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Abstract
Conventional surfactants such as CTAB (cetrimonium bromide), SDS (sodium dodecyl sulphate), SDBS (sodium dodecyl 
sulphonate) are combined with nanofluids to improve the stability and thermal conductivity of nanofluids. These nanofluids 
are mainly used for heat transfer applications where heating and cooling are usual courses of action which result in surfactants 
producing foams and polluting the heat transfer media, affecting the total system performance. Besides, the common sur-
factant molecules that augment the thermal resistance between the nanoparticles and base fluid also affect the thermophysical 
properties of the nanofluid. In this paper, [Bmim][Cl] (1-butyl-3-methylimidazolium chloride), a high purity ionic liquid 
(IL) with higher thermal stability was used to provide a comparative study on the stability and thermal properties with that 
of the conventional surfactants (CTAB, SDS, SDBS) on multiwalled carbon nanotubes (MWCNT)/propylene glycol (PG) 
nanofluid. The transient hot-wire based KD2-Pro and zeta potential results demonstrated that the inclusion of ionic liquid 
improved the thermal conductivity and stability of the formulated nanofluid. However, much like the conventional surfactants, 
the strong electrostatic repulsive force created by the ionic liquid was found to decrease when the temperature is increased. 
The outcome demonstrated the most extreme thermal conductivity upgrade of 33.7% at 303 K and maximum dispersion 
stability of more than one month without any aggregation for the nanofluid containing ionic liquid.
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List of symbols
Al2O3  Aluminium oxide
Au  Gold
BmimCl  1-Butyl-3-methylimidazolium chloride
CTAB  Cetrimonium bromide

EDX  Energy-dispersive X-ray
FESEM  Field emission scanning electron microscope
OD  Outer diameter of MWCNTs
FTIR  Fourier transform infrared spectroscope
h  Heat transfer coefficient (W m−2 K−1)
IL  Ionic liquid
INF  Nanofluid containing ionic liquid
k  Thermal conductivity (W m−2 K−1)
LiNO3  Lithium nitrate
MWCNT  Multiwalled carbon nanotubes
PG  Propylene glycol
S1  MWCNT + PG + SDS
S2  MWCNT + PG + SDBS
S3  MWCNT + PG + CTAB
S4  MWCNT + PG + IL
SDBS  Sodium dodecyl benzene sulphonate
SDS  Sodium dodecyl sulphate
T  Temperature (K)
mass  M (gram)
ID  Inner diameter of MWCNTs
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Greek symbol
μ  Dynamic viscosity (kg m−1 s−1)
ρ  Density (kg m−3)
Ø  Mass concentration (%)

Subscripts
Cp  Specific heat capacity (kJ kg−1 K−1)
nf  Nanofluid
np  Nanoparticle
bf  Base fluid

Introduction

In general, the most ingenious way of improving base flu-
id’s thermal conductivity is to blend the MWCNT nano-
particles within it that can be called as ‘nanofluids’. Many 
researchers [1–3] have studied its inherent properties to be 
efficient for heat transfer application. Maintaining the sta-
bility of nanofluid is a significant task to deal with. One of 
the common ways of enhancing the nanofluid stability is 
through the inclusion of surfactants like CTAB, SDS, SDBS, 
Tween 20, Triton X-100, Gum Arabic, etc. Surfactants are 
substances used in nanofluids for their ability to lower the 
surface tension of liquids, making the molecules slipperier, 
so they are less likely to interact with nanoparticles and base 
fluids. They are also utilised to moderate the aggregation of 
nanoparticles in the mixture and its sedimentation, which 
fundamentally decreases the thermal properties of nanoflu-
ids. Most of the surfactants produce foams while homog-
enised with nanofluids which changed the original property 
of the nanofluids affecting the heat transfer media. Due to 
the excellent solvation properties of ionic liquids, they are 
chemically, thermally and electrochemically stable; and their 
low vapour pressure made them an attractive replacement for 
conventional surfactants. Ionic liquids are studied for many 
applications like batteries, solar cells, organic synthesis, 
catalysis, separation sciences, tissue preservation, alternative 
lubricants and biotransformation. Here in this paper, a new 

attempt is made to verify the performance of [Bmim][Cl] 
(ionic liquid) as the surfactant in MWCNT/PG nanofluid.

The latest research carried out by Pritam et al. [4] using 
CTAB, SDS, SDBS and acetic acid as surfactants proved 
that CTAB and SDS provided stable suspensions and opti-
mal thermal conductivity improvement of 5.8%. Choi et al. 
[5] performed an experimental investigation with four sur-
factants that are typically utilised namely CTAB, SDS, 
SDBS and Triton X-100 in MWCNT/water nanofluid and 
concluded that high stability and heat transfer coefficient 
are achieved with SDBS surfactants. Since these surfactants 
produce harmful effects on the heat transfer media, ionic 
liquids which are incombustible at ambient conditions and 
are also recyclable are preferred to be used in its place [6]. 
Sheveylyova et al. [7] showed an 8% thermal conductivity 
enhancement by incorporating ionic liquids like [C4mim]
[BF4] and [C4mim][PF6] in MWCNTs; the results are 
almost similar to that of Nirto de Castro et al. [8]. Some 
of the latest experimental studies on the thermal proper-
ties of ionic liquid-based nanofluids are listed in Table 1. 
Al-Waeli et al. [9] used five different types of surfactants 
(CTAB, SDS, tannic acid + ammonia, SDBS, sodium deoxy-
cholate) on water–silicon carbide nanofluid to determine its 
stability and thermophysical properties for use in photovol-
taic–thermal systems. They concluded that the stability of 
the nanoparticle suspension is dependent on the variety of 
surfactant and the ultrasonication time. Their results showed 
that CTAB-based nanofluid achieved maximum stability of 
93 days with an ultrasonication time of 6 h.

In the latest research done by Zhai et  al. [16], the 
effect of PVP (polyvinylpyrrolidone) and SDS (sodium 
dodecyl sulphate) surfactants on  Al2O3–EG nanofluid 
is investigated. It was found that the highest stabilisa-
tion and homogenisation were obtained for PVP used 
nanofluid. Akhgar and Toghraie [17] studied water–EG/
TiO2–MWCNT hybrid nanofluid with CTAB surfactants 
of around 0.05 to 1% volume fractions at 293 to 323 K 
temperature. They demonstrated a maximum enhancement 
of 38.7% of thermal conductivity, and their experimental 
results are also consistent with two mathematical models 

Table 1  Summary of existing studies for the thermal properties of nanofluids containing ionic liquids

Ionic liquids Nanoparticles Preparation technique Critical findings References

[C4mim][NTf2] Al2O3 Two-step method Significant increase in heat transfer coefficient [10]
[C4C1Im][DCa]
[C2C1Im][C2SO4]

MWCNT
Graphite

Two-step method Heat capacity enhancement of 34% for graphite-based ionanofluids [11]

[Bmim][PF6] Au One-step method Thermal conductivity enhancement of 13.1% at 354 K [12]
[Hmim][BF4] Graphene Two-step method 22.9% increase in the thermal conductivity [13]
[Emim][DEP] MWCNT Two-step method Thermal conductivity of the INF increases significantly with the 

increasing mass fraction of MWCNTs
[14]

[EMIM][DEP] LiNO3 Two-step method Obtained a maximum thermal conductivity of 0.51 W m−1K−1 at 
363 K with 0.55% mass concentration

[15]
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proposed by them. SiC-based ionic liquids were studied 
by Chen et al. [18]. In their study, they experimentally 
analysed the thermophysical and optical properties of 
SiC-based ionic liquids as heat transfer fluids in direct 
absorption solar collectors. It was discovered that the ther-
mal conductivity and specific heat of pure [Hmim][BF4] 
ionic liquid were increased to 10.2% and 5% at 298 K. 
Regarding its viscosity and density, data in the literature 
are contradictory. In an interesting study, Sanchez et al. 
[19] employed three experimental techniques namely 
UV–vis spectroscopy, particle size and zeta potential to 
determine the stability of NiO-eutectic mixture (diphe-
nyloxide + biphenyl) nanofluid in the presence of BAC 
(benzalkonium chloride) and ODT (1-octadecanethol). 
All three methods proved that BAC surfactant is the best 
stabilising agent for NiO nanofluid. Gao et al. [20] used 
surfactants like APE-10, CTAB, OP-10, SDBS, SDS and 
TTAB to illustrate the impact of different surfactants on 
the dispersion effect and tribological performance of car-
bon nanotubes (CNT) with vegetable oils and proved that 
APE-10 with CNT nanofluids resulted in more extended 
stability (> 45 h) without any deposition.

Even though most researches done on MWCNT nano-
fluids with conventional surfactants resulted in excellent 
stability and thermal conductivity, no study compared the 
effect of [Bmim][Cl] (ionic liquid) with conventional sur-
factants. This paper presents a systematic report on the 
effect of using ionic liquid instead of conventional sur-
factants in MWCNT/propylene glycol nanofluid at dif-
ferent temperatures. It mainly aims at finding the best 
substance for maintaining the stability and thermal con-
ductivity of MWCNT/propylene glycol nanofluids at least 
for 30 days. Four types of fluid at 0.9% mass concentra-
tion are prepared, and their thermophysical properties 
like thermal conductivity, viscosity density and specific 
heat capacity are tested and compared with other relevant 
researches.

Materials and methodology

Materials

Multiwalled carbon nanotubes with an outer diameter of 
13 nm were purchased from Sigma Aldrich, Merck Group 
LTD, USA. Due to the strong atomic bonds of MWCNTs, 
its thermal conductivity value is higher, which led to the 
selection of MWCNT nanoparticles in this study. On the 
other hand, blending of nanoparticles with ionic surfactants 
(CTAB, SDS, SDBS) have been extensively used in many 
production processes, including heat transfer fluids and 
shale oil processing due to their significant synergistic 
effects [21]. Moreover, the imidazolium-based ionic liquids 
have proved immense significance due to their fascinating 
properties such as dispersion [22], suspension [23], abil-
ity to transport [24] and solubility [25]. Furthermore, the 
provenance of ionic liquids with nanoparticles reported by 
previous researchers is summarised in Table 1. Conven-
tional surfactants like CTAB, SDS and SDBS are used in 
this study, whereas [Bmim][Cl] ionic liquid is also used 
as a surfactant to enhance the dispersion stability of the 
proposed nanofluid. The detailed information of the sur-
factants is displayed in Table 2. The physical form of the 
surfactants can be distinguished from Fig. 1 showing that 
conventional surfactants (Fig. 1a–c) are in powder form that 
cannot be easily dissolved with nanofluids, whereas [Bmim]
[Cl] (Fig. 1d) is in liquid form that can be easily dissolved 
with nanofluids that can lead to excellent dispersion stabil-
ity. Propylene glycol solution with a purity of 99.5% has the 
ideal working fluid qualities as it is non-corrosive and has 
very low volatility and toxicity; thus, it is chosen as the base 
fluid to produce the nanofluid. The thermophysical charac-
teristics of the base fluid and nanoparticles are presented 
in Tables 3, 4, respectively. To verify the morphological 
properties of the MWCNT nanoparticles, field emission 
scanning electron microscope (FESEM) was used. The raw 
image of MWCNT nanoparticle is presented in Fig. 2.

Table 2  Properties of surfactants used in this study [20, 26]

Surfactants CTAB SDBS SDS [Bmim][Cl]

Relative molecular mass 364.45 348.48 288.38 174.67
Hydrophilic–lipophilic balance 15.8 10.6 40 –
Type Cationic Anionic Anionic Anionic + cationic
Physical state Powdery Powdery Granular Liquid
Chemical formula CH3(CH2)15 N(Br)(CH3)3 CH3(CH2)11C6H4SO3Na CH3(CH2)11OSO3Na C8H15ClN2

Molecular structure CH Br 
–

3

CH3

CH

N+

3

H3C(H2C)15

CH3(CH2)10CH2
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O CH3(CH2)10CH2O
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Preparation of nanofluids

The significant challenges in synthesising a nanofluid are 
to maintain its dispersibility, thermal stability, chemical 
manipulation and its compatibility. To obtain a stable nano-
fluid, the thermal energy of the prepared nanofluid should 
be less than the van der Waals interaction. Usually, repul-
sive forces increase thermal energy, whereas attractive forces 

decrease thermal energy. The general approach used to over-
come these challenges is to add surfactants. In this study, the 
two-step method was used where the commercial MWCNT 
nanoparticles were taken first, and those nanoparticles were 
dispersed into a propylene glycol base fluid. The preparation 
process of the proposed nanofluid is depicted in Fig. 3. The 
MWCNTs and propylene glycol solution were mixed using 
a magnetic stirrer for 30 min at 1000 rpm without heating. 
Using Sonics VCX-750 Vibra-Cell, 750 Watts, 50 kHz 
Ultrasonic probe with 60% amplitude, 303 K temperature 
(maintained by water bath) and 01 01 pulse rate as param-
eters, the nanoparticles and base fluids were homogenised 
for 4 h to obtain a better suspension. Based on the previous 
literature [29, 30], an optimum mass concentration of 0.9% 
MWCNT nanoparticle was chosen to prepare four samples 
with different surfactants namely CTAB, SDBS, SDS and 
[Bmim][Cl] ionic liquid to analyse the impact of typical sur-
factants and ionic liquid on the stability and thermophysical 
properties of MWCNT/propylene glycol nanofluid.

Since surfactants could affect the original nature of the 
nanofluids, their concentration should be in less proportion 

Fig. 1  Photograph of surfactants a CTAB, b SDBS, c SDS, d BmimCl

Table 3  Thermophysical properties of the base fluid at 293 K [27]

Properties Propylene glycol

Chemical formula C3H8O2

Thermal conductivity 0.187 W m−1K−1

Melting point − 60 °C
Molar mass 76.095 g mol−1

Viscosity 0.042 kg m−1s−1

Density 1036 kg m−3

Refractive index 1.431
Boiling point 187 °C
Vapour pressure 1.0876 kg m−1s−2

Table 4  Thermophysical properties of nanoparticles [28]

Properties MWCNTs

Purity  > 98%
Thermal conductivity 3000 W m−1 K−1

Size OD-13 nm, ID-6 nm
Density 2100 kg m−3 at 298 K
Specific surface area 220 m2 g−1

Colour Black

Fig. 2  Photograph of MWCNT nanoparticle
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when compared to nanoparticles [31]. In each sample, sur-
factant was added in a proportion of 1:10 with respect to 
the nanoparticles by mass. The same parameters were fol-
lowed for all the nanofluids synthesised. Table 5 presents the 
amount of nanoparticles, surfactants and base fluids used for 
the preparation of the studied fluids.

Characterisation

Surface morphology of MWCNT nanoparticles

FESEM (field emission scanning electron microscope, Zeiss 
Supra 55VP) was utilised to record the images of the studied 
nanoparticles. It can be used to characterise samples down 
to a resolution of 1 to 4 nm with voltage ranging from 100 V 
to 30 kV. Also, EDX analysis was performed to determine 
the elemental composition of the nanoparticle with the same 
FESEM equipment that has a maximum detection limit of 

0.5%. Indeed, unstable materials at room temperature can 
also be analysed through its incredible cryo transfer system.

Thermal conductivity

Thermal conductivity of the formulated nanofluids with a 
mass concentration of 0.9% over temperatures ranging from 
303 to 343 K was determined by KD2-Pro thermal prop-
erty analyser (Decagon Devices, USA). After turning on 
the KD2-Pro device, the sensor needle (KS-1 sensor) has to 
be inserted into the nanofluid to be measured as shown in 
Fig. 4. Then, the sample is heated with a water bath where 
the temperature of the sample and water flow is regulated to 
measure the thermal conductivity of the sample at certain 
temperature. Before taking the final measurements, 15 min 
is allowed for samples and needles to equilibrate with the 
atmospheric temperature. In order to avoid the redistribution 

Fig. 3  Schematic layout of 
nanofluid preparation PG

MWCNT
Surfactant

Nanofluid

Magnetic stirring 
(30 min)

Ultrasonication
(4 h) Nanofluid

(After 4 h)

Table 5  Proportion of solutes 
and solvents used for nanofluid 
preparation

Sample Total mass/gram Concen-
tration of 
NP/%

Mass ± 0.002 g

Propylene glycol MWCNT 
nanoparti-
cles

Surfactant

PG + MWCNT + SDS 48.256 0.9 47.77875 0.4343 0.04343
PG + MWCNT + SDBS 48.256 0.9 47.77875 0.4343 0.04343
PG + MWCNT + CTAB 48.256 0.9 47.77875 0.4343 0.04343
PG + MWCNT + [Bmim][Cl] 48.256 0.9 47.77875 0.4343 0.04343
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of moisture into the sample, the heat input is given as small 
as possible.

Density

In this study, the density of the prepared nanofluids is ana-
lysed by a density meter (DMA 1001, Anton Paar) that 
works on the principle of “Pulsed Excitation Method”. It 
can be used to measure the samples at a range of 0 g cm−3 
to 3 g cm−3 with a pressure scale of 0 to 10 bar at a preci-
sion of 0.0001 g cm−3. This device consists of a U-shaped 
glass where the sample has to be injected without any gas 
bubbles. With a series of impulses, the U-tube is excited to 
oscillate for attaining a constant amplitude. Then, the result-
ing oscillation properties are converted into understandable 
algorithms by the device that generates the required density 
values.

Viscosity

At the present work, Brookfield viscometer is utilised to 
measure the fluid’s resistance to flow which is called as vis-
cosity. It consists of a synchronous motor to maintain a con-
stant rotational speed. Firstly, the spindle protector has to be 
mounted on the viscometer. The coupling screw is lifted to 
attach the spindle to the lower shaft of the viscometer. The 
spindle has to be inserted in a diagonal path across the fluid 
surface to avoid unnecessary air bubbles. Lower and centre 
the spindle in the studied fluid until the ‘meniscus’ of the 
fluid is at the centre of the immersion groove on the spindle’s 
shaft. Finally, the motor switch is turned on to power the 
synchronous motor and the viscosity is measured once the 
readings got stabilised.

Specific heat capacity

A differential scanning calorimetry (DSC 4000, Perki-
nElmer) is used to measure the specific heat capacity of 
the formulated samples. Here, the samples are descended 
(12  mg ± 0.1) into ceramic crucibles and placed in the 
device. The heating rate was adjusted to 10 °C min−1 and 
the final temperature was fixed to 343 K subjected to a nitro-
gen flow rate of 40 mL min−1. To know the baseline of the 
heat flux, calibration was performed with an empty crucible. 
After calibration, a standard sapphire was utilised to meas-
ure the heat flux for reference. To ensure the accuracy of the 
results, the same procedure is repeated for three times with 
all the samples.

Stability test

To ensure the dispersion stability of nanofluids, visual inspec-
tion and zeta potential technique were followed. For visual 
inspection, the samples were poured into highly transparent 
vials and their sedimentation is monitored at regular intervals 
of time. Usually, the nanoparticles will get deposited at the 
bottom of the vials after preparation which is considered as 
less stable. On the other hand, Litesizer 500, Anton Paar is 
used to measure the zeta potential value of the synthesised 
nanofluid. It is a technique to measure the charge generated 
between the surface of the solute and solvent. High charge 
represents high stability and low charge represents less stabil-
ity. In this research, stability measurement was done using the 
visual inspection method and zeta potential technique where 
the results showed that nanofluid using [Bmim][Cl] obtained 
better stability when compared with nanofluids containing 
other conventional surfactants.

Fig. 4  Experimental set-up of 
thermal conductivity measure-
ment

Stand

Sensor needle

Nanofluid

Water bath

KD2 Pro thermal property analyzer
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FTIR Spectroscopy

FTIR spectra were conducted with a range of 4000 to 500 cm−1 
using a Spectrum Two FT-IR spectrometer (PKI-L160000A, 
PerkinElmer) at atmospheric temperature. In order to find the 
functional groups attached to the prepared nanofluids, this 
device was utilised. The vibrational energy and infrared light 
energy lead to the absorption of electromagnetic beam by the 
sample when it matches with each other. Certain spectrums 
can be generated by modifying the beam frequency where the 
molecules are absorbed resulting in broad peaks. These peaks 
are analysed to find the specific bonds in the material.

Uncertainty analysis

The analysis of uncertainty is the estimation of the interval of 
unsureness, that is associated with an experimental outcome 
based on scattered observations in the raw data which is used 
to measure the outcome. The literature has shown that no cal-
culation is perfect from incertitude and albeit meticulously 
designed. Thus, it is vital to use the correct measurement to 
minimise ambiguity, as the application and structure of science 
are highly dependent upon the measurement. The uncertainty 
of each quantity is calculated by Gaussian distribution method 
[32] which is stated as follows.

In the above equation, the uncertainty is represented by U
x
 

while σn and x
n
 indicate the standard deviation and mean 

of the experimental data. Thermal conductivity, density, 
viscosity and specific heat capacity were measured at least 
three times at each stage. The uncertainty percentage of the 
measured thermal conductivity, viscosity, density and spe-
cific heat capacity equipment is listed in Table 6.

(1)U
x
= ±

(

2
�
n

x
n

)

∗ 100%

Results and discussion

The most complex task in nanofluids is its successful prepa-
ration and stability since property enhancement of nanoflu-
ids relies on nanofluid dispersion. In this study, a two-stage 
method was used to prepare stable nanofluids. The propylene 
glycol base fluid with 0.9% mass concentration of MWCNT 
nanoparticle was sonicated with surfactants and ionic liquid 
in an ultrasonic probe (Sonics 750 Watts, 20 kHz) with 60% 
amplitude, 01 01 pulse rate for 4 h to prepare four samples. 
In order to enhance the stability, the synthesised nanofluids 
are subjected to ultrasonic processing where the nanoparticle 
is broken down to tiny agglomerates.

FESEM and EDX analysis

The morphology of the studied MWCNT nanoparticles was 
investigated using field emission scanning electron micro-
scope (FESEM) at different magnification as shown in 
Fig. 5a, b. From the figure, the cylindrical structures of the 
nanoparticles were confirmed which can be considered as an 
important characteristic of multiwalled carbon nanotubes. 
These interlinked rolled up (cylindrical) sheets are sig-
nificant for preventing the bond breakage with the solvent. 
Energy-dispersive X-ray (EDX) analysis was also conducted 
to characterise the unique energy and atomic percentage of 
each element present in the MWCNTs. EDX is one of the 
non-destructive characterisation techniques where it showed 
the type of elements and the percentage of concentration of 
each element on the MWCNT sample, which is displayed in 
Fig. 5c, d. The energy of the X-rays is presented in X axis 
reflecting the identification of elements like C, O and N. 
In contrast, the Y axis represents the number of counts or 
peak height leading to the determination of each element’s 
concentration.

Table 6  Experimental conditions and accuracy

a Using Gaussian distribution method, the uncertainty is calculated based on the supplementary material

Parameter Experimental conditions Accuracy of devices Uncertainty 
of measured 
 quantitiesa/%

Thermal conductivity Temperature of the sample is kept constant, minimum contact resistance 
between the sensor and material into which the sensor is inserted, proper 
needle spacing

 ± 5% (conductivity from 
0.2 to 2 W m−1K−1)

 ± 0.01% (conductivity from 
0.02 to 0.2 W m−1K−1)

0.7–3.9

Viscosity 40% spindle speed rotation, laminar flow condition  ± 1% 2–6.6
Density Stable oscillation using pulsed excitation method (PEM)  ± 0.0001 g cm−3 0.5–1.2
Specific heat capacity 10 °C min−1 heating rate, 40 mL min−1 nitrogen flow, 303 to 343 K 

temperature
 ± 2% 1.4–4.4
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FTIR spectrometry

In this research, PKI-L160000A Spectrum Two FTIR spec-
trometer was used to determine the existence of functional 
groups in all the studied surfactants. The molecules of the 
surfactants were irradiated with electromagnetic radiation 
so that energy was absorbed by these molecules at a situ-
ation when the frequency of the electromagnetic radiation 
coincided with the frequency of vibrational bonds in the 
molecules, which can be characterised with IR spectrum 
regions to identify the bond strength and types precisely. The 
FTIR graph of the studied surfactants is presented in Fig. 6.

In all the surfactants, prominent peaks occurred at the 
fingerprint region (1500–500 cm−1) except CTAB which 
showed a unique peak only at 2916 cm−1, whereas [Bmim]
[Cl] obtained its high peaks at 1163 cm−1 while SDBS and 

SDS reached theirs at 1182 cm−1 and 1217 cm−1 wavenum-
bers, respectively. Even though SDBS and SDS exhibited a 
large number of absorption peaks from 500 to 1700 cm−1 
region, they showed only few peaks after 1700 cm−1. On 
the other hand, [Bmim][Cl] also illustrated the formation of 
peaks after 3000 cm−1. From the results, these peaks illus-
trate the existence of hydroxyl groups, carboxyl groups and 
hydrogen bonds on the surface of the ionic liquid, which is 
essential to enhance the stability of nanofluids.

Zeta potential analysis

Agglomeration and sedimentation are the significant 
problems of nanofluids that affect the heat transfer perfor-
mance of the fluid. According to Maxwell, particle size 
is an essential factor to attain stable and high conductive 

40 µm Electron Image 1 

0 2

Full Scale 4618 cts Cursor: 0.000

4 6 8 10 12 14 16 18

keV

(a) (b)

(c) (d)

Fig. 5  a, b FESEM image of MWCNT nanoparticles at different magnifications, c region of the electron beam transferred, d graph of EDX 
analysis
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Fig. 6  FTIR spectrum of the 
surfactants a CTAB, b SDBS, c 
SDS, d [Bmim][Cl]
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nanofluids. To achieve a non-agglomerated and monodis-
persed nanoparticle in propylene glycol base fluid, MWC-
NTs were dispersed ultrasonically with an ultrasonic probe 
for 4 h. The stability measurement was done by the zeta 
potential method where nanofluid containing [Bmim]
[Cl], CTAB, SDBS and SDS reached a zeta potential of 
− 38.2 mV, − 35 mV, − 33.6 mV, − 31 mV, respectively, 
on the first day, which indicated that nanofluid containing 
ionic liquid provides better stability when compared with 
nanofluids containing another conventional surfactant. 
The obtained results are better than the previous study 
results carried out by Sezer et al. [33] which showed the 
highest zeta potential value of 26.7 mV with MWCNT 

nanofluids blended with Acacia gum surfactant while other 
surfactants such as SDS and PVP were observed to have 
zeta potential value of 16.5 mV and 19.8 mV, respectively. 
The zeta potential measurement of the prepared samples 
is indicated in Fig. 7.

Sedimentation observation

For the prepared nanofluids, sedimentation analysis was per-
formed through visual inspection method at different inter-
vals of time. Figure 8 indicates the deposition of MWCNT 
nanoparticles with different surfactants at 0.9% mass con-
centration for a maximum period of one month. As discussed 
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earlier, the proportion of surfactant added with respect to 
MWCNT nanoparticle for nanofluid preparation was 1:10 
by mass. There was no deposition in the prepared samples 
after immediate preparation. However, agglomeration was 
observed for nanofluid with SDS surfactant (S1) from the 
second week, which resulted in clear visibility of propylene 
glycol at week four. In contrast, SDBS-based nanofluid (S2) 
showed aggregation from the third week. Meanwhile, nano-
fluid containing ionic liquids (S4) demonstrated maximum 
stability of one month when compared with the other three 
nanofluids, and CTAB-based nanofluid (S3) obtained less 
suspension until week four. Except for nanofluid with ionic 
liquids, all other samples showed nanoparticles sedimenta-
tion during the fourth week.

Thermal conductivity

Conventional fluid’s intrinsically low thermal conduc-
tivity imposes a profound barrier on heat transfer. Many 
industries have a growing need to produce innovative heat 
transfer fluids with significantly higher thermal conductiv-
ity compared to the currently available materials due to 
increasing global competition. In this research, KD2-Pro 
thermal conductivity meter is used to analyse the thermal 
conductivity of the prepared samples at temperatures rang-
ing from 303 to 343 K. Figure 9 illustrates the thermal 
conductivity measurement of the prepared nanofluids as a 
function of temperature. It is observed that nanofluid con-
tained ionic liquids resulted in more thermal conductivity 
(0.28 W m−1 K−1) when compared with the other three 
nanofluids. It is inferred that the thermal conductivity of 
[Bmim][Cl] is greater compared to the other three sur-
factants. The data obtained are consistent with Kakavandi 

et  al. [34] and Hua et  al. [14]. Based on the obtained 
results, no considerable changes have been found despite 
the usual thermal conductivity increase with temperature 
rise for the tested samples. It is clear at this point that 
interfacial effects and the clustering of nanoparticles play 
significant roles in determining the effective thermal con-
ductivity of nanofluids, together with temperature, particle 
size and concentration. Meanwhile, nanofluid with ionic 
liquids showed a maximum thermal conductivity enhance-
ment of 33.7% over the base fluid at 303 K. Figure 10 
depicts the comparison of the prominent findings of this 
study with the previous literature works.

The obtained results concur with that of the previ-
ous experimental research conducted by Yellapu et al. 
[35] whose thermal conductivity ranged from 0.154 to 
0.254 W m−1 K−1 for functionalised MWCNTs dispersed 
with petroleum-based heat transfer fluids, at temperatures 
varying from room temperature to 423 K. As a result, the 
ionic liquid can be a potential substitute for conventional 
surfactants.

Viscosity and Density

Thermal fluid’s viscosity is a significant physical charac-
teristic that influences the friction between the surface mol-
ecules. It also plays a vital role in dictating the effectiveness 
of heat dissipation of a fluid. A Redwood viscometer was 
utilised to determine the viscosity of the four samples with 
temperature ranging from 303 to 333 K. Figure 11 shows the 
impact of temperature on the viscosity of the prepared sam-
ples, which varied from 0.040 to 0.1 kg m−1 s−1. From the 
results, it is apparent that the viscosity of all the three sam-
ples is decreasing at a faster rate when their temperature is 

Fig. 8  Visual observation of 
nanoparticle sedimentation at 
different intervals of time
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increased. Still, the viscosity of the SDBS-based nanofluids 
decreased at a slower rate when compared with the others. 
The mixture of [Bmim][Cl] with propylene glycol also fol-
lowed the same trend of decrease in viscosity with increase 
in temperature, which could be caused by the increase in the 
kinetic energy of the solvent ions. Unsurprisingly, viscos-
ity decreased, and thermal conductivity increased for tem-
perature, which is similar to the results of Rahimi et al. [36] 
where MWCNT-Mgo/water hybrid nanofluid experimented.

Nanofluid density is also an essential thermophysi-
cal property since it affects the hydrothermal properties, 
namely pumping power, friction factor and Reynolds 

number. The results of the measured density of the pre-
pared samples with temperature ranging from 303 to 
343 K are represented in Fig. 12. The obtained results 
demonstrate that the density of the prepared nanofluids 
decreased with temperature rise. Since the density of 
the ionic liquid is higher than propylene glycol, ionic 
liquid-based nanofluid showed a maximum density of 
1157 kg m−3 which gradually decreased with the increase 
in temperature, as observed in other samples. Indeed, there 
were no significant changes in the density of the nanofluid 
contained ionic liquids when the temperature was raised 
from 303 to 343 K.

Fig. 9  Thermal conductivity 
of prepared nanofluids versus 
temperature at 1 mass%
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Specific heat capacity

Specific heat capacity can vary due to many effects such 
as Schottky anomalies, magnetic spin-wave contributions, 
the density of states at Fermi level and vibrionic proper-
ties in a sample because of the influence of temperature. 
Specific heat capacity measurements are useful in provid-
ing information on a solid’s bulk behaviour, thus helping to 
dictate whether an observed result from specific techniques 
(e.g. resistivity measurements) is part of the bulk material or 

caused by some other marginal segments. The specific heat 
capacity of the prepared samples is displayed in Fig. 13. It 
demonstrates that the specific heat capacity of CTAB-based 
nanofluid showed a slight decrease with increase in tem-
perature where nanofluid contained ionic liquids resulted in 
maximum specific heat capacity of 2.34 kJ kg−1 K−1. This 
may be due to the gain of thermal energy produced by inter-
facial interactions between MWCNT nanoparticle and the 
ionic liquid molecules. For other nanofluids, their specific 
heat capacity is attributed to the prevailing trend of specific 

Fig. 11  Viscosity of prepared 
nanofluids versus temperature at 
1 mass%
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heat capacity increase for temperature increase which is 
consistent with the previous literature [37, 38]. According 
to the graph, the nanofluid contained ionic liquids showed 
a considerable improvement in the specific heat capacity 
because of the influence of temperature which confirmed 
the significant effect of temperature on the heat capacity of 
the studied nanofluids. This could also be attributed to the 
high surface energy provided by the high surface area per 
unit volume of MWCNT nanoparticles that would facilitate 
high heat absorption.

Conclusions

For heat transfer applications, stability of nanofluid is sig-
nificant to attain the actual thermophysical properties. This 
study intended to precisely quantify certain thermophysical 
properties of MWCNT/PG nanofluids stabilised with four 
different surfactants. Moreover, the concentration of sur-
factant in the as-prepared nanofluid is retained at a low level 
to preserve the Newtonian behaviour. At the same time, the 
dispersion stability of the as-prepared samples was evalu-
ated by the visual inspection and zeta potential method over 
a month. Finally, the significant results of the present study 
are summarised as follows.

• The impact of [Bmim][Cl], SDS, SDBS and CTAB 
surfactant on the stability of 0.9% mass concentra-

tion MWCNT/PG nanofluid is determined.[Bmim][Cl] 
as a stabiliser is revealed to be the best surface acting 
agent and homogeniser (4 weeks). The stability over 
the period is determined by the following high to low 
series. MWCNT–[Bmim][Cl]–PG > MWCNT–CTAB–
PG > MWCNT–SDBS–PG > MWCNT–SDS–PG nano-
fluid. MWCNT–[Bmim][Cl]–PG nanofluid has been 
observed to illustrate maximum stability.

• The incorporation of surfactants contributed to a decrease 
in thermal resistance and provoked Brownian motion, 
which favoured the increase in thermal conductivity. 
However, the usage of low concentration of surfactants 
has not revealed a significant change in viscosity and 
density.

• Ionic liquid was found to play a significant role in the 
thermophysical property enhancement of MWCNT/PG 
nanofluids due to its wider temperature range (> 400 °C) 
that prevents the breakage of bonds.

• Experimental characterisation of MWCNT/propylene 
glycol nanofluid demonstrated that ionic liquid-based 
nanofluid showed a maximum thermal conductivity of 
33.7% at 303 K over the base fluid. Moreover, density 
and viscosity decreased up to an optimum temperature 
of 343 K, which is consistent with the previous studies.

• Also, the specific heat capacity of the as-prepared sam-
ples revealed an increase with an increase in temperature 
and the highest increase in specific heat capacity was 

Fig. 13  Specific heat capacity 
of prepared nanofluids versus 
temperature at 1 mass%
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found to be 2.34 kJkg−1K−1 for ionic liquid-based nano-
fluids.

The usage of ionic liquids could render MWCNT/PG nano-
fluids with high dispersion stability ideal for applications 
involving fluid pumping without major frictional losses. In 
conclusion, the fascinating features of ionic liquids could 
ensure its application in heat transfer fluids, operating at 
different temperature ranges.
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