity,
which is the most crucial factor influencing heat transfer and plays a significant role in the
advancement of heat-transfer systems [8]. Other key parameters such as thermal diffusion,
density, and surface tension are also directly involved in numerous industrial applications
associated with solar- and thermal-energy supply, heat pipes, or cooling fluids [9-16].
Nanoparticles are nanosized materials with unique characteristics that make them attrac-
tive, particularly their outstanding thermophysical properties when compared with bulk
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materials [5,6]. Due to the nano sizes and very large specific surface areas of these particles,
nanofluids overcome problems related to systems of microparticles and base fluids [7].
Nanoparticles of diverse materials have been used for the production of nanofluids [17,18],
with the promise of a rather large surface/volume ratio and a large number of nanoparticles
interacting with the surrounding fluid to promote heat flow. Furthermore, the nanometric
size minimizes the gravitational effects, thus avoiding problems related to sedimentation.
Therefore, metals—Cu, and Fe [17], metal oxides—Al,O3, CuO, SiO,, TiO,, and ZrO,,
carbon materials—carbon nanotubes and graphene—or hybrid nanoparticles [18], among
others, were used in the design of nanofluids.

On the other hand, the aggregation of nanoparticles has become a challenge in the
field of nanofluids. Aggregation refers to the clumping or sticking together of the dis-
persed colloid particles to form aggregates or flocks [19]. These structures, made up of
primary particles, can remain loosely tied together, and have been demonstrated to have
both beneficial and detrimental effects in the final thermophysical properties of nanoflu-
ids [20,21]. In addition, the stability of nanoparticle aggregation in the dispersion is crucial
and significant analyses must be undertaken in this area [22,23]. However, since there is
a lack of control over the possible aggregation of nanoparticles above a maximum con-
centration when dispersed in base fluids intended for use in heat exchangers, the impact
of controlled aggregation on the thermal characteristics of nanofluids has not yet been
sufficiently investigated.

To shed some light on this, we have recently opened a line of research focused on
the effect of a controlled aggregation of nanosized iron oxide on the properties of nanoflu-
ids [24]. Nevertheless, finding an effective way to exert control over an aggregation process
is not an easy task, considering the two steps necessary: firstly, bringing together the
nanoparticles and secondly, keeping a similar number of them sticked when they do make
contact to form clusters. Furthermore, when clusters are formed, the ideal case is that they
grow solely by adding more individual nanoparticles, but cluster—cluster aggregation can
also occur [19]. There have been significant advances in this regard in colloidal synthesis,
which have enabled the use of nanoparticles as “artificial atoms” to build novel materials
that integrate the size- and shape-dependent characteristics of individual nanoparticles
while also generating unique combined properties via their interactions when organized
into clusters [25]. The solvothermal synthesis of clusters stands out, due to the relatively
simple steps and setups required and the low energy requirements, and despite the limited
scalability and absence of options for direct observation of the reaction process. Clusters
of transition metal oxides such as Fe3O,4/v-Fe,O3, MnFe,O4, CoFe,O4 and ZnFe,O4 have
been successfully produced using this method, which allows for an effective tuning of the
size of both clusters and the nanoparticles that compose them [26,27], taking into account a
two-stage growth process: initially, the nucleation of nanocrystals and, subsequently, the
consistent and controlled aggregation into larger nanostructures [20].

These aggregates or clusters of nanoparticles can offer alternative ways to increase
thermal efficiency, given the different arrangement of the nanoparticles that create a partic-
ular solid-liquid interface through which heat transfer is promoted, whose extension is
also tuned in the final nanofluid when considering different average size or concentration
of clusters. This research reports on the synthesis of clusters of cobalt ferrite nanoparticles
with customized average sizes (from 97 to 192 nm) via the solvothermal method. The
formation of the spinel cobalt ferrite magnetic phase was confirmed by X-ray diffraction
(XRD), Raman spectroscopy (RS) and vibrating-sample magnetometry (VSM). The effec-
tive adjustment of the average size of the clusters was checked by transmission electron
microscopy (TEM), while the specific surface area (SSA) of the clusters was examined by
nitrogen physisorption. Moreover, these clusters were dispersed in different base fluids,
with the purpose of studying the influence of this particular solid-liquid interface created
between the magnetic material arranged in clusters and the fluid under consideration in
the thermal conductivity of novel nanofluids.
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2. Materials and Methods
2.1. Chemicals

Iron(III) chloride hexahydrate (FeCls-6H,0), cobalt chloride hexahydrate (CoCl,-6H,0),
sodium acetate poly(ethylene glycol) (PEG 6000), ethylene glycol (EG), and propylene
glycol (PG) with >99% purity were acquired from Sigma-Aldrich (Darmstadt, Germany),
and water (Milli-Q, Molsheim, France) was produced in the lab. All chemicals were utilized
without changes.

2.2. Synthesis of Nanoparticles

The synthesis of clusters of cobalt ferrite (CoFe,O4) nanoparticles with tuneable
final sizes was achieved by a modified synthetic process previously reported [28]. For
the three samples of clusters under consideration, 2.5 mmol CoCl, 6H,0O and 5 mmol
FeCl;-6H,O were dissolved in 20 mL of EG followed by the addition of 3.6 g of sodium
acetate (CH3COONa) and PEG 6000, in three independent experiments with magnetic
stirring. Then, the mixture was stirred for 30 min at 323 K to obtain a homogeneous
solution. To adjust the ultimate size of the clusters, the amounts of PEG 6000 used were
3, 2 and 1.25 wt%. The average sizes of the designed clusters were then determined,
correspondingly. Thus, cluster A (97 nm), cluster B (155 nm) and cluster C (192 nm) were
obtained, respectively. In all cases, the mixture was enclosed in a stainless-steel autoclave
and heated to 453 K with a heating rate of 5 K/min, while the solution was mechanically
stirred at 500 rpm for 16 h. Subsequently, the mixture was allowed to cool to ambient
temperature, and the black precipitate was retrieved via a magnet. All clusters were
subsequently rinsed with Milli-Q water and dried in an oven for around 12 h at 333 K for
further characterization.

2.3. Preparation of Nanofluids

The design of the nanofluids was developed through a two-step process. The base
fluids were Milli-Q water (W), propylene glycol (PG) and a mixture of PG and W at a mass
ratio of 35:65 (PG:W). Nanofluids were prepared at 0.1 and 0.5 wt% concentrations of the
three synthetized nanoadditives (cluster A, cluster B and cluster C). The nomenclature used
to name the designed nanofluids from now on is summarized in Table 1. The corresponding
amounts of base fluid and nanoadditives were suitably weighed using an analytical balance.
Following the mixing process, the samples were subjected to sonication by an Ultrasons
ultrasonic bath from JP Selecta (Barcelona, Spain) for 15 min at 200 W and 20 kHz.

Table 1. List of designed nanofluids.

Cluster Base Fluid Nanofluid Name

A (97 nm) Water CoFe;O4 97 nm/W

A (97 nm) Propylene glycol CoFeyOy4 97 nm /PG
A (97 nm) Propylene glycol:water at 35:65 mass ratio CoFeyO4 97 nm/PG:W
B (155 nm) Water CoFe;O4 155 nm /W
B (155 nm) Propylene glycol CoFe;O4 155 nm /PG
B (155 nm) Propylene glycol:water at 35:65 mass ratio CoFe;O4 155 nm/PG:W
C (192 nm) Water CoFe;Oy4 192 nm/W
C (192 nm) Propylene glycol CoFe;O4 192 nm/PG
C (192 nm) Propylene glycol:water at 35:65 mass ratio CoFe;O4 192 nm/PG:W

2.4. Characterizations

Transmission electron microscopy (TEM) study was conducted using a JEOL JEM 1010
apparatus (Tokyo, Japan) working at 100 kV acceleration voltage. The studied samples
were obtained by depositing a diluted solution of the nanoparticles on a thin carbon-coated
copper grid. The patterns of the X-ray diffraction (XRD) analysis were obtained by a
Siemens D-5000 powder X-ray diffractometer (Karlsruhe, Germany) with CuK« radiation
(wavelength of 1.54056 A) throughout the 20 range of 5° to 100° and compared with the
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crystallographic information files of the crystallographic open database. The gathered
data were refined with the Le Bail technique via the Rietica program. Raman spectra
were obtained from powdered materials on a glass slide substrate, using a Renishaw
in Via Reflex Raman Microscope (Gloucestershire, UK). Experiments were performed
at ambient temperature with an excitation wavelength of 633 nm. Magnetic tests were
conducted by a Quantum Design MPMS XL7 SQUID physical property measurement
system (San Diego, CA, USA) supported with a vibrating-sample magnetometer. Field-
dependent magnetization curves were recorded at 300 K, with an external field of up to 7 T.
The specific surface area (SSA) of the clusters was characterized by a Micromeritics ASAP
2020 analyzer (Norcross, GA, USA) using nitrogen physisorption at 77 K and applying the
Brunauer-Emmett-Teller (BET) theory. Before each analysis, the materials were degassed
for 240 min at 513 K in vacuum.

The stability of the nanofluids was assessed via dynamic light scattering using a
Malvern Instruments ZetasizerNano ZS (Malvern, UK). The average Z-size (i.e., the
intensity-weighted average hydrodynamic size obtained from a cumulant fit of the intensity
autocorrelation function) of the samples was determined over 16 days at 173° scattering
angle and 298.15 K. The analysis was carried out for the 0.1 wt% CoFe;O4 97 nm/W,
CoFe;04 97 nm /PG:W, CoFe;O4 192 nm/W, and CoFe;Oy4 192 nm /PG:W nanofluids with
a double objective, which was to observe the behaviour (1) with an increasing amount of
PG in the base fluid and (2) with the increasing size of the clusters. Two samples with
different conditions were analysed for each cited nanofluid. One remained in static state
after preparation (hereinafter, static nanofluid) and the other was mechanically stirred for
60 s at 2000 rpm before measurement (hereinafter, shaken nanofluid) using a VELP ZX3
vortex mixer (Usmate Velate, Italy).

The thermal conductivities of the base fluids and nanofluids at 293.15, 303.15 and
313.15 K were obtained using a Thermtest THW-L2 device (Hanwell, NB, Canada) with
a Peltier EchoTherm IC20XR dry bath (Hartkirchen, Austria), which ensured a constant
temperature. The experimental method of the thermal conductivity meter employs the
transient hot wire approach, as per ASTM D7896-19 [29]. The principal element of the
device is a 60 mm long and 0.1 mm diameter alumel wire, which is submerged in a container
containing roughly 20 mL of sample. The wire is heated using a constant current source,
and the temperature increase is measured by observing the change in the wire’s electrical
resistance. Short input times (10 s) and low heat powers (70-200 mW) were used to obtain
low temperature rises (~2.3 °C) within the tested fluid, in order to avoid natural convection.
More details about the device and measurement technique can be found in Refs. [24,30,31].
The obtained thermal conductivity values have a 2% extended uncertainty.

3. Results and Discussion
3.1. Morphology and Structure of the Clusters

The clusters of cobalt ferrite (CoFe,O4) nanoparticles herein studied were acquired by
means of a solvothermal method, which, by tuning the PEG 6000 amount in the reaction
medium [24,32], allows for the production of clusters with different average size. Figure 1
includes overview images from the transmission electron microscopy (TEM) of the samples
of clusters employed, as well as the three different forms of cluster analysed in terms of
their size distribution (Gaussian fit): A, B and C, with average diameters of 97 &+ 23 nm,
155 £ 34 nm and 192 + 38 nm, respectively.

Figure 2 comprises the structural and magnetic characterization of the designed
clusters, taking in consideration X-ray diffraction (XRD), Raman spectroscopy and vibrating
sample magnetometry (VSM). The XRD analysis of the clusters from the different samples
shows three similar patterns (Figure 2a), where we find distinct peaks that may be associated
with a spinel structure. The observed peaks correspond to (220), (311), (400), (511) and (440)
diffracted planes of this cubic structure, taking into account the CoFe,Oy4 bulk of the normal
spinel structure. The lattice parameter derived from the refining of these data via the Le
Bail technique is a = 0.8380 nm (with very small variations between the three samples),
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which is compatible with that previously reported for cobalt ferrite nanoparticles [33]. The
different intensity ratios between diffracted peaks, comparing the three samples, can be
explained in terms of the average size of the nanoparticles of CoFe;Oy4 forming the final
clusters [20].

Cluster B
Cluster C
Cluster A
3
s
]
=
=]
o
(8]
50 100 150 200 250
t Diameter (nm)
-

Figure 1. TEM images at 12,000 x magnification (scale bar, 500 nm) and particle size distribution of
clusters A (red), B (black) and C (blue).

A complementary analysis of the crystalline structure of the samples was performed
using Raman spectroscopy, since it can provide paired information, for example, in terms of
different cationic arrangements in the spinel crystalline structure [34,35]. Given the nature
of the samples, an excitation wavelength of 633 nm was employed. Figure 2b includes the
Raman spectra of the three nanostructures, indicating the typical group-theory vibration
modes of CoFe;Oy (dotted lines), the Tog (1) (not included), Eg, Tag (2), Tog (3), A1g (1) and
Aqg (2) modes, as in Ref. [36]. The Raman bands observed for the three samples at 300 (Eg),
470 (Tag (2)), 565 (Tog (3)), 621 (A1g (1)) and 680 (A1g (2)) cm ™!, match these vibration modes
expected, and confirm the CoFe;Oj as the main component of the three samples of clusters.

For a matching confirmation, the magnetic properties of the designed samples were
checked by vibrating sample magnetometry. Figure 2c includes the field-dependent mag-
netization at ambient temperature of the synthesized clusters A, that is, with an average
diameter of 97 & 23 nm, and formed by very small nanoparticles. The value (76 Am?2/ kg)
of saturation magnetization registered when applying a magnetic field up to 7 T is very
close to the value of bulk cobalt ferrite (~80 Am?/kg) and the small difference can be
argued considering the magnetic dead layer of nanoparticles, which slightly decreases
the magnetic response per mass of sample. The lack of coercivity in this type of cluster
stems from the superparamagnetic behaviour, given the very small size of the nanoparticles
forming the clusters themselves [37].
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Figure 2. (a) XRD patterns of clusters A, B and C, (b) Raman spectra obtained with a 633 nm excitation
wavelength, and (c) field-dependent magnetization of cluster A, registered at 300 K.

3.2. Stability of the Nanofluids

The stability of nanofluids is a significant feature that may decrease their applica-
bility in engineering processes. Its characterization has been experimentally addressed
in the literature through zeta potential analyses, UV-visible spectroscopy, electron mi-
croscopy, or sedimentation techniques, among others [38]. Our group has previously
verified that light scattering measurements of average Z-size against time after preparation
are an effective and consistent method for characterizing the stability of a dispersion of
nanoparticles [24,39].

Figure 3 shows the time variation of the average Z-size for various 0.10 wt% W- and
PG:W-based nanofluids. Figure 3a evidences quasi-constant values for both different-
sized cluster aqueous nanofluids under shaken conditions during the 16 days of analysis.
Nevertheless, the static aqueous samples show a size decrease with time, which is more
pronounced for the sample that contains larger-sized clusters (192 nm). Figure 3b also
shows a nearly constant value for both shaken PG:W-based nanofluids. However, the static
samples show a less-marked decrease with time, which is slight for the nanofluids that
include smaller-sized clusters (97 nm). Therefore, the stability analysis evidences the fact
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that moderately stable nanofluids with readily recovered initial-dispersion conditions were
achieved. The lowest-sized clusters remain better dispersed over time and the increasing
amount of propylene glycol in the base fluid seems to favour the stability of the dispersions,
as can also be observed visually.

350 350
|E| 0.10 wt% CoFe, 04 97 nm/PG:W static nanofluid
300 A 300 - M (.10 wt% CoFe,0, 97 nm/PG:W shaken nanofluid
[10.10 wt% CoFe,0, 192 nm/PG:W static nanofluid
’é‘ ; I ; + ; + ; /E\ H0.10 wt% CoFe,04 192 nm/PG:W shaken nanofluid
£ 250 ; 1;”7””“” v 1 £ 250 1
5]
S 200 ii‘ I i ““.*.“ S .qé 200 -
N N _fhd mod % poh R
g, 150 1 @ 150 # :
on _ - - J— — .
« «
S S 3
4 100 400.10 wt% CoFe,0, 97 nm/W static nanofluid @ 100 - ﬁ % %
< |® 0.10 wt% CoFe,0, 97 nm/W shaken nanofluid <
50 [10.10 wt% CoFe,0, 192 nm/W static nanofluid
= 0.10 wt% CoFe,0, 192 nm/W shaken nanofluid 50 1
a b
0 T T T 0 T T T T
0 8 12 16 20 0 4 8 12 16 20
Time (days) Time (days)
Figure 3. Average Z-size versus time from preparation for the 0.10 wt% (a) W-based and (b) PG:W-
based static and shaken nanofluids.
3.3. Thermal Conductivity
The experimental values of thermal conductivity obtained for the base fluids (W, PG:W
and PG) and shown in Table 2 exhibit strong concordance with the literature data. Average
deviations of 0.5% (W), 0.9% (PG:W) and 1.2% (PG) were obtained with respect to Lemmon
et al. [40], Melinder [41] and Sun and Teja [42], respectively.
Table 2. Experimental thermal conductivity of the base fluids and the difference-based nanofluids for
various cluster sizes and temperatures.
Thermal Conductivity [W/(m-K)]
Nanofluid Set Temperature [K] Base Fluid 0.50 wt% CoFe;O4 0.50 wt% CoFepO4  0.50 wt% CoFep, Oy
97 nm Nanofluid 155 nm Nanofluid 192 nm Nanofluid
293.15 0.601 0.616 0.607 0.605
W-based 303.15 0.619 0.635 0.627 0.625
313.15 0.636 0.653 0.645 0.641
293.15 0.418 0.433 0.429 0.424
PG:W-based 303.15 0.426 0.443 0.437 0.432
313.15 0.433 0.450 0.443 0.438
293.15 0.200 0.207 0.204 0.202
PG-based 303.15 0.199 0.206 0.204 0.202
313.15 0.197 0.205 0.202 0.200

Figure 4 and Table 2 show the obtained experimental thermal conductivities for the

different nanofluid sets. A decreasing trend with the increasing size of cluster is observed,
with maximum thermal conductivity increases of 2.6%, 3.9% and 4.2% for W-, PG:W-
and PG-based nanofluids, respectively. It should be noted that the reported behaviour is
evidenced for all the temperatures analysed.
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Figure 4. Thermal conductivities as a function of size of cluster for W (a), PG:W (b) and W-based
(c) nanofluids.

Several authors reported an indirect relation between thermal conductivity of nanoflu-
ids and size of metal oxide nanoparticles: Chon et al. [43], Li and Peterson [44], Mintsa
et al. [45], Lee et al. [46] or Patel et al. [47] for Al,O3/water nanofluids; He et al. [48] and
Maheshwary et al. [49] for TiO, /water nanofluids; Kim et al. [50] for TiO, / ethylene glycol
(EG) and ZnO/EG nanofluids; Timofeeva et al. [51] for Al;O3 dispersions in an EG and W
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mixture at 50:50 wt%; and Vajjha and Das [52] for Al;O3, CuyO and ZnO dispersions in an
EG and W mixture at 40:60 wt%.

Nevertheless, other authors reported the contrary trend, a direct relation between
thermal conductivity of nanofluids and size of metal oxide nanoparticles: Chen et al. [53]
and Sun et al. [54] for SiO, / water nanofluids; Murshed et al. [55] for TiO, / water nanofluids;
Pryazhnikov et al. [56] for Al,O3, Si0O;, TiO;, ZrO,, and CuO/water nanofluids; or Satti
et al. [57] for Al,O3, SiO;, TiO;, ZnO, and CuO dispersions in a PG and W mixture at
40:60 wt%. Our previous work [24] on aqueous dispersions of Fe3Oy4/y-Fe, O3 clusters also
showed this direct relationship.

Ambreen and Kim concluded recently, in a review [58], that most studies found that
the thermal conductivity of nanofluids increases as the particle size decreases (especially
below 100 nm). They also affirm that the theoretical explanations by interfacial fluid
layering, particle clustering, Brownian motion and nano-convection justify this indirect
relation between thermal conductivity and size.

Figure 4a,b evidence that a temperature rise leads to a thermal conductivity increase
for both W- and PG:W-based nanofluids, respectively. These increases are around 6%
for the former and 3-4% for the latter, which are very similar to those experienced by
the corresponding base fluids. However, PG-based nanofluids show practically the same
thermal conductivity values at 293.15 and 303.15 K (maximum 1% discrepancy within
the temperature increase from 293.15 and 303.15 K), in accordance with the behaviour of
pure PG. These findings are consistent with Beck et al. [59], who conclude how thermal
conductivity varies as a function of temperature follows that of the base fluid (in their work:
water, EG and EG:W mixtures).

Figure 5 shows that the nanofluid thermal conductivity improvements of the nine
analysed nanofluids are practically independent of temperature. This behaviour is observed
consistently across different base fluids, suggesting that the influence of temperature
on microconvection effects and Brownian motion is minimal within the range studied.
The stability of the nanofluid dispersions likely plays a crucial role in maintaining this
temperature-independent behaviour, as a stable dispersion ensures consistent nanoparticle
contribution across temperatures. This finding aligns with previous observations reported
by our group [24,60,61], but it is important to note that the literature on this topic remains
divided. Some studies corroborate our findings of temperature independence [62-64],
while others report variations in conductivity enhancements with temperature [7,65-67],
particularly at higher temperature ranges. The observed stability in our experiments
might be related to the controlled conditions and optimized dispersion quality, as high
concentrations or elevated temperatures could compromise dispersion stability and result
in varying thermal conductivity behaviour.

5.0%
m293.15K a
% 303.15K
2 4.0% - m313.15K
9
E
&
E 3.0% A
1
=
=
£ 2.0% 1
(3]
E
= 1.0% A
%}
=
[am
0.0% -
97 155 192

Cluster size (nm)

Figure 5. Cont.
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Figure 5. Thermal conductivity enhancements as a function of size of cluster for (a) W, (b) PG:W and
(c) PG-based nanofluids.

Figure 6 shows the improvements in nanofluids’ thermal conductivity as a function of
their own thermal conductivities. As can be seen, PG-based nanofluids show the highest
enhancements for all cluster sizes, W-based nanofluids show the lowest enhancements,
and PG:W-based nanofluids show intermediate improvements. This enables us to deduce
that the lower the thermal conductivity of the base fluid, the greater the enhancement for
the same size and mass concentration of a nanoadditive. A similar trend was previously
reported by our group for the dynamic viscosity of nanofluids [68]: as the dynamic viscosity
of the base fluid decreases, the enhancement for a given mass concentration of nanoadditive
increases. The results evidenced here for thermal conductivity extend this theory to more
transport properties of nanofluids.

The specific surface area (SSA) of a particle is a function of size, shape, porosity, pore
size distribution, and roughness. Das affirmed in a review [69] that several researchers
accept that a smaller size of nanoparticle shows higher thermal-conductivity improvement,
due to the high SSA observed. In order to explain the different trend here obtained for
CoFe, Oy cluster aqueous nanofluids, and in our previous work [24] for Fe3O4/v-Fe;O3
cluster aqueous nanofluids, Figure 7 shows the SSA of different-sized clusters of both
types after being distributed in the base fluid (water) and then allowed to dry. In both
cases, the higher thermal-conductivity increase corresponds to the clusters with higher SSA
between those analysed: the smaller-sized clusters of CoFe,O4 and the larger-sized clusters
of Fe3O4 /Y-F6203.
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Figure 7. Specific surface area (SSA) as a function of TEM size for the clusters of Fe304/v-Fe,O3 [24]
and CoFe,Oy [this work].

The findings indicate a clear correlation between the thermal conductivity of the
nanofluid and the SSA of the nanoadditive. However, the increasing or decreasing nanoad-
ditive size (observed after synthesis, before being dispersed) may not imply an obvious
trend in the thermal conductivity of the nanofluid. SSA should be enlarged by increasing
the particle size while maintaining the rest of the parameters involved. However, the effect
of changes in shape, porosity, or roughness may have a greater influence on SSA than
size increase. Thus, nanoadditive SSA could become a preferred parameter before size for
nanoadditive selection, but not the only one. The type of material and the stability of the
dispersion, among other variables, will also have a great influence on the improvement in
thermal conductivity. Likewise, the observed enhancements could be beneficial for various
heat-transfer applications, such as improving the efficiency of heat exchangers, solar energy
collectors, and cooling systems. These improvements are in line with the broader goal of
optimising energy systems by exploiting the unique properties of nanofluids.

4. Conclusions
In this study, the following features were achieved:

e  Clusters of cobalt ferrite (CoFe;O4) nanoparticles (a novelty in nanofluid design) with
average diameters of 97 to 192 nm were synthesized by a solvothermal method, adjust-
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ing the amount of poly(ethylene glycol) in the reaction medium. Their morphology
and structure were confirmed by TEM, XRD, Raman spectroscopy (RS), and vibrating
sample magnetometry (VSM).

e Nanofluids were designed with different base fluids [water (W), propylene glycol (PG)
and PG:W] at 0.1 and 0.5 wt% concentrations of the three synthesized nanoadditives
(CoFeyOy4 97 nm, CoFe;O4 155 nm, and CoFe,O4 192 nm).

e  The DLS analyses of the average Z-size over time evidence moderately stable nanoflu-
ids with readily recoverable initial dispersion conditions. The smaller size of the
nanoadditive and the greater amount of PG favour dispersion stability.

e  The analysis of the thermal conductivity of the nanofluids reveals temperature-dependences
similar to those of the corresponding base fluid. W- and PG:W-based nanofluids obtain
larger values as temperature rises, while PG-based nanofluids obtain similar values
within the studied temperature range.

The nanofluid thermal-conductivity enhancements are practically temperature-independent.
The lower the thermal conductivity of the base fluid, the greater the enhancement for
the same nanoadditive and mass concentration.

e The SSA becomes a more preferable parameter than size to describe the thermal con-
ductivity improvements. The thermal conductivity of the CoFe;Oy cluster nanofluids
shows decreases as the SSA decreases (the size increases) for all base fluids. A maxi-
mum enhancement of 4.2% is reported for the 0.5 wt% CoFe;O4 97 nm /PG nanofluid.
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