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Abstract

Herein, we present for the first time a quick, easy, effective, and green method for preparing green nanofluids containing
silver nanoparticles. The solution plasma method with a high-voltage DC power source and extracts from the Paramignya
trimera was employed to prepare silver nanoparticles. The obtained results showed that silver nanoparticles were spherical,
with a small average size of — 8 nm and fairly uniformly dispersed in solution. Surface plasmon resonance spectra show a
strong peak at 410 nm for the prepared samples. The Fourier transform infrared spectra revealed the presence of possible
functional groups on the surface of silver nanoparticles. Furthermore, the formation mechanism of silver nanoparticles is also
proposed. The effect of the preparation times on the thermal conductivity of nanofluid was also investigated. As a result, the
nanofluids prepared with longer preparation times had higher thermal conductivity and the highest improvement of 18.3%
was obtained for the nanofluid using 4 min preparation compared to the base fluid. The obtained results indicate promise
for a simple, fast, and environmentally friendly method for producing nanofluids containing silver nanoparticles with high
thermal conductivity for potential applications.

Keywords Green synthesis - Solution plasma process - Paramignya trimera extract - Silver nanoparticles - Nanofluid -
Thermal conductivity
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List of symbols
A, B, C eq. (7) numerical factors
a Numerical factor [s™!]

e Elementary charge

K Thermal conductivity [W m~' K]
T Temperature [K]

t Time [s]

Subscripts

aq Hydrated

bf Base fluid

nf Nanofluid

Abbreviations
AgNPs  Silver nanoparticles
EG Ethylene glycol

FTIR Fourier transform infrared absorption
GNPs  Graphene nanoplatelets

NFs Nanofluids

OES Optical emission spectroscopy
Introduction

Common liquids like water, ethylene glycol (EG), oil, etc.,
are frequently utilized as heat transfer fluids. However, their
inferior thermal performance, they have not demonstrated
significant capability for the devices operating at high power.

Numerous efforts have been proposed and made to increase
the performance of traditional fluids for heat transfer appli-
cations. It was presented that the thermophysical properties
of such fluids could be easily changed with the addition of
nanoparticles [1-4]. The performance of the thermal transfer
could be improved with such materials [5-7]. A new class
of fluids known as nanofluids (NFs) containing nano-sized
particles like Ag, Cu, Ni Al,O;, Fe;0,, CuO, TiO,, gra-
phene, and carbon nanotubes showed even better heat trans-
fer performance [5]. The utilization of nanofluids results
in an increase in the efficiency of thermal systems evident
in a variety of industrial applications [8, 9]. Besides, the
necessity of generating ecologically friendly nanofluids has
grown in significance [10, 11]. Green technologies involve
procedures that do not pose a threat to the environment, the
preservation of natural resources, and the introduction of
sustainable practices that limit the negative effects of human
activity [11]. Recently, some kinds of green nanofluids have
been developed and presented (Table 1). In these reports,
some nanomaterials such as graphene nanoplatelets (GNPs),
carbon nanotubes, metals (Ag), and metal oxides (Al,O5,
CuO, Si0,, etc.) used as nanoadditives and the natural
extracts from Gallic Acid, Bio Glycol, Callistemon Vimi-
nalis, Neem leaf, etc., have been used as the reduction or
functionalization agents instead of the chemical products
[12-20]. Most reports emphasized the need for the develop-
ment of green nanofluids using simple, cost-effective, safe,

Table 1 Reports on the thermal

o References Nanoadditives Natural extract Thermal conductivity
conduct.1v1ty of some green Enhancement
nanofluids
[12] GNPs Gallic Acid 17.76%
[13] Al,05-Si0, Bio Glycol 30:70 (Al,04:Si0,)
at 70 °C which was at 21.2%
[14] CuO nanoparticles Callistemon Viminalis 34% at 9 vol%
[15] TiO,-SiO, Bioglycol 12.52%
[16] MWCNTs Gallic acids 21.510% for a mass fraction
of 0.1% at 45 °C
[17] AgNPs Neem leaf extracts 32% in heat transfer coefficient
[18] ZnO Glycerol 0.7%
[19] SiO, nanoparticles Rice Bran 38% at 3 vol%
[20] SiO, nanoparticles Olive Leaf Extract (OLE) Higher for BHSiO, than for
TiO, nanoparticles Burley Husk (BH) OLE-TiO, nanoparticles
[21] GNPs Clove buds 23%
[22] GNPs Gallic Acid 24.18%
[23] MWCNTs Clove 20%
[24] Al,O; particles Bioglycol 17% and 5% for 1 vol%
at 30 and 80 °C
[25] Carbon/graphene EFB Pulp 10.16%
[15] TiO,-SiO, Bioglycol 12.52% at 3.0 vol% and
nanoparticles 0.71% at 0.5 vol %
This AgNPs Paramignya trimera 18.3%
work
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clean, and environmentally friendly synthesis procedures in
order to have minimally detrimental effects on public health
and the environment [10, 11].

Among nanoadditives, noble metal nanoparticles, such
as silver nanoparticles (AgNPs) in particular, are known
for their unique thermal-electrical properties [26]. In recent
years, AgNPs have attracted much attention from researchers
and analysts for applications in many fields, including catal-
ysis, optoelectronics, biomedicine, biosensors, and nanoflu-
ids [27, 28]. Using AgNPs as a nanoadditives for nanofluids
could improve the thermal conductivity [29]. However, the
preparation cost of AgNPs is currently a big barrier to use
in commercial nanofluids. Many AgNPs synthesis methods
have been proposed, such as chemical reduction and bio-
synthesis, and laser etching [30, 31]. Each method has its
advantages and disadvantages in terms of cost, yield, syn-
thesis time, stability, and dispersion in solution, as well as
application purposes [32]. The chemical reduction method
can give a high yield and is also the most popular method for
the synthesis of silver nanoparticles, due to the use of simple
and inexpensive equipment. However, the high cost of toxic,
non-environmentally friendly reagents as well as the control
of shape, size distribution, monodisperses, and purity of the
preparation materials need to be carefully considered. The
biosynthesis method is an environmentally friendly and low-
cost method, but the synthesis time is long and the size is
difficult to control [32]. The laser ablating method has a
relatively fast and clean preparation time; however, the high
cost due to the need to use expensive pulsed lasers, con-
suming a large amount of energy, and being quite cumber-
some reduces the attractiveness of the method [32]. Several
other techniques such as electrochemistry, microplasma,
and plasma in a liquid have also been included as a simple
and effective solution for the synthesis of large numbers of
silver nanoparticles [33]. However, for the electrochemical
method, some disadvantages still need to use of more chemi-
cals as an electrolyte, leading to the product purity not being
high, increasing cost as well as requiring a long time to man-
ufacture [33], or the microplasma method has the disadvan-
tage that the plasma beam is small, so the production rate
of AgNPs is limited [33], while the direct plasma method in
the liquid requires a high voltage pulsed power supply which
leads to high input costs [34]. The solution-directed plasma
method has been widely used to prepare metal nanomateri-
als, but the mechanism of particle formation remains unclear
[34]. Besides, the use of the solution plasma is a promising
technique for preparing green nanofluids.

Thus, the goal of this work is to develop for the first time
a simple, fast, environmentally friendly, low-cost method to
prepare green nanofluids containing AgNPs at room tem-
perature with extracts from P. trimera by using the solu-
tion plasma technique. This method allows to obtain high
thermal conductivity and good stability nanofluid containing

AgNPs with small size, well dispersion in solution in a sin-
gle process for different applications in the electricity and
electronics fields.

Experimental
Materials and methods

Paramignya trimera is a tree that was found in the forest on
Phu Quoc Island, Vietnam. It was washed several times with
tap water and distilled water, then dried at 60 °C for 12 h.
After that, P. trimera was cut into small pieces of 1-3 mm,
then crushed and dried at 60 °C for 6 h. Follow-up, 10 g of
P. trimera powder was mixed with 150 mL distilled water,
then boiled at 90 °C for 120 min under magnetic stirring
at 800 rpm. The obtained solution was cooled and filtered
twice with Whatman filter paper #1 to get rid of the residue
to obtain P. trimera extract. The obtained extract was stored
at 4°C for gradual use in the preparation of AgNPs.

Preparation of nanofluid containing AgNPs
by solution plasma process with P. trimera extract

The nanofluids containing AgNPs were prepared by arc
discharge solution plasma process as shown in Fig. 1. The
reaction vessel includes two electrodes made by a silver rod
(99.99% purity, 1 mm in diameter) bent into an L-shape and
a platinum rod (2 mm in diameter). The gap between the
two electrodes was fixed at 0.2 mm. A mixture of 2 mL of
P. trimera extract and 30 mL of distilled water was used as
the discharge solution. The two electrodes were connected to
a high-voltage DC power supply with a potential of 3.0 kV
and a current of 0.27 A. The reaction vessel containing the
solution and the plasma electrode system was placed in an
ultrasonic bath. The discharge time was varied in the range
of 30-240 s to prepare the nanofluids. During the prepara-
tion process, the color of the solution changed from light yel-
low to brown depending on the discharge times, indicating
the formation of AgNPs in the nanofluid (Fig. 2).

Characterization

The surface plasmon absorption characteristics of AgNPs
were measured using a UV—-Vis spectrometer (Jassco-
V770, Japan) in the spectral range from 200 to 800 nm at
aresolution of 0.5 nm. The crystal structure of the samples
was measured by a Rigaku D2 X-ray diffraction instrument
using a Cu-layer K « radiation source at a wavelength of
1.5418 A, in the range 10 — 80°. The size, morphologi-
cal, and composition of AgNPs were observed by TEM
images (JEM1010-Jeol) operating at 80 kV. The chemical
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Fig. 1 Schematic view of
the preparation process of

Paramignya trimera
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Fig.2 Schematic diagram of the setup for the AgNPs preparation and
OES measurement setup

bonding characteristics were determined through Fourier
transform infrared absorption (FTIR) spectroscopy with a
resolution of 4 cm"(Spectrum Two, PerkinElmer, USA) in
the spectral range from 450 to 4000 cm™~!. Raman spectra
of samples were measured using a Horiba Xplora ONE
Raman spectrometer with laser excitation at 532 nm at
10 mW laser power. Optical emission spectroscopy (OES)
of the plasma was obtained using a fiber optic spectrome-
ter (AvaSpec-ULS2048, Avantes) with a wavelength range
of 200-900 nm and a resolution of 0.5 nm. The HTL-04
an uncertainty of 2.0% provided by Eternal Engineering
Equipment Ltd., India, was used to measure the thermal
conductivity of the nanofluids in the range of 30-50 °C.

@ Springer

Fig.3 Optical emission spectra (OES) measured during solution
plasma with P. trimera extract

Results and discussion
Optical emission spectral character

Figure 3 shows the optical emission spectra measured dur-
ing the solution plasma process in the synthesis of AgNPs
with the extract of P. trimera. As can be seen, the emis-
sion lines were located at 309 nm assigned to OH radi-
cal, at 777 nm and 844 nm for O atoms, and at 486 nm
and 656.4 nm for Hﬁ and H, atoms, coexisted in the arc
discharge solution [35]. These emission lines are all the
result of the dissociation of H,O [36]. Emissions due to
the excited states of Ag atoms are also observed at the
328.3 nm, 338.38 nm, 521 nm, and 546.8 nm. However,
the intensities of the emission lines are low, indicating
that Ag particles are formed during arc discharge, where
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these lines are related to the transitions of Ag neutral [36].
Ag atoms are separated from the Ag electrode when bom-
barded by plasma species such as H, OH radicals, and O
atoms.

Effect of discharge time on the formation of AgNPs

The brown colloidal mixture formed from the solution
plasma process containing the extract of P. trimera is the vis-
ual and clear evidence of the formation of AgNPs (Fig. 2).
The brown color of the mixture after solution plasma pro-
cessing can be attributed to the surface plasmon resonance
of the electrons on the surface of AgNPs [37]. The initial
color of the solution changed from brown to dark brown
and as the arc discharge time increased. The color change of
the solution indicated the formation of Ag crystals from the
Ag rod. Due to the Ag crystal formation, a sharp and nar-
row surface plasmon peak was observed at 410 nm (Fig. 4).
This can be attributed to the formation of isotropic spherical
AgNPs. The biomolecules from the P. trimera extract acted
not only as a reducing agent of Ag* ions to Ag crystals but
also as a surfactant to enclose the AgNPs.

The dependence of discharge time on the prepared nano-
fluid containing AgNPs was investigated. Figure 4a. shows
the UV-Vis absorption spectra of the nanofluid contain-
ing AgNPs synthesized by the solution plasma method in
the presence of P. trimera extract using a high-voltage DC
source with different discharge times. An increase in absorb-
ance was observed with arc discharge time from 30 to 240 s
indicating the enhancement of the formation of AgNPs. The
spectrum has only a single peak appearing at about 410 nm.
This implied that the AgNPs shape is symmetric. To evaluate
the stability of the prepared AgNPs, the UV-Vis absorption
spectra of the same sample were measured at three different
times (Fig. 4b). The obtained results showed that the absorp-
tion spectrum showed no increase in baseline after 4 and 8
months. This demonstrated that no precipitation occurred.
However, the slight increase in spectral intensity and slight
red-shift in the peak may be due to the reduction in Ag*

ions produced during plasma discharge in the solution after
4 and 8 months and the growth of Ag ions in the solution
of nucleated AgNPs [37]. The obtained results confirm that
nanofluid containing AgNPs have good stability and are less
prone to agglomeration or the tendency to form large parti-
cles. Therefore, it can be concluded that the extract of P. tri-
mera is not only a biological reducing agent but also a good
surfactant for the nanoparticles dispersed in the solution.

Analysis of physicochemical properties

FTIR spectroscopy was performed to identify the biomole-
cules and the related functional groups that could be respon-
sible as effective reducing and stabilizing agents of AgNPs
during the solution plasma process. Figure 5a presents the
FTIR spectrum of the P. trimera extract and AgNPs parti-
cles. As can be seen, the absorption bands at 3253, 1637,
1050, and 670 cm™! for the P. trimera extract and 3367,
1641, 1046, and 654 cm™! for the synthesized AgNPs. The
high intensity peaks at 3253 and 3367 cm™! are assigned to
the -OH stretching that is possibly caused by phenolic com-
pounds present in the P. trimera extract. The peak appearing
at 1637 cm™! for P. trimera and 1641 cm™' for AgNPs is
attributed to the involvement of amide-I binding (-C=0) of
the protein as a capturer and stabilizer of AgNPs [38]. The
absorption peaks at 1050 cm™' and 1046 cm™' are assigned
to the C=0 elongation of the alcohol groups [39]. The peaks
at 654 and 670 cm~! may be related to the alkyl halides band
[40]. In addition, the presence of the peaks located at the
spectral range from 621 to 672 cm™! indicates the bending
region of the aliphatic chain [41].

To investigate in more detail the possible functional
groups of the biopolymer in encapsulating and stabilizing
AgNPs, Raman spectroscopy of AgNPs was conducted. The
obtained results showed that Raman spectroscopy of AgNPs
has spectral peaks at 241, 1346.4, and 1565 cm™! (Fig. 5b).
These peaks indicate the interaction between the extract and
Ag™ ions during solution plasma to form AgNPs [42]. The
two wide bands at 1346.4 and 1565 cm™! correspond to the

Fig.4 UV-Vis absorbance (a) (b)
spectra of a AgNPs prepared by 16 12
solution plasma process using P. ——30s ——As prepared
. . 1.4 4 e 60 S e 4 months
trimera extract at different arc == 04 1.0 1 & months
discharge times and b nanofluid 5 121 —180 9 B
containing AgNPs after 4 and 3 10 —240s g 0.8 1
8 months 3 e
S 08 S 061
£ 5
g 06 2 )
2 2 04
< 04
0.2 021
0.0 v . B V 0.0 v v . v g
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength/nm

Wavelength/nm

@ Springer



7584 N.V.Hao et al.
Fig.5 a FTIR spectra of 1800
solution containing P. trimera Extract 1565
extract and AgNPs after solu- »a 1050 1600 4
tion plasma process with P. 1346.4
trimera; b Raman spectrum of 5 3253 AgNPs 670 e 14007
AgNPs 35 B
£ 8 1046 «;‘ 1200

= 7]

£ 1641 g

E huof E 1000 1

g

= 800 A

241
3367
(a) 600 (b)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

symmetric and asymmetric C=0 stretching oscillations of
the carboxylate group, respectively [43]. The spectral peak
at 241 cm™'is thought to be the stretching vibration of Ag-N
and Ag—O [44]. This peak indicates the formation of a chem-
ical bond between silver and the amino nitrogen, carboxylate
groups [44]. It was also confirmed that the P. trimera extract
encapsulates AgNPs as a surfactant [45].

Analysis of structural and morphological properties

Figure 6a shows the TEM image and particle size distri-
bution of the prepared AgNPs. As can be seen, the pre-
pared AgNPs have a spherical shape with an average size
of 8 nm. The fact that the AgNPs are distributed fairly
uniformly throughout the solution. This proved that the
P. trimera extract solution can effectively encapsulate the
AgNPs surface. Recently, the biosynthesis of AgNP by
using plant extracts as reducing agents has been reported
[46-52]. Escarcega-Gonzalez et.al. reposted that AgNPs
with spherical shapes with the size from 10 to 22 nm were
synthesized by using Acacia rigidula extract as a reduc-
ing and capping agent. Baghizadeh and coworkers pre-
pared AgNPs with an average diameter of 7.5 nm using
the extract of Calendula Officinalis seed [46]. Similarly,
Pragathiswaran et.al. also used a plant extract from Cissus

Fig.6 a TEM image and b the
size distribution of the AgNPs

@ Springer
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quadrangularis leaf to prepare spherical AgNPs [47].
Almalah et.al. reported that the extract of Cinnamomum
zylinicum could be used to prepare spherical AgNPs with
a diameter in the range of 10-79 nm [49]. Other reports
from Dhar and coworkers also presented the results on the
synthesis of AgNPs with the size of 16—29 nm using the
extract of Phyllanthus emblica fruit [50]. According to
the above comments, the obtained results are more effec-
tive than preparing smaller AgNPs particles with a range
size from 2 to 16 nm when using P. trimera extract as a
reducing agent.

X-ray diffraction (XRD) pattern of AgNPs prepared
by solution plasma process with the extract of P. trimera
is shown in Fig. 7. The obtained results indicated that the
face-centered cubic crystal structure of AgNPs has charac-
teristic diffraction peaks at 37.5; 43.7; 63.92, and 76.94°
corresponding to the (111), (200), (220), and (311) planes,
respectively. The diffraction peak at 37.5 © has a strong dif-
fraction intensity indicating the preferred direction of the
silver crystal along the (111) plane. This result is consistent
with the results of previous studies by other authors [53, 54].
The diffraction phase of the prepared AgNPs sample shows
that the crystal lattice of AgNPs synthesized by the solution
plasma process with the extract of P. trimera is not affected
by other molecules.

Count: 150 particles
d=7.76#8 nm

1(b)

Distribution/%

2 4 6 8 10 12 14 16
Diameter/nm
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Fig.7 XRD pattern of AgNPs prepared by the solution plasma pro-
cess using the extract of P. trimera as a reducing agent

Cathode

Plasma

Solution

Anode

Ag rod

Ag +e Nucleation
Ag |Plasma +H Growth

Plant extract
v ®==SE N
A /'«’\

A/'AAIkanoids )
( Poly-phenol %

.~ Amino acids )
(_Organic acidQ/ @
A

Stabilized and capped
by biomolecuples

Ag NPs

Fig.8 Scheme illustrating the supposed mechanism of formation of
Ag nanoparticles during a solution plasma arc discharge and biosyn-
thesis

Proposed AgNPs formation mechanism

Figure 8 illustrates the possible formation mechanism of
AgNPs during the solution plasma process. The formation of
AgNPs could be affected by the strong electric field, sput-
tering, and arc discharge effects that occurred in the solution
plasma. The details of this formation are explained below:

Ag — Ag*(after arc plasma) (1)

Ag" +H* — Ag + H* @)
Agt+e - Ag 3)
biomolecules + Ag* + e, — Ag )

At the Ag anode, Ag is evaporated as Ag* ions by arc dis-
charge (Eq. (1)). In addition, during the discharge in liquids,
the species such as ions, electrons, and neutral molecules
can be generated, and their density is proportional to the
discharge time. The evaporation of metal ionization mainly
depends on the applied voltage, the current, and the distance
between electrodes and metal surface area [55]. After the
generation of Ag ions in solution, Ag* ions can be rapidly
reduced by hydrogen radicals or e~ generated in the solution
plasma to form AgNPs as shown in Equs. (2) and (3). By
the reduction reaction, hydrogen ions are produced, which
lowers the pH of the solution (2). The heat generated dur-
ing the arc discharge and the discharge environment also
influences the formation of nanoparticles [55]. Besides, the
formation of AgNPs also contributes to the nucleation by
hydrated electrons (e,,) which act as a strong reducing agent
as shown in Equation (4) [56]. Phenolics are aromatic rings
with one or more hydroxyl groups present in the biologically
active substance. The antioxidant and redox properties of
phenolic compounds help in the absorption and neutraliza-
tion of free radicals, singlet, and triplet quenching or rapid
peroxyte decomposition. It is this resonance in phenol,
which rapidly reduces Ag ions to Ag atoms [57]. Forma-
tion of AgNPs through nucleation and growth due to attrac-
tive van der Waals forces between Ag atoms. The synthetic
AgNPs are bound to the hydroxyl group of the biomolecule
to prevent their large-scale aggregation [58].

Thermal conductivity of nanofluids

Figure 9a and Table 2 show the thermal conductivity (K,)
of nanofluids containing AgNPs prepared at different times
versus measured temperatures. As a result, the K, ; of nano-
fluids enhanced with the increase in time. At 30°C, the ther-
mal conductivity of nanofluids with 240 s plasma discharge
was determined to be 0.682 W.m~'K~!, which is higher
than 12.3% compared to the base liquid (0 s). At 55 °C, the
experimental results indicated that the maximum enhance-
ment of 18.3% is observed for the nanofluids prepared in
240 s compared with the base fluid, and this behavior is
valid for all tested temperatures. The obtained value is in
line with the other reports on other green nanofluids listed in
Table 1. Some reports presented better thermal conductivity
enhancements when using advanced nanoadditives (GNPs
CNTs) and/or high concentrations [15-25]. Sone et.al.,
reported on the preparation of nanofluid containing p-type
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Fig.9 a Thermal conductivity of nanofluids versus synthesis time
and measured temperatures and b The thermal conductivity ratio of
the nanofluids prepared at different times for various temperatures

CuO nanoparticles biosynthesized using Callistemon vimi-
nalis flower extract as a chelating agent [14]. The enhance-
ment of the thermal conductivity reached up to 34% with 9
vol.% CuO [14]. Akram et. al., also prepared green nanoflu-
ids containing hydrophilic functionalized CNTs with 21.5%
enhancement in thermal conductivity when using the free
radical grafting of Gallic Acids [16]. High thermal conduc-
tivity of green nanofluids containing SiO, nanoparticles with
38% enhancement for 3 vol.% was reported by Ranjbarzadeh
and coworkers [19]. Sadri et.al., reported a 24% enhance-
ment in the thermal conductivity for the green nanofluid
containing GNPs and using Gallic Acid for the surface func-
tionalization of GNPs [22]. Compared to these reports, this
study showed promise in terms of fast and easy for mass
production of high-performance green nanofluids.

To evaluate the performance of the prepared nanofluid,
the following linear function could be used to express the
relationship between the K of the nanofluids and the prepa-
ration times:

& =1l+4+a-t, 3)
K

where K, ; and K,; are the thermal conductivity of nanofluid,
base fluid, respectively, which depended on the prepared
times, while a is a numerical factor related to temperature.

To find the best value of a factor, Origin Pro 9.1 was
employed and the results were presented in Table 3 where
R? was better than 0.9999.

Besides, the K| of the prepared nanofluids was increased
when measured at higher temperatures. The increase in
thermal conductivity is close to linear with prepared time
(Figure 9b). However, changes in thermal conductivity with
temperature are nonlinear and can be described by following
function:

a=A+B-T+C- T (6)

where A, B, and C are numerical factors. The dependence
of a as function of temperature and corresponding fitting
function (6) was presented in Fig. 10.

By substituting Equations (6) to (5), universal function
of thermal conductivity ratio for temperature and synthesis
time in measured ranges can be obtained:

Table 2 Thermal conductivity,

P X Time/s Temperature/K

K. [Wm™ ‘K], of nanofluids

at various temperatures and 303.15 308.15 313.15 318.15 323.15 328.15

synthesis time
0 0.607 0.617 0.63 0.639 0.642 0.650
30 0.615 0.625 0.635 0.645 0.652 0.658
60 0.631 0.639 0.648 0.658 0.665 0.678
120 0.642 0.653 0.662 0.673 0.685 0.694
180 0.658 0.666 0.682 0.693 0.718 0.738
240 0.682 0.692 0.709 0.729 0.753 0.769
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Table 3 Values of fitting

parameters for the Equation (5) Time/s ax 107 R’
0 5.001 0.99997
30 4.867 0.99998
60 4.867 0.99996
120 5.277 0.99992
180 6.745 0.99994
240 7.290 0.99990

T T
0.0009 O a parameter
——a=A+BT+ C-T?

0.0008 |-

0.0007 |-

numerical factora/—

0.0006

0.0005 |-
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Fig. 10 Values of fitting parameter a
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Fig. 11 Thermal conductivity enhancement of nanofluids versus syn-
thesis time and temperature. Points are experimental data, and surface
is obtained by fitting of function (7)

an_ 2
— =14A-t+B-t- T+C-¢t-T". 7
bf

The values of fitted parameters for Equation (7) were
obtained using OriginPro 9.1 with R? coefficient better
than 0.976 and were equal to 0.06332, —4.07936x1074, and
6.62013x1077 for A, B, and C, respectively. The graphical
form of this fitting is presented in Fig. 10 where the good
agreement of experimental data with the proposed universal
function (7) was also confirmed.

The enhancement of the K of the nanofluid prepared in
longer time could be due to the increase in AgNPs concen-
tration. According to Baby et al., the characteristics of the
nanoparticle and the base fluid have a significant impact on
the linearity/nonlinearity of thermal conductivity [59]. The
percolation effect causes the mean free route of nanopar-
ticles to shorten or the volume fraction to rise, increasing
the frequency of lattice vibration and improving the thermal
conductivity of the nanofluid [59]. Li and coworkers claim
that the increase in thermal conductivity with temperature
might be explained [60]. According to Li et al., Brownian
motion and the agglomeration and viscosity changes of
nano additives with temperature are significant elements in
explaining the temperature dependency of the thermal con-
ductivity of nanofluids [60]. Li predicted that an increase in
temperature would have the following effects: (i) a decrease
in the agglomeration of nanoadditives in the nanofluid due
to a decrease in the surface energy of the nanoadditives
and (ii) an improvement in the Brownian motion due to a
decrease in viscosity [60]. The Brownian motion is a well-
known important mechanism for improving the thermal con-
ductivity of nanofluids [61]. As a result, nanofluids’ thermal
conductivity rises as temperature rises.

Conclusions

We have prepared high thermal conductivity nanofluids
containing AgNPs using a quick, easy, effective, and green
method via a solution plasma method using a high voltage
DC power source and extracts from the P. trimera with some
conclusions as follows:

a. The prepared AgNPs were spherical, with a small aver-
age size of 8 nm with the surface plasmon resonance
spectra show a strong peak at 410 nm. FTIR and Raman
analysis demonstrated the formation of a chemical bond
between silver and the amino nitrogen, carboxylate
groups and the P. trimera extract encapsulates AgNPs
as a surfactant leading to remain the stability of green
nanofluids.

b. The formation mechanism of AgNPs is also proposed
in which the attractive van der Waals forces that exist
between individual Ag atoms contribute to the nuclea-
tion and growth processes. The presence of the hydroxyl
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group of the biomolecule on the surface prevents the
aggregation of AgNPs.

c. Increasing the preparation times for nanofluids resulted
in an improvement in thermal conductivity, and the
green nanofluid prepared with 240 s showed the highest
improvement of 18.3% compared to base fluid (0 s).

d. The obtained results demonstrated the promise of the
proposed method to prepare the high thermal conductiv-
ity and good stability nanofluid containing AgNPs with
small size, well dispersion in solution in a single process
for potential applications such as heat dissipation for the
electricity and electronic devices, solar energy collec-
tors, antibacterial.
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