
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
1/

20
25

 1
2:

27
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Heat transfer flu
aDepartment of Chemical Engineering, Shiv N

India. E-mail: yamini.sistla@snu.edu.in
bDepartment of Physics, Shiv Nadar Institut
cDepartment of Chemical Engineering, India
dRajiv Gandhi Institute of Petroleum Techno

† Electronic supplementary informa
https://doi.org/10.1039/d5ra03752b

Cite this: RSC Adv., 2025, 15, 23146

Received 28th May 2025
Accepted 30th June 2025

DOI: 10.1039/d5ra03752b

rsc.li/rsc-advances

23146 | RSC Adv., 2025, 15, 23146–2
ids: amino acid anion ionic liquid
based IoNanofluids with remarkable thermal
conductivity and low viscosity†
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Present study aims to develop ionic liquid based nanofluids (IoNanofluids) exhibiting low viscosity, high

thermal conductivity, thermal stability, high specific heat capacity and colloidal stability for potential heat

transfer fluids applications. Four amino acid anion ionic liquids (AAIL) such as 1-butyl,3-metylimidazolium

glycinate, 1-butyl,3-metylimidazolium arginate, 1-ethyl,3-metylimidazolium glycinate, 1-ethyl,3-

metylimidazolium arginate were synthesized. The IoNanofluids (INF) were developed by adding 0.05 wt%

of MWCNT to the AAILs. The effect of MWCNT concentration and surfactant was investigated by

developing INFs consisting of 1-butyl, 3-methylimidazolium tetrafluoroborate ([bmim]+[BF4]
−) and

MWCNT in the range of 0.025–0.1 wt%. The AAILs showed significantly less viscosity (18–8 mPa s at 298

K), higher thermal conductivity and specific heat capacity compared to several conventional ionic liquids.

The four AAIL INFs showed 21–40% enhancement in thermal conductivity; very less viscosity (20 mPa s

vs. 110 mPa s at 300 K), and remarkably higher specific heat capacity (10 J g−1 °C vs. 1 J g−1 °C)

compared to [bmim]+[BF4]
− INF. The AAIL INFs showed fine and homogeneous dispersion of MWCNT

and substantially higher colloidal stability (30 days) compared to [bmim]+[BF4]
− (7 days) and

[bmim]+[BF4]
− + MWCNT + CTAB (14 days). The AAIL INFs of present study showed enhanced heat

transfer properties than several literature reported INFs made from conventional ionic liquids. Therefore,

based on the overall properties, the AAIL INFs developed in present study could be suitable for

applications such as heat exchangers, thermal energy storage systems, cooling of microprocessor

systems broadly in the temperature range of 0–200 °C.
1. Introduction

Heat transfer uids (HTFs) are essential in various industrial
processes to facilitate the efficient transfer, distribution, and
storage of thermal energy. Their primary function is to regulate
the temperature by either absorbing or dissipating the heat
within a system, ensuring process stability and operational
efficiency.1–3 HTFs are widely utilized across multiple indus-
tries, including oil and gas, polymer processing, aerospace,
marine engineering, wood processing, biofuel production, food
processing, and solar energy systems. In these applications,
HTFs provide precise temperature control, uniform heat
distribution, and operational reliability. A potential heat
adar Institution of Eminence, Delhi-NCR,
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n Institute of Technology Guwahati, India
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tion (ESI) available. See DOI:

3164
transfer uid should possess properties such as high thermal
stability, low freezing point, high thermal conductivity, low
viscosity, low vapor pressure and high volumetric heat capacity
while being non-toxic, environmentally friendly, non-corrosive
and low cost. HTFs can be broadly categorized based on their
composition and temperature range.1–3 Water is the most used
HTF due to its high specic heat capacity, cost-effectiveness,
and ease of handling. However, due to limited operational
temperature range, dictated by freezing at 273.15 K and boiling
at 373.15 K under standard atmospheric conditions, its appli-
cability as HTF is restricted for very few applications only.
Organic-based HTFs such as ethylene glycol and aromatic
compounds exhibit low vapor pressures and high thermal
stability but suffer from oxidation at elevated temperatures,
reducing their lifespan.3–5 Silicone-based HTFs, though more
oxidation-resistant, typically have low thermal conductivities.4

HTFs are further classied into three categories based on their
operational temperature range: low-temperature (operating
temperatures up to 273 K) such as glycols, medium-temperature
(operating temperatures up to 593 K) such as silicone oil and
certain salts, and high-temperature (operating temperatures
© 2025 The Author(s). Published by the Royal Society of Chemistry
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above 593 K) such as molten salts.4–6 Most of the commercially
available HTFs operate within the low-to-medium temperature
range, only a limited selection of specialized uids can with-
stand high-temperature applications.7 Researchers Choi and
Eastman were reportedly the rst to introduce the term nano-
uids.8 Nanouids are typically developed by adding nano-
particles (10–100 nm) to the solvents to improve the thermal
conductivity of the resulting nanouids, as the nanoparticles
will improve heat conduction.9,10 Deep eutectic solvents (DES)
were also used as base uids for developing nanouids for heat
transfer applications.11–13 Researchers have developed nano-
uids consisting of ammonium and phosphonium based DES
along with graphene, Al2O3 nanoparticles.11–13

A promising alternative for low and medium temperature
HTFs are ionic liquids (ILs).14,15 ILs are dened as salts
composed of organic cation and organic/inorganic anion
having melting points usually below 373.15 K.15 ILs exhibit
several unique properties such as negligible saturated vapor
pressure, high thermal stability, non-ammable nature, oxida-
tion resistance, high heat capacity, a wide liquidity range, due to
the presence of coulombic interactions between the cation and
anion, hydrogen bonding and van der Waals interactions.
Additionally, their inherent recyclability, non-toxicity, and
tunable properties make them attractive candidates for several
applications including HTFs.14–17 Industrial processes operating
at extreme temperatures, ranging from cryogenic conditions (as
low as 158 K) to elevated temperatures (up to 593 K), require
HTFs with broad range of thermal stability.18 The wide liquid-
phase range of ILs present a viable solution to this challenge.
Further enhancements in HTF performance have been achieved
through the incorporation of nanoparticles into ILs, resulting in
the formation of IoNanouids (INF).16–18 Nanoparticles such as
boron nitride, single walled carbon nanotubes (SWCNT), multi
walled carbon nanotubes (MWCNT), graphene, graphite akes,
activated carbon and mesoporous carbon were typically used to
produce nanouids.18 The nanoparticles act as thermal bridges
which generate favourable paths for heat transfer. The disper-
sion of nanoparticles in ILs improves the thermal conductivity,
heat capacity, and overall thermophysical performance.16–19

Thus, IL based nanouids (IoNanouids, INF) have garnered
signicant research interest as potential HTFs, particularly in
low and medium temperature systems where conventional
HTFs exhibit performance limitations. Researchers have
developed INFs based on cations such as 1-alkyl, 3-methyl-
imidazolium, pyrrolidinum, ammonium and phosphonium
and anions such as [BF4]

−, [PF6]
−, [TF2N]

−, [CF3SO3]
−,

[(CF3SO2)2N]
−, [DCA]−, [EtSO4]

−, and [CH3SO3]
− to name

a few.16–19

For any HTF, thermal conductivity and viscosity are the most
critical parameters along with density and specic heat
capacity. Oster et al.20 have developed INFs from trihexyl(te-
tradecyl)phosphonium ([P14,6,6,6]

+) cation along with anions
such as acetate, butanoate, hexanoate, octanoate or decanoate.
They developed nanouids by adding carbon nanotubes, boron
nitride, graphite or mesoporous carbon as nanoparticles with
concentration up to 3 wt% and analysed the HTFs for various
properties.20 They reported that the carbon nanotube based
© 2025 The Author(s). Published by the Royal Society of Chemistry
INFs exhibited highest thermal conductivity followed by boron
nitride, graphite and mesoporous carbon. The highest thermal
conductivity in their studies was exhibited by [P14,6,6,6-
]+[acetate]− (0.1602 W m−1 K−1 at 298 K) and the lowest was
exhibited by [P14,6,6,6]

+[ hexanoate]− (0.156 W m−1 K−1 at 298
K).20 The viscosity of the INFs was in the range of 20–110 mPa s
based on the type of nanoparticle and weight fraction of
nanoparticle.20 Jozwiak et al.21 have reported SWCNT and
MWCNT incorporated [emim]+[SCN]− based HTFs. They re-
ported that the thermal conductivity of 1 wt% SWCNT incor-
porated [emim]+[SCN]− was 0.3 W m−1 K−1. The viscosity of the
INFs developed by Jozwiak et al. was in the range of 100–300
mPa s.21 Nieto de Castro et al.22 have developed [emim]+[DCA]−

nanouid by adding 0.5 wt% titanium oxide nanoparticles. The
thermal conductivity and viscosity of the nanouid at 298 K
were 0.201 W m−1 K−1 and 17 mPa s respectively. Franca et al.23

have developed [emim]+[SCN]−, [emim]+[Tricyanide]− based
nanouids by adding 0.5 wt% and 1 wt% MWCNT. They re-
ported thermal conductivity of 0.19 W m−1 K−1 for 0.5 wt%
MWCNT added [emim]+[SCN]−.23 Zhang et al.24 have studied
[emim]+[Acetate]− IL by adding graphene nanoparticle. The
nanouid showed the thermal conductivity of 0.25 W m−1 K−1

and viscosity of 100 mPa s at 300 K.24 Stoppa et al.25 have studied
the effect of alkyl chain length on the electrical conductivity of
some imidazolium cation and [BF4]

− anion ionic liquids in
a wide temperature range of −35–195 °C. Liang et al.26 have
synthesized ILs 1-ethyl-4-alkyl-1,2,4-triazolium alanine [Taz(2,-
n)]+[Ala]−, (n = 4, 5) and reported the surface tension, isobaric
molar heat capacity, and thermal conductivity. The synthesized
triazole based ILs showed heat storage density of ∼2.63 MJ m−3

K−1, thermal conductivity of ∼0.190 W m−1 K−1, and melting
temperature of ∼226 K.26 Some of the commercial HTFs such as
Dowtherm A, Dowtherm G, Dowtherm J, Dowtherm MX, Dow-
therm Q, Dowtherm RP, Dowtherm T, Syltherm XLT, Syltherm
800, and SylthermHF have thermal conductivity values of 0.139,
0.126, 0.128, 0.123, 0.122, 0.131, 0.130, 0.11, 0.135 and 0.107 W
m−1 K−1 respectively and the viscosities of 4.29, 12.5, 0.91, 20.3,
4.0, 42.82, 30.55, 1.4, 10.03 and 1.84 mPa s respectively at 293
K.26

Though some of the IL based nanouids have displayed
encouraging properties suitable for HTF applications, factors
such as high synthesis costs, relatively high viscosity becomes
challenging. On the other hand, the low viscosity INFs reported
in the literature suffer from low thermal conductivity. In this
regard, the focus of the present study was to investigate the
potential of amino acid anion ionic liquid (AAIL) based IoN-
anouids (AAIL INF) as cost effective next generation HTFs.
Further, the AAILs would show better biodegradability and
biocompatibility as they do not consist of any halogen atoms
and only have amine and carboxylic groups.27–29 Based on our
previous work, AAILs offer low synthesis costs due to the low
cost of the amino acid compounds and less complicated
synthesis procedure.27 The present study discusses the
synthesis of AAILs and the AAIL INFs obtained by incorporating
multi-walled carbon nanotubes (MWCNT) as nanoparticle
additives in various concentrations. The MWCNTs are known
for their low cost, higher availability, high thermal conductivity,
RSC Adv., 2025, 15, 23146–23164 | 23147
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Table 1 Molecular structures of AAILs

Ion Structure

[emim]+

[bmim]+

[Gly]−

[Arg]−

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
1/

20
25

 1
2:

27
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
high aspect ratio, large surface area and more stability of
nanoparticle dispersion which would enhance the thermal
conductivity and heat transfer efficiency of nanouids
compared to other nanoparticles such as SWCNT, graphene,
metal oxides and carbon quantum dots.30 The investigated
AAILs include 1-butyl-3-methylimidazolium glycinate
([bmim]+[Gly]−), 1-butyl-3-methylimidazolium arginate ([bmi-
m]+[Arg]−), 1-ethyl-3-methylimidazolium glycinate
([emim]+[Gly]−), and 1-ethyl-3-methylimidazolium arginate
([emim]+[Arg]−). For comparison purpose and to study the effect
of MWCNT concentration and the effect of surfactant on the
nanoparticle dispersion, thermal conductivity and colloidal
stability, a commercially available IL 1-butyl-3-
methylimidazolium tetrauoroborate ([bmim]+[BF4]

−) was
used.

2. Experimental details
2.1. Materials
S.
No
231
Chemical name
48 | RSC Adv., 2025, 15, 23146–23
CAS
number
164
Purity C
ompany
1
 1-Butyl,3-methylimidazolium
tetrauoroborate ([bmim]+[BF4]

−)

174501-
65-6
$98% S
igma
Aldrich
2
 1-Butyl,3-methylimidazolium
bromide ([bmim]+[Br]−)
85100-
77-2
$97% S
igma
Aldrich
3
 1-Ethyl,3-methylimidazolium
bromide ([emim]+[Br]−)
65039-
08-9
$97% S
igma
Aldrich
4
 Glycine
 56-40-6
 $98.5% S
igma
Aldrich
5
 L-Arginine
 74-79-3
 $98% S
igma
Aldrich
6
 AmberLite™ IRN-78 (OH− resin)
 11128-
95-3
T
hermo
Fisher
Scientic
7
 Tween 80
 9005-
65-6
$99% S
igma
Aldrich
8
 Lecithin/L-a-phosphatidylcholine
(from soybean)
8002-
43-5
$99% S
igma
Aldrich
9
 Cetyltrimethylammonium
bromide (CTAB)
57-09-0
 $98% S
igma
Aldrich
10
 Sodium dodecyl sulphate (SDS)
 151-21-
3

$99% S
igma
Aldrich
11
 Multiwalled carbon nanotubes
(MWCNT)
308068-
56-6
$95% S
igma
Aldrich
2.2. Synthesis of amino acid anion ionic liquid

A brief description of the synthesis procedure of the investi-
gated amino acid anion ionic liquids is as follows.27 Initially,
25 g of [bmim]+[Br]− was dissolved in 50 ml of double distilled
water. The aqueous solution of [bmim]+[Br]−, with an equimolar
amount of OH− resin IRN-78 added was kept under stirring
using a magnetic stirrer at 350 rpm for 48 h at room tempera-
ture and pressure. The obtained aqueous solution of [bmi-
m]+[OH]−was then added to the aqueous solution of 20% excess
amino acid and stirred using a magnetic stirrer for 24 h. The
water was then evaporated in a rotary evaporator. The resulting
solution was washed with acetonitrile and ethanol mixture to
get the desired ionic liquid and precipitate out the unreacted
amino acid. Aer separating the precipitate with ltration,
solvent was evaporated using rotary evaporator for 4 h to remove
any traces of solvent. The AAILs were obtained with 80–85%
yield on the basis of the cation precursor IL taken. Four amino
acid anion ILs were synthesized by using the above procedure:
1-butyl,3-methylpyrrolidinium Glycinate ([bmim]+[Gly]−), 1-
butyl,3-methylpyrrolidinium Arginate ([bmim]+[Arg]−), 1-
ethyl,3-methylpyrrolidinium Glycinate ([emim]+[Gly]−), 1-
ethyl,3-methylpyrrolidinium Arginate ([emim]+[Arg]−). The
molecular structures of the cations and anions are given in
Table 1.
2.3. Preparation of IoNanouids (INFs)

The INFs were prepared by adding desired weight percent of
MWCNT to the IL under magnetic stirring for 1 h at 1400 rpm.
The details of the composition of INFs synthesized are reported
in Table 2 and 3. The INF was then homogenized using ultra-
sonic homogenizer for breaking any nanoparticle agglomera-
tions and to get ne and uniform distribution/homogenization.
To study the effect of MWCNT concentration, [bmim]+[BF4]

−

based INFs were prepared by adding 0.025, 0.05, 0.075 and
0.1 wt% of MWCNT. To improve the uniform and ne disper-
sion of MWCNT and colloidal stability, surfactant was added in
equal concentration of MWCNT to the INF. To evaluate the
surfactant effect on INF properties, the INF having 0.05 wt%
MWCNT was chosen. The most suitable surfactant was identi-
ed by adding surfactants such as CTAB, SDS, Tween 80 and
lecithin in 0.05 wt% concentration to the INF. Themost suitable
surfactant was chosen based on the size of nanoparticle
agglomerations, uniformity in the dispersion of nanoparticles
and colloidal stability of the INF.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Composition of [bmim]+[BF4]
− based IoNanofluids

Code
Mass of
[bmim][BF4] (g)

Mass of
MWCNT (g)

% wt
MWCNT

Surfactant
used

Mass of
surfactant (g)

Density
(g cm−3)

ILCNT1 14.00 0.0037 0.025 — — 1.212
ILCNT2 14.00 0.0072 0.050 — — 1.215
ILCNT3 14.00 0.0108 0.075 — — 1.218
ILCNT4 14.00 0.0144 0.100 — — 1.223
ILCNT5 14.00 0.0036 0.025 CTAB 0.004 1.212
ILCNT6 14.00 0.0071 0.050 CTAB 0.007 1.215
ILCNT6T 6.00 0.0030 0.050 Tween 80 0.003 1.215
ILCNT6L 6.00 0.0030 0.050 Lecithin 0.003 1.215
ILCNT6S 6.00 0.0033 0.050 SDS 0.003 1.215
ILCNT7 14.00 0.0108 0.075 CTAB 0.011 1.217
ILCNT8 14.00 0.0140 0.100 CTAB 0.014 1.221

Table 3 Composition of amino acid-anion based IoNanofluids

Code Ionic liquid used Mass of IL (g) Mass of MWCNT (g) % wt MWCNT Mass of CTAB (g) Density (g cm−3)

BGCNT2 [bmim]+[Gly]− 7.00 0.0035 0.05 — 1.19
BACNT6 [bmim]+[Arg]− 7.00 0.0036 0.05 0.0037 1.18
EGCNT6 [emim]+[Gly]− 7.00 0.0035 0.05 0.0036 1.25
EACNT2 [emim]+[Arg]− 7.00 0.0035 0.05 — 1.23
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The AAIL INFs were prepared by adding 0.05 wt% of
MWCNT. For the AAIL INFs, 0.05 wt% of CTAB was added to
investigate the improvement in the uniform dispersion of
MWCNT and colloidal stability. The list of [bmim]+[BF4]

− based
and AAIL based INFs studied in the present work and their
codes are mentioned in the Tables 2 and 3 respectively. As the
studies on [bmim]+[BF4]

− + MWCNT INFs conrmed that CTAB
is promising surfactant, only CTAB was chosen as surfactant for
AAIL INFs.
2.4. Characterization

2.4.1. Fourier transform infrared spectroscopy (FTIR).
FTIR was used to conrm the successful synthesis of AAILs. The
spectrum was obtained within the 400–4000 cm−1 range with
a resolution of 4 cm−1 using Thermo Fisher Nicolet iS20 FTIR
Spectrometer.

2.4.2. Density. Density measurements are important for
HTFs to get an idea about the pumping energy required to
transport the uid. For example, if the HTF is highly dense, it
would require high pumping energy for the uid transport. The
density of the AAIL and INFs was measured by weighing the
mass of 1 ml of the sample in a high precision Mettler Toledo
Microbalance. This procedure was repeated ve times to
account for any measurement errors. The nal density
measurement was taken as the average of the ve readings.

2.4.3. Viscosity. Viscosity is one of the most crucial
parameters for HTFs, which is related to the uidity and ease of
transportation of the uid. A stress controlled Modular
Compact Rheometer (MCR302, Anton Paar, USA) was used to
perform the rheology studies. HTFs are oen utilised in
© 2025 The Author(s). Published by the Royal Society of Chemistry
applications which work at high temperatures. Analysing
viscosity at elevated temperatures is important as it shows if
there is a signicant change in viscosity at high temperatures.
Therefore, change in viscosity was studied against increasing
temperature in the range of 10–100 °C. Analysing viscosity
against increasing shear rate tells us how the uid would
behave in different ow conditions. It also talks about the
Newtonian or non-Newtonian behaviour of the uid. Therefore,
viscosity was evaluated against increasing shear rate in the
range of 0.1–1000 s−1.

2.4.4. Thermogravimetric Analysis (TGA). Thermogravi-
metric Analysis (TGA) was used to study the decomposition of
the studied INFs when subjected to heat. The TGA was done
using Mettler Toledo Small Furnace TGA2 with a heating rate of
10 °Cmin−1 in the temperature range of 30–600 °C. The thermal
stability of the INFs as studied from TGA analysis is very
important to comprehend the efficient operating temperature
range of the INFs and therefore the targeted applications.
Further, the TGA also elucidates the effect of the composition
(nanoparticles, base uid, surfactant, stabilizer, moisture
presence during base uid synthesis etc.) on the degradation
phenomena/thermal stability/oxidation stability of the INF.

2.4.5. Differential scanning calorimetry (DSC). Differential
Scanning Calorimetry (DSC) is a technique used to measure the
heat ow in and out of the sample as a function of temperature
to comprehend the thermal transitions in the sample. Under-
standing the thermal behaviour in terms of phase transition
temperature, specic heat capacity, degradation temperature of
IL (base uid) and INFs is crucial for assessing their overall
performance as HTFs under operating conditions of a particular
application. For instance, specic heat capacity (amount of heat
RSC Adv., 2025, 15, 23146–23164 | 23149
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required to raise the temperature of a unit mass of sample by
unit degree Celsius) is related to the amount of heat energy that
can be absorbed, stored and transferred by the INF. Further, the
crystallization, melting and degradation temperatures identi-
ed from DSC would help in identifying the operating temper-
ature range for a INF. The DSC analysis was done using TA
thermal instrument's DSC 2500. Since all the samples are in
liquid phase, to evaluate the prospective operating temperature
range and to capture the glass transition temperature as well,
the DSC analysis was done from the lowest temperature
possible for the instrument used i.e. −80 °C to 310 °C with
a heating rate of 10 °C min−1.

2.4.6. Thermal conductivity. Thermal conductivity, dened
as the ability of the uid to conduct heat, is the most important
parameter for a heat transfer uid. The thermal conductivity of
the AAILs and INFs developed in the present study was
measured using KD2 Pro Thermal Properties Analyzer
(Decagon, USA). This instrument works on the Transient Hot
Wire (THW) method. The analyser is equipped with 100 mm
length single-needle TR-1 type sensor having needle diameter of
2.4 mm. The thermal conductivity range of the instrument is
0.1–4.00 W m−1 K−1 having an accuracy of ± 10% for the
measurements in the range of 0.2–4 W m−1 K−1 and ±0.02 W
m−1 K−1 for the measurements in the range of 0.1–0.2 W m−1

K−1. The analyser was calibrated with standard glycerine. All the
measurements were performed at 302 ± 1.19 K. For pure
[bmim]+[BF4]

− and [bmim]+[Arg]− + MWCNT, thermal conduc-
tivity was also measured in the temperature range of 25–54 °C.
To avoid any natural convection and to make sure that the heat
transfer happens through conduction only, the measuring
sample was placed in a small diameter tube.

2.4.7. Microscopic analysis. The size of agglomerations and
uniformity of dispersion of MWCNT and the effect of surfactant
in the studied HTFs was analysed throughmicroscopic analysis.
Olympus inverted microscope CKX-53 was used at a scale of 100
mm.

2.4.8. Colloidal stability. Another crucial performance
indicator for HTFs is the colloidal stability. The colloidal
stability of the studied HTFs was visually analysed by keeping
the sample vials undisturbed and the colloidal separation was
Fig. 1 MWCNT characterization (a) and (b) FESEM (c) FTIR.

23150 | RSC Adv., 2025, 15, 23146–23164
checked every day multiple times by using a backlight. The
visual observation method was used as this is simple, inex-
pensive and provides quick qualitative visual impression and
information about the nanoparticle sedimentation in the
nanouid at macroscopic level over time.
3. Results and discussion
3.1. Characterization of MWCNT

The morphology of the procured MWCNT was studied using
JSM-7610F Plus Field Emission Scanning Electron Microscopy
(FESEM). The FESEM images as presented in Fig. 1(a) and (b)
show that the MWCNT had interwoven bundles with uniform
microstructure. The outer diameter of the nanotube was in the
range of 37–53 nm. The FTIR of MWCNT is presented in
Fig. 1(c). The FTIR of the MWCNT displays only two peaks at
∼3450 cm−1 and ∼1550 cm−1. No other distinctive peaks cor-
responding to any functional groups were present. The peak at
∼3450 cm−1 corresponds to O–H stretch which might be
present as impurity from synthesis and the other peak at
∼1550 cm−1 corresponds to C]C stretching of MWCNT. This
conrms that the procured MWCNT was pure carbon without
any modication/functionalization.
3.2. Characterization of amino acid anion ionic liquids
(AAIL)

The molecular structures of the cations and anions of the four
AAILs synthesized are presented in Table 1. The four AAILs were
characterized by FTIR to make sure of successful synthesis by
analysing the functional groups present as shown in the Fig. 2.
Fig. 2(a) compares the FTIR of the synthesized [bmim]+[Gly]−

with the cation and anion precursors [bmim]+[Br]− and glycine
respectively. Fig. 2(b) presents the FTIR of the other three AAILs
[bmim]+[Arg]−, [emim]+[Gly]−, and [emim]+[Arg]−. For all the
four AAILs, the presence of –COO group stretch was conrmed
from the characteristic FTIR peaks at ∼1400, 1580, 1630 cm−1

while the sharp peak at∼3300 cm−1 corresponds to N–H stretch
of –NH2.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FTIR of synthesized [bmim]+[Gly]− with reference to the starting materials [bmim]+[Br]− and Glycine (b) FTIR of [emim]+[Gly]−,
[emim]+[Arg]−, [bmim]+[Arg]−.
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The density of [bmim]+[Gly]−, [bmim]+[Arg]−, [emim]+[Gly]−,
and [emim]+[Arg]− as per the procedure mentioned in the
methodology section was found out to be 1.14, 1.13, 1.19 and
1.09 g cm−3 respectively. The density of the AAILs was observed
to be less than several conventional non-amino acid anion ionic
liquids. For example, densities of conventional 1-butyl-3-
methylimidazolium bis(triuoromethylsulfonyl) ([bmim]+[TF2-
N]−) and [bmim]+[BF4]

− are 1.44 g cm−3 and 1.21 g cm−3
Fig. 3 Comparison of viscosity of synthesized AAILs with commercial [b

© 2025 The Author(s). Published by the Royal Society of Chemistry
respectively31,32 which are higher than the AAILs synthesized in
the present work.

The prospective heat transfer uids should have low viscosity
for easy ow in the pipelines, efficient heat transfer while
overcoming mass transfer limitations, less pressure drop and
low pumping costs. The viscosity of the synthesized AAILs were
compared with that of procured commercial IL [bmim]+[BF4]

−

and presented in Fig. 3. The Fig. 3 clearly illustrates that the
mim]+[BF4]
− in the temperature range of 10–100 °C.

RSC Adv., 2025, 15, 23146–23164 | 23151
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Fig. 4 (a) Thermo gravimetric analysis and (b) heat flow vs. temperature (c) heat capacity vs. temperature of AAILs.
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synthesized AAILs had substantially low viscosity compared to
commercial [bmim]+[BF4]

−. For instance, at 10 °C, the viscosity
of [bmim]+[BF4]

− was 130 mPa s while that of synthesized AAILs
ranged between 10–22.5 mPa s. Therefore, it can be conrmed
that the synthesized AAILs exhibited signicantly less viscosity.
Further, for a particular amino acid anion, the viscosity of
[emim]+ cation AAIL showed less viscosity than the one with
[bmim]+ cation. This is because of the shorter alkyl chain of
[emim]+ which offers more ion mobility and weak intermolec-
ular interactions compared to its longer alkyl chain counterpart
[bmim]+. Also, for a xed cation, glycinate anion showed higher
viscosity compared to argininate anion. The smaller molecular
structure of glycinate results in less charge delocalization. This
leads to stronger interionic interaction with the cation. There-
fore, glycinate forms more structured network with cation
which hinders free movement of ions of AAIL molecules. On
23152 | RSC Adv., 2025, 15, 23146–23164
contrary, argininate is a large molecule which therefore results
in more charge delocalization. Therefore, argininate will have
less interionic interactions with cation which therefore allows
relatively more free movement of ions of AAIL molecules.
Furthermore, the effect of temperature on viscosity was evalu-
ated in the range of 10–100 °C. With increase in temperature,
the viscosity of AAILs got reduced further. For instance, at 60 °C,
the viscosity of the four AAILs ranged between 7.8–4.3 mPa s
while that of [bmim]+[BF4]

−was 30 mPa s. The viscosity of the
synthesized AAILs also was less than many other conventional
ILs. For instance, conventional [bmim]+ and [emim]+ cation
based ILs such as [bmim]+[TF2N]

−, [bmim]+[PF6]
−,

[emim]+[BF4]
−, and [emim]+[TF2N]

− have viscosity values of 69,
450, 43, 32.6 mPa s respectively at 25 °C.32–34 Therefore, it can be
concluded that the synthesized amino acid anion ionic liquids
© 2025 The Author(s). Published by the Royal Society of Chemistry
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have signicantly less viscosity compared to several conven-
tional ionic liquids.

The thermal decomposition analysis (TGA) of the synthesized
AAILs is shown in Fig. 4(a). The Fig. 4(a) conrms that the AAILs
are stable up to 300 °C. The thermal stability or the thermal
decomposition pattern of the AAILs reported in the present work
is in close correspondence with the AAILs reported in literature
with other type of cations.28,29 Shahrom andWilfred28 reported the
AAILs based on 4-vinylbenzyltrimethylammonium ([VBTMA])
cation and amino acid (AA) anions such as glycinate, alanate and
prolinate. The [VBTMA][AA] AAILs showed 80% decomposition at
300 °C.28 The pattern of decomposition of AAILs of present work
Fig. 5 Effect of surfactant on MWCNT dispersion: (a) [bmim][BF4] + 0.0
[bmim][BF4] + 0.05% w/w MWCNT + SDS (d) [bmim][BF4] + 0.05% w/w
(better dispersion images highlighted in red).

© 2025 The Author(s). Published by the Royal Society of Chemistry
also is similar to the [VBTMA] based AAILs reported by Shahrom
and Wilfred.28 Brzeczek-Szafran et al.29 have reported AAILs based
on carbohydrate cation. The carbohydrate cation based AAILs as
reported by Brzeczek-Szafran et al. also showed 80% decomposi-
tion at 300 °C.29 The thermal stability of the AAILs could be
attributed to the presence of functional groups such as carbox-
ylate (–COO−) and amine (–NH2) present in amino acid anion.
The amino acid anion, due to the presence of carboxylate and
amine group, tend to form hydrogen bond within anion and with
acidic hydrogen present in the imidazolium cation. Because of
this, the degradation will happen gradually as the hydrogen
bonds need to be broken rst for the decomposition to progress.
5% w/w MWCNT (b) [bmim][BF4] + 0.05% w/w MWCNT + Licithin (c)
MWCNT + Tween 80 (e) [bmim][BF4] + 0.05% w/w MWCNT + CTAB

RSC Adv., 2025, 15, 23146–23164 | 23153
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Fig. 6 Viscosity of [bmim]+[BF4]
− based Io-Nanofluids (a) effect of MWCNT concentration (b) effect of surfactant CTAB (c) viscosity

enhancement with MWCNT concentration.
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The DSC analysis in the temperature range of−80 °C to 310 °
C for the four AAILs is presented in Fig. 4(b) and (c). Fig. 4(b)
(heat ow vs. temperature) shows that the glass transition
temperature was not observed for the synthesized AAILs in the
analysed temperature range. This indicates that the glass tran-
sition temperature for the studied AAILs is denitely less than
−80 °C. Further, the DSC plots of all the AAILs showed a broad
endotherm between 5–170 °C having a peak at around 96–108 °
C corresponding to gradual phase transition due to melting.
The enthalpy of fusion of [bmim]+[Gly]−, [bmim]+[Arg]−,
[emim]+[Gly]−, and [emim]+[Arg]− as calculated from the DSC
curves were 313.09, 418.37, 341.51, 506.98 J g−1 respectively. The
enthalpy of fusion of AAILs synthesized in present work was
23154 | RSC Adv., 2025, 15, 23146–23164
observed to be signicantly less than that of several conven-
tional ILs. For instance, the enthalpy of fusion of
[bmim]+[TF2N]

−, and [bmim]+[BF4]
− are 28.7 kJ mol−1 and

37.2 kJ mol−1 respectively.35,36 Furthermore, it can be observed
that the enthalpy of fusion of Glycinate anion AAIL is lower than
the Argininate anion AAIL. This can be attributed to the pres-
ence of more amine groups in Argininate anion which results in
the formation of more inter-ionic hydrogen bond network.
Therefore, more energy is required to break the inter-ionic
hydrogen bonds. Another endotherm between 220–270 °C
having a peak at 250 °C corresponds to the decomposition of
the IL. The gradual melting of the AAILs could be attributed to
the presence of hydrogen bond network present between the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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amino acid anion and cation and between the amino acid
anions because of functional groups such as carboxylate (–
COO−) and amine (–NH2). Fig. 4(c) shows that the specic heat
capacity of the AAILs follows the order of [emim]+[Arg]− (14.15 J
g−1 °C−1) > [bmim]+[Arg]− (11.03 J g−1 °C−1) > [emim]+[Gly]−

(7.92 J g−1 °C−1) > [bmim]+[Gly]− (6.30 J g−1 °C−1). Higher
specic heat capacity of a heat transfer uid denotes that the
uid can absorb, store and transfer more energy per unit mass
per unit temperature and also can maintain stable temperature
with less uctuations which nally results in better heat
transfer properties. Therefore, the studied AAILs could be
ranked in the order of [emim]+[Arg]− > [bmim]+[Arg]− >
[emim]+[Gly]− > [bmim]+[Gly]− in terms of both viscosity and
heat capacity. Furthermore, the specic heat capacity of AAILs
of present work observed to be substantially higher than
conventional ILs. For instance, the specic heat capacity of
[emim]+[BF4]

− and [bmim]+[TF2N]
− are 1.566 J g−1 °C−1, 1.35 J

g−1 °C−1 only,34,35 while that for the AAILs synthesized in the
present work was in the range of 6–14 J g−1 °C−1 (Fig. 4(c)).
Fig. 7 Shear rate versus viscosity comparision for Io-Nanofluid based
on AAIL and [bmim]+[BF4]

−.
3.3. Characterization of IoNanouids

3.3.1. Density of IoNanouids. The density of the INFs
synthesized is reported in Tables 2 and 3 respectively. With the
addition of MWCNT in low mass fractions (0.025–0.1 wt%), the
density of the IoNanouid slightly increased. This minimal
increase in density was due to the very low concentration of
MWCNT added. The increase in density of IL aer MWCNT
addition was observed to be slightly higher in case of AAIL
compared to [bmim]+[BF4]

−. In case of AAIL INFs, the increase
in density of AAIL INF with reference to the parent AAIL
observed to be affected by the type of cation and anion and their
combination. Furthermore, the surfactant did not show any
signicant effect on the INF density. The density of the INF
changed very insignicantly with the addition of surfactant. For
instance, the density of ILCNT4 ([bmim]+[BF4]

− + 0.1 wt%
MWCNT) was 1.223 g cm−3 while the density of CTAB added
ILCNT8 ([bmim]+[BF4]

− + 0.1 wt% MWCNT + CTAB) was
1.221 g cm−3 (Table 2). This minimal/insignicant change in
density of nanouid with the addition of surfactant could be
because of the fact that the density of the nanouid depends
predominantly on the type of base uid and the concentration
of nanoparticles. The surfactant only aids in reducing the
nanoparticle agglomeration and improving the nanouid
stability by reducing the nanoparticle aggregation and sedi-
mentation to improve overall heat transfer efficiency.

3.3.2. Effect of surfactant. Uniform and ne dispersion of
nanoparticles in the HTF solution are critical factors to favour
enhanced thermal conductivity and heat transfer efficiency of
IoNanouids compared to their pure solvent counterparts.
Surfactants are the molecules consisting of hydrophilic head
and hydrophobic tail parts. They could essentially prevent the
agglomeration of MWCNT nanoparticles by reducing the
surface tension between the nanoparticles and the base uid
and by creating electrostatic repulsive forces between the
nanoparticles. The surfactant adsorbed on the nanoparticle
through hydrophobic tail part would alter the surface charge of
© 2025 The Author(s). Published by the Royal Society of Chemistry
the nanoparticles. This creates electrostatic repulsive forces
which counteracts the van der Waals attractive forces between
the nanoparticles. This ultimately leads to ne dispersion of
nanoparticles. This way, the adsorbed surfactant would also
modify the nanoparticle–uid interface which prevents further
aggregation. These phenomena therefore promote ne and
homogeneous dispersion of nanoparticles in the nanouid and
prevent agglomeration and sedimentation of nanoparticles over
time. The effect of nature of surfactants on the nanoparticle size
and uniformity of dispersion was studied for [bmim]+[BF4]

−

IoNanouid. Various surfactants such as Soy lecithin (ampho-
teric), Sodium dodecyl sulphate (SDS, anionic), Tween 80
(polysorbate 80, non-ionic) and CTAB (cationic) were evaluated.
The surfactants were added to the INF in equal concentration as
MWCNT. The effect of surfactant on the nanoparticle agglom-
erate size and dispersion in the 0.05 wt% MWCNT added
[bmim]+[BF4]

− against the INF without surfactant were
compared in Fig. 5. The details of the amount of surfactant
added are shown in Table 2. As per Fig. 5, in terms of enhanced
dispersion, the studied surfactants can be ranked in the order of
Tween 80 > CTAB > SDS > Licithin. The surfactant Tween 80
showed excellent performance in terms of reducing nano-
particle size and improving uniformity of dispersion. However,
with respect to the number of days of colloidal stability, the
surfactants can be ranked as CTAB (14 days) > Licithin (11 days)
> Tween 80 (8 days) > SDS (6 days). Therefore, although Tween
80 provided better dispersion and ner particles, CTAB showed
better performance in terms of colloidal stability.

3.3.3. Viscosity. Viscosity of the [bmim]+[BF4]
− + MWCNT

IoNanouid with respect to shear rate (s−1) in a range of 1–1000
s−1 at 298 K is plotted in Fig. 6(a). The Fig. 6(a) infers that the
pure [bmim]+[BF4]

− as well as the INFs at all MWCNT concen-
trations exhibited Newtonian behaviour. Further, the viscosity
increased with increase in concentration of MWCNT from
0.025–0.1 wt%. Also, the viscosity of the INF was observed to
decrease with the addition of CTAB surfactant as shown in
RSC Adv., 2025, 15, 23146–23164 | 23155
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Fig. 6(b). The lubrication activity of the surfactant results in
reduced viscosity of the INF (Fig. 6(b)). The relative viscosity
ratio of [bmim]+[BF4]

− IoNanouid versus pure [bmim]+[BF4]
−

was plotted against themass fraction of MWCNT. An increase in
mass fraction of nanoparticles increased the viscosity. The data
was tted to a standard Einstein model (eqn (1))35,36 and
modied Einstein model (eqn (2)) as per equations below and
presented in Fig. 6(c).
Fig. 8 (a) and (b) TGA of [bmim]+[BF4]
− INFs (codes as per Table 2), (c) T

heat capacity vs. temperature of [bmim]+[BF4]
− INFs (f) heat flow vs. tem

23156 | RSC Adv., 2025, 15, 23146–23164
hio-nano

hIL

¼ 1þ 2:54 ðref: 37 and 38Þ (1)

hio-nano

hIL

¼ 1:17þ 2:634 (2)

The modied Einstein model (eqn (2)) gave a better t to the
experimental data.
GA of AAIL INFs (d) heat flow vs. temperature of [bmim]+[BF4]
− INFs (e)

perature of AAIL INFs (g) heat capacity vs. temperature of AAIL INFs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) [bmim][BF4] + 0.025% w/w MWCNT (b) [bmim][BF4] + 0.025% w/w MWCNT + CTAB (c) [bmim][BF4] + 0.05% w/w MWCNT (d) [bmim]
[BF4] + 0.05%w/wMWCNT + CTAB(e) [bmim][BF4] + 0.075%w/wMWCNT (f) [bmim][BF4] + 0.075%w/wMWCNT + CTAB (g) [bmim][BF4] + 0.1%
w/w MWCNT (h) [bmim][BF4] + 0.1% w/w MWCNT + CTAB (agglomerations are highlighted in red squares).
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As the 0.1 wt% MWCNT showed highest viscosity of INF
(Fig. 6) and 0.025 wt% MWCNT would be very less concentra-
tion to achieve the targeted heat transfer properties, 0.05 wt%
MWCNT was considered for studying the effect of surfactant
and for developing the AAIL INFs. The viscosity versus shear rate
(in the range of 1–1000 s−1) of the INFs based on synthesized
AAILs and [bmim]+[BF4]

− at 0.05 wt% concentration of MWCNT
was compared in Fig. 7. The Fig. 7 conrms that the IoNano-
uid based on AAIL showed signicantly less viscosity
compared to that based on [bmim]+[BF4]

− (18 mPa s vs. 110
mPa s at 300 K). Fig. 7 also conrms the Newtonian nature of
the AAIL IoNanouids. Among the four AAIL IoNanouids
studied, [emim]+[Gly]− and [emim]+[Arg]− showed lowest
viscosity which can be attributed to the low alkyl chain length of
the cation. The lower viscosity of the AAIL INFs suggests that
they provide advantages such as less pumping costs, low pres-
sure drop and improved stability by hindering nanoparticle
agglomerations, a better heat transfer efficiency by reducing the
losses in convective heat transfer by facilitating free movement
of nanoparticles. Therefore, the AAIL INFs have potential to be
more promising INFs compared to [bmim]+[BF4]

− INFs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3.4. TGA and DSC analysis. The TGA analysis of the
[bmim]+[BF4]

− IoNanouids having various concentrations of
MWCNT is presented in Fig. 8(a). The effect of surfactant CTAB
on the [bmim]+[BF4]

− IoNanouids is presented in Fig. 8(b). The
codes are as per details in Table 2. All the [bmim]+[BF4]

− IoN-
anouids showed thermal stability up to 350 °C. It was observed
that addition of CTAB has positively improved the thermal
stability (Fig. 8(a) and (b)). The TGA analysis of AAIL IoNano-
uids is presented in Fig. 8(c). Comparison of Fig. 4(a) and 8(c)
infers that the addition of 0.05 wt% MWCNT had positively
improved the thermal stability of AAIL IoNanouids in terms of
on-set and progression of decomposition. Fig. 8(d) and (e)
presents the DSC analysis of [bmim][BF4] + 0.05 wt% MWCNT
IoNanouid and the effect of CTAB addition. Fig. 8(d) shows
that the [bmim]+[BF4]

− INFs show a glass transition tempera-
ture atz−54 °C. The onset of melting observed to be 14 °C and
the melting is indicated by a broad and small endotherm with
peak position at 60 °C with an enthalpy of 17.59 J g−1. The on-set
of decomposition (oxidation) at 250 °C is also visible in Fig. 8(d)
for [bmim]+[BF4]

− Io-Nanouid. Fig. 8(e) shows the heat
capacity vs. temperature of [bmim]+[BF4]

− INFs. The heat
capacity of the [bmim]+[BF4]

− with 0.05 wt% MWCNT was 0.4 J
RSC Adv., 2025, 15, 23146–23164 | 23157
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Fig. 10 (a) [bmim][BF4] + 0.05% w/w MWCNT (b) [bmim][BF4] + 0.05% w/w MWCNT + CTAB (c) [bmim][Arg] + 0.05% w/w MWCNT (d) [bmim]
[Arg] + 0.05% w/w MWCNT + CTAB (e) [emim][Gly] + 0.05% w/w MWCNT (f) [bmim][Gly] + 0.05% w/w MWCNT + CTAB.
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g−1 °C and that of CTAB added [bmim]+[BF4]
− with 0.05 wt%

MWCNT was around 1.00 J g−1 °C. This shows that the heat
capacity improved with the addition of surfactant CTAB which
can be attributed to the breaking of nanoparticle agglomeration
with CTAB addition.37,38

Fig. 8(f) and (g) presents the DSC analysis of AAIL IoNano-
uids. CTAB was added to [bmim]+[Arg]− and [emim]+[Gly]−.
CTAB was not added for [bmim]+[Gly]− and [emim]+[Arg]−. The
enthalpy of fusion and peak position of AAIL IoNanouids was
observed to be 210.66 J g−1 (151 °C), 388.39 J g−1 (130 °C), 336.71
J g−1 (111 °C), 441.18 J g−1 (112 °C), for [bmim]+[Arg]−,
[emim]+[Gly]−, [bmim]+[Gly]−, and [emim]+[Arg]−respectively.
Compared to the pure AAIL, the peak position of the melting
endotherm slightly increased and the enthalpy of fusion
23158 | RSC Adv., 2025, 15, 23146–23164
decreased probably due to the presence of MWCNT and CTAB
(Fig. 4(b) vs. Fig. 8(f)). The peak position of melting signicantly
improved for the CTAB added [bmim]+[Arg]− and [emim]+[Gly]−

IoNanouids. For the other two AAILs, enthalpy of fusion
decreased signicantly along with a slight increase in peak
melting temperature. Comparison of Fig. 8(g) and 4(c) indicates
that the addition of MWCNT decreased the specic heat
capacity of AAILs due to the heat conductive properties of
MWCNT. Fig. 8(d) and (g) clearly indicates that the specic heat
capacity of AAIL based IoNanouids was remarkably higher
than that of [bmim]+[BF4]

− IoNanouid. For instance, the heat
capacity of CTAB added [bmim]+[BF4]

− Io-Nanouid was 1.00 J
g−1 °C only, while that for [emim]+[Arg]− IoNanouid was 10.00
J g−1 °C (Fig. 8(d) vs. 8(g)). This conrms that the AAIL based
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Thermal conductivity of [bmim]+[BF4]
− based Io-Nanofluid

(ILCNT code as per Table 2) (b) thermal conductivity enhancment with
respect to pure IL.

Fig. 12 Thermal conductivity of AAILs in comparision to
[bmim]+[BF4]

−.
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IoNanouids are remarkably suitable as heat transfer uids
compared to conventional IL based INFs. The AAIL INFs can be
put in the order of [emim]+[Gly]− z [emim]+[Arg]− > [bmi-
m]+[Arg]− > [bmim]+[Gly]− in terms of heat capacity. The HTFs
such as water and ethylene glycol typically show very less
thermal stability. For example, water has a boiling point of 100 °
C while ethylene glycol has a boiling point of 193 °C. The
specic heat capacity of water is 4.184 J g−1 K−1 while that of
ethylene glycol is 2.4 J g−1 K−1.39 The DSC analysis shows the
melting of AAILs at ∼99 °C and degradation at ∼250 °C.
Fundamentally, ionic liquids do not exhibit boiling point but
only undergo thermal degradation. This is due to their negli-
gible vapor pressure which makes them degrade before the
© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature reaches atmospheric pressure. Higher specic heat
capacity implies the ability of the nanouid to absorb and store
more heat energy per unit temperature raise. This results in
enhanced thermal energy storage per unit volume of the HTF
which would provide benet in terms of less volume of HTF
required. Further advantages include reduced temperature
uctuations of the uid and overall enhanced heat transfer.

3.3.5. Nanoparticle dispersion. Fig. 9 displays the micro-
scopic pictures of the [bmim]+[BF4]

− IoNanouid having
various concentrations of MWCNT and the effect of CTAB on
the MWCNT dispersion. Fig. 9(a), (c), (e) and (g) clearly shows
relatively large agglomerations of MWCNT in the IL phase in the
absence of surfactant. Fig. 9(b), (d), (f) and (h) display that the
addition of CTAB promotes breaking of nanoparticle agglom-
erations to smaller ones and improves uniform dispersion.
Because of this, small and well spread MWCNT nanoparticles
can be seen in the microscopic pictures of IoNanouid in which
CTAB was added (Fig. 9(b), (d), (f) and (h)).

Fig. 10 compares themicroscopic picture of the dispersion of
0.05 wt% MWCNT nanoparticles in [bmim]+[BF4]

− and AAILs
and the effect of CTAB surfactant. It can be visibly conrmed
from Fig. 10 that the synthesized AAILs were able to favour ner
and uniform dispersion of MWCNT nanoparticles even without
surfactant CTAB, compared to [bmim]+[BF4]

−. The ne disper-
sion of the nanoparticles in the AAILs could be attributed to
their low viscosity.

3.3.6. Thermal conductivity. The purpose of synthesizing
IoNanouids from ILs was to enhance the thermal conductivity
of the ILs to make them suitable for HTF applications. Since the
viscosity increases by the addition of nanoparticles to the ILs,
the enhancement in thermal conductivity is a key factor in
determining whether the losses incurred by the increase in
viscosity are compensated by the gains made by the enhanced
thermal conductivity. Thermal conductivity of [bmim]+[BF4]

−

IoNanouids at various MWCNT concentrations is compared in
Fig. 11. The size of error bar reects the error in measurement
of thermal conductivity as per the instrument measurement
accuracy. The effect of surfactant CTAB on thermal conductivity
is also compared in Fig. 11. The codes ILCNT1 and ILCNT5
RSC Adv., 2025, 15, 23146–23164 | 23159
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Fig. 13 (a) Comparison of thermal conductivity of Io-Nanofluids (b)
enhancement in thermal conductivity of AAIL Io-Nanofluid with
respect to [bmim][BF4] Io-Nanofluid at 0.05 wt% MWCNT (codes as
per Tables 2 and 3) (c) effect of temperature on thermal conductivity.

23160 | RSC Adv., 2025, 15, 23146–23164
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refers to the IL with MWCNT concentration 0.025 wt% without
and with CTAB respectively. Similarly, ILCNT2 and ILCNT6
compares the effect of CTAB at 0.05 wt% of MWCNT; ILCNT3
and ILCNT7 compares the effect of CTAB at 0.075 wt% of
MWCNT; ILCNT4 and ILCNT8 compares the effect of CTAB at
0.1 wt% of MWCNT. The Fig. 11(a) evidently conrms that the
thermal conductivity of the MWCNT incorporated IoNanouid
was higher than that of pure IL. The enhancement percent in
thermal conductivity of IoNanouid with and without surfac-
tant compared to pure [bmim]+[BF4]

− is shown in Fig. 11(b). The
thermal conductivity of IoNanouid observed to increase with
increase in MWCNT concentration (Fig. 11(b)). Also, the addi-
tion of CTAB surfactant had further increased the thermal
conductivity. The increase in thermal conductivity with the
addition of surfactant could be attributed to the decrease in
nanoparticle agglomeration and increase in dispersion and
lubrication of the MWCNT in the IL.

The thermal conductivity of synthesized AAILs was observed
to be higher compared to the commercial IL [bmim]+[BF4]

− as
shown in the Fig. 12. The width of error bar indicates the error
in measurement of thermal conductivity and the instrument
measurement accuracy. The four pure AAILs showed thermal
conductivity enhancement of 21, 30%, 37% and 42% respec-
tively compared to the pure IL [bmim]+[BF4]

− (as shown in
Fig. 12). The highest thermal conductivity was shown by [bmim]
+[Gly]− (0.225 vs. 0.16 W m−1 K−1) and [emim] +[Arg]− (0.223 vs.
0.16 W m−1 K−1). Fundamentally, the ionic liquids exhibit
thermal conductivity due to the presence of ions (cations and
anions) while being in liquid state which facilitates the heat
transfer by transmission of kinetic energy between ions. Among
the ionic liquids, the type of cation, anion and cation–anion
interactions will further affect the thermal conductivity.
Stronger cation–anion interactions, more ionic mobility and
low viscosity are important to achieve high thermal conductiv-
ities in ionic liquids. The higher thermal conductivity exhibited
by AAILs could be attributed to the presence of hydrogen bond
interactions between cation and anion and higher mobility of
cation and anion of AAILs due to their low viscosity (Fig. 3).

Fig. 13(a) compares the thermal conductivity of pure
[bmim]+[BF4]

− and AAILs with the corresponding INFs at
0.05 wt% MWCNT concentration and highlights the effect of
surfactant CTAB. Further, the enhancement in thermal
conductivity of AAIL INFs compared to [bmim]+[BF4]

− at
0.05 wt% MWCNT concentration are presented in Fig. 13(b). It
is evident from Fig. 13 that the thermal conductivity of all the
pure and MWCNT added AAILs was higher than the MWCNT
and CTAB added [bmim]+[BF4]

−. The four AAIL INFs showed
thermal conductivity enhancement of 21%, 28%, 39% and 40%
respectively compared to the [bmim]+[BF4]

− INF. Further, the
thermal conductivity of AAIL INF increased by z10% with the
addition of 0.05 wt% of MWCNT. Also, CTAB does not seem to
show any signicant effect on thermal conductivity of AAILs.
The reason might be the already less viscous AAILs provided
good dispersion of MWCNT which is critical for improved
thermal conductivity. The factors which drive the thermal
conductivity enhancement for a xed type and concentration of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles are (i) thermal conductivity and viscosity of the
base uid, (ii) viscosity of INF aer nanoparticle addition (iii)
nanoparticle size, (iv) nanoparticle dispersion and homoge-
neity. Fig. 13(c) compares the effect of temperature on the
thermal conductivity of the pure IL [bmim]+[BF4]

− and the INF
[bmim][ARG] + 0.05 wt% MWCNT in the temperature range of
25–50 °C. Fig. 13(c) shows that, in the studied temperature
range, for both the INFs, the thermal conductivity only slightly
reduced from 25/28 °C to 50 °C/53 °C. With increase in
temperature, the thermal conductivity of liquids generally
decreases due to increased distance between the molecules
which reduces the effective collisions required for heat transfer.
Similarly, the thermal conductivity of individual MWCNT
particle also decreases at higher temperatures due to increased
phonon scattering which results in loss of phonon energy and
Fig. 14 (a) Effect of MWCNT concentration and CTAB addition on the co
Io-Nanofluid with 0.05 wt% MWCNT (c) colloidal stability of Io-Nanofl
0.05 wt% MWCNT with Tween 80, Licithin and SDS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
disrupted coherent ow of heat. Sometimes, due to the
morphological factors, the MWCNTS could show an increase in
thermal conductivity and then a reduction. However, with
respect to nanouids, the increase in temperature may cause
Brownian motion of nanoparticles which could increase the
collisions between nanoparticles nally resulting in increased
thermal conductivity. Therefore, because of the combined
effect, the overall thermal conductivity of the INFs got reduced
only slightly with an increase in temperature within the low
temperature range considered in the present study. The
decrease in thermal conductivity of the INFs at very high
temperatures would restrict the applicability of the INFs in
terms of operating temperature range. In the present study, we
have evaluated the thermal conductivity up to 50 °C only due to
the limitations of the instrument. To evaluate the heat transfer
lloidal stability of [bmim]+[BF4]
− Io-Nanofluids. (b) Colloidal stability of

uid with 0.1 wt% MWCNT (d) colloidal stability of Io-Nanofluid with

RSC Adv., 2025, 15, 23146–23164 | 23161
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efficiency of INFs for higher temperatures, the thermal
conductivity needs to be measured for the required temperature
range.

3.3.7. Colloidal stability. Colloidal stability is another key
performance indicator of the IoNanouids. The non-uniform
dispersion of nanoparticles (lack of homogeneity) would cause
HTFs losing the heat transfer efficiency. For instance, localized
regions with higher concentration of nanoparticles results in
more heat transfer in those regions whereas the regions of lower
nanoparticle concentrations would show less heat transfer. This
may lead to reduction in overall heat transfer. Therefore, the
colloidal stability of the INFs based on [bmim]+[BF4]

− and AAILs
was studied as per the procedure mentioned in Section 2.4.8.

Fig. 14 shows the effect of MWCNT concentration and CTAB
addition on the colloidal stability in terms of number of days for
[bmim]+[BF4]

− INFs. The IoNanouid samples were stocked in
glass vials and kept undisturbed. The vials were then observed
every day for any visible settling of MWCNT particles. It was
observed that the addition of CTAB has considerably increased
the shelf life of MWCNT colloidal dispersion of [bmim]+[BF4]

−

(Fig. 14(a)–(c)). For instance, the nanoparticle suspension of INF
having 0.05 wt% of MWCNT was stable for 8 days only.
However, addition of CTAB has increased the nanoparticle
Fig. 15 (a) Colloidal stability comparison of [bmim]+[BF4]
− INF and

AAIL INF having 0.05 wt% of MWCNT (b) colloidal stability of AAIL INFs
having 0.05 wt% of MWCNT.

23162 | RSC Adv., 2025, 15, 23146–23164
suspension stability to 14 days. Furthermore, the colloidal
dispersion stability (number of days) increased with increase in
MWCNT concentration (Fig. 14(a)–(c)). For representational
purpose, the pictures of the vials corresponding to 0.05 wt% and
0.1 wt%MWCNT are presented in Fig. 14(b) and (c) respectively.
For comparison purpose, the colloidal stability of the
[bmim]+[BF4]

− INFs having 0.05 wt% MWCNT with other
surfactants such as Tween 80, lecithin and SDS is shown in
Fig. 14(d). It was observed that the INFs having Tween 80,
lecithin and SDS were stable for 8, 10 and 8 days respectively
which is considerably less compared to the CTAB based INF.

Fig. 15 compares the colloidal dispersion stability of IoNano-
uids of AAIL and [bmim]+[BF4]

− at MWCNT concentration of
0.05 wt%. It can be evidently conrmed from Fig. 15 that the AAIL
+ MWCNT IoNanouids showed substantially higher colloidal
stability (30 days) compared to the [bmim]+[BF4]

− + MWCNT (7
days) and [bmim]+[BF4]

− + MWCNT + CTAB (14 days). The
improved colloidal stability of AAIL INFs could be due to (i) the low
viscosity of the AAIL, (ii) interaction between AAIL and MWCNT,
(iii) the collective effect of the surfactant and polarity of the AAIL in
altering the surface charges of the nanoparticles which created
required electrostatic repulsive forces between nanoparticles to
form relatively ner and homogeneous dispersion of nanoparticles
in the AAIL INFs. The surfactant CTAB compatibility with AAIL and
MWCNT might have further hampered the agglomeration and
sedimentation of the nanoparticles.
4. Conclusions

IoNanouids of [bmim]+[BF4]
− were prepared by adding various

concentrations of MWCNT. Effect of MWCNT concentration
and surfactant on the properties of [bmim]+[BF4]

− with respect
to HTF applications was studied. It was observed that, the
viscosity of the IoNanouid increased with the increase in
concentration of MWCNT. However, an increase in thermal
conductivity was observed with increase in MWCNT concen-
tration. Among the four surfactants tested, Tween 80 showed
ner and uniform nanoparticle dispersion but did not give
much advantage in terms of colloidal stability. CTAB was
observed to be a better surfactant in terms of nanoparticle
dispersion, colloidal stability and thermal conductivity
improvement. The synthesized AAILs showed signicantly less
viscosity (18–8 mPa s at 298 K) compared to several conven-
tional ILs. The AAIL + 0.05 wt% MWCNT IoNanouids showed
∼42% higher thermal conductivity than [bmim]+[BF4]

− +
0.05 wt% MWCNT (0.24 W m−1 K−1 vs. 0.18 W m−1 K−1 at ∼300
K) and very less viscosity (20 mPa s vs. 110 mPa s at∼300 K). The
AAIL + MWCNT IoNanouids showed ne and uniform
dispersion of MWCNT and substantially higher colloidal
stability (30 days) compared to the [bmim]+[BF4]

− + MWCNT (7
days) and [bmim]+[BF4]

− + MWCNT + CTAB (14 days). The AAIL-
INFs showed signicantly higher specic heat capacity
compared to [bmim]+[BF4]

− INF (1.00 J g−1 °C vs. 10.00 J g−1 °C).
Therefore, the present study introduces the AAIL based INFs
which showed superior properties compared to conventional IL
based INFs that are required for potential heat transfer uids.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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