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ABSTRACT

This study investigates the green synthesis of copper ferrite nanoparticles (CuFe2O4 NPs) using an aqueous
extract of Chlorella vulgaris as a reducing agent and their application in enhancing heat transfer through nano-
fluids. The successful formation of CuFe;O4 NPs was confirmed through UV-vis spectroscopy, revealing a pro-
gressive blue shift in absorption peaks from 380 nm to 350 nm over 4 h, accompanied by a reduction in band gap
energy from 2 eV to 1.83 eV, indicating increased particle size and crystallinity. Scanning electron microscopy
demonstrated relatively uniform morphology with an average particle size of 130 nm. The EDS analysis revealed
strong Cu, Fe, and O peaks, consistent with the expected spinel ferrite composition. Water-based nanofluids
containing 0.1 wt%, 0.5 wt%, and 1 wt% CuFe,04 NPs were prepared and characterized. The 1 wt% nanofluid
showed a 4.8 % improvement in thermal conductivity compared to water, while viscosity remained within a
manageable range (~1.1 mPa-s), ensuring low pumping power requirements. In heat transfer experiments using
a serpentine heat exchanger, the CuFe;04 1 wt% nanofluids achieved a significant increase in heat absorption
capacity, increasing the outlet temperature by at least 0.5 °C at all volumetric flow rates tested and with a
significant improvement in heat storage capacity at the highest flow rate. These results highlight the efficacy of
green-synthesized CuFe04-based nanofluids in significantly improving heat transfer performance while main-
taining practical fluid properties, making them ideal for sustainable and efficient thermal management appli-
cations, and suitable for monophasic and biphasic applications.

1. Introduction

Over the last decade, the scientific community has been investigating
new and more effective cooling mechanisms, with the heat transfer
process being one of the most important at an industrial level. Nano-
fluids are colloidal suspensions of nanoparticles (NPs) in base fluids (e.
g., water, ethylene glycol) and have demonstrated enhanced thermal
conductivity and convective heat transfer performance compared to
conventional fluids [1,2]. This improvement is attributed to mechanisms
such as increased mass flow rate, enhanced thermal conductivity due to
NPs Brownian motion, which induces micro-convection and increases
thermal conductivity. As temperature rises, the increased movement and
collisions of NPs further enhance this effect. The reduction of boundary

layer thickness and particle clustering, the high surface-to-volume ratio
and inherent thermal conductivity of the NPs themselves contribute to
the observed improvement in thermal conductivity with increasing NPs
volume fraction, among others [3-5].

Nanofluids have been applied in several fields, including industries
of power generation, where they facilitate efficient heat transfer in
plants and equipment [6]; automotive industries, enhancing vehicle
cooling systems [7]; and aerospace, improving thermal management of
electronic components in spacecraft and aircraft [8,9]. Several NPs,
including iron oxide [10-12], titania [13,14], zinc oxide [15,16], and
copper oxide [17,18], have been studied for their suitability in formu-
lating nanofluids.

Among these, copper ferrite NPs (CuFe;O4 NPs) have attracted
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significant attention due to their high thermal conductivity, magnetic
properties, and thermal stability [2,19]. Their unique physicochemical
characteristics result from their inverse cubic crystalline structure,
where Cu ions occupy tetrahedral zones and Fe ions occupy octahedral
zones, contributing to their superior performance in heat transfer sys-
tems [20-22]. Experimental studies have confirmed that CuFe,04-based
nanofluids significantly enhance convective heat transfer coefficients, as
indicated by improved Nusselt numbers [19].

NP synthesis methods include physical, chemical, and green syn-
thesis approaches. While physical and chemical methods dominate, they
present challenges such as toxic solvent use, environmental impact, and
high energy demands [23,24]. In contrast, green synthesis, which em-
ploys biological resources like plant extracts, microorganisms, and
waste materials, offers a sustainable alternative [24-26]. It produces
well-defined NPs with controlled size and morphology, using eco-
friendly processes with low energy requirements and minimal environ-
mental impact [23]. Furthermore, NPs synthesized via green methods
have demonstrated significant potential for application in thermal
nanofluids due to their enhanced stability within the colloidal mixture
compared to chemically synthesized particles, along with superior
thermal capacity and stability [27].

Microalgae and macroalgae have emerged as promising resources for
green synthesis due to their richness in bioactive compounds, such as
chlorophyll and antioxidants, which act as reducing and stabilizing
agents during NP formation [28]. These phytochemicals act as reducing
and surface functionalization (capping) agents in synthesizing metallic
NPs and play a crucial role in their stabilization. Chlorella vulgaris, a
microalgae, has been used to synthesize metallic NPs such as gold, silver,
and palladium, but its application in CuFeyO4 synthesis remains
underexplored [28].

This study aimed to advance knowledge in green synthesis by using
Chlorella vulgaris extract to produce CuFe;O4 NPs and assess their
application in heat transfer nanofluids. The synthesized NPs were
incorporated into water-based nanofluids at concentrations of 0.1 wt%,
0.5 wt%, and 1 wt%, which were then characterized for wettability,
viscosity, thermal conductivity, and heat transfer performance. The in-
fluence of CuFe;04 NPs on nanofluid properties and their potential for
single-phase and two-phase heat exchange systems were comprehen-
sively evaluated, highlighting the feasibility of eco-friendly nanofluids
in industrial heat transfer applications.

2. Materials and methods
2.1. Apparatus and materials

This work used Chlorella vulgaris as biomass for the green synthesis of
CuFep04 NPs. Chlorella vulgaris was obtained from ALLMA®. The pH
value was measured with the APERA Instruments PH20 meter, and the
pH of each solution was correctly adjusted with a 1 M sodium hydroxide
(NaOH) solution (Sigma-Aldrich, St. Louis, MO, USA). Iron (II) chloride
tetrahydrate 98 % Thermoscientific™ and copper (II) sulfate hydrate 98
% Sigma-Aldrich® were used as reagents.

A mold was conceived and subsequently printed in an Anycubic
Photon D2 DLP resin 3D printer to fabricate the serpentine. The transparent
PDMS Sylgard 184 was used as the winding material. This material was
selected due to its incredible capacity to reproduce mold surfaces, non-
toxicity, chemical resistance, and simple preparation that does not
require previous knowledge or a particular machine with high pressure
and/or temperature, as silicone used needs to be transparent, as previ-
ously mentioned. The PDMS was prepared with a 10:1 proportion with
the curing agent using the same protocol applied by [29]. To perform the
heat transfer experiment, a Peristaltic Pump New Era NE-9000 was
applied to generate the controlled fluid flow, reservoir Vesta Perfecta
Water Bath was utilized to keep the fluids at the desired temperature, DC
Lab Switching Power Supply LABPS6005SM velleman® supplied the cur-
rent to a 0.2 mm sheet of stainless steel (AISI 3049). The temperature
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was registered by TC-08 Thermocouple Data Logger, Pico®Technology,
through thermocouple type “T” inserted in the fluid inlet, outlet, and at
the stainless-steel sheet. Acrylic plates and screws with nuts were used to
assemble the system. Although most heat exchangers are made of
conductive metals such as aluminum or cuppers, this test was carried out
with a PDMS coil to observe the behavior of the nanofluid while it was
being tested [30].

2.2. Biosynthesis of copper ferrite nanoparticles using Chlorella vulgaris

2.2.1. Preparation of Chlorella vulgaris extract

To prepare the aqueous extract of Chlorella vulgaris, 3.5 g of Chlorella
vulgaris algae powder was added to 50 mL of distilled water. The
aqueous solution was heated to 55 °C under magnetic stirring for 30 min
and then placed in an ultrasound for 10 min. The cycle was repeated
three times (according to Fig. 1). Then, the solution was centrifuged
twice at 4000 rpm for 20 min to separate biological residues from the
extract. Whatman No. 1 filter paper filtered the supernatant resulting
from centrifugation, resulting in the aqueous extract being stored at 4 °C
for future use.

2.2.2. Preparation of copper ferrite nanoparticles

For the preparation of CuFe;04 NPs, 0.2 M of iron (III) chloride so-
lution and 0.1 M of copper (II) sulfate (2:1 M ratio) were added to 90 mL
of distilled water. Then, 10 mL of the previously obtained aqueous
extract of Chlorella vulgaris was added to the metal precursors solution,
drop by drop, using a syringe pump (New Era NE-300), under continuous
magnetic stirring. The dropwise addition ensures a slow reaction be-
tween the Chlorella vulgaris aqueous extract and the metal precursors
solution. The mixture was incubated at 60 °C to carry out for 60 min.
Then, the reaction was adjusted to pH = 11 using a NaOH solution at 1
M. Several aliquots at 1 h, 2 h, 3 h, and 4 h were collected over the
reaction time. After some time, the solution changed color (green to
brown), indicating the formation of CuFe;O4 NPs. Then, the synthesized
NPs were purified through repeated washing and centrifugation cycles
to remove residual reaction byproducts. After each centrifugation step
(4000 rpm, room temperature, 10 min), the supernatant was carefully
discarded, and the NPs were resuspended in distilled water. This process
was repeated five times to ensure thorough cleaning of the NPs.
Following the final wash, the NPs were suspended in 100 mL of distilled
water. Due to their tendency to become unstable when fully dried—-
primarily because of agglomeration or structural changes resulting from
the loss of the stabilizing aqueous medium—the NPs were maintained in
aqueous suspension after purification and were not subjected to com-
plete drying. To quantify the concentration of NPs in the suspension, a 5
mL aliquot was withdrawn and dried to constant weight. The mass of the
dried NPs was then used to calculate the total NPs concentration in the
suspension. This method ensured precise quantification while preser-
ving the stability of the NPs in their aqueous form.

2.3. Characterization of copper ferrite nanoparticles and copper ferrite
nanoparticles nanofluids

To follow the synthesis of CuFe;O4 NPs over time, the peak absorp-
tion of the aliquots was monitored using a UV-1800 UV-Vis spectrom-
eter. Furthermore, all samples’ band gap energy (eV) over time was
determined using Eq. (1).

1
(ahv)n = A(hv — E,) a
. 3,0 it /lb min — Heat
30 min /- ’10 :
30 min /-5, - Rl ---- Ultrasound
10 min

Fig. 1. Heating/ultrasound cycle during Chlorella vulgaris extract preparation.
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where a is the absorption coefficient, v is light frequency, h is Planks
constant, and E, is band gap. The band gap value is calculated by the
curve of the line to the x-axis.

The Scanning electron microscopy (SEM) images of CuFe,O4 NPs
were obtained using a FlexSEM 1000 scanning electron microscope,
operating at an accelerating voltage of 10 kV. Initially the NPs were
dispersed in an alcohol solution then a small amount of the solution was
then deposited in a conductive carbon adhesive tape and put in onto
aluminum stubs. To ensure electrical conductivity and prevent charge
buildup during SEM analysis, the samples were coated with a thin layer
of gold with 7.5 nm using a Quorum Mini QS sputter coater.

EDS analysis of the CuFe;O4 NPs sample was carried out using En-
ergy Dispersive X-ray Spectroscopy (EDS). EDS analysis was performed
on randomly selected regions of the sample surface to ensure repre-
sentative data. The measurements were conducted at an acceleration
voltage ranging of 10 kV. This approach allowed for precise elemental
composition analysis of the NPs.

After the synthesis and purification of the NPs, nanofluid samples
were prepared containing 0.1 wt%, 0.5 wt%, and 1 wt% of CuFe04 NPs
in water (base fluid). Then, the wettability of each nanofluid was
assessed, which was measured using the DataPhysics OCA - Series at
room temperature (23 °C). The wettability of each sample was evaluated
on two substrates, PDMS produced according to [29] and aluminum
(AL6070-T6, roughness 4.489 um). For that, 10 pL of each nanofluid was
dispensed onto the corresponding substrate, where 30 measurements
were carried out in six different positions for each substrate. The average
and standard deviation of each sample’s wettability were calculated.
Finally, the viscosity of each nanofluid was measured using an MCR 92
rotational rheometer (Anton Paar). A dish with conical geometry was
used with a diameter of 50 mm and an opening of 1 mm. The shear flow
curves were obtained at a constant temperature of 20 °C. To obtain
reproducibility, three replicates of each measurement were evaluated.

2.4. Nanofluids thermal conductivity and heat exchanger capacity

Measurements of the thermal conductivity of each nanofluid were
carried out using the transient plane source method with a Hot Disk TPS
25008, using the Hot Disk 5501 F1 sensor and the fluid closed in a PDMS
cell designed for thermal conductivity measurements of nanofluids,
according to [29]. Five measurements were performed for each sample,
and all measurements were conducted at 20 °C. The heat exchange ca-
pacity of the nanofluids, more precisely the thermal absorption capacity
of the nanofluid, was carried out using a PDMS-based serpentine
designed according to [30]. The tests were carried out at a temperature
of 25 °C with three flow rates, 5, 10, and 15 mL/min. Fig. 2 shows a
representative diagram of the assembly of the PDMS-based heat
exchanger (serpentine).

To determine the heat flow rate (Q ) to the fluid, it is necessary to
know the mass flow rate (m ), the heat capacity (Cp), and the

A

Data
logger

Peristaltic
pump Reservoir
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temperature variation (AT) as shown in Eq. (2).

Q=mx Cp x AT[W] 2

where Q is the Power transferred to the fluid, m is the mass flow [kg/s],
Cp is the specific heat [J/kg. K] and AT is the temperature variation [K].

To determine the Cp of nanofluid the mixture rule [31] was applied
as shown in Eq. (3).

(1= ¢np) (pCP)bf + bup (PCp) g

3
(1 - ¢nP)pbf + ¢nP/)nP ( )

(Cp)nf =

where ¢, is the volume percentage of nanoparticles, p is the density
[kg/m3], and Cp is the specific heat [J/kg. K]. The subscript nf is
reference for “nanofluid”, bf for “base fluid” and nP for “nanoparticle”.
In the present work, de density and specific heat of nanoparticles used
were 5400 kg/m® and 720 J/kg-K [32], respectively.

3. Results and discussion
3.1. Biosynthesis and optical studies of copper ferrite nanoparticle

The synthesis of CuFe204 NPs was achieved through the reduction of
metal precursors, specifically iron chloride and copper sulfate, by bio-
molecules present in the aqueous extract of Chlorella vulgaris. The initial
indication of NP formation was the distinct color change in the reaction
solution, transitioning from orange to brownish. This color progressively
darkened over the reaction, reaching a deeper shade by the 4 h mark, a
characteristic feature of CuFe;O4 NPs (Fig. 3) [33]. This color transition
became progressively more pronounced as the reaction proceeded, ul-
timately deepening to a dark brown shade. Further evidence of suc-
cessful synthesis was provided by the magnetic properties of the NPs,
which allowed them to be easily separated using an external permanent
magnet. This behavior confirmed the formation of magnetic CuFe;04
NPs.

To monitor the progression of NP synthesis, UV-vis absorption n
spectra of reaction aliquots were recorded over the 200-800 nm wave-
length range (Fig. 4A). The results showed a continuous increase in the
intensity of the absorption peaks with reaction time, indicating the
ongoing reduction of iron chloride and copper sulfate into CuFe;O4 NPs.
Moreover, a blue shift in the absorption peak was observed—from 380
nm at 1 h to 350 nm at 4 h. This shift toward higher energy wavelengths
suggests changes in NPs size and shape, likely influenced by continued
nucleation and growth processes [34]. This also suggests chemical
changes occurring on the surface of the NPs over time, likely due to the
binding of hydrophilic capping agents present in the algae extract
[25,35]. The binding of these capping agents reduces NPs aggregation, a
phenomenon that is also reflected in the observed blue shift [36]. Based
on the absorption intensity data, the reaction was observed to progress
steadily up to 4 h, indicating that the CuFe;O4 NPs were formed and

Fig. 2. (A) Schematic representation of the heat exchanger capacity assay assembly diagram and (B) real image of heat exchanger.
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4h reaction

Fig. 3. Color evolution during the synthesis of CuFe;O4 NPs using Chlorella vulgaris extract: Initial orange solution of metal precursors (left) gradually darkens to a
brownish color after 1 h of reaction (center) and further deepens into a darker shade after 4 h of reaction (right), indicating nanoparticle formation.
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Fig. 4. (A) UV-Vis absorption spectra and (B) band gap energy of CuFe,O4 NPs during the synthesis reaction times of 1 h, 2 h, 3 h, and 4 h.

stabilized during this time. The slight difference observed between 3 h
and 4 h could be attributed to the final stages of the reaction, where the
formation rate slows down as the reaction approaches completion.

The band gaps of the CuFe;O4 NPs were calculated at various syn-
thesis reaction times, as summarized in Fig. 4B, and showed a decreasing
trend with increasing reaction time. At 1 h, the band gap was larger,
suggesting smaller NPs due to the stronger quantum confinement effect,
which is known to increase band gap energy [37,38]. As the reaction
progressed, the growth of CuFe;O4 NPs reduced the quantum confine-
ment effect, resulting in a gradual decrease in the band gap from 2 eV to
1.83 eV. In addition to particle size, surface defects, and non-
stoichiometric compositions in the early stages of synthesis contribute
to states within the band gap, leading to higher band gap values [39,40].
With longer synthesis times, these defects are minimized, improving the
crystallinity and yielding a band gap closer to the intrinsic bulk value.
This trend aligns with the observed blue shift in absorption spectra, as
reduced surface defects and improved stoichiometric control may offset
the effect of increasing particle size, resulting in a shift toward higher
energy wavelengths.

3.2. Scanning electron microscopy and energy dispersive spectroscopy
analysis of copper ferrite nanoparticles

The morphology and structural properties of CuFe;O4 NPs were
characterized through SEM and size distribution analysis (Fig. 5). SEM
images revealed dense agglomerates of NPs with relatively uniform
morphology. The particle size distribution, derived from SEM images
analysis using ImageJ software, exhibited a Gaussian profile with an
average size of 130.1 + 26.0 nm. These sizes are similar to those ob-
tained by Sravanthi et al. [41], who synthesized CuO NPs using Anti-
gonon leptopus leaf extract, reporting clustered particles with sizes
ranging from 110 to 280 nm. However, other studies have demonstrated
significantly smaller NPs sizes, underscoring the influence of synthesis
conditions and the composition of plant extracts. For instance, Khatami
et al. [42] synthesized CuO NPs with sizes between 17 and 41 nm using
Capparis spinosa fruit extract, while Alhalili [43] reported particle sizes
of approximately 88 nm using plant-derived capping agents.

The observed differences in NPs size and morphology across these
studies can be attributed to variations in reaction parameters such as
temperature, pH, precursor concentration, and the type and concen-
tration of bioactive compounds in plant extracts [44]. Capping agents
present in the extracts, such as flavonoids, phenols, and polysaccharides,
play a crucial role in stabilizing nanoparticles, inhibiting overgrowth,
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Fig. 5. (A) and (B) SEM images of CuFe,04 NPs synthesized using Chlorella vulgaris extract taken at 3 pm and 10 pm, respectively; (C) Nanoparticle size distribution
analysis, including particle count and Gaussian curve fitting, derived from SEM image analysis using ImageJ software.

and preventing aggregation in colloidal solutions [35]. In this study, the
size of CuFe204 NPs may be attributed to the specific bioactive profile of
the Chlorella vulgaris extract, which influences both the nucleation and
growth processes during synthesis.

The elemental composition of the synthesized CuFe;O4 NPs was
confirmed by EDS, as shown in Fig. 6. The spectrum exhibits distinct
peaks for copper (Cu), iron (Fe), and oxygen (O), validating the suc-
cessful formation of CuFe;04. The Cu peaks at ~ 8.1 keV (Ka) and ~ 9.0
keV (Kp), along with Fe peaks at ~ 6.3 keV (Ka) and ~ 7.1 keV (Kp),
confirm the incorporation of these elements. The O Ka peak (~0.5 keV)
indicates oxygen’s presence in the ferrite structure. A carbon (C Ka) peak
(~0.3 keV) is also observed, likely originating from Chlorella vulgaris
residues in the green synthesis or from carbon coating used during SEM-
EDS. Additionally, minor traces of bromine (Br), chlorine (Cl), and sulfur
(S) are detected, which may stem from organic residues or precursor
materials. However, their low intensity suggests minimal impact on the
final product’s purity. Literature on CuFepO4 NPs synthesized reports
similar elemental compositions, reinforcing the reliability of this green
synthesis method [45-47]. The strong Cu, Fe, and O signals confirm the
expected stoichiometric composition of CuFe;O4 without significant
impurity phases.

3.3. Wettability of copper ferrite nanofluids

Wettability is a key parameter used to characterize the chemical and
physical properties of a surface and is typically determined by
measuring the contact angle of a liquid droplet on the surface [48]. The
interaction between a solid surface and a fluid is influenced by factors
such as surface energy, surface texture, and chemical composition [49].

Additionally, the fluid’s properties, such as surface tension, can also
impact wettability measurements.

In this study, the contact angles of CuFe;O4-based nanofluids at
concentrations of 0.1 wt%, 0.5 wt%, and 1 wt% were measured on two
types of substrates: (i) Aluminum, a widely used material in heat ex-
changers due to its high thermal conductivity, lightweight nature,
oxidation resistance, and cost-effectiveness compared to copper; (ii)
PDMS, as the heat exchanger later used to evaluate the heat transfer
capacity of the nanofluids is made from this material. To assess the
significance of variations in contact angle under different conditions
relative to the control group (water-based fluid without NPs), a Dunnett
multiple comparison test was conducted (for detailed information, see
Table S1 in supplementary material).

The contact angles of CuFe;04-based nanofluids at concentrations of
0.1 wt%, 0.5 wt%, and 1 wt% on both substrates are shown in Fig. 7. On
the aluminum substrate, a significant increase in the contact angle was
observed at the lowest concentration (0.1 wt%) compared to the control
(water). However, no significant changes were noted at higher con-
centrations. This behavior may indicate better dispersion of CuFeO4
NPs at lower concentrations, which optimally covers the surface and
alters the surface energy of the aluminum substrate, resulting in a higher
contact angle. At higher NP concentrations, increased particle in-
teractions and aggregation reduce their effective interaction with the
substrate, diminishing their influence on surface energy and contact
angle. These findings suggest that at higher concentrations, the wetta-
bility behavior of the nanofluid becomes similar to that of water.

For the PDMS substrate, a generalized increase in contact angles
compared to aluminum was observed. This result is expected, as PDMS is
a silicone-based polymer with inherently low surface energy, making it

Elem Wt% At%
O Ka 25.98 57.61
Br Lo 24.94 11.08
S Ka 23 2.45
Cl Ka 1.30 1.30
Fe Ka 27.40 17.41
CuKa 18.16 10.14

FeKa

CuKa
FeKb

Fig. 6. EDS spectrum of the green synthesized CuFe,O4 NPs using Chlorella vulgaris aqueous extract.
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Fig. 7. Contact angles of CuFe;O4 NPs-based nanofluids at 0.1 wt%, 0.5 wt%,
and 1 wt% on aluminum and PDMS substrates. Data represent the mean contact
angle values + SD of three independent experiments. Error bars indicate the
standard deviation of three measurements. Multiple comparisons with the
Dunnett test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, ns: not
significant; by ANOVA followed by Dunnett’s post-test.

more hydrophobic than aluminum. Notably, only the highest concen-
tration of CuFe304 NPs (1 wt%) caused a significant change in contact
angle compared to the control. At lower concentrations, the minimal
surface coverage provided by the dispersed NPs is insufficient to alter
the surface energy of PDMS. In contrast, a higher NP density at 1 wt%
overcomes the hydrophobic nature of PDMS, leading to a measurable
change in the contact angle relative to water. The observed increase in
contact angle with increasing NP concentration deviates from the
commonly reported trend in nanofluid wettability research, where a
decrease in contact angle is typically observed [50]. This discrepancy
highlights the complex interplay of factors governing nanofluid wetta-
bility. While nanoparticle concentration plays a significant role, pa-
rameters such as nanoparticle size and shape, along with their
interaction with the substrate, can also influence the contact angle. In
our study, the presence of biomolecules bound to the nanoparticles adds
another layer of complexity. These biomolecules can alter the aggrega-
tion behavior of the nanoparticles and modify their electrostatic prop-
erties, providing plausible explanations for the observed increase in
contact angle.

It is important to note that wettability is not typically a critical
parameter in heat transfer for closed, single-phase systems and is
generally disregarded regardless of the coil material [30,51,52].
Therefore, while significant variations in wettability were observed
between aluminum and PDMS substrates, these differences are unlikely
to impact heat exchange performance, as they would in two-phase sys-
tems [53].

However, wettability becomes a critical parameter in two-phase
systems, such as heat pipes. In these systems, a smaller contact angle
increases the contact area between the fluid and the surface, enhancing
the fluid’s ability to transfer heat efficiently from the surface to the fluid
[54]. In heat pipes with a wick structure, a more wetting fluid is
particularly desirable due to the capillary effect. A lower contact angle
increases capillary pressure, which improves the fluid’s flow rate and
the distance it can travel, thereby enhancing the overall heat transfer
capacity [55]. On the other hand, increasing the contact angle can lead
to the formation of smaller droplets in the condensers, increasing the
detachment speed and, consequently, improving the thermal perfor-
mance of two-phase heat exchangers [56].

3.4. Viscosity of copper ferrite nanofluids

Adding NPs to a base fluid can significantly alter its thermophysical
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properties. The volume concentration of nanofluids is a key factor that
directly influences both thermal properties and viscosity. Several studies
have shown that increasing the NP’s weight percentage leads to higher
viscosity and thermal conductivity [57-60]. However, this increase in
viscosity can cause greater pressure losses, thereby raising the pumping
power required [61]. Therefore, achieving a balance between enhanced
thermal conductivity and manageable viscosity is crucial to avoid
compromising the overall performance of nanofluids.

In this study, the viscosity of the nanofluids was analyzed as a
function of shear rate and NPs concentration (Fig. 8). The viscosity re-
sults were compared to those of the base fluid (water) without NPs.

An increase in viscosity was observed for all nanofluids compared to
water, as expected since the presence of NPs introduces internal friction
and resistance to flow. However, the viscosity increase was not directly
proportional to NP concentration. Notably, nanofluids with a 0.1 wt%
NP concentration exhibited a higher viscosity (~1.1 mPa-s) compared to
those with 0.5 wt% and 1 wt% concentrations (1 mPa-s) although almost
always within the margin of imprecision. This behavior parallels the
trends observed in the wettability assays, where higher NP concentra-
tions appear to promote greater particle aggregation. Aggregation re-
duces the effective surface area of NPs available for interaction with the
fluid, thereby influencing the stability and rheological behavior of the
nanofluid. Additionally, the viscosity values for nanofluids containing
0.1 wt% and 0.5 wt% NPs were nearly identical, suggesting that a
saturation point may have been reached. Beyond this point, further in-
creases in NP concentration do not significantly alter the viscosity of the
nanofluid.

The results are consistent with those found by Aguilar et al. [62] that
added CuFe;O4 NPs to Dowtherm A using oleic acid as a surfactant,
where there was an unequivocal increase in viscosity upon addition of
nanoparticles, but which is not reflected in significant changes with
increasing concentration. Yakymovych et al. [63] conducted viscosity
tests on nanofluids with iron nanoparticles and observed an increase in
viscosity from the lowest concentration tested (0.5 wt%) without sig-
nificant further increase up to the maximum tested concentration of 2.0
wt%.

3.5. Thermal conductivity of copper ferrite nanofluids

The thermal conductivity of nanofluids is strongly influenced by both
the type of NPs used and the properties of the base fluid in which they
are dispersed [64]. Several studies have highlighted the role of NP
concentration on thermal conductivity, often demonstrating non-linear
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Fig. 8. Viscosities of water and nanofluids containing CuFe,O4 NPs at 0.1 wt%,
0.5 wt%, and 1 wt%, using water as a base fluid. Data represent the mean
viscosities values & SD of three independent experiments. Error bars indicate
the standard deviation of three measurements.
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effects at varying concentrations [65-67]. Fig. 9 presents the thermal
conductivity values (W/mK) for CuFeyO4-based nanofluids at concen-
trations of 0.1 wt%, 0.5 wt%, and 1 wt%, compared to water. A Dunnett
multiple comparison test was conducted to evaluate the statistical sig-
nificance of the variations observed under different conditions relative
to water (for detailed information, see Table S2 in supplementary
material).

The results revealed a general increase in thermal conductivity with
rising NP concentrations in the nanofluid. However, a statistically sig-
nificant enhancement over water was only observed at a concentration
of 1 wt%, corresponding to a 4.8 % increase in thermal conductivity.
Similar trends have been reported in studies using green-synthesized
metallic NPs. For instance, Sa and Nath [68] demonstrated improved
thermal conductivity in water-based nanofluids with Fe3O4 NPs syn-
thesized using Aloe barbadensis leaf extract. Nonetheless, the enhance-
ment achieved in this study is lower compared to the 27 % increase
observed by Omiddezyani et al. [19], who investigated nanofluids con-
taining CoFe»04/rGO NPs synthesized using gallic acid at a concentra-
tion of 0.9 wt%. These findings underscore the potential of green
synthesis in developing nanofluids, though the extent of thermal con-
ductivity enhancement varies with NP composition and synthesis
method.

3.6. Heat exchanger of copper ferrite nanofluids (serpentine)

Based on the results obtained for the nanofluids’ thermal conduc-
tivity, only the concentration with the best performance (1 wt%) was
selected for further evaluation. A key parameter analyzed was the
temperature difference between the inlet and outlet of the nanofluid in
the serpentine system (Fig. 10). A Sid4k’s multiple comparison test was
conducted to evaluate the statistical significance of the variations
observed between water and CuFe;O4 1 wt% nanofluid at 5 ml/min, 10
ml/min and 15 ml/min flow rates (for detailed information, see Table S3
in supplementary material).

The results show that the nanofluid exhibits a more significant
temperature variation than water, with approximately 0.6 °C at a
volumetric flow rate of 5 mL/min and ~ 0.5 °C at 10 and 15 mL/min.
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Fig. 9. (A) Experimental apparatus for thermal conductivity measurement and
(B) thermal conductivity of water and nanofluids containing CuFe;O4 NPs at
0.1 wt%, 0.5 wt%, and 1 wt%. Data represent the mean and show the mean
thermal conductivity values + SD of three independent experiments. Error bars
indicate the standard deviation of three measurements. Multiple comparisons
with the Dunnett test.*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, ns:
not significant; by ANOVA followed by Dunnett’s post-test.
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These findings align with previous studies on green nanofluids, which
also reported enhanced heat transfer performance and greater temper-
ature variation compared to the base fluid [69,70]. The results are in
agreement with those previously obtained [71], where iron oxide NPs
synthesized with aqueous extract of Chlorella vulgaris exhibited a
significantly higher temperature variation than the base fluid at all
tested flow rates. Since heat absorption is closely linked to temperature
variation, the nanofluid is expected to demonstrate higher heat ab-
sorption capacity. Additionally, as the nanofluid’s temperature rises, its
potential for use in applications such as residential and commercial
heating or industrial processes increases. The results indicate that even a
slight improvement in the fluid’s thermal properties can lead to signif-
icant temperature differences in practical applications. Furthermore, the
enhancement of the nanofluid’s thermal conductivity is more pro-
nounced with increased temperature [68].

Other factors related to nanofluids, such as particle size, shape,
alignment, and hydrogen bonding, can interact in ways that often
exceed predictions, yielding even better results than expected [72].
Fig. 11 illustrates the nanofluid’s heat storage rate, which is higher than
that of water, and it increases with higher volumetric flow rates. A
Sidak’s multiple comparison test was conducted to evaluate the statis-
tical significance of the variations observed between water and CuFe04
1 wt% nanofluid at 5 ml/min, 10 ml/min and 15 ml/min flow rates (for
detailed information, see Table S4 in supplementary material). This
analysis revealed that the heat performance enhancement of the
CuFe204 nanofluid (1 wt%) was statistically significant only at a volu-
metric flow rate of 15 mL/min. This significant difference in perfor-
mance only at the highest flow rate tested may be related to the tendency
of the NPs to remain better dispersed when there is greater fluid
agitation.

This behavior underscores the importance of nanofluids in heat
transfer applications, demonstrating their superior cooling capacity. On
average, the heat stored of the nanofluid is 38 % to 95 % higher than that
of water, following Eq. (2).

However, upon closer analysis, the behavior of water deviates from
expectations. Typically, an increase in volumetric flow rate results in a
higher deviate [73], but slight deviations in this trend were observed.
These deviations can be attributed to factors such as thermocouple
inaccuracies and the low power of the heat source, which was affected
by the limited amount of nanofluid, making the system more susceptible
to random fluctuations. The observed trend of reduced power transfer
with increasing volumetric flow rates in the water results may reflect
potential anomalies. It is also important to note that considering the
uncertainties, the power removal in nanofluid results could be less
effective than that of water, though its ability to increase temperature is
more significant despite these uncertainties.

4. Conclusions

This study successfully demonstrated the green synthesis of copper
ferrite nanoparticles (CuFe;O4 NPs) using the aqueous extract of
Chlorella vulgaris, providing an eco-friendly and sustainable approach to
NPs production. The synthesis was monitored through UV-vis spec-
troscopy, which revealed a blue shift in absorption peaks from 380 nm to
350 nm over 4 h of reaction, indicating progressive nanoparticle for-
mation, nucleation, and growth. The band gap energy decreased from 2
eV to 1.83 eV, corresponding to increased particle size and enhanced
crystallinity. Morphological analysis using scanning electron micro-
scopy confirmed uniform particle sizes, with a mean size of 130 nm and
a narrow size distribution. The EDS results confirmed their elemental
composition, with strong signals corresponding to Cu, Fe, and O, veri-
fying the formation of the expected spinel ferrite structure. Minor traces
of Br, Cl, and S were observed, likely due to residual organic compounds
from the green synthesis route, but their low intensity suggests minimal
influence on the final product’s properties.

The CuFe;04 NPs were dispersed in water at concentrations of 0.1 wt



B. Cardoso et al.

--------- *x.:l
®) [©)

Outlet

Journal of Molecular Liquids 428 (2025) 127498

B
3 s
R e 5 mL/min
F . 10 mL/min
Ty 24 B 15 mUmin
E T
< 14 .t
o_
&.’@‘ S o 'D\e.‘ S ,‘\”\é S
Q Q Q
o™ o™ o™
& & &
o4 o4 o4

Fig. 10. (A) Schematic representation of the temperature variation measurement between the inlet and outlet, and (B) experimental temperature variation between
the inlet and outlet of the serpentine channel for water and CuFe;04 1 wt% nanofluid at 5 ml/min, 10 ml/min and 15 ml/min flow rates. Data represent the mean +
standard deviation of three independent experiments. Error bars indicate the standard deviation of three measurements. Multiple comparisons with using Sidak’s test.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, ns: not significant; by ANOVA followed by Sidak’s post-test.

A

Acrylic

Stainless Steel

Inlet

0ut|eAt)

PDMS

2.0
] 5 mL/min
154 10 mL/min
B4 15 mUmin

i

o

{\0 e\o\
o™
Vv
&

$1>
o>
oV
&

& <
N N

s
3
0\)
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significant; by ANOVA followed by Sidak’s post-test.

%, 0.5 wt%, and 1 wt% to create nanofluids, and their properties were
comprehensively characterized. Wettability results highlighted
substrate-specific behavior. On aluminum, a significant increase in
contact angle at 0.1 wt% (compared to water) suggested optimal NPs
dispersion, while at higher concentrations, NPs aggregation reduced
their surface interaction. On the more hydrophobic PDMS substrate,
only the 1 wt% nanofluid significantly altered the contact angle,
underscoring the concentration-dependent interaction of nanoparticles
with surfaces. These variations, however, are unlikely to impact heat
transfer performance in single-phase systems but may influence two-
phase systems.

Viscosity measurements revealed a slight increase across all nano-
fluids compared to water, with the 0.1 wt% concentration showing the
highest viscosity (~1.1 mPa-s). This behavior suggests that lower con-
centrations may exhibit better dispersion, while higher concentrations
lead to aggregation, limiting further viscosity changes. Importantly, the
viscosities remained within manageable limits, ensuring minimal impact
on pumping power requirements and practical applicability.

Thermal conductivity testing showed that the nanofluids improved
thermal performance, with the 1 wt% nanofluid achieving a 4.8 %
enhancement compared to water. This improvement translated into
substantial heat transfer efficiency gains during experiments using a
serpentine heat exchanger. The 1 wt% nanofluid demonstrated
remarkable heat absorption increases, ranging from 38 % to 95 %,
depending on the volumetric flow rate (5-15 mL/min). These results
highlight the nanofluid’s capacity to outperform water, particularly
under higher flow rates, where its enhanced thermal properties

significantly improve heat removal.

In summary, the CuFe;04-based nanofluids synthesized via a green
synthesis demonstrated substantial improvements in heat transfer
properties while maintaining practical wettability and viscosity fea-
tures. These findings emphasize the potential of green-synthesized
nanofluids as sustainable, high-performance alternatives for thermal
management applications in both monophasic and biphasic systems.
The results also encourage further exploration of bio-synthesized
nanoparticles for a wide range of industrial and energy applications.
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