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HIGHLIGHTS

e Terminalia cattapa leaves are explored for green synthesis of TiO, NPs.

e nTiO,-CNTs (7:3 & 5:5) yields RSO-based fluids with superior viscosity & thermal conductivity.

o Well-dispersed nTiO2/CNTs in RSO as nTiO, CNTs mitigate clustering of CNTs.

o nTiO,/CNT-RSO ratio of 0.5:100 offers highest thermal conductivity of 0.518 W/m C.

e Textural properties of nTiO, & mesoporous nature of the nanocomposites favor easy heat transfer.

ARTICLE INFO ABSTRACT

Keywords: Machinists face persistent challenges in managing heat dissipation during cutting operations. To address this
Terminalia catappa issue in an environmentally conscious manner, there is a need for nanofluids crafted from sustainable, eco-
Titania

friendly materials. This study delves into developing nanocomposites (NCs) of nano-titania (nTiO2) derived

gjg;er seed oil from Terminalia catappa leaves and carbon nanotubes (CNTs) in varying compositions (nTiO/CNTs: 90/10, 70/
Nanofluids 30, and 50/50 wt%). These NCs underwent comprehensive characterization using techniques such as BET,

HRSEM/EDX, HRTEM, XRD, and FTIR. The aim was to evaluate their stability as potential fillers in rubber seed
oils (RSOs) for machining operations. Furthermore, the homogenous NC samples in RSO revealed distinct
polycentric rings, indicating the dispersion of nTiO3 in CNTs, forming Ti-O-C and Ti-O-Ti networks. XRD
analysis identified anatase diffraction peaks, though the CNT peaks were less distinct due to overlap with TiO2
peaks. This successful fusion addresses challenges related to individual fillers, ensuring stable nanosuspension
formulation. The TiO/CNTs (50/50 wt%) NC emerged as particularly effective in dissipating heat from
machining interfaces. The study highlights the nanomaterials’ high thermal stability, complementing the
abundant unsaturated fatty acids in RSOs to create advanced nanofluids for improved machining. The substantial
pore volume and stable nanosuspension formation observed are attributed to the large surface area aiding heat
removal. Ultimately, the reinforced RSO with nTiO2/CNTs shows promising potential for safe and efficient
machining applications.
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1. Introduction

Traditionally, machining operation relies on metalworking fluids
(including oils and water) to enhance workpiece surface finishing,
prolong tool lifespan, and manage the heat generated by cutting tools.
Emulsions combining water and oil have been notably employed as

Abbreviation

nTiO, nano-Titania

CNTs Carbon nanotubes

NCs Nanocomposites

NPs Nanoparticles

TEM Transmission electron microscopy

SEM Scanning electron microscopy

BET Brunuer-Emmett-Teller XRD X-ray Diffractometer
FTIR Fourier transforms infrared spectroscopy

AA2030 Aluminum alloy 2030

nMQL  Nanofluid minimum quantity lubrication
EDX Energy dispersive spectroscopy

CVD Chemical vapor deposition

RSO Rubber seed oil

cutting fluids. Metalworking fluid expenditure accounted for around
17% of manufacturing costs, reaching USD 1.1 billion in 2016 and is
projected to hit USD 1.5 billion by 2020 [1]. Vegetable oils are fast
gaining attention as metal-working fluids [2] and composite reinforced
nanofluid is attracting tremendous attention for several machining op-
erations in recent times as it possesses improvement on most demerits of
traditional metalworking fluids.

Vegetable oils, derived from plants, primarily comprise triglycerides
composed of glycerol molecules linked to three fatty acid molecules [3].
The triglyceride structure of vegetable oils provides qualities desirable
for an ideal cutting fluid. The long, polar fatty acid chains provide
high-strength lubricant films that interact effectively with metallic sur-
faces; thereby offering frictional and wear resistances [4-6]. Further-
more, the triglyceride structure gives the fluid a high natural viscosity
and viscosity index and is responsible for its structural stability over a
reasonable operating temperature range. According to Chandrakar and
Suhane [7], high flash point and its attendant low vapor pressure and
volatility make vegetable oils less hazardous during use coupled with
their biodegradability, non-toxicity, and renewability which are essen-
tial qualities of a sustainable cutting fluid [8].

Studies have shown that traditional metalworking fluids can cause
corrosion with poor lubrication properties [9]. On the other hand, low
oxidation stability is one major factor hampering industry acceptance
and application of vegetable-based oils as machining fluids [10,11]. In
addition, researchers are unanimous in the admittance of the fact that
most vegetable oils undergo precipitation, cloudiness, solidification, and
poor flow under severe conditions of temperature and pressure [12].
Hence, chemical modifications of the oxidation stability are often un-
dertaken for improvement. It was argued that reducing the level of
unsaturated fatty acids, though positive for oxidation stability, could
reduce lubrication effectiveness at low temperatures [13]. Therefore,
oils containing a large percentage of mono-unsaturated fatty acids are
the most likely candidates for machining lubrication. For example,
Jatropha oil is said to perform better in terms of power reduction,
lubrication, heat dissipation as well and chip disposal against mineral oil
emulsion in the milling of AA2030 and AISI 1050 carbon steel [14]. Ata
much higher temperature, Palm oil was found to be more stable than
rapeseed oil and sunflower oil. In another investigation, palm kernel oil,
and cottonseed oil were found to perform better than mineral oil in
terms of surface roughness, cutting force, and friction reduction during
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the turning operation of AISI 4340 steel [15]. Oils from groundnut, shear
butter, palm kernel, and coconut are also reported to be effective in
reducing cutting force/coefficient of friction and improving product
quality during cylindrical machining [16]. More recently, corn oil was
used by Arsene et al. [17] as a cutting fluid during the hard turning of
AIDI D2 hardened steel with ceramic wiper inserts. Findings from their
analyses show that a 17.6% reduction in tool wear was achieved when
compared to dry machining.

Stakeholders in the food industry have consistently discouraged the
use of edible oils as machining fluids even though researchers see many
of them as having potential for such applications [18-20]. Rubber seed
oil (RSO) is non-edible and eliminates the possible competition with
edible oils as a viable alternative. Mohammed et al. [21], Maliki and
Ifijen [22], and Ebelewe et al. [23] reported that rubber seed is rich in oil
and a relatively cheap source of vegetable oil. Yet is scarcely put to any
major economic use. Recently, Osayi et al. [24] found that RSO performs
better in terms of surface roughness reduction than mineral oil-based
cutting fluid during a turning operation of mild steel. Its performance
was also tested against aluminum alloy 6061 using minimum quantity
lubrication in a turning operation with a positive report [25].

Despite volumes of reports in favor of different vegetable oils as a
lubricating agent during machining, reinforcement with nanoparticles
(NPs) has been researched for a better and safer machining experience
[26]. Nanosized MoS,, Al,O3, CuO, ZnO, TiO,, SiO,, Fe304, and CeO,
are being extensively studied as preferred reinforcing agents for
nano-cutting fluid production [27-34]. More recently, a combination of
more than one NPs is currently receiving greater attention among re-
searchers having successfully exploited the performance of single
NP-reinforced base oils for the production of lubricating nanofluids for
machining. Amiri et al. [35] reported on the preference of SiOy-Cu
nanocomposite over the nanofluids prepared with only SiO2 NPs while
Toghraie et al. [36] drew a similar conclusion with ZnO-TiO5 nano-
composite enhanced ethylene glycol hybrid nanofluid. In another
investigation, Anand et al. [37] assessed the rheological and machining
properties of TiOs-enhanced rice bran oil in comparison to the perfor-
mance of TiO,-graphene nanocomposite improved rice bran oil. Their
conclusion was also in the affirmative; favoring the latter. As far as could
be ascertained, the formation of NCs with the combination of nanofibres
and NPs is scarcely reported in the literature [38]. Particle-particle
reinforcement of base oils is more reported in the literature [38-40].
TiO; is a nanoparticle while CNT is fibrous in nature and is more ther-
mally stable than TiO, [41,42]. Their relationship at the nano level is as
important as their reinforcing capability of the vegetable base oil for any
application. Therefore, given the critical role nanofillers play in the
attainment of sustainable clean machining through the nanofluid min-
imum quantity lubrication (nMQL) technique, the processes leading to
the production of the fillers as well as the nanofluid deserve all the
needed attention. On this note, this study is designed to develop and
characterize high-quality hybrid nanofluids for machining applications.

In this study, extracts from three plants (Terminalia catappa, Plumeria
acuminate, and Carica papaya leaves) were selected and quantitatively
screened for flavonoids, total phenols, and tannins. Extract of Terminalia
catappa leaves was found to contain a higher amount of phytocon-
stituents than the other two and, on this basis, was selected for the green
synthesis of TiOy nanoparticles. These phytochemical components in
plant extracts can perform the same role as expensive commercial and
reducing agents such as NaBHy4 and LiAlH4 which release toxic chem-
icals to the environment and compromise environmental safety [42].
Many researchers have leveraged the mechanical strength of hybrid
TiO,-CNTs as reinforcing fillers in natural rubber for structural appli-
cation with a high rate of success [43,44]. However, their use as addi-
tives in RSO as heat-removing enhancers during machining operations
has not been adequately reported. This study explores the high thermal
stability of the nanomaterials to complement the large concentration of
unsaturated fatty acids in RSOs to develop innovative nanofluids for
improved machining experience with difficult-to-machine materials.
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2. Materials and methods

The first part of this section highlights the underlying theories and
mechanisms governing the processes of nanofluid production and
application. Subsequently, the various materials and methods used for
the synthesis of nTiOy and CNTs as well as the compounding of the
nanofluids are presented in this section. The materials/equipment and
their different roles in the study are highlighted in the first part of the
section. This is followed by a detailed description of the processes
involved in the preparation of the additives and the formulation of the
different mass fractions of the hybrid fillers in the rubber seed base oil.
This section closes with the characterization methods of the nano-
materials and nanofluids.

2.1. Research theory

The advent and advancement of nanotechnology open many other
areas of study to enhance material performance in different fields,
nanofluid inclusive. This is achieved by mixing characteristic low-
thermal-conductivity base fluid (rubber seed oil in this study), with
solid nanomaterials of high thermal conductivity (nano-titania and
carbon nanotubes in this case). Ahead of the implementation of nano-
fluids is the synthesis of the reinforcing fillers. Because of the small size
and high surface areas which often lead to agglomeration, the study
adopted the two-step method of nanofluid’s preparation. As presented in
this study, the solid fillers are first synthesized and adequately purified,
as well as functionalized to forestall the inherent challenge of clustering
before feeding them into the base oil to obtain the nanofluids. This in-
volves ultrasonic agitation, and high shear mixing to homogenize the
solid reinforcers in the presence of surfactants to obtain a stable nano-
suspension [45].

Following the successful synthesis of nanofillers and the com-
pounding of the nanofluid, cooling, and lubrication mechanisms are
other key aspects of this work. The processes come into play at the point
of application of the nanofluid where CNTs and nTiO nanofillers help to
convey heat away from the machining zone and the rubber seed base oil
serves as an antifriction agent to ensure that less heat is generated at the
interface between the cutting tool and the workpiece during the
manufacturing exercise [46]. Detailed theory on the application of
nanofluids has been adequately discussed in a recent review by Lawal
et al. [26].

2.2. Materials

All reagents used in this study were of analytical grade with per-
centage purity in the range of 95%-99%. They were sourced from one of
the world’s most trusted suppliers of high-quality reagents — Sigma
Aldrich and used without any further purification. The materials used in
this experiment include RSO, Terminalia catappa leaves, titanium (IV)
isopropoxide (Ti {OCH(CH3)2}4, methanol (CH3OH), NaOH pellets, HCI
and sodium lauryl sulfate (for regulating the pH of the mixture) as well
as distilled water (for washing and purification of the CNTs and TiO3).
Some of the equipment used comprises a 78 HW-1 constant temperature
magnetic stirrer for stirring the composites, a high-speed refrigerated
centrifuge (model No.LR10-2.4A) for preserving the oils while the ex-
periments last, and Image J software to determine the crystallite size of
the spherical-shaped TiO; nanoparticles. A UV-visible spectrophotom-
eter (UV-1800) was also employed for evaluating the absorption of ul-
traviolet light by the nanoparticles while a viscometer (NDJ-5S) was
used to measure the viscosity of the nanofluids. Other devices include an
electric weighing balance for weight measurement, an ultrasonic oscil-
lator (version KQ3200DB) for higher-level stirring, a muffle furnace for
calcination, and chemical vapor deposition (CVD) for the synthesis of
CNTs.
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2.3. Synthesis of TiO» nanoparticles

Green synthesis, based on the use of plant extracts as reducing,
capping, and stabilizing agents, is a burgeoning trend compared to other
physical and chemical routes used to prepare nanoparticles. Plant ma-
terials are relatively available in abundance, cost-effective, and envi-
ronmentally friendly. TiOy nanoparticle synthesis via the green route
using an extract of Terminalia catappa is a cheaper means as opposed to
other synthesis protocols.

20.0 g of freshly chopped Terminalia catappa leaves were weighed,
washed thoroughly in water placed in a conical flask containing 100 ml
of distilled water, and heated on a magnetic stirrer at 60 °C for 20 min to
obtain the aqueous leaves extract. It was then filtered into another
conical flask giving a yellowish-brown liquid extract. The experiment
was carried out according to a design of experiment shown in Table 1,
considering four factors: volume of extract, volume of precursor, stirring
time, and pH. The Titania nanoparticles extraction process is summa-
rized in Fig. 1.

Conventional optimization of biosynthesis of TiO; nanoparticles
(where factors are varied while other variables are kept constant) is
extremely time-consuming and often amounts to a waste of chemicals. It
does not show interrelationships among synthesis parameters. Optimi-
zation of synthesis procedure using statistical design of experiment
(DOE) involving response surface methodology (RSM) is highly effective
and saves time because of a minimum number of experiments based on
interactive effects of different process parameters. This interactive effect
is expected to guarantee TiO, nanoparticles of the desired size and
shapes and improved properties. Several parameters influence the
shape, size, morphology, optical, and textural properties of TiO5 nano-
particles among which are the volume of extract, stirring time, volume
of precursors, and pH. These synthesis parameters were varied to
establish the interactive effects and optimum conditions to synthesize
TiO4 nanoparticles.

For the first run, 80 ml of the aqueous catappa leaf extract was
measured and transferred to a clean beaker, after which 8 ml of titanium
tetraisopropoxide salt was added and then stirred on a magnetic stirrer
at 300 rpm without heating the mixture. The mixture was found to be
acidic upon pH check, hence, NaOH was added in droplets until the pH
became 7 according to the design. The mixture was placed on the

Table 1
Experimental run for the biosynthesis of TiO, NPs.

Run  Vol. of Stirring time Vol. of pH  Crystallite size
extract (cm®)  (min) precursor(cm®) (nm)

1 80 150 8.0 7 -

2 65 150 5.0 12 -

3 65 100 6.5 12 18.92

4 65 150 8.0 2 -

5 65 100 5.0 7 -

6 50 100 6.5 7 10.20

7 65 200 6.5 12 -

8 80 200 6.5 7 -

9 80 150 6.5 12 16.41

10 50 200 6.5 7 -

11 80 100 6.5 7 -

12 80 150 6.5 2 -

13 65 200 6.5 2 8.09

14 50 150 8.0 7 -

15 65 200 8.0 7 11.05

16 65 150 6.5 7 -

17 65 100 8.0 7 9.70

18 50 150 5.0 7 -

19 65 150 5.0 2 7.64

20 65 100 6.5 2 -

21 50 150 6.5 12 14.09

22 80 150 5.0 7 -

23 65 150 8.0 12 -

24 50 150 6.5 2 -

25 65 200 5.0 7 10.15
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Fig. 1. Biosynthesis process of TiO».

magnetic stirrer and stirred for 150 min, washed severally with distilled
water, and allowed to age for about 16 h. Thereafter, dried in an oven at
100 °C for an hour, followed by calcination of the dried sample at 450 °C
for 2 h. The product was a white powdered substance indicating the
formation of TiOy NPs. The same procedure was repeated for other runs
according to the DOE in Table 1.

2.4. Synthesis of CNTs

In preparing the catalyst for the synthesis process, 20.2 g of Fe
(NO3)3.6H0 and 14.5 g of Ni (NO3),.6H30 were put in a beaker, after
which 50 ml of distilled water was added and stirred to dissolve the
metallic salts. Afterward, 10 g of kaolin was added to the resulting dark
green solution to obtain a pale green mixture. The mixture thus formed
was stirred at 100 rpm for 2 h, after which it was oven-dried at 120 °C. A
reddish-brown solid that resulted from the process was crushed in
readiness for a good reaction between the carbon source (acetylene gas)
and the catalyst during synthesis. The crushed sample was sieved
through a 150 pm sieve and calcined at 800 °C for 16 h to completely
remove the nitrate contents.

Following successful catalyst synthesis, 1.0 g of the prepared catalyst
was spread to form a thin layer in a quartz boat which was then placed in
the center of the quartz tube in the CVD machine. Nitrogen, an inert gas,
was allowed to flow through the reaction chamber of the CVD at 30 ml/
min to ensure an inert atmosphere to avoid any unsolicited reactions. At
a reaction temperature of 700 °C, the nitrogen flow rate was adjusted to
100 mL/min. Acetylene gas was introduced into the reaction chamber at
190 ml/min to initiate CNT growth. The flow of acetylene gas was
stopped after 90 min and the CVD machine was allowed to cool to room
temperature under a continuous flow of nitrogen gas at 30 ml/min. The
quartz boat was then withdrawn from the reactor to harvest the CNTs.
Each run of the reaction in the CVD machine produced as much as 6.0 g
of CNTs. Next, the CNTs were purified using a 3:1 mixture ratio of HySO4
and HNOj3. 15 mL of concentrated HNO3 was added to a conical flask
containing 45 mL of diluted H2SO4, after which 10.0 g of the CNTs was
introduced into the flask for purification. It was then placed in the ul-
trasonic cleaner preset to 45 °C and run for 2 h as described by Medupin
et al. [47]. After ultra-sonication was complete, the suspension was
washed repeatedly in distilled water until a neutral pH was achieved.
The CNTs were oven-dried marking the completion of CNTs synthesis.

2.5. Preparation of TiO2/CNT filled rubber seed oil nanofluid

Nanofluids were prepared with RSO and nanofillers in various con-
centrations. The nanofillers and their composites used are CNTs, TiOy,
and TiOy/CNTs (70/30 and 50/50 wt%). Sodium Lauryl Sulfate was
used to prevent agglomeration between the NPs. The two-step method of
nanofluid preparation as described by Lawal et al. [26] was used in this
study. The volume of oil used was kept constant at 100 ml throughout
the experiments, while the number of nanofillers was increased from 0.1
g to 0.3 g-0.5 g to also observe the effect of the concentration of the
fillers on the base oil. A total of 12 different nanofluids were produced.
The design of experiment for this is shown in Table 2.

A 0.1 g of TiO2 NPs with an equal quantity of sodium lauryl sulfate in
5 ml of distilled water were poured into 100 ml of RSO and then stirred
on a magnetic stirrer for 30 min before being ultrasonicated for 40 min.

Table 2
Design of Experiment for preparation of nanofluids.

S/ Nanofluid Nanofillers & NCs Volume of oil Filler’s

N prepared (mL) quantity (g)

1 Sample 1.1 TiO, 100 0.1

2 Sample 1.2 TiO, 100 0.3

3 Sample 1.3 TiO, 100 0.5

4 Sample 2.1 CNT 100 0.1

5 Sample 2.2 CNT 100 0.3

6 Sample 2.3 CNT 100 0.5

7 Sample 3.1 nTiO,/CNTs (70/ 100 0.1
30 wt%)

8 Sample 3.2 nTiOy/CNTs (70/ 100 0.3
30 wt%)

9 Sample 3.3 nTiO,/CNTs (70/ 100 0.5
30 wt%)

10 Sample 4.1 nTiO,/CNTs (50/ 100 0.1
50 wt%)

11 Sample 4.2 nTiO,/CNTs (50/ 100 0.3
50 wt%)

12 Sample 4.3 TiO2/CNTs (5:5) 100 0.5

During the ultrasonication at a temperature above the boiling point of
water, distilled water evaporates from the mixture; leaving behind only
dispersed fillers and base oil. Following the Design of Experiment in
Table 2, the same procedure was repeated for the remaining nanofluids.
The specimens were hereafter characterized.

2.6. Characterization of nanomaterials

The samples prepared in this study were subjected to various char-
acterization techniques. The phase and crystallite sizes of the nanofillers
were determined using Bruker AXS D8 Advance X-ray Diffractometer
(XRD) with Cu Ka radiation source. The diffractograms were recorded in
the 20 range of 20° to 90° to identify the different phases present.

For the examination of morphology and structure, Zeiss Auriga High-
resolution Transmission Electron Microscopy (HRTEM) was employed.
To achieve this, 0.02 g of the samples were suspended in 10 cm® of
methanol and ultrasonicated until complete dispersion was achieved.
Nanosuspensions were then placed on a holey carbon grid using a
micropipette and dried through exposure to photo light. The morphol-
ogies of the nanomaterials were further investigated using Zeiss Auriga
High-resolution Scanning Electron Microscopy (HRSEM) with Energy
Dispersive Spectroscopy (EDX). A small amount (0.05 mg) of the sample
was sprinkled onto carbon adhesive tape and coated with Au-Pd using a
Quorum T150T Analyzer for 5 min. The coated sample was then imaged
at high electron tension (5 kV) for analysis. EDX was employed to
determine the elemental composition of the materials, operating at EHT
for 20 kV.

Additionally, the Brunauer-Emmett-Teller (BET) surface area and
pore size distributions of the samples were obtained by analyzing the
volume absorbed versus the relative pressure plot. To do this, a pre-
determined weight of the nanomaterial sample (0.1 g) was placed in a
sample tube and degassed at 95 °C for 4 h to remove any residual water
and volatile compounds.
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2.7. Characterization of nanofluids

A rotational viscometer (model NDJ-8S; serial number N2202 779)
was used to carry out all viscosity measurements of the samples in this
study. The absolute (dynamic) viscosity measurements of the cutting
fluid samples were taken before heating to and at both 40 °C and 100 °C
under stirring to determine the viscosity index of each of the cutting
fluid samples. The viscosity measurement of RSO was first recorded
before those of the nanofluid samples. A thermal conductivity test was
carried out using a KHCT-143 machine for liquids. The machine heats a
thin layer of liquid and has a cooling plate to remove heat from the
liquid layer, ensuring unidirectional heat flow. The input to the heater
can be varied and measurement of the input power is done using a
digital energy meter and stopwatch. A valve is provided to control water
flow. Four temperature sensors also measure temperatures across the
liquid layer. The stability of nanofluids was determined using the sedi-
mentation approach. Samples were kept in sample bottles and the time
taken for the various NPs to settle down was carefully observed and
recorded.

3. Results and discussion

The data gathered after all the experimental procedures as presented
in the earlier section and subsections are discussed in this section. The
results are first graphically presented before they are logically and
scientifically discussed based on theoretical understanding to ensure
that the goal of the study is achieved. Furthermore, all the character-
ization techniques as they relate to individual additive and hybrid
nanoparticles and nanofibers are first discussed before their application
in heat removal and lubrication during machining operations. The
performance characteristics of the additive’s concentration in nano-
fluids are optimized with the optimal combination for kinematic vis-
cosity and thermal conductivity of prepared nanofluids obtained using
larger-the-better quality characteristics.

3.1. XRD analysis of optimized CNTs, TiO,, and TiO2/CNTs

An experimental design of 2* factorials presented in Table 1 was used
to investigate the influence of synthesis factors such as stirring time, pH,
precursor volume, and extract volume on the yield of the nanofillers.
XRD was used to calculate the crystallite size of the analyzed TiO,. The
phase composition was estimated based on the peak intensities of
anatase, as presented in Fig. 2. The mean crystallite size was computed
from the full width at half maximum (FWHM) of related diffraction
anatase peak using the Scherrer Debye equation (Equation (1)). The
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Fig. 2. The XRD patterns of 2* factorial design optimizations of biosynthesized
TiO, NPs for runs (a) 3 (b) 6 (c) 9 (d) 13 (e) 15 (f) 17 (g) 19 (h) 21 (i) 25.
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smallest crystallite size was confirmed at an acidic medium (Table 1).
The figures presented as crystallite sizes in Table 1 are average values
calculated from the diffraction peaks of the XRD patterns in Fig. 2 using
the Scherrer Equation (Equation (1))

.
" pcosd

@

where D is the crystallite size, k is the shape factor (0.94), A is the
wavelength of the X-ray source, and g is the FWHM.

Fig. 3 presents the XRD results of the CNTs, TiO and the composites
of TiOo/CNTs at different compounding ratios prepared by the sol-gel
method. The XRD patterns reveal that mainly anatase peaks are found
for the TiOg at 2 0 = 25.2°> 37.7°, 48> and 54°. The spectra display the
XRD patterns of CNTs, with two peaks observed at around 31.6° and
52.1°. These peaks have been indexed to the reflection of graphite of
(002) and (100), respectively. For the TiO2/CNTs NCs, the diffraction
peaks of anatase are identified and the diffraction peaks assigned to
CNTs are barely seen (Fig. 3(a)). This could be a result of the overlapping
of the main peaks of CNTs with the peaks of TiO. It could also be
attributed to the high intensity of the diffraction peaks of TiO, and the
low content of CNTs in the composites. Notably, the width of the XRD
peaks at 35.03 and 57.5° was slightly broadened as CNTs were added to
the NCs. This process implies that the introduction of CNTs markedly
changed the NCs’ crystalline size of TiO,. The 2 0 reflection of anatase in
Fig. 3(d and e) disappears owing to the low thermodynamic stability and
hence its metastable nature at all temperatures and pressures [48]. The
high hole-trapping rate of the materials occasioned by the high proba-
bility for the cis-coordination polymerization eclipsed the peak seen in
the other panels of the XRD patterns in Fig. 3.

3.2. HRSEM of CNTs, TiO2 and TiO2/CNTs

Fig. 4 presents high-resolution scanning electron microscopy
(HRSEM) images of TiO3, CNTs, and CNTs/TiO» NCs at different ratios.
From the image demonstrated in Fig. 4(a), the TiO, NPs formed a fleck-
like structure. On the other hand, Fig. 4(b) revealed tube-like CNTs with
a diameter between 20 and 30 nm and a few agglomerated branches and
tiny particles on the surface. The micrographs (Fig. 4(c-e)) demonstrate
that TiO NPs are well dispersed on the surface of CNTs. The less iden-
tification of CNTs in the NCs was consistent with the CNTs/TiO, content
ratios in the samples, resulting in a well-homogenized distribution of
TiO2 on the CNTs in TiO2/CNTs (90/10 wt%) NCs as shown in Fig. 4(c).
Comparing the HRSEM images of NCs with the TiO, NPs, the presence of

Intensity (a.u)

10 20 30 40 50 60 70 80 90
2-theta (degree)

Fig. 3. XRD patterns of (a) CNTs (b) TiO» (c) TiO2/CNTs (9:1) (d) TiO,/CNTs
(7:3) (e) TiO5/CNTs (5:5).
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Fig. 4. HRSEM images of (a) TiO, (b) CNTs (c) TiO2 9: CNTs 1 (d) TiO, 7: CNTs 3 (e) TiO2 5: CNTs 5.

Fig. 5. HRTEM images of (a) nTiO, (b) CNTs (c) nTiO2/CNTs (90/10 wt%) (d) nTiO,/CNTs (70/30 wt%) (e) nTiO2/CNTs TiO2 (50/50 wt%).
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TiOy voids or spaces between the particles suggests inter-particle
porosity. This suggests that the morphologies obtained for the NCs
may be due to the interaction of TiO, with the defect sites of the CNTs
surface through binding by the intermolecular interaction.
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3.3. HRTEM of TiOa, CNTs and CNTs/TiO2

Fig. 5 displays high-resolution transmission electron microscopy
(HRTEM) images of TiOy, CNTs, and various CNTs/TiO2 NCs at different
ratios. From Fig. 5(a), spherical TiO, NPs are clearly visible while Fig. 5
(b) shows multi-walled carbon nanotubes (MWCNTSs) with a hollow
structure and varying inner diameters. The HRTEM images of the NCs in

. Spectrum 6

. Spectrum 2

I Spectrum 7

. Spectrum 8

12 14 16 18 keV

Fig. 6. EDX results of (a) nTiO3 (b) CNTs (c) nTiO,/CNTs (90/10 wt%) (d) nTiO2/CNTs (70/30 wt%) (e) nTiO/CNTs (50/50 wt%).
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Fig. 5(c—e) reveal well-distributed samples where individual CNTs are
effectively enclosed within TiO9, without forming aggregates between
TiO5 and CNTs. The size distribution of TiOy measures 14.02 nm, but
gradually decreased in the NCs. This phenomenon may be attributed to
the interaction between the —OH group on the titania and the chemical
groups of CNTs, particularly on the surface defects of acid-pretreated
CNTs. These defects may serve as sites of grain growth for TiOy crys-
tallites within the NCs.

However, when the CNTs content in CNTs/TiO2 composites in-
creases, as depicted in Fig. 5(e), the size of the crystallized TiO3 on the
CNTs was reduced, effectively suppressing the agglomeration of TiO5
NPs. The Selected Area Electron Diffraction (SAED) pattern in Fig. 5(f)
reveals characteristic reflections of MWCNTs, while the diffraction
pattern for anatase TiOy exhibits polycentric rings, as shown in Fig. 6.
These findings are consistent with the earlier analysis of XRD. The NCs

()
:Z: N» adsorption

0.8 —

0.6 —

Adsorbed volune (STP, ami/g)

2] N2 desorption
o2 o o6 o o

Relative pressure (P/P,)

100

80 —

( C) N, adsorption

60 —

40 -

Adsorbed volune (STP, ci’/g)

20 —

N, desorption

T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)

-1 (©)

80 —

N adsorption

60 —

40

Adsorbed volume (STP, cmi'/g)

20

Nz desorption

T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)

Materials Chemistry and Physics 316 (2024) 129126

also exhibit polycentric rings corresponding to different reflection
planes, indicating the dispersion of TiOy within CNTs to form Ti-O-C
and Ti-O-Ti networks.

Furthermore, the energy dispersive x-ray (EDX) spectra in Fig. 6
confirm the presence of Ti, C, and O as the main elements in the NCs,
alongside trace elements from the Ni salt and kaolin catalysts. The EDX
analysis demonstrates that the Ti content in the NCs follows the mass
ratio of the composites.

3.4. BET of TiO,, CNTs and CNTs/TiO,

In Fig. 7, the N5 adsorption-desorption isotherms of CNTs, TiO,, and
CNTs/TiO2 NCs are depicted (the red curves represents the Ny adsorp-
tion while the black curve represents N5 desorption), while Table 3

provides the Brunauer-Emmett-Teller (BET) specific surface area, pore
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Fig. 7. N, Adsorption-desorption curves of (a) CNTs (b) nTiO5 (c) nTiO2/CNTs (90/10 wt%) (d) nTiO,/CNTs (70/30 wt%) (e) nTiO,,CNTs (50/50 wt%).
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Table 3
The summary of BET results of CNTs, TiO, and CNTs/TiO,.

Sample Surface area (m?>/  Pore size Pore volume (cc/
g) (nm) g)
CNTs 65.00 16.79 0.003
TiO, 127.62 6.648 0.296
nTiO,/CNTs (90/10 wt ~ 57.84 7.637 0.155
%)
nTiOy/CNTs (70/30 wt ~ 71.19 8.412 0.195
%)
nTiO,/CNTs (50/50 wt ~ 103.42 7.451 0.259

%)

size, and pore volume values for each material. The N, adsorption-
desorption isotherm of TiOy exhibits characteristics consistent with a
type IV isotherm, showing a hysteresis loop attributed to capillary
condensation. The isotherm identified for the CNTs is the type III
isotherm as presented in Fig. 7. The isotherms resulting from the
nanocomposite are categorized as type IV isotherms which can be
ascribed combination of H2-type and H3-type loops. These isotherms
can be explained by introducing the inner cavities of the CNTs. Table 3
presents the BET surface areas of nanomaterials, 65 mz/g for CNTs,
127.62 m?/g for TiOy, 57.84 m?/g for CNTs/TiO, (1:9), 71.19 m?/g for
CNTs/TiO, (3:7) and 103.42 rnz/g for CNTs/TiO3 (50:50 wt%) samples
respectively.

The surface area of the as-synthesized nanomaterials was determined
using Tristar II 3020 at surface area and pore analyzers based on the Ny
adsorption-desorption method. Thereafter, the surface area determina-
tion was carried out by a nitrogen adsorption-desorption isotherm at 77
K, in a Micrometrics ASAP2020 system. Approximately 0.12 g of each
synthesized sample was degassed at 95 °C for 4 h to remove any residual
impurities blocking the pores.

TiOy exhibits a significantly higher surface area than CNTs, indi-
cating superior textural properties and potential for a wide range of
applications. Moreover, the surface areas of the NCs show variations
with changes in TiO2 and CNT contents in the samples. This can be
attributed to the separation of TiOs crystalline particles due to the
addition of CNTs. The pore sizes, as presented in Table 3, indicate that
the samples are mesoporous nanomaterials, which could facilitate effi-
cient mass transfer. Interestingly, the pore volume of the nanocomposite
materials increases as the CNT content increases.

Ti-0
e
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Fig. 8. FTIR spectra of (a) nTiO, (b) CNTs (c) nTiO»/CNTs (90/10 wt%) (d)
nTiO,/CNTs (70/30 wt%) (e) nTiO5,CNTs (50/50 wt%).
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3.5. FTIR of TiOg, CNTs and TiO2/CNTs NCs

The Fourier transform infrared spectroscopy (FTIR) was used to
investigate the interactions among the different constituents of the NCs
and to determine their structure and functional groups. The various FTIR
spectra of TiO,, CNTs, and TiOy/CNTs are presented in Fig. 8. In Fig. 8
(a), the absorption around 1630 em~! is attributed to the bending vi-
bration of adsorbed water molecules. The broad band at approximately
950 cm ! in the TiO5 sample corresponds to the characteristic vibration
of the Ti—O-Ti network. For CNTs (Fig. 8(b)), the peaks at 1650 cm ! are
assigned to the C-C stretching bonds, representing nanotube modes,
while the peak at 1705 cm ™! is associated with the C=0 stretching of
the carboxyl group, indicative of carboxyl functional groups (-COOH).
The presence of hydroxyl and carboxyl groups is indicated by the peaks
around 3500-3300 cm ™!, corresponding to —~OH stretching bonds. The
FTIR spectra of TiO2/CNTs (Fig. 8(c, d, and e)) reveal absorption peaks
corresponding to C=C and Ti-O bonds, leading to peaks assigned to
Ti-O-C and C-O bonds. These results suggest the formation of hetero-
junction at the surface of the TiOy and CNTs, resulting in interfacial
bonds in the matrices.

3.6. Viscosity, viscosity index, and thermal conductivity of the nanofluids

3.6.1. Experimental data

Dynamic viscosity was carried out to estimate the amount of resis-
tance offered by each fluid against the action of an external force applied
to it. Kinematic viscosity, on the other hand, measures the internal
resistance a fluid offers when it is subjected to only gravitational force.
The dynamic viscosity results were converted to kinematic viscosity
(mm?/s) using the relationship in Equation (2) with the specific gravity
taken to be 0.91 [49]. Table 4 shows the viscosity results for the nano-
fluid samples at room temperature, 40 °C, and 100 °C.

Haynamic
Hiinemaric = ——— e — ?
kinematic Spé‘lelC gravity

Having converted the dynamic viscosities to kinematic viscosities,
the viscosity indexes were calculated using an online viscosity index
calculator and the results are presented in Table 6. The viscosity of
unreinforced RSO as measured by the viscometer was found to be 42.36,
equivalent to 46.55 mm?/s. As seen from Tables 4 and 5, an increase in
the filler quantity with the volume of oil kept constant resulted in a
corresponding increase in the viscosity of the nanofluids. When 0.1 g of
TiO4 particles was used at room temperature, as in sample 1.1, a vis-
cosity increase of 5.02% was obtained. A percentage increase of 31.82%
was obtained when 0.3 g was used (sample 1.2) and 31.6% when 0.5 g
was used (sample 1.3). A similar trend was noticed for the CNTs addi-
tive. Both dynamic and kinematic viscosity increased as the filler con-
tent of the base oil increased from 0.1 g (sample 2.1) to 0.5 g (sample
2.3). This improvement in viscosity can be linked to good dispersion of

Table 4
Design of Experiment for preparation of nanofluids.
S/ Nanofluids ~ Dynamic viscosity Dynamic Dynamic
N at room temp. (cp) viscosity at 40 °C  viscosity at
(cp) 100 °C (cp)
1 Sample 1.1 44.60 38.34 5.54
2 Sample 1.2 55.84 39.69 6.97
3 Sample1.3  61.93 43.94 7.61
4 Sample 2.1 51.18 39.06 6.72
5 Sample2.2  60.87 42.51 7.48
6 Sample 2.3 62.04 48.31 11.37
7 Sample 3.1 66.92 46.30 6.21
8 Sample 3.2  70.93 48.25 10.47
9 Sample 3.3 79.85 51.35 11.76
10 Sample 4.1 60.89 45.73 6.11
11 Sample4.2  65.63 46.24 7.61
12 Sample4.3  76.35 55.89 12.24
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Table 5
Design of Experiment for preparation of nanofluids.
S/ Nanofluid ~ Kinematic viscosity Kinematic Kinematic
N at room temperature viscosity at 40°C  viscosity at
(mm?/s) (mm?/s) 100 °C (mm?%/s)
1 Sample 49.01 42.13 6.09
1.1
2 Sample 61.63 43.62 7.66
1.2
3 Sample 68.05 48.29 8.36
1.3
4 Sample 56.24 42.92 7.38
2.1
5 Sample 66.89 46.71 8.22
2.2
6 Sample 68.18 53.09 12.49
2.3
7 Sample 73.54 50.88 6.82
3.1
8 Sample 77.95 53.02 11.51
3.2
9 Sample 87.75 56.42 12.92
3.3
10 Sample 66.91 50.25 6.71
4.1
11 Sample 72.12 50.81 8.36
4.2
12 Sample 83.90 61.42 13.45
4.3
Table 6

Viscosity index and thermal conductivity values of the nanofluids.

S/N Nanofluid Viscosity index values Thermal conductivity (W/m°C)
1 Sample 1.1 85 0.351
2 Sample 1.2 145 0.381
3 Sample 1.3 152 0.402
4 Sample 2.1 137 0.397
5 Sample 2.2 149 0.413
6 Sample 2.3 242 0.425
7 Sample 3.1 84 0.405
8 Sample 3.2 218 0.439
9 Sample 3.3 237 0.467
10 Sample 4.1 82 0.417
11 Sample 4.2 139 0.465
12 Sample 4.3 227 0.518

the additives in the RSO. This observation would not hold beyond 0.5 g
as a further increase in filler content could result in an undesirable
agglomeration as reported by Abubakre et al. [44] and, hence, make the
nanofluid less viscous and less effective as a heat-removing agent during
machining.

For instance, in TiO2/CNTs (70:30 wt %) NCs the viscosity of the
nanofluid improved by 36.7% when 0.1 g of it was utilized (sample 3.1).
The best improvement in viscosity was recorded for 0.5 g of the NCs
(sample 3.2). The viscosity of TiO2/CNTs (50:50 wt%) NCs increases
significantly when compared with the unfilled and single-additive
reinforced base oil. While both nanocomposites outperformed the in-
dividual additives, the TiO/CNTs (70:30 wt%) performed better
because there are more sites on the CNTs to host TiOy NPs. As a result,
reduced the tendency of agglomeration and hence improved dispersion
of the additives in the vegetable oil as well as the stability of the
nanofluids.

The thermal conductivity results obtained using the thermal con-
ductivity machine are presented in Table 6. As observed from Table 6,
the thermal conductivity of the nanofluid samples increases as the
concentration of NPs increases. This trend aligns with the findings of
Lawal et al. [26], who reported on the dual functions of heat removal
from machining interfaces and lubrication of cutting tools performed by
nanofluids to reduce friction during the process. Among the samples,
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Sample 4.3 exhibited the highest heat conduction away from the cutting
zone with a value of 0.518 W/m°C, while Sample 1.1 recorded the
slowest heat conduction with a value of 0.351 W/m°C. This can be
attributed to the high heat absorption capacity of CNTs and TiO9, which
were present as suspended solids and are known to possess higher
thermal conductivities than conventional heat transfer fluids such as
vegetable oils [44,50,51].

In summary, the existence of higher interface resistance with the
fluid layer is a result of the presence of more surface areas in the
nanofillers’ existence as single entities and thus capable of conducting
heat away from cutting zones faster than when they exist in clusters.
Almost all the research findings report a negative correlation between
particle sizes/concentrations increase and the viscosity of nanofluids.
The majority of these reports are based on nanoparticles and their
composites. However, the current study focuses on developing nano-
fluids from RSO and nanoparticles/nanofibers hybrid composite as
fillers.

3.6.2. Optimal combination

The optimal combination of kinematic viscosity and thermal con-
ductivity of the prepared nanofluids was obtained using larger-than-
better quality characteristics (Equation (3)). The signal-to-noise (S/N)
ratio values obtained using Equation (3) are presented in Table 7 while
the main effect plots which revealed the optimal combination are shown
in Figs. 9 and 10. The S/N ratio measures how the response varies
relative to the target values under different conditions. Higher values of
the S/N ratios identify the control factor settings that minimize the effect
of the noise factor [52]. The values presented in Table 7 indicate that the
signal level (response value) for kinematic viscosity is greater than the
experimental noise level while that of thermal conductivity showed
more influence of experimental noise which slightly tends to affect the
response or signal values. However, samples with higher S/N ratios
showed better signal quality.

S 1 a1
N 10 log; <Zl1y‘2>

where n is the number of experimental samples and y represents re-
sponses of a given factor level combination.

The main effect plots for viscosity and thermal conductivity pre-
sented in Figs. 9 and 10 respectively revealed that the optimum com-
bination of the nanofluid can be achieved using 100 mL volume of oil
and 0.5 g filler quantity.

3

4. Conclusion

This study has successfully synthesized and evaluated the perfor-
mance of nano-TiO5 and carbon nanotube (CNT), with the formulated
hybrid nanocomposites (NCs) as additives in rubber seed oil (RSO) for
machining operations. The NCs show polycentric rings of different
reflection planes, which assume the nature of the nTiO5 dispersed in
CNTs to form Ti-O-C and Ti-O-Ti networks. It has been confirmed in
this study that the thermal conductivity of the nanofluid samples
increased as the concentration of NPs increased with filler contents not
exceeding 0.5 g. These findings are in agreement with previous reports
that nanofluids serve the dual functions of heat removal from machining
interfaces and lubrication of cutting tools to reduce friction during the
process. The optimal nTiO2/CNT hybrid nanofillers-RSO mixing ratio
was Sample 4.3 (TiO2/CNTs (50/50 wt%)) which exhibited the highest
heat conduction away from the cutting zone with a value of 0.518 W/
m-°C, while Sample 1.1 manifested the slowest heat conduction with a
value of 0.351 W/m°C. This observation is attributed to the high heat
absorption capacity of CNTs and nTiO existing as suspended solids.
Finally, this study has confirmed that nano-Titania and CNT-reinforced
RSO have higher thermal conductivities than conventional heat transfer
fluids like unreinforced vegetable oils.
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Table 7
S/N Ratios for Kinematic viscosity and thermal conductivity of Nanofluid.

Materials Chemistry and Physics 316 (2024) 129126

Nanofluid Nanofillers & NCs Vol. of Filler’s S/N ratio for kinematic S/N ratio for kinematic S/N ratio for kinematic S/N ratio for
prepared oil (mL) quantity (g) viscosity (room temp.) dB viscosity (40 °C) dB viscosity (100 °C) dB thermal conduct.
dB

Sample 1.1 TiO, 100 0.1 33.8057 32.4918 15.6923 —9.0939

Sample 1.2 TiO, 100 0.3 35.7958 32.7937 17.6846 —8.3815

Sample 1.3 TiOy 100 0.5 36.6566 33.6771 18.4441 —7.9155

Sample 2.1 CNT 100 0.1 35.0009 32.6532 17.3611 —8.0242

Sample 2.2 CNT 100 0.3 36.5072 33.3882 18.2974 —7.6810

Sample 2.3 CNT 100 0.5 36.6731 34.5003 21.9312 —7.4322

Sample 3.1 nTiOy/CNTs (70/ 100 0.1 37.3305 34.1309 16.6757 —7.8509
30 wt%)

Sample 3.2 nTiO,/CNTs (70/ 100 0.3 37.8363 34.4888 21.2215 —7.1507
30 wt%)

Sample 3.3 nTiOy/CNTs (70/ 100 0.5 38.8649 35.0287 22.2253 —6.6137
30 wt%)

Sample 4.1 nTiO,/CNTs (50/ 100 0.1 36.5098 34.0227 16.5345 —7.5973
50 wt%)

Sample 4.2 nTiO5/CNTs (50/ 100 0.3 37.1611 34.1190 18.4441 —6.6509
50 wt%)

Sample 4.3 nTiO,/CNTs (50/ 100 0.5 38.4752 35.7662 22.5744 —5.7134
50 wt%)

Main Effects Plot for SN ratios of Viscosity (room temp., 400C, 1000C)
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Fig. 9. Optimal parameters for kinematic viscosity of nanofluid.

Main Effects Plot for SN ratios of Thermal conductivity
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Fig. 10. Optimal parameters for thermal conductivity of nanofluid.
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