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Abstract: In this study, multi-walled carbon nanotubes (MWCNTs) were chemically modified using
three acid treatment methods to introduce the surface oxygen functional group (SOFG). The presence
of SOFG on the MWCNTs has been characterized by Fourier Transform Infrared (FTIR) spectroscopy.
Morphology, structural and thermal properties were performed using Field Emission Scanning Elec-
tron Microscopy (FESEM), Raman spectroscopy, and Thermogravimetric analysis (TGA), respectively.
The result shows that the modification with acid treatment significantly affects the degree of defects
and surface group functionality of surface oxidized MWCNTs from method B. The preparation
of nanofluids using MWCNTs produced from method B (MWCNT-MB) was prepared using two
different parameters: with and without polyvinylpyrrolidone (PVP) as surfactant. The experiment
was conducted by setting variable carbon particle concentration from 0.1 wt.% to 1.0 wt.%, and
the amount of PVP is 10% of carbon particles at different temperatures (6 °C, 25 °C, 40 °C). Based
on visual observation, the dispersion of carbon particles was enhanced by the presence of PVP as
the stabilizing agent. The thermal conductivity performance of nanofluids revealed that the sur-
face oxidized MWCNTs with PVP show enhanced thermal conductivity compared to the nanofluid
containing MWCNTs without PVP. The improvement contributes to this in terms of stability and
homogenization of nanoparticles. Hence the improved distribution of MWCNTs in water-based
media improves thermal conductivity. These promising properties of MWCNTs in water-based fluids
would enable the nanofluids to be used in heat transfer fluid and cooling applications.

Keywords: CNT; MWCNTs; nanofluids; polyvinylpyrrolidone; PVP; thermal conductivity

1. Introduction

The increasing demand for heat absorption, coupled with a tiny size component in
any heat application, pushes researchers to look for a more efficient heat transfer sys-
tem. Thermal conductivity is a characteristic of the rate at which heat can be transmitted
through a material. This property plays a considerable role wherever heat transfer should
be enhanced, and thus, it is the most-studied property of nanofluids. The addition of
nanoparticles increases the thermal conductivity of host fluids [1]. The efficient heat trans-
fer system helps to remove the heat generated and keep the devices under controlled
operating conditions. However, the actual improvement in heat transfer efficiency may
depend on a few parameters such as temperature, volume, type of surfactant, and duration
for the synthesis process of the nanoparticles. At the same time, thermal conductivity is
directly and positively proportional to the temperature and nanoparticle concentration [2].
Research indicates that substituting traditional air-cooling systems (i.e., ethylene glycol,
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oil, water, etc.) with liquid cooling ones is a promising solution to satisfy the increasing
demand for high heat flux removal, maintaining low-temperature gradients, and wall
overheating. Additionally, liquid cooling with high thermal conductivity is demanded
in many industrial fields to develop heat transfer fluids. Commonly, nanoparticles have
higher thermal conductivities than traditional fluids by one to three orders of magnitude [3].
Thus, a suspension of nanoparticles in a fluid will contribute to a higher thermal conduc-
tivity than pure fluids. The mixture then can be called a nanofluid. For example, Barbés
et al. (2014) studied the thermal conductivities of CuO-water and CuO-Ethylene Glycol
nanofluids [4]. It is observed that, for a given volume fraction and temperature, the ther-
mal conductivity of CuO-water nanofluid is higher. In addition, Agarwal et al. (2016)
studied the thermal conductivities of CuO nanofluids, mixing CuO nanoparticles with
water, ethylene glycol, and engine oil [5]. The observations are consistent with those of
Barbés et al. (2014), who found that the thermal conductivity of CuO-water nanofluid is
higher than that of CuO-ethylene glycol nanofluid. The results show that CuO-engine oil
nanofluid has the lowest thermal conductivity. Studies have shown that the change in
the thermal conductivity of nanofluids with different base fluids is related to the different
thermal conductivity of the base fluid and the strength of the interaction between the CuO
nanoparticles and the base fluid.

According to Godson et al. (2010), at 70 °C, the maximum and minimum enhancement
in thermal conductivity of Ag/water nanofluids were 27 and 80% for the Ag volume
fractions of 0.3 and 0.9%, respectively [6]. In another study, Ranjbarzadeh et al. (2019) found
that by adding 3% SiO, nanoparticles into the water at 55 °C, the thermal conductivity of
the host fluid increased 38.2% [7]. Another study on metal oxide is on the heat transfer from
the potential of Al,O3 with the base fluid was the mixture of water and mono ethylene
glycol as a car radiator coolant found the heat transfer performance of radiator is enhanced
by using nanofluids compared to the conventional coolant [8]. In nanofluid with the lowest
0.2% volume fraction, a 30% rise in heat transfer is observed. The estimation of reduction
in the frontal area of the radiator if base fluid is replaced by nanofluid is performed, which
will make a lighter cooling system, produce less drag and save the fuel cost. According
to both the experimental and theoretical analyses conducted by Soylu et al. (2019), the
heat transfer performance of the nanofluids is dependent on the type of nanoparticle
(TiO,, Ag, and Cu) used in the fluids [9]. It was concluded that the precipitation potential
of nanoparticles that could not disperse well in the nanofluid prevented the use of this
heat transfer potential. The study conducted for the 0.1% and 0.3% Ag-doped nanofluids
based on the performance factor clearly showed that the pressure loss due to increased
viscosity after the higher volume of nanoparticles was negligible considering the increase
in heat transfer. In conclusion, it can be said that doping with Ag would be beneficial for
nanofluids, and the improvement increases with increasing doping ratio.

Other than that, nanofluids containing a suspension of carbon-based nanoparticles
such as carbon nanotubes (CNTs), carbon nanofibers (CNFs), and graphite in the range 1 to
100 nm in a homogeneous fluid have attracted researchers” attention [10-13]. The usage
of nanoparticles could have enhanced heat transfer capabilities encountered with larger
particles (size in the range of millimetres to micrometres). However, the large particles could
clog the device’s channels. Saidur et al. (2011), Das et al. (2006), and Wang and Mujundar
(2007) have reported the capabilities of nanofluids as heat transfer. They agreed that an
accurate parameter in the synthesis of carbon particles must be considered to produce an
efficient nanofluid. In most cases, carbon particles in nanofluid are advantageous to the
heat transfer point of view only when the conditions are unfavorable for traditional thermal
fluids [14]. Moreover, the use of carbon particles in nanofluid makes it possible to design a
compact size radiator that also reduces the weight of the system, reduces drag, and saves
fuel cost. Various types of nanomaterials and base fluids with high thermal conductivity
were used as nanofluids, where nanocarbon materials such as MWCNTs have shown
remarkable higher thermal conductivity than metallic solid materials such as aluminium,
copper, and silver. Meanwhile, the water-based fluid has higher thermal conductivity
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than other base fluids. Many researchers have proved that the thermal conductivity of
nanofluids increases with the thermal conductivity of the base fluid.

In other applications, MWCNT also has been utilized in the denitrification process.
The study of MWCNTs on the denitrification performance by Alcaligenes sp. TB has been
studied [15], which showed that 30 mg/L MWCNTs increased NO3 ~-N removal efficiency
from 84% to 100% and decreased the NO, ™-N and N,O accumulation efficiency by 36%
and 17.5%, respectively. Nitrite reductase and nitrous oxide reductase activities were
further increased by 19.5% and 7.5%, respectively. The mechanism demonstrated that
electron generation (NADH yield) and electron transport system activity increased by
14.5% and 104%, respectively [16]. Though, it is not clear whether the slight inhibitory
effect of Pd-Fe on Alcaligenes sp. TB could be avoided by loading on MWCNTs with strong
biocompatibility, whether the loading of Pd-Fe could affect the redox characteristics of
MWCNTs, and whether it could further enhance the electron transport activity during
the denitrification process of Alcaligenes sp. TB. Another study utilizing MWCNTs in the
denitrification process is by Wang et al. (2021) [17]. A nanocomposite (Pd-Fe/MWCNTs)
with chemical reduction ability and redox mediator properties was prepared to explore
the effect on the denitrification performance of Alcaligenes sp. TB. The use of 30 mg/L
Pd-Fe/MWCNTs have shown an excellent promotion on denitrification (completely TN
removal at 36 h). Meanwhile, enzyme activity results indicated that the generation of
NO,™-N, NH4*"-N by Pd-Fe/MWCNTs led to the occurrence of short-cut denitrification by
increasing 203.9% the nitrite reductase activity. Furthermore, electrochemical results and
index correlation analysis confirmed that the electron exchange capacity (1.401 mmol eg~?)
of Pd-Fe/MWCNTs was positively related to nitrite reductase activity, indicating its crucial
role in electron transport activity (0.46 nug O,/ (protein-min) at 24 h) during denitrification
process by Pd-Fe/MWCNTs played a role of chemical reductant and redox mediator.

A sensitive material based on Pd-decorated MWCNT was used to fabricate a resis-
tive sensor and investigated for the evaluation of its performance in the speciation of
hydrogen isotopes (*H and 2H). The results obtained for the gas sensor revealed that the
developed sensitive material can be used for isotopic identification of 'H and ?H and
confirmed the existing reaction mechanism of Pd-H complex formation. Although the
sensorial material has shown a good performance of hydrogen isotope sensing and quan-
tification, further testing is foreseen on a higher number of sensors than considered in
this study, variation of loading ratios for Pd onto MWCNTs in order to establish the most
suitable one, tests for assessing the chemical stability, the reproducibility and mechanical
stress in extreme conditions which either high or low temperatures [18]. Other than that,
MWCNTs also has been widely used as sensing materials for toxic gases [19], as structural
reinforcements [20,21], and have improved the thermal stability and electrical conductivity
of the polymer nanocomposites [22,23].

CNTs have always been the focus of attention due to their exceptional power and excel-
lent mechanical, electrical, thermal, and magnetic properties [24]. It has received significant
attention due to its large intrinsic thermal conductivity and low density compared to metals
or metal oxide nanoparticles [25]. The major weakness of carbon nanotubes is that they are
hydrophobic and thus difficult to be dispersed in most solvent matrixes. Dispersion is one
of the main factors that influence the properties of nanocomposites. Due to the presence
of attractive forces (Van der Waals forces), nanomaterials tend to agglomerate from their
polarizable, extended-electron systems [26]. To overcome this limitation, CNT surfaces
are often tailored using two surface modifications: covalent [27,28] and non-covalent mod-
ification [29]. The covalent surface modification involves directly incorporating a new
element or organic functionalities into the CNT sidewalls. A covalent surface modification
effectively improves the adhesion and chemical properties of the composites, but it exhibits
the disadvantage of disturbing the graphitic structure of CNT sidewalls [30].

The dispersion of carbon particles in liquid/fluids can be challenging. This is due
to the strong van der Waal forces between carbon surfaces. For example, MWCNTs are
hydrophobic, making them hard to disperse in water solution under any ambient con-
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ditions [31]. Based on the published data to date, many researchers have started to use
dispersant agents such as surfactants to prevent the sedimentation or agglomeration of
nanoparticles in which the surfactant produces an efficient coating and induces electrostatic
or steric repulsions that could counterbalance van der Waals attractions [32]. However,
the usage of surfactants in larger amounts has a few drawbacks, such as it can cause con-
tamination in heat transfer media. Moreover, surfactant molecules will react and attach
to the surface of carbon particles which could increase the thermal resistance between the
carbon particles and the base liquid. This could reduce the thermal conductivity of carbon
particles due to an increment in the density and viscosity of nanofluid [33-35]. As we know,
heating and cooling are routine processes in heat transfer media. However, the presence of
surfactants can lead to the production of foams, especially during heating [36]. All these
factors could hinder the performance of heat transfer media.

Therefore, it is crucial to synthesize carbon particles either without or with a small
amount of surfactant to achieve outstanding thermal performance, which could help
extend its application. In this work, surface modification via acid treatment has been used.
This treatment introduced SOFG on carbon walls and significantly affected the degree of
defect. SOFG can increase the interaction between carbon particles and water molecules via
hydrogen bonding. As a result, it has increased the hydrophilicity of the carbon particles
and prevented their settlement in water over time. The thermal conductivity of carbon-
based nanofluids is best associated with functionalized nanofluids. In addition, using
PVP in a small amount of 10% of carbon particles as a dispersant agent in nanofluid
will improve the stability or dispersibility of nanoparticles in fluids. Moreover, many
researchers have less explored the combination of SOFG based nanocarbon combined with
PVP as a surfactant in nanofluid preparation.

Hence in this study, commercial MWCNTs were chemically modified using three
different acid treatment methods to introduce SOFG. The presence of SOFG on the carbon
materials has been characterized by FTIR spectroscopy. Morphological, structural, and
thermal properties analyses were performed using FESEM, Raman spectroscopy, and TGA.
Based on the results obtained, modification with acid treatment presented a significant effect
on both the degree of defects and surface group functionality of all samples. The procedure
for the preparation of nanofluids was followed by using two different parameters: with
and without surfactant, PVP. the nanofluids performance has been characterized through
the observation on stability and dispersion analysis of nanofluid and thermal conductivity
of nanofluid.

2. Experimental
2.1. Materials

In this study, the commercial MWCNTs used is of a 95% purity, the specific surface
area is 200 m?/g, outside and has an inside diameter with 10 to 20 and 5 to 10 nm, re-
spectively, these were purchased from the Nanostructured & Amorphous Materials, Inc.,
Texas, United States of America. Whereas the two types of acid used for the chemical
oxidation modification of nanocarbon were concentrated sulphuric acid (HySO4, 98%),
nitric acid (HNO3, 65%), sodium nitrate (NaNOj3), potassium permanganate (KMnQO;), and
hydrogen peroxide (H,O;) purchased from Merck kGaA, Darmstadt, Germany. All the
chemicals were of analytical reagent grades and used as received without further purifica-
tions. The non-ionic surfactant used, polyvinyl pyrrolidone (PVP), was purchased from R
& M Chemicals, Essex, United Kingdom.

2.2. Surface Oxidative Treatments of MWCNTs

The modification of MWCNTs with acid treatment was employed in this research due
to its significant effect on the degree of defects and surface functionality that may provide
enhanced thermal properties [37]. Three different acid treatment methods were used.
For the first method (Method A), in a three-neck round bottom flask, 2 g of commercial
MWCNTSs were immersed in a mixture of 98% concentrated sulfuric acid (H,SO4) and 65%
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nitric acid (HNO3;) in a ratio of 3:1 (v/v). The mixture was placed in an ultrasonication
water bath (Fisher Scientific, MA, USA, FB 15057, frequency: 50 to 60 Hz) at 313 K for
30 min to disentangle the nanocarbon from aggregation and agglomeration in order to
provide a functional anchoring group on the carbon surface. After that, it underwent reflux
treatment at 423 K for 180 min. Finally, the modified nanocarbon powder was washed with
deionized water several times and filtered through a 0.43 um cellulose nitrile membrane
filter until it reached pH 7. The powder was dried in a vacuum oven at a temperature of
323 K for 24 h prior to use. The second (Method B) and the third experiment (Method C)
had the same process as Method A, though the reflux process was eliminated. However,
different times of ultrasonication were employed with 2 h for Method B, and 6 h for Method
C at 343 K. Table 1 shows the summary of three (3) acid treatment methods.

Table 1. Summary of three (3) acid treatment methods.

Ultrasonication Process Reflux Process
Method Sample Code
Times Temperature (K) Times Temperature (K)
A MWCNT-MA 30 min 313 180 min 423
B MWCNT-MB 2h 343 - -
C MWCNT-MC 6h 343 - -

2.3. Preparation and Formulation of MWCNTs Nanofluid

Based on characterization analysis data on surface oxidative treatment of MWCNTs
nanoparticles, MWCNTs nanoparticles prepared using method B (MWCNT-MB) were used
for the preparation of nanofluid.

In this experiment, 40 mL of ultrapure water was used as the base fluid for the
preparation of nanofluids in a glass container. The ultrapure water was produced using
a Milli-Q Direct Water Purification System with specific characteristics (uS/cm, T, TOC,
CFU/mL, Eu/mL). Two types of nanofluids were prepared: without PVP and with PVP.
The amount of MWCNTs used in the formulation was ranged from 0.1 weight percent
(wt.%) to 1.0 wt.% in the interval of 0.1. In comparison, the PVP used for the nanofluid
formulation is of a 10% concentration of MWCNTs nanoparticles. The formulation ratio
of water, MWCNTs, with and without PVP is presented in Tables 2 and 3. In order to
obtain the total volume of all materials, a formula can be used to calculate the synthesis of
nanofluid, which can be referred to as Equation (1), where V is volume (mil), m is mass (g),
and p is density. The pure base fluid (standard) used is ultrapure water.

v="(mL) (1)
P

The two-step process was used to disperse the MWCNTs nanoparticles in a water-
based nanofluid. This physical dispersion can be accomplished by using D1000 Handheld
Homogenizer from Benchmark Scientific Inc., Sayreville, United States of America and
Fisher Scientific FB 15057 Ultrasonic Water Bath. The samples were mixed perfectly by
homogenizing for five minutes using a D1000 Handheld Homogenizer at a rotation speed
of 10,000 rpm. This homogenization is essential to ensure that the carbon particles in water-
based nanofluids are uniformly dispersed. Then, the samples underwent an ultrasonication
process at room temperature (25 °C) for 30 min at a frequency of 60 Hz with the generation
of output power being 240 W. This process is important to avoid the agglomeration of the
nanofluid by breaking the Van der Wall interaction between particles by applying ultrasonic
waves. The nanofluid samples were homogenized once again for 5 min at the rotation
speed of 10,000 rpm.
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Table 2. Nanofluids formulation using commercial and modified MWCNTs with PVP.

Weight Conc. (())f Mass of Weight Cor})c. of Mass of PVP (g) Volume of Deionized  Total Volt}me of n
MWCNTs (wt.%) MWCNTs (g) PVP (wt.%) Water (mL) Nanofluid (mL)

0.1 0.04 0.01 0.004 39.96 40.00

0.2 0.08 0.02 0.008 39.91 40.00

0.3 0.12 0.03 0.012 39.87 40.00

0.4 0.16 0.04 0.016 39.82 40.00

0.5 0.20 0.05 0.020 39.78 40.00

0.6 0.24 0.06 0.024 39.74 40.00

0.7 0.28 0.07 0.28 39.69 40.00

0.8 0.32 0.08 0.032 39.65 40.00

0.9 0.36 0.09 0.036 39.60 40.00

1.0 0.40 0.10 0.040 39.56 40.00

Table 3. Nanofluids formulation using commercial and modified MWCNTs without PVP.

1://I\I‘e:\i’ght Conc. (())f Mass of Weight Cor:’c. of Mass of PVP (g) Volume of Deionized Total Vol.ume of
CNTs (wt.%) MWCNTs (g) PVP (wt.%) Water (mL) Nanofluid (mL)

0.1 0.04 - - 39.96 40.00

0.2 0.08 - - 39.92 40.00

0.3 0.12 - - 39.88 40.00

0.4 0.16 - - 39.84 40.00

0.5 0.20 - - 39.80 40.00

0.6 0.24 - - 39.76 40.00

0.7 0.28 - - 39.72 40.00

0.8 0.32 - - 39.68 40.00

0.9 0.36 - - 39.64 40.00

1.0 0.40 - - 39.60 40.00

2.4. Characterizations

The structural analysis was characterized using a Perkin Elmer Frontier spectrometer
FTIR (BX FTIR (Perkin Elmer, Beaconsfield, England)) with a scanning range of 500 to
4500 cm ! and 16 scan numbers. Due to the black characteristics of carbon particles of
MWCNT5, a pre-preparation of samples needs to be performed using a very low concentra-
tion of carbon particles in a potassium bromide (kBr) powder with a ratio of 1:9 and pressed
into a disc shape. While, the structural analysis through Raman spectroscopic measurement
was carried out according to Nurazzi et al. (2021) [22], using a Renishaw inVia Reflex
Confocal Micro Raman System (Renishaw plc, Wotton-under-Edge, Gloucestershire, UK).
The HPNIR laser for sample excitation was set at a wavelength of 787 nm, 1200 mm !
gratings, and the magnification is 100 x objective lens. The surface morphological analysis
and the diameter size distribution of the commercial and after oxidation of nanocarbon
were characterized using a FESEM JEOL 7600F, Carl Zeiss Gemini FESEM 500 (Carl Zeiss
AG, Jena, Germany). Prior to the analysis, samples were initially coated with platinum
(Pt) for 30 s in order to avoid charging. The diameter of the MWCNTs nanoparticles was
measured using Image] software with 50 points for each sample. The thermal stability
analysis, TGA was conducted using a TGA-DSC HT 3 analyzer (Mettler Toledo, Selangor,
Malaysia) from a temperature of 35 to 1000 °C at a heating rate of 5 °C/min under a
nitrogen gas flow atmosphere to study the stability of prepared nanocomposites.



Nanomaterials 2022, 12, 1071

7 of 26

For the MWCNTs nanofluids, the stability of MWCNTs nanofluids with and with-
out PVP was observed through the sedimentation photograph capturing method. The
clustering or sedimentation of the MWCNTs nanoparticles in the nanofluids can be inves-
tigated using this method. In this study, the nanofluid samples were left for 100 h after
undergoing the ultrasonication process. Then, the sedimentation of the carbon particles
can be observed from the photographic image, which is the sedimentation was captured
using a camera [38]. KD2 Pro Analyzed (Decagon, Pullman, WA, USA) with water-based
fluid, KS-1 (1.3 mm diameter x 60 mm long), and a specific accuracy of 5% was used
to investigate the thermal conductivity of the MWCNTs nanofluid samples. The KD2
Pro Analyzed is calibrated with a standard glycerin solution at room temperature each
time before measurement. In this study, the thermal conductivity was measured at three
different temperatures, which are 6 °C, 25 °C, and 40 °C. Each sample was placed in a
vessel, and the needle sensor was inserted into the sample. Before starting the thermal
conductivity measurement, both sample and the needle sensor were maintained for 30 min
at the required temperature. Once temperature stability was achieved, three measurements
were recorded with 15 min intervals between each measurement. The experiment was
conducted in a quiet environment to reduce fluctuation.

3. Results and Discussion
3.1. FTIR Analysis

The introduction of surface functional groups after the different surface oxidative
treatments such as carboxyl (-COOH), hydroxyl (-C-OH), and carbonyl (-C=0) onto the
MWCNT surface walls are presented in Figure 1. FTIR of commercial MWCNTs in Figure 1a
shows several predominant peaks at 2880 cm~! and in a range between 1600 cm ™! and
1350 cm 1. The peak at 2880 cm ! and 1350 cm ™! region correspond to C-H asymmetric
and symmetric stretching vibrational, respectively. The peak around 1600 cm ! corresponds
to C=C aromatic ring stretching related to MWCNT in nature [39,40]. Kouklin et al. (2004)
studied MWCNTs of 60 nm diameter and reported spectrally uniform IR spectrum with
a 100 meV bandgap and IR-active peaks at 1725 cm ™~ (COOH groups), 1584 cm~! (G
band), 1200 cm~! (D band), and several peaks in the range of 3000 cm ! range that were
attributed to CHx groups [41]. However, the broad peaks associated with the O-H stretch
of the hydroxyl group around 3500 cm ! are absent from the sample. This might be due
to the purification process by the manufacturer. After treatment with the acid mixture
H,SO,/HNO;3, a strong peak appears in the wavenumber ranging from 2950 cm ! to
3230 cm~!. This peak is assigned to the vibration of O-H bonds and can be related to
hydroxyl groups and carboxyl groups. This region is not only assigned to the hydroxyl
and carboxyl groups but also can be due to the moisture in the KBr powder, which is not
completely eliminated [40]. The peak of the O-H bond shown in Figure 1d is very weak
due to the structure of the MWCNTs being highly damaged. Additionally, a new peak
appears (Figure 1c) in the range 1673 cm~! to 1970 cm~!, which is attributed to the C=O
groups in the different environments, which are carboxylic acid, ketone, or quinone [42].
This result clearly indicates that the functional group is successfully attached to the surface
of MWCNTs.

3.2. Raman Spectroscopy Analysis

Figure 2 presents the Raman spectrum of surface oxidized MWCNTs. In the high-
frequency region of the spectrum, two bands were observed showing the characteristics
of CNTs; these bands point to the graphitic band (G band) and the disorder or defects
of the structure, named D-band. The D-band is caused by a double resonance scattering
due to the presence of structural defects, while the G-band originated from tangential
in-plane vibration of graphitic carbon atoms [43]. All samples were observed to have peaks
near 1350 cm~! and 1590 cm !, which were designated to the D and G band, respectively.
MWCNT-MC has a higher intensity D-band peak compared to the other three samples.
This reflected that the MWCNT-MC sample had high defects on its MWCNTs wall, which
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was in agreement with the FESEM images. The G-band has slightly shifted up field by
about 5 to 6 cm ! compared to commercial MWCNTs. It slightly shifted due to the presence
of the functional group on the surface of MWCNTs. The values of intensity ratio Ip/Ig for
the commercial and surface oxidized MWCNTs are summarized in Table 4. The higher
intensity ratio of the nanomaterials indicates higher defects due to the success of the
oxidation process onto the MWCNTs sidewall. The value of the Ip /I ratio is 0.75 for the
commercial MWCNTs. The surface oxidation process that increases the ratio the most,
and thus introduces the most defect in the MWCNT5, is the surface oxidized by Method B
(MWCNT-MB) (Ip/Ig = 0.91). Comparing the ratio I /Ig values of surface oxidation and
commercial MWCNTS, it is observed that the ratio values increase as expected after surface
oxidation. The oxidation of MWCNTs breaks some of its bonds and inserts chemical groups
that can be interpreted as defects in the structure. Comparing types of surface oxidation, all
processes show a relevant change in the intensity of band D. These results indicate certain
insertion of defects and/or breaks on the structure of MWCNTs.

(d)
N
\J\_/ C-H O-H
El (©)
5, SN
5 C-H C-H O-H
c gt
.g (b)
=
e W=C ;:\/
S it O-H
— (a)
AV 4
c-H ©&C C-H

1000 1500 2000 2500 3000 3500 4000

Wavelength (cm'1)

Figure 1. FTIR spectra of commercial and surface oxidized MWCNTs: (a) commercial MWCNTs
(b); MWCNT-MA (c); MWCNT-MB and (d) MWCNT-MC.

Table 4. The value of I /Ig ratio for commercial and surface oxidation of MWCNTs.

Sample Ip/Ig
Commercial MWCNTs 0.75
MWCNT-MA 0.87
MWCNT-MB 091

MWCNT-MC 0.82
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Figure 2. Raman spectrum of commercial and surface oxidized MWCNTs.

3.3. TGA Properties

Figure 3 depicts the TGA results for commercial MWCNTs and the other three types
of surface oxidized MWCNTs. As seen from the data, the commercial MWCNTs showed
no change in weight loss until the temperature reached 530 °C. The commercial MWCNTs
started to decompose beyond 530 °C and completely decomposed beyond 850 °C. The
drastic weight loss occurring above 530 °C in the commercial MWCNTs is related to the
degradation of disordered or amorphous carbon and other metal impurities, as reported in
previous investigations [37,44]. By the TGA thermogram of all samples, a slight weight loss
at 100 °C could be observed. This weight loss is assigned to the weight loss of moisture
absorbed in MWCNTs. The initial weight loss or initial degradation of surface oxidized
MWCNTs from 250 °C to 600 °C is assigned to the weight loss of the COOH group attached
to the surface of MWCNTs. The weight loss is about 3.25%, 4.08%, and 8.43% for MWCNT-
MA, MWCNT-MB, and MWCNT-MC, respectively. Around 600 °C to 800 °C, this weight
loss is related to the oxidation of MWCNTs due to the decomposition of the COOH group,
which is the carboxyl group releasing oxygen into the chamber of the TGA system [45].
Results obtained on TGA analysis demonstrate a good agreement with the results of
the Raman spectroscopy. The indication of the maximum temperature of decomposition
of surface oxidized MWCNTs is supported by the increasing ratio Ip/Ig values for the
oxidized MWCNTs, which is due to the oxidant being successfully attached at the active
sites of MWCNTs [46] and improving the thermal stability of the MWCNTs samples.
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Figure 3. TGA thermogram of commercial MWCNTs, MWCNT-MA, MWCNT-MB and MWCNT-MC.

3.4. FESEM Analysis

Figure 4a—d represent the FESEM images of commercial MWCNTs, MWCNT-MA,
MWCNT-MB, and MWCNT-MC, and their corresponding diameter size distribution his-
togram different resolution. The commercial MWCNTs in Figure 4a clearly show that
the walls’ surface is smooth with random growth, inhomogeneous diameter distribution,
and is highly entangled. The van der Waals forces attraction between the tubes cause
the formation of bundles and entanglements. The diameter distribution of commercial
MWCNTs is in the range of 10 nm to 50 nm, with a mean diameter of 26 nm. The arrange-
ment of MWCNTs became debundled and disentangled following chemical and physical
treatment using method A and Method B. Some areas show that the tubes are exfoliated
and become curled. Additionally, the diameter distribution of MWCNTs increased, and the
mean diameter of MWCNT-MA and MWCNT-MB are in the range of 38 nm and 42 nm,
respectively. However, the stronger power of acid treatment causes several etchings of the
graphic surface, leading to tubes with disordered sites and damage on the walls. This is
indicative of defect creation along their walls due to the addition of new functional groups
such as carboxylic and hydroxyl groups leading to the presence of disordered sites on the
MWCNTs surface. The statement above is entirely consistent with our Raman spectroscopy
results presented below. However, no shortening of tube length was observed for MWCNTs
sample treated using method A. This indicates that the MWCNTs are strong enough to
be unaffected by the concentrated acid solution used during treatment. Lui et al. (1998)
used the acid mixture H,SO4/HNOj3 on the highly tangled long of MWCNTs into short
besides open-ended tubes and thus allowed any functional groups at the open end to be
attached [47]. On the other hand, surface treatment using method C reveals a densely
packed structure of MWCNT-MC. This is because the tubular structure of nanotubes has
been significantly destructed and changed. This was caused due to the MWCNTs being
exposed to high temperatures for a more extended reaction time (6 h). Therefore, as a result,
the CNT diameter was unable to be determined. The overall SEM images showed that
the acid treatment process performed at different period affect the bundling arrangement
of nanotubes.
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3.5. Stability and Dispersion Analysis of Nanofluids (MWCNT-MB)

The nanofluids are considered stable when there is no particle sedimentation. The
sedimentation of each sample was captured at two different periods, which is 0.5 h after the
homogenization and sonication process, and the second is after 100 h. Producing a stable
nanofluid becomes more challenging for suspensions containing carbon particles. MWC-
NTs are hydrophobic and usually exist in bundles, and at the same time, MWCNTs have a
very high aspect ratio, making them easy to agglomerate into different sizes and shapes, but
the graphite powder directly forms sediment. This means that when MWCNTs nanoparti-
cles are dispersed in the base fluid, the agglomeration and sedimentation occur quickly, and
the suspensions are unstable. Figure 5a,b shows the condition of various weight percent-
ages of the commercial MWCNTs-based nanofluid (0.1 wt.%, 0.2 wt.%, 0.3 wt.%, 0.4 wt.%,
0.5 wt.%, 0.6 wt.%, 0.7 wt.%, 0.8 wt.%, 0.9 wt.% and 1.0 wt.%) without surfactant for 0.5 h
and 100 h after the homogenization and sonification process. Visual rapid sedimentation
and coagulation were observed 0.5 h after homogenization and sonification, except for
0.3 wt.% and 0.7 wt.%. According to Phuoc et al. (2011), carbon nanotube-based nanofluid
without surfactant quickly disappeared after the ultrasonication process [48]. After 100 h, it
can be clearly seen that sedimentation occurred to all the samples of commercial MWCNTs
based nanofluids, and the amounts of sedimentation are different. All the weight concentra-
tions of commercial MWCNTs are considered unstable, but the 0.5 wt.% and 0.7 wt.% have
fewer particles settling down compared to others. This phenomenon is attributed to the
highly hydrophobic surface of MWCNTs itself. Van der Waal's attractive force is stronger;
consequently, the MWCNTs tend to attract each other. This is consistent with our FESEM
images. Additionally, the homogenization and sonication processes alone are not enough to
produce a stable nanofluid sample. According to Ali et al. (2019), unstable nanofluids form
three behaviours, namely dispersed sedimentation, flocculated sedimentation, and mixed
sedimentation [49]. In this work, rapid dispersion of the sedimentation occurs after 0.5 h
due to the separation of MWCNTs from water. While, after 100 h flocculated sedimentation
was observed. A decrease in stability along the shelving period time is the result of weak
physical interaction of MWCNTs with the base fluids followed by separation of the particles
from the water and form sedimentation.

Mean = 26 nm
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Figure 4. FESEM images of (a) commercial MWCNTs, (b) MWCNT-MA, (¢) MWCNT-MB and
(d) MWCNT-MC with different resolution and diameter distribution histogram.
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Figure 5. Stability and dispersion condition of various weight percentages of the commercial MWC-
NTs based nanofluid without surfactant for (a) 0.5 h; (b) 100 h after homogenization and sonica-
tion process.
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Figure 6a,b shows the condition of various weight percentages of the commercial
MWCNTs based nanofluid with a surfactant of PVP. Adding surfactant will adjust the
hydrophobicity nature of MWCNTs into a hydrophilic surface that might prevent agglom-
eration. As can be seen, the dispersion stability improved slightly compared to nanofluids
without PVP with similar settling sedimentation behaviour. Nanofluids contain a low
concentration of MWCNTs show stability with no sedimentation. However, rapidly dis-
persed sedimentation occurred in the samples at 0.4 wt.%, 0.5 wt.%, 0.6 wt.% 0.7 wt.%,
0.9 wt.% and 1.0 wt.% after 0.5 h. This sedimentation continuously occurred at 0.2 wt.% of
commercial MWCNTs based nanofluid after 100 h. The PVP is added to reduce the surface
tension between solid and liquid, thus improving the dispersing of particles and preventing
the particles from settling. However, in this experimentation, particle coagulation and
sedimentation occurred. This result can be due to the weight percentage of PVP, which is a
10% concentration of carbon particle, which is not suitable for a certain weight percentage
of MWCNTs and made the nanofluids unstable. The duration of homogenization and
sonication process that is too long also can cause sedimentation to occur [48]. However,
no sedimentation was observed for 0.1 wt.% and 0.3 wt.% of commercial MWCNTs based
nanofluids after 100 h. On the other hand, the introduction of nonionic surfactant PVP in
the formulation has less influence on the stability of the as-prepared nanofluids.
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Figure 6. Stability and dispersion condition weight percentage of the commercial MWCNTs based
nanofluid with surfactant of PVP for (a) 0.5 h; (b) 100 h after homogenization and sonication process.

Figure 7 shows the stability and dispersion condition of various weight percent-
ages of the surface oxidized MWCNTs without surfactant for (a) 0.5 h; (b) 100 h after
the homogenization and sonication process. No sedimentation occurred in surface oxi-
dized MWCNTs nanofluids, but only a small amount of sedimentation after 100 h. There-
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fore, all samples are considered stable. Stable nanofluids were due to functional groups
(-COOH and O-H) on the surface walled of MWCNTs. The presence of SOFG led to a
reduction of van der Waals interaction among them, which promotes their separation and
dispersion in the nanofluids compared with commercial MWCNTs nanoparticles. On the
other hand, the sonication technique applied during the surface oxidation, as well as in the
dispersion process, also had an energetic effect in getting the MWCNTs bundles to start to
loosen [50,51].

01wt %

0.2wt.% || 0.3wt.% || 04wt %[ 0.5wt.% || 06wt % |[0.7wt.%]|| 08wt %]|| 09wt %|]|1.0wt.%

(a)

0.1wt.%

02wt.%([0.3wt.%[| 04wt %(|0.5wt.%| (06wt %] 0.7wt.%|(0.8wt.% || 0.9wt % || 1.0wt. %

(b)

Figure 7. Stability and dispersion condition of various weight percentage of the surface oxidized
MWCNTs (MWCNT-MB) based nanofluid without surfactant for (a) 0.5 h; (b) 100 h after homoge-
nization and sonication process.

The same situation also occurred in the condition of various weight percentages of the
surface oxidized MWCNTs (MWCNT-MB) based nanofluid with a surfactant of PVP for
(@) 0.5 h; (b) 100 h after homogenization and sonication process. No sedimentation occurred
in surface oxidized MWCNTs samples. The presence of SOFG in the nanofluids led the
MWCNTs to be dispersed well. The presence of surfactant PVP improved the stability of the
nanofluids in this experimental study. As known, the production of a nanofluid faces some
significant challenges, such as agglomeration of nanoparticles in solution and the rapid
settling of nanoparticles in fluids, which will cause settlement that clogs flow channels
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and degenerates the fluid’s overall effectiveness. Some factors contribute to the stability
and dispersion of carbon-based nanofluids, such as hydrophobic nanocarbon in nature,
the addition of surfactant, surface modification of nanocarbon, and homogenization and
ultrasonication process. The hydrophobic of nanocarbon against fluid makes it possible to
form agglomerates. In this study, the commercial MWCNTs nanofluid without PVP showed
sedimentation occurred in all samples after 100 h of observation. After surface modification,
nanofluid containing surface oxidized MWCNTs without PVP showed no sedimentation in
the samples on the bottom of the bottle. However, all these samples are considered stable.
It proved that the surface modification process of nanocarbon could improve the stability
of nanofluids. A significant number of oxygen-containing functionalities at the defect
sites (evidence from Raman spectrum and FESEM images) contribute to the acid-treated
MWCNT’s stability in polar fluids.

Furthermore, the addition of PVP helps to improve the stability of nanofluids. The
result of stability of commercial MWCNTs based nanofluid with PVP is better compared
to without PVP. Furthermore, the addition of PVP improved the stability of nanofluids
and prevented their settlement in water without undergoing acid treatment. After acid
treatment, the surface oxidized nanocarbon-based nanofluid containing PVP showed better
stability. This stability is also much better than surface oxidized nanocarbon-based nanoflu-
ids without PVP. In general, the nanofluids prepared using MWCNT-B have demonstrated
better and long-term stability than those produced using commercial MWCNTs.

3.6. Thermal Conductivity of Commercial MWCNT5 Based Nanofluids

The result of thermal conductivity of commercial MWCNTs nanofluid without PVP
at three different temperatures is represented in Figure 8 to identify the patterns of the
heat effects on each sample. The thermal conductivity for pure base fluid (standard) was
0.546 W/m-K, 0.570 W/m-K, and 0.595 W/m-K at 6 °C, 25 °C, and 40 °C, respectively, and
presented in a straight line in Figure 8. These thermal conductivity values are standard
values for comparison with the thermal conductivity of commercial MWCNTs based
nanofluid without PVP. Based on the graph, the trend for this nanofluid is increasing
thermal conductivity with increasing temperature. The thermal conductivity values are
above the pure base fluid (standard) as the temperature increases from 6 °C to 25 °C.
However, at a temperature of 40 °C, few samples record thermal conductivity lower
than the standard value, which is at weight concentrations of 0.3 wt.% and 0.4 wt.%. In
comparison, the other samples continuously increase as the temperature increases to 40 °C.

The highest thermal conductivity at all temperatures was recorded at 0.7 wt.%. The
highest reading for the thermal conductivity was 0.626 W/m:-K at 40 °C, followed by
0.593 W/m-K at 25 °C and 0.587 W/m-K at 6 °C. This result corresponds well with the
theory that thermal conductivity increase is a function of increased Brownian movement
between MWCNTs particles and deionized water particles [52]. However, for the lowest
thermal conductivity, it happens at a concentration of 0.6 wt.% of commercial MWCNTs
nanofluid for 6 °C and 25 °C, which is 0.562 W/m-K and 0.571 W/m-K. At 40 °C, 0.4 wt.%
of commercial MWCNTs nanofluid has the lowest thermal conductivity value among
the other concentrations. These findings are similar to Jiang et al. (2015) on CNT water-
based nanofluid research, which reported that the thermal conductivity value increases
nonlinearly as the volume fraction increases [53]. The thermal conductivity enhancement
(Kenhancement) analysis compared to the pure base fluid with the nanofluids sample is shown
in Table 5. The percentage enhancement was calculated according to Equation (2), where
K, and Ky represent the thermal conductivity of the nanofluid and the pure base fluid,
respectively.

K, —K
ff] % 100 % )
Ky

Kenhancement (0/0) =
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Figure 8. Thermal conductivity of commercial MWCNTs based nanofluid without PVP with various
concentration at different temperatures.

Table 5. Thermal conductivity enhancement of commercial MWCNTs nanofluid without PVP.

Weight Concentration of Percentage of K, pancement (%) at Different Temperature

Commercial MWCNTSs (wt.%) 6°C 25°C 40 °C
0.1 3.91 (0.05) 0.29 (0.06) 1.23 (0.06)
0.2 4.82 (0.04) 2.16 (0.06) 0.45 (0.07)
0.3 3.30 (0.04) 0.25 (0.03) -

0.4 4.95 (0.06) 1.75 (0.04) -

0.5 5.80 (0.07) 3.22(0.07) 0.90 (0.05)
0.6 2.87 (0.07) 2.28 (0.07) 1.01 (0.1)
0.7 7.51 (0.06) 4.09 (0.09) 10.25 (0.09)
0.8 5.98 (0.1) 2.40 (0.09) 0.90 (0.05)
0.9 7.39 (0.9) 3.74(0.2) 5.60 (0.09)
1.0 6.84 (0.06) 3.57(0.1) 2.13(0.1)

(error bar).

Referring to Table 5 for thermal conductivity enhancement of commercial MWCNTs
nanofluid without PVP, an irregular trend was observed in terms of the enhancement at all
temperatures. At 0.3 wt.% and 0.4 wt.% weight concentration, there was no enhancement
in the thermal conductivity of nanofluid concerning the pure base fluid. These anoma-
lous results of the thermal conductivity value are due to the clustering phenomenon in
agreement with [54,55]; hence, the nanoparticles in these samples might have higher ag-
glomeration/cluster dimension, which can alter the thermal conductivity measurement
compared to others. This is in line with our stability analysis; both nanofluids give rapid
settlement of sedimentation after 100 h shelving time. It is noted that well-dispersed
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nanoparticles are a crucial factor in improving the thermal conductivity of nanofluids. Most
of the nanofluid samples exceed the pure base fluid in thermal conductivity enhancement
and the highest percentage enhancement recorded is at a temperature of 40 °C, which
is 10.25%. This enhancement is due to the intrinsic heat transport capacity of the MWC-
NTs [56]. Overall, a concentration of 0.7 wt.% is the optimum weight concentration for
commercial MWCNTs based fluid and is in line with our stability test observation. Ac-
cording to Jang et al. (2004), temperature changes directly influence Brownian motion,
impacting nanoparticle behaviours such as particle collisions, thermal interactions, and
diffusion. As the temperature is increased, the viscosity of base fluids is also decreased, the
Brownian motion of nanoparticles is increased, and consequently, convection-like effects
are remarkably increased, resulting in increased conductivities [57].

As shown in Figure 9, the results varied for commercial MWCNTs based nanofluid
with a surfactant to increase thermal conductivity. By adding 10% of PVDP, the thermal
conductivity of all weight concentrations of commercial MWCNTs increased linearly with
the temperature rise. The same trend also happened to the thermal conductivity value
increases as the concentration of MWCNTs increased.
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Figure 9. Thermal conductivity of commercial MWCNTs based nanofluid with PVP with various
concentrations at different temperatures.

Adding PVP prevents the clustering and coagulation of nanofluid from occurring
and improves the thermal conductivity. The thermal conductivity of nanofluids depends
on temperature, as shown in Figure 9. The thermal conductivity of each nanofluid in-
creases with increasing temperature, with the highest thermal conductivity being at a
temperature of 40 °C, followed by 25 °C and 6 °C. Based on Figure 9, the highest thermal
conductivity at all temperatures was recorded for 0.9 wt.%. The highest reading for the
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thermal conductivity at temperature 6 °C was gained at 0.608 W/m:-K, whereas at 25 °C,
the highest thermal conductivity reading was 0.628 W/m-K, followed by 0.650 W/m-K at
40 °C. The lowest thermal conductivity reading at 6 °C is 0.598 W/m-K at a concentration of
0.1 wt.%, and at 25 °C, the lowest thermal conductivity is 0.608 W/m-K at a concentration
of 0.4 wt.%. At 40 °C, two concentrations have similar values (0.618 W/m-K), which are
0.3 wt.% and 0.4 wt.%. In this study, the thermal conductivity of nanofluid did not depend
on the weight concentration of commercial MWCNTs and PVP. However, the reading
of thermal conductivity was above the pure base fluid, and the enhancement is shown
in Table 6.

Table 6. Thermal conductivity enhancement of commercial MWCNTs nanofluid with PVP.

Weight Concentration of Weight Concentration Percentage of Keunancement (%) at Different Temperature
Commercial MWCNT s (wt.%) of PVP (wt.%) 6°C 25°C 40 °C

0.1 0.01 7.63 (0.01) 7.78 (0.02) 5.27 (0.04)
0.2 0.02 8.97 (0.04) 7.43 (0.03) 521 (0.03)
0.3 0.03 10.38 (0.02) 7.13 (0.05) 3.81 (0.009)
0.4 0.04 8.24 (0.009) 6.67 (0.04) 3.92 (0.04)
05 0.05 9.89 (0.01) 8.65 (0.06) 5.38 (0.03)
0.6 0.06 10.44 (0.03) 8.54 (0.05) 6.55 (0.01)
0.7 0.07 10.99 (0.01) 9.12 (0.02) 6.89 (0.04)
0.8 0.08 11.17 (0.05) 9.82 (0.03) 7.34 (0.009)
0.9 0.09 11.36 (0.06) 10.23 (0.07) 7.62 (0.02)
1.0 0.10 10.50 (0.06) 8.07 (0.07) 4.65 (0.02)

(error bar).

The highest percentage enhancements for MWCNTs nanofluid with PVP at 6 °C,
25 °C, and 40 °C were obtained at 0.9 wt.%, which is the optimum concentration for this
nanofluid. This concentration’s thermal conductivity percentage enhancement was 11.36%,
10.23%, and 7.62% at 6 °C, 25 °C, and 40 °C, respectively. However, the concentration of
0.3 wt.% at 40 °C is the lowest enhancement, 3.81%. Although the enhancement is the lowest,
at least the presence of MWCNTs in the base fluid has enhanced the thermal conductivity
rather than the thermal conductivity of the standard. In addition, at a concentration of
1.0 wt.%, the result is declined where the enhancement of thermal conductivity is 10.50%,
8.07%, and 4.65% at 6 °C, 25 °C, and 40 °C, respectively. Generally, the thermal conductivity
increased with increasing weight concentration. In this study, the increase in the weight
concentration of commercial MWCNTs based nanofluid did not significantly increase the
thermal conductivity. These results are supported by Ravi et al. (2013), who found that the
nonlinear relationship between nanofluids has low and fluctuating thermal conductivity
with increasing concentration. The size and shape of MWCNTs may be the main factor
in the nonlinear relationship between thermal conductivity and MWCNTs loading. The
results show that MWCNTs interact with each other due to their high aspect ratio, even
with low MWCNTs loading [58]. Overall, the thermal conductivity enhancement of the
commercial MWCNTs nanofluids with surfactant is higher than without surfactant [59].

3.7. Thermal Conductivity of Surface Oxidized MWCNTs Based Nanofluids (MWCNT-MB)

Thermal conductivity of surface oxidized MWCNTs based nanofluids results with and
without surfactant, PVP at different temperatures is presented in Figures 10 and 11, respec-
tively. Figure 10 shows the thermal conductivity of the base nanofluid containing surface
oxidized MWCNTs clearly shows that the thermal conductivity of base fluid containing
surface oxidized MWCNTs had higher thermal conductivity than pure base fluid and on
the thermal conductivity of commercial MWCNTs based fluids. The increments of both
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properties are about two times that of the commercial-based nanofluids. In Figure 10, it
was observed that thermal conductivity enhancements of ultrapure water-based nanofluids
containing surface oxidized MWCNTs showed augmentation for temperature for each
concentration MWCNTs. Based on Table 7, the weight concentration of surface oxidized
MWCNTs is not significant due to the fluctuation in increment of thermal conductivity.
The thermal conductivity shows increment until the concentration of 0.7 wt.%, the decre-
ment starts at a concentration of 0.8 wt.% to 1.0 wt.%. This is due to when the weight
concentration is beyond 0.5 wt.%, and surface oxidized MWCNTs tend to agglomerate
and reduce thermal conductivity performance. However, as observed, the temperature
is more critical due to the thermal conductivity of all weight concentrations increasing
when temperature increases. This is because the Brownian motion of nanoparticles and the
-OH group on the MWCNTs surface tend to transfer more energy to nanofluids through
increments in temperature [60,61]. In addition, surface modification or functionalization
may also lead to more substantial thermal conductivity enhancements. The functionalized
CNTs move fast in the water so that energy transport inside the liquid becomes strong and
thermal conductivity increases [62]. While, at 6 °C, 25 °C, and 40 °C, the highest thermal
conductivity was at a concentration of 0.7 wt.%, where the values were 0.619 W/m-K,
0.640 W/m-K, and 0.657 W/m-K, respectively. Meanwhile, the lowest thermal conductivity
happens at a concentration of 0.1 wt.% at 6 °C and 40 °C, which is 0.583 W/m'K, and
0.614 W/m-K.
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Figure 10. Thermal conductivity of surface oxidized MWCNTs based nanofluid without PVP with
various concentrations at different temperatures.
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Figure 11. Thermal conductivity of base fluid containing surface oxidized MWCNTs with PVP with
various concentrations at different temperatures.

Table 7. Thermal conductivity enhancement of surface oxidized MWCNTs nanofluid without PVP.

Weight Concentration of Surface Percentage of Kenhancement (%) at Different Temperature

Oxidized MWCNTs (wt.%) 6°C 25°C 40 °C
0.1 8.61 (0.003) 9.24 (0.002) 4.87 (0.001)
0.2 10.07 (0.006) 9.59 (0.006) 6.78 (0.005)
03 8.91 (0.005) 8.71 (0.005) 7.17 (0.004)
0.4 10.26 (0.004) 10.29 (0.007) 8.57 (0.006)
0.5 10.81 (0.006) 10.70 (0.005) 8.46 (0.009)
0.6 11.42 (0.003) 9.36 (0.005) 9.69 (0.008)
0.7 13.31 (0.002) 12.22 (0.006) 10.42 (0.001)
0.8 13.19 (0.01) 11.99 (0.01) 10.25 (0.005)
0.9 10.32 (0.008) 11.35 (0.02) 9.75 (0.004)
1.0 12.76 (0.01) 11.81 (0.007) 10.20 (0.007)

(error bar).

At 25 °C, 0.3 wt.% of surface oxidized MWCNTs concentration has the lowest thermal
conductivity value compared to the other concentrations. Although these nanofluid sam-
ples had the lowest thermal conductivities, these values were still enhanced as compared to
the pure-base fluid, where there was an enhancement of 8.61%, 8.71%, and 4.87% (Table 5).
The highest percentage of enhancement for each temperature is 13.31% at a temperature
of 40 °C, 12.22% at a temperature of 25 °C, and 10.42% at a temperature of 6 °C. This
enhancement is at a concentration of 0.7 wt.% of surface oxidized MWCNTs, which is the
optimum weight concentration for this nanofluid.
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Figure 11 represents the thermal conductivity of base fluid containing surface oxidized
MWCNTs with surfactant. Based on the value of percentage enhancement, surface oxidized
MWCNTs nanofluid had a higher percentage compared to commercial MWCNTs. This
is due to the surface oxidation MWCNTs that have a very small particle size. Theoretical
evidence indicates that the effect of thermal conductivity of nanofluid increased with
decreased particle size [63]. Additionally, -OH groups on the surface of MWCNTs tend to
transfer more energy to the nanofluid through temperature increase. From the results in
Figure 11 it could be seen that the increase in thermal conductivity varies with an increase
in the weight percentage of nanoparticles and starts to decrement at a concentration of
0.7 wt.% to 1.0 wt.%. The decrement is due to the increase in the weight concentration that
caused an increase in the viscosity of the nanofluid and may have affected the Brownian
motion of the suspended nanoparticles [64]. Additionally, the decrement happened due to
the side effect of surfactant [33]. The highest thermal conductivity at all temperatures was
recorded at a concentration of 0.5 wt.%. The value of thermal conductivity is 0.647 W/m-K
at6 °C, 0.675 W/m-Kat 25 °C and 0.693 W/m-K at 40 °C, respectively. It shows that the
thermal conductivity increases with increasing temperature.

The enhancement analysis was conducted to observe the trend and is shown in
Table 8 by the irregular enhancements in thermal conductivity. The enhancement of
thermal conductivity shows increment until at concentration of 0.5 wt.% and then the
decrement as started at a concentration of 0.6 wt.% to 1.0 wt.%. This is due to when
weight concentrations go beyond 0.5 wt.% surface oxidized MWCNTs tend to agglomerate
and reduce the performance of thermal conductivity. However, the enhancement was
improved compared to the surface oxidized MWCNTs without PVP. It proved that the
addition of surfactant improved the thermal conductivity of nanofluid. Based on Table 6,
the nanofluid sample with a concentration of 0.5 wt.% had the highest enhancement in
thermal conductivity of 18.50%, 18.42%, and 16.47% at 6 °C, 25 °C, and 40 °C, respectively.
Two different concentrations show the lowest enhancement of thermal conductivity at all
temperatures, which are 0.3 wt.% at 6 °C, and 0.1 wt.% at 25 °C, and 40 °C.

Table 8. Thermal conductivity enhancement of surface oxidized MWCNTs nanofluid with PVP.

Weight Concentration of Surface ~ Weight Concentration Percentage of Kounancement (%) at Different Temperature
Oxidized MWCNT s (wt.%) of PVP (wt.%) 6°C 25°C 40 °C

0.1 0.01 14.65 (0.001) 13.16 (0.002) 9.24 (0.002)
0.2 0.02 14.10 (0.003) 1421 (0.001) 10.76 (0.003)
03 0.03 11.36 (0.002) 15.26 (0.002) 11.26 (0.006)
0.4 0.04 15.20 (0.001) 16.14 (0.003) 12.77 (0.001)
05 0.05 18.50 (0.004) 18.42 (0.004) 16.47 (0.002)
0.6 0.06 17.95 (0.005) 17.72 (0.001) 15.80 (0.004)
0.7 0.07 17.22 (0.003) 17.02 (0.002) 15.46 (0.002)
0.8 0.08 17.40 (0.003) 15.79 (0.001) 13.45 (0.003)
0.9 0.09 17.03 (0.004) 15.61 (0.003) 13.78 (0.004)
1.0 0.10 15.57 (0.004) 16.49 (0.003) 13.28 (0.008)

(error bar).

The present study shows that the mobility of nanoparticles, which includes tempera-
ture dependency and particles stability, is the dominating factor for the thermal conductivity
enhancement of nanofluids more than any other factor. Therefore, it can be stated that
at a higher temperature, the nanofluid thermal conductivity increases primarily due to
increasing nanoparticle Brownian motion [65]. Whereas the formulation of surface func-
tional groups of MWCNT blended together with non-ionic surfactant is the main factor for
improving thermal conductivity.
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4. Conclusions

MWCNTs have been successfully chemically modified using the acid treatment
method to introduce the SOFG on the MWCNTs wall structure. FESEM revealed that
the mean diameter of commercial MWCNTs increased from 26 nm to 38 nm for method
A and 43 nm for method B, respectively. It was unable to determine the diameter length
of MWCNTs produced from method C due to the damaged structure, as confirmed by
FESEM observation. The Raman spectroscopy proved the presence of SOFG on MWCNTs
by showing a greater ID/IG ratio due to the presence of functional groups attached to the
MWCNTs was confirmed by TGA and FTIR spectroscopy. TGA showed additional weight
losses due to the elimination of oxygenated functional groups. FTIR spectrum confirmed
the attachment of oxygenated functional groups by appearing essential bands such as C=0
(from carboxyl group), O-H, C=0, and C-O. The surface oxidized MWCNT with PVP in
water-based nanofluids is more stable than non-oxidized MWCNTs with PVP and commer-
cial MWCNTs with and without PVP by the observation on the particle sedimentation and
coagulation. The thermal conductivity performance of nanofluids revealed that the surface
oxidized MWCNTs with PVP shows enhancement in thermal conductivity contributed by
improved stability and homogenization of nanoparticles. Hence improved the distribution
of MWCNTs in water base media leads to improvement in thermal conductivity. These
promising properties of MWCNTs in water-based fluids would enable the nanofluids to be
used in heat transfer fluid and cooling applications.

Author Contributions: Conceptualization, N.A. and M.N.N.; validation, N.A. and M.N.N.; writing—
original draft preparation, N.M.S., M.N.N. and N.A_; supervision, N.A., N.J.,, N.AM.K,, M.J.O. and
1.S.M.; project administration, N.A. and M.N.N.; funding acquisition, N.A. All authors have read and
agreed to the published version of the manuscript.

Funding: The authors would like to express their grateful acknowledgments to the Ministry of Higher
Education under the Fundamental Research Grant Scheme (FRGS. Code Grant: FRGS/2/2013/ST05/
UPNM/03/1).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data is available on reasonable request from the corresponding author.

Acknowledgments: The authors also would like to acknowledge Center for Research and Innovation
Management, UPNM for their endless support.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Symbol Description, Unit

Ip/Ig Intensity ratio, -

Kf Thermal conductivity of the fluid, W/m-K

an Thermal conductivity of the nanofluid, W/m-K

Kenhancement  Thermal conductivity enhancement, %

1. Li, B Li, C; Zhang, Y,; Wang, Y;; Jia, D.; Yang, M.; Zhang, N.; Wu, Q.; Han, Z.; Sun, K. Heat transfer performance of MQL
grinding with different nanofluids for Ni-based alloys using vegetable oil. J. Clean. Prod. 2017, 154, 1-11. [CrossRef]

2. Gupta, M;; Singh, V.; Kumar, R.; Said, Z. A review on thermophysical properties of nanofluids and heat transfer applications.
Renew. Sustain. Energy Rev. 2017, 74, 638—670. [CrossRef]

3. Zhu, H.T,; Lin, Y.S,; Yin, Y.S. A novel one-step chemical method for preparation of copper nanofluids. J. Colloid Interface Sci. 2004,
277,100-103. [CrossRef] [PubMed]

4. Barbés, B.; Paramo, R.; Blanco, E.; Casanova, C. Thermal conductivity and specific heat capacity measurements of CuO nanofluids.
J. Therm. Anal. Calorim. 2014, 115, 1883-1891. [CrossRef]


http://doi.org/10.1016/j.jclepro.2017.03.213
http://doi.org/10.1016/j.rser.2017.02.073
http://doi.org/10.1016/j.jcis.2004.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15276044
http://doi.org/10.1007/s10973-013-3518-0

Nanomaterials 2022, 12, 1071 24 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Agarwal, R.; Verma, K.; Agrawal, N.K.; Duchaniya, R.K.; Singh, R. Synthesis, characterization, thermal conductivity and
sensitivity of CuO nanofluids. Appl. Therm. Eng. 2016, 102, 1024-1036. [CrossRef]

Godson, L.; Raja, B.; Lal, D.M.; Wongwises, S.J.LE.H.T. Experimental investigation on the thermal conductivity and viscosity of
silver-deionized water nanofluid. Exp. Heat Transf. 2010, 23, 317-332. [CrossRef]

Ranjbarzadeh, R.; Moradikazerouni, A.; Bakhtiari, R.; Asadi, A.; Afrand, M. An experimental study on stability and thermal
conductivity of water/silica nanofluid: Eco-friendly production of nanoparticles. J. Clean. Prod. 2019, 206, 1089-1100. [CrossRef]
Subhedar, D.G.; Ramani, B.M.; Gupta, A. Experimental investigation of heat transfer potential of A1203/Water-Mono Ethylene
Glycol nanofluids as a car radiator coolant. Case Stud. Therm. Eng. 2018, 11, 26-34. [CrossRef]

Soylu, S.K.; Atmaca, I.; Asiltiirk, M.; Dogan, A. Improving heat transfer performance of an automobile radiator using Cu and Ag
doped TiO; based nanofluids. Appl. Therm. Eng. 2019, 157, 113743. [CrossRef]

Abidin, S.Z.; Mohamad, 1.S.; Hashim, A.Y.B.; Abdullah, N.; Hafiz, M.LM.; Masripan, N.A.B.; Abdullah, A. Investigation of
thermal characteristics of CNF-based nanofluids for electronic cooling applications. J. Mech. Eng. Sci. 2016, 10, 2336. [CrossRef]
Asadi, A.; Alarifi, LM.; Ali, V.; Nguyen, H.M. An experimental investigation on the effects of ultrasonication time on stability
and thermal conductivity of MWCNT-water nanofluid: Finding the optimum ultrasonication time. Ultrason. Sonochem. 2019,
58,104639. [CrossRef] [PubMed]

Bhanvase, B.A.; Barai, D. Nanofluids for Heat and Mass Transfer: Fundamentals, Sustainable Manufacturing and Applications; Academic
Press: Cambridge, MA, USA, 2021.

Nurazzi, N.M.; Abdullah, N.; Demon, S.Z.N.; Halim, N.A.; Azmi, A.FM.; Knight, V.E; Mohamad, I.S. The frontiers of functional-
ized graphene-based nanocomposites as chemical sensors. Nanotechnol. Rev. 2021, 10, 330-369. [CrossRef]

Bubbicoa, R.; Celatab, G.P.; D’ Annibaleb, F; Mazzarottaa, B.; Menalea, C. Comparison of the heat transfer efficiency of nanofluids.
Chem. Eng. 2015, 43, 703-708.

Wang, Z.; Chen, C.; Liu, H,; Hrynshpan, D.; Savitskaya, T.; Chen, J.; Chen, ]. Effects of carbon nanotube on denitrification
performance of Alcaligenes sp. TB: Promotion of electron generation, transportation and consumption. Ecotoxicol. Environ. Saf.
2019, 183, 109507. [CrossRef] [PubMed]

Wang, Z.; Chen, C.; Liu, H.; Hrynshpan, D.; Savitskaya, T.; Chen, J.; Chen, J. Enhanced denitrification performance of Alcaligenes
sp. TB by Pd stimulating to produce membrane adaptation mechanism coupled with nanoscale zero-valent iron. Sci. Total Environ.
2020, 708, 135063. [CrossRef]

Wang, Z.; Dai, L.; Yao, J.; Guo, T.; Hrynsphan, D.; Tatsiana, S.; Chen, J. Improvement of Alcaligenes sp. TB performance by
Fe-Pd/multi-walled carbon nanotubes: Enriched denitrification pathways and accelerated electron transport. Bioresour. Technol.
2021, 327, 124785. [CrossRef]

Iordache, S.M.; Ionete, E.I; Iordache, A.M.; Tanasa, E.; Stamatin, I.; Grigorescu, C.E.A. Pd-decorated CNT as sensitive material for
applications in hydrogen isotopes sensing-Application as gas sensor. Int. |. Hydrog. Energy 2021, 46, 11015-11024. [CrossRef]
Norizan, M.N.; Zulaikha, N.D.S.; Norhana, A.B.; Syakir, M.I.; Norli, A. Carbon nanotubes-based sensor for ammonia gas
detection—an overview. Polimery 2021, 66, 175-186. [CrossRef]

Nurazzi, N.M.; Sabaruddin, FA.; Harussani, M.M.; Kamarudin, S.H.; Rayung, M.; Asyraf, M.RM.; Aisyah, H.A,;
Norrrahim, M.N.E; Ilyas, R.A.; Abdullah, N. Mechanical Performance and Applications of CNTs Reinforced Polymer
Composites—A Review. Nanomaterials 2021, 11, 2186. [CrossRef]

Mohd Nurazzi, N.; Asyraf, M.R.M.; Khalina, A.; Abdullah, N.; Sabaruddin, FA.; Kamarudin, S.H.; Ahmad, S.; Mahat, A.M,;
Lee, C.L.; Aisyah, H.A. Fabrication, functionalization, and application of carbon nanotube-reinforced polymer composite: An
overview. Polymers 2021, 13, 1047. [CrossRef]

Nurazzi, N.M.; Abdullah, N.; Demon, S.Z.N.; Halim, N.A.; Mohamad, 1.S. The Influence of Reaction Time on Non-Covalent
Functionalisation of PBHT/MWCNT Nanocomposites. Polymers 2021, 13, 1916. [CrossRef] [PubMed]

Norizan, M.N.; Moklis, M.H.; Demon, S.Z.N.; Halim, N.A.; Samsuri, A.; Mohamad, 1.S.; Knight, V.F.; Abdullah, N. Carbon
nanotubes: Functionalisation and their application in chemical sensors. RSC Adv. 2020, 10, 43704-43732. [CrossRef]

Idrus, S.N.S.; Zaini, N.S.; Mohamad, L.S.; Abdullah, N.; Husin, M.H.M. Comparison of thermal conductivity for HHT-24-CNF-
based nanofluid using deionized water and ethylene glycol. J. Teknol. 2015, 77, 85-89.

Baby, T.T.; Ramaprabhu, S. Enhanced convective heat transfer using graphene dispersed nanofluids. Nanoscale Res. Lett. 2011,
6,289. [CrossRef] [PubMed]

Alsharef, ] M.A.; Taha, M.R; Khan, T.A. Physical Dispersion of Nanocarbons in Composites A Review. J. Teknol. 2017, 79, 69-81.
[CrossRef]

Titus, E.; Ali, N.; Cabral, G.; Gracio, J.; Babu, PR.; Jackson, M.J. Chemically functionalized carbon nanotubes and their characteri-
zation using thermogravimetric analysis, fourier transform infrared, and raman spectroscopy. J. Mater. Eng. Perform. 2006, 15,
182-186. [CrossRef]

Chen, H.; Xiong, H.; Gao, Y.; Li, H. Covalent functionalization of multiwalled carbon nanotubes with polybutadiene. J. Appl.
Polym. Sci. 2010, 116, 1272-1277. [CrossRef]

Damian, C.M.; Garea, S.A.; Vasile, E.; Iovu, H. Covalent and non-covalent functionalized MWCNTs for improved thermo-
mechanical properties of epoxy composites. Compos. Part B Eng. 2012, 43, 3507-3515. [CrossRef]

He, M.; Swager, T.M. Covalent functionalization of carbon nanomaterials with iodonium salts. Chem. Mater. 2016, 28, 8542-8549.
[CrossRef]


http://doi.org/10.1016/j.applthermaleng.2016.04.051
http://doi.org/10.1080/08916150903564796
http://doi.org/10.1016/j.jclepro.2018.09.205
http://doi.org/10.1016/j.csite.2017.11.009
http://doi.org/10.1016/j.applthermaleng.2019.113743
http://doi.org/10.15282/jmes.10.3.2016.11.0217
http://doi.org/10.1016/j.ultsonch.2019.104639
http://www.ncbi.nlm.nih.gov/pubmed/31450310
http://doi.org/10.1515/ntrev-2021-0030
http://doi.org/10.1016/j.ecoenv.2019.109507
http://www.ncbi.nlm.nih.gov/pubmed/31386942
http://doi.org/10.1016/j.scitotenv.2019.135063
http://doi.org/10.1016/j.biortech.2021.124785
http://doi.org/10.1016/j.ijhydene.2020.12.193
http://doi.org/10.14314/polimery.2021.3.3
http://doi.org/10.3390/nano11092186
http://doi.org/10.3390/polym13071047
http://doi.org/10.3390/polym13121916
http://www.ncbi.nlm.nih.gov/pubmed/34207577
http://doi.org/10.1039/D0RA09438B
http://doi.org/10.1186/1556-276X-6-289
http://www.ncbi.nlm.nih.gov/pubmed/21711824
http://doi.org/10.11113/jt.v79.7646
http://doi.org/10.1361/105994906X95841
http://doi.org/10.1002/app.31495
http://doi.org/10.1016/j.compositesb.2011.11.052
http://doi.org/10.1021/acs.chemmater.6b03078

Nanomaterials 2022, 12, 1071 25 of 26

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Garg, P; Alvarado, J.L.; Marsh, C.; Carlson, T.A.; Kessler, D.A.; Annamalai, K. An experimental study on the effect of ultrasonica-
tion on viscosity and heat transfer performance of multi-wall carbon nanotube-based aqueous nanofluids. Int. J. Heat Mass Transf.
2009, 52, 5090-5101. [CrossRef]

Hilding, J.; Grulke, E.A.; George Zhang, Z.; Lockwood, F. Dispersion of carbon nanotubes in liquids. J. Dispers. Sci. Technol. 2003,
24,1-41. [CrossRef]

Kong, L.; Sun, J.; Bao, Y. Preparation, characterization and tribological mechanism of nanofluids. Rsc Adv. 2017, 7, 12599-12609.
[CrossRef]

Mingzheng, Z.; Guodong, X.; Jian, L.; Lei, C.; Lijun, Z. Analysis of factors influencing thermal conductivity and viscosity in
different kinds of surfactant solutions. Exp. Therm. Fluid Sci. 2012, 36, 22-29. [CrossRef]

Al-Waeli, A.H.A.; Chaichan, M.T.; Kazem, H.A.; Sopian, K. Evaluation and analysis of nanofluid and surfactant impact on
photovoltaic-thermal systems. Case Stud. Therm. Eng. 2019, 13, 100392. [CrossRef]

Chen, L.; Xie, H.; Li, Y.; Yu, W. Nanofluids containing carbon nanotubes treated by mechanochemical reaction. Thermochim. Acta
2008, 477,21-24. [CrossRef]

Datsyuk, V.; Kalyva, M.; Papagelis, K.; Parthenios, J.; Tasis, D.; Siokou, A.; Kallitsis, I.; Galiotis, C. Chemical oxidation of
multiwalled carbon nanotubes. Carbon 2008, 46, 833-840. [CrossRef]

Wei, X.; Zhu, H.; Kong, T.; Wang, L. Synthesis and thermal conductivity of CuyO nanofluids. Int. J. Heat Mass Transf. 2009, 52,
4371-4374. [CrossRef]

Osorio, A.G,; Silveira, .C.L.; Bueno, V.L.; Bergmann, C.P. H,SO, /HNO3 /HCl—Functionalization and its effect on dispersion of
carbon nanotubes in aqueous media. Appl. Surf. Sci. 2008, 255, 2485-2489. [CrossRef]

Sankal, S.; Kaynak, C. Using various techniques to characterize oxidative functionalized and aminosilanized carbon nanotubes
for polyamide matrix. J. Reinf. Plast. Compos. 2013, 32, 75-86. [CrossRef]

Kouklin, N.; Tzolov, M,; Straus, D.; Yin, A.; Xu, ].M. Infrared absorption properties of carbon nanotubes synthesized by chemical
vapor deposition. Appl. Phys. Lett. 2004, 85, 4463—4465. [CrossRef]

Goémez, S.; Rendtorff, N.M.; Aglietti, E.F,; Sakka, Y.; Suarez, G. Surface modification of multiwall carbon nanotubes by sulfonitric
treatment. Appl. Surf. Sci. 2016, 379, 264-269. [CrossRef]

Dresselhaus, M.S.; Dresselhaus, G.; Saito, R.; Jorio, A. Raman spectroscopy of carbon nanotubes. Phys. Rep. 2005, 409, 47-99.
[CrossRef]

Hou, P; Liu, C,; Tong, Y.; Xu, S.; Liu, M.; Cheng, H. Purification of single-walled carbon nanotubes synthesized by the hydrogen
arc-discharge method. |. Mater. Res. 2001, 16, 2526-2529. [CrossRef]

Abuilaiwi, EA.; Laoui, T.; Al-Harthi, M.; Atieh, M.A. Modification and functionalization of multiwalled carbon nanotube
(MWCNTT) via fischer esterification. Arab. J. Sci. Eng. 2010, 35, 37-48.

Chiang, Y.C.; Lin, W.H.; Chang, Y.C. The influence of treatment duration on multi-walled carbon nanotubes functionalized by
H,S04/HNO3 oxidation. Appl. Surf. Sci. 2011, 257, 2401-2410. [CrossRef]

Liu, ].; Rinzler, A.G.; Dai, H.; Hafner, ].H.; Bradley, RK.; Boul, PJ.; Lu, A ; Iverson, T.; Shelimov, K.; Huffman, C.B. Fullerene pipes.
Science 1998, 280, 1253-1256. [CrossRef]

Phuoc, T.X.; Massoudi, M.; Chen, R H. Viscosity and thermal conductivity of nanofluids containing multi-walled carbon nanotubes
stabilized by chitosan. Int. J. Therm. Sci. 2011, 50, 12-18. [CrossRef]

Ali, N,; Teixeira, ].A.; Addali, A. Aluminium Nanofluids Stability: A Comparison between the Conventional Two-Step Fabrication
Approach and the Controlled Sonication Bath Temperature Method. . Nanomater. 2019, 2019, 3930572. [CrossRef]

Avilés, F; Cauich-Rodriguez, ].V.; Moo-Tah, L.; May-Pat, A.; Vargas-Coronado, R. Evaluation of mild acid oxidation treatments
for MWCNT functionalization. Carbon 2009, 47, 2970-2975. [CrossRef]

Buang, N.A,; Fadil, F.; Majid, Z.A.; Shahir, S. Characteristic of mild acid functionalized multiwalled carbon nanotubes towards
high dispersion with low structural defects. Dig. J. Nanomater. Biostruct. 2012, 7, 33-39.

Murshed, S.M.S.; de Castro, C.A.N. Contribution of Brownian motion in thermal conductivity of nanofluids. In Proceedings of
the World Congress on Engineering 2011, London, UK, 6-8 July 2011; pp. 6-8.

Jiang, H.; Xu, Q.; Huang, C.; Shi, L. The role of interfacial nanolayer in the enhanced thermal conductivity of carbon nanotube-
based nanofluids. Appl. Phys. A 2015, 118, 197-205. [CrossRef]

ITacobazzi, F.; Milanese, M.; Colangelo, G.; de Risi, A. A critical analysis of clustering phenomenon in Al,O3 nanofluids. J. Therm.
Anal. Calorim. 2019, 135, 371-377. [CrossRef]

Milanese, M.; Iacobazzi, F.; Colangelo, G.; de Risi, A. An investigation of layering phenomenon at the liquid-solid interface in Cu
and CuO based nanofluids. Int. J. Heat Mass Transf. 2016, 103, 564-571. [CrossRef]

Kumaresan, V.; Velraj, R. Experimental investigation of the thermo-physical properties of water—ethylene glycol mixture based
CNT nanofluids. Thermochim. Acta 2012, 545, 180-186. [CrossRef]

Jang, S.P; Choi, S.U.S. Role of Brownian motion in the enhanced thermal conductivity of nanofluids. Appl. Phys. Lett. 2004, 84,
4316-4318. [CrossRef]

Jana, S.; Salehi-Khojin, A.; Zhong, W.H. Enhancement of fluid thermal conductivity by the addition of single and hybrid
nano-additives. Thermochim. Acta 2007, 462, 45-55. [CrossRef]

Fadhillahanafi, N.; Leong, K.; Risby, M. Stability and Thermal Conductivity Characteristics of Carbon Nanotube Based Nanofluids.
Int. J. Automot. Mech. Eng. 2013, 8, 1376-1384. [CrossRef]


http://doi.org/10.1016/j.ijheatmasstransfer.2009.04.029
http://doi.org/10.1081/DIS-120017941
http://doi.org/10.1039/C6RA28243A
http://doi.org/10.1016/j.expthermflusci.2011.07.014
http://doi.org/10.1016/j.csite.2019.100392
http://doi.org/10.1016/j.tca.2008.08.001
http://doi.org/10.1016/j.carbon.2008.02.012
http://doi.org/10.1016/j.ijheatmasstransfer.2009.03.073
http://doi.org/10.1016/j.apsusc.2008.07.144
http://doi.org/10.1177/0731684412466315
http://doi.org/10.1063/1.1812837
http://doi.org/10.1016/j.apsusc.2016.04.065
http://doi.org/10.1016/j.physrep.2004.10.006
http://doi.org/10.1557/JMR.2001.0346
http://doi.org/10.1016/j.apsusc.2010.09.110
http://doi.org/10.1126/science.280.5367.1253
http://doi.org/10.1016/j.ijthermalsci.2010.09.008
http://doi.org/10.1155/2019/3930572
http://doi.org/10.1016/j.carbon.2009.06.044
http://doi.org/10.1007/s00339-014-8902-5
http://doi.org/10.1007/s10973-018-7099-9
http://doi.org/10.1016/j.ijheatmasstransfer.2016.07.082
http://doi.org/10.1016/j.tca.2012.07.017
http://doi.org/10.1063/1.1756684
http://doi.org/10.1016/j.tca.2007.06.009
http://doi.org/10.15282/ijame.8.2013.25.0113

Nanomaterials 2022, 12, 1071 26 of 26

60.

61.

62.

63.

64.

65.

Abbasi, S.; Zebarjad, S.M.; NoieBaghban, S.H.; Youssefi, A.; Ekrami, K.M.S. Thermal conductivity of water based nanofluids
containing decorated multi walled carbon nanotubes with different amount of TiO, nanoparticles. Iran. J. Chem. Eng. 2015, 12,
30-41.

Chen, L.; Xie, H. Surfactant-free nanofluids containing double-and single-walled carbon nanotubes functionalized by a wet-
mechanochemical reaction. Thermochim. Acta 2010, 497, 67-71. [CrossRef]

Ghozatloo, A.; Rashidi, A.M.; Shariaty-Niasar, M. Effects of surface modification on the dispersion and thermal conductivity of
CNT/water nanofluids. Int. Commun. Heat Mass Transf. 2014, 54, 1-7. [CrossRef]

Babu, S.R.; Babu, P.R.; Rambabu, V. Effects of Some Parameters on Thermal Conductivity of Nanofluids and Mechanisms of Heat
Transfer Improvement. Int. |. Eng. Res. Appl. 2013, 3, 2136-2140.

Tsai, T.H.; Kuo, L.S.; Chen, P.H.; Yang, C.T. Effect of viscosity of base fluid on thermal conductivity of nanofluids. Appl. Phys. Lett.
2008, 93, 233121. [CrossRef]

Chon, C.H.; Kihm, K.D.; Lee, S.P,; Choi, S.U.S. Empirical correlation finding the role of temperature and particle size for nanofluid
(AlO3) thermal conductivity enhancement. Appl. Phys. Lett. 2005, 87, 153107. [CrossRef]


http://doi.org/10.1016/j.tca.2009.08.009
http://doi.org/10.1016/j.icheatmasstransfer.2014.02.013
http://doi.org/10.1063/1.3046732
http://doi.org/10.1063/1.2093936

	Introduction 
	Experimental 
	Materials 
	Surface Oxidative Treatments of MWCNTs 
	Preparation and Formulation of MWCNTs Nanofluid 
	Characterizations 

	Results and Discussion 
	FTIR Analysis 
	Raman Spectroscopy Analysis 
	TGA Properties 
	FESEM Analysis 
	Stability and Dispersion Analysis of Nanofluids (MWCNT-MB) 
	Thermal Conductivity of Commercial MWCNTs Based Nanofluids 
	Thermal Conductivity of Surface Oxidized MWCNTs Based Nanofluids (MWCNT-MB) 

	Conclusions 
	References

