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Abstract 

Commercial coolants such as water, ethylene glycol and triethylene glycol possess very low 

thermal conductivity,high vapor pressure, corrosion issues and low thermal stability thus 

limiting the thermal enhancement of the nanofluids. Thus, new type of base fluid known as 

deep eutectic solvents (DES) are proposed in this work as a potential substitute for the 

conventional base fluid due to their unique solvent properties such as low vapor pressure, 

high thermal stability, biodegradability and non-flammability. In this work, 33 different DESs 

derived from phosphonium halide salt and ammonium halide salts were synthesised. CNTs 

with different concentrations (0.01wt%-0.08wt%) were dispersed into DESs with the help of 

sonication. stability of the nanofluids were determined using both qualitative (visual 

observation) and quantitative (UV Spectroscopy) approach In addition, thermo-physical 

properties such as thermal conductivity, specific heat, viscosity and density were investigated. 

The stability results indicated that phosphonium based DESs have higher stability (up to 4 

days) as compared to ammonium-based DESs (up to 3 days). Thermal enhancement of 30% 

was observed for ammonium based DES-CNT nanofluid whereas negative thermal 

enhancement was observed in phosphonium based DES-CNT nanofluid. 

Keywords: Deep eutectic solvents; carbon nanotube; stability; thermal conductivity; specific 
heat. 
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1. INTRODUCTION 
 

Fluids suspensed with solid nanoparticles are regarded as nanofluids and are known to 

improve the thermal performance of the fluid [1–3]. Some of the common nanoparticles used 

are copper, nickel, silver, oxides (e.g. aluminium oxides and copper oxides) and compounds 

such as carbon nanotube (CNT) and graphene [4-5]. CNT shows remarkably high thermal 

conductivity (6000 W/mK) [6] as compared to copper (401 W/m.K) and silver (429 W/mK) 

[7] and other metal or metal oxide nanomaterials which drastically enhances the thermal 

conductivity of the nanofluid [6], [8]–[11]. Due to its high thermal properties CNTs have 

potential applications in fields such as refrigeration, automotive and aerospace. Murshed and 

Nieto De Castro [6] reported that the thermal conductivity of CNT-nanofluids increases with 

CNT concentration and temperatures thus making nanofluids attractive heat transfer fluids at 

elevated temperatures. 

The base fluid is also an important factor in heat transfer enhancement. The commonly used 

base fluids are water, engine oil and EG which have very low thermal conductivity compared 

to solid materials. Recently ionic liquids (ILs) have replaced commonly used base fluids. IL 

is a salt with poorly coordinated ions resulting in a solvent with a melting point below 100 °C. 

Typically they are composed of organic nitrogen containing heterocyclic cations and 

inorganic anions [12]. Some of its characteristics which have drawn attention of researchers 

from various fields are high thermal stability, high ionic conductivity, low vapour pressure 

and wide temperature range for liquid phase [13]. However despite of various attractive 

features, the application of ILs has been less favourable due to high cost and difficulty to 

synthesise which includes expensive raw materials and long preparation and purification 

procedures [14]. Hence, deep eutectic solvents (DESs) were introduced as low cost 

alternative of ILs [15] that are formed by mixing of halide salt with hydrogen bond donor 

(HBD) [16]. Up to date, the conventional applications of DESs are metal oxides dissolution 
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[17], electro-polishing [18], catalysis [20, 21], extraction [22–24] and electrodeposition [15]. 

There are no literatures available that studies DESs as heat transfer fluid.  

The dispersion and stability of CNTs in base fluid is a challenge as they have the tendency to 

agglomerate due to Van der Waals force and strong affinity between the CNT particles [5]. 

Agglomerations of CNTs increases the sedimentation rate and thus decreasing the thermo-

physical properties such as thermal conductivity and viscosity [24]. Various methods for 

nanoparticle dispersion include surface modification, surface coating and sonication. In 

surface modification or functionalisation, nanoparticles are oxidized using acid to attach 

hydroxyl (OH), carboxylic (COOH) or amine (NH2) functional group to the surface through 

covalent bonding [5] thus increasing the interaction between nanoparticles and the based 

fluid. However, due to high temperature and acidic conditions during functionalisation of 

nanoparticles, its structures is often damaged [25]. Powerful sonication can damage and 

shorten the nanoparticles which in turn will decrease their mechanical properties [26]. 

Furthermore, surfactants disperse nanoparticles by forming a protective layer around 

nanoparticles and act as a barrier between them preventing agglomeration. However, the 

surfactant decomposes at high temperature which makes it unfit for high temperature 

applications. On the other hand ILs with special ionic structures has the ability to stabilise 

various nanoparticles without the addition of surfactant [28, 29]. ILs and DESs have been 

used as electrolyte, solvents for nanomaterials synthesis, exfoliation, and dispersants [29]. In 

recent studies, DESs were also utilised to synthesise CNT which shows improved 

electrocatalytic performance [30]. In addition, ammonium based DES was used to synthesise 

electrochemical dopamine sensor and is shown to improve the sensitivity, reproducibility and 

stability [31].  

However, there are no studies conducted to demonstrate the potential application of DESs as 

heat transfer fluids. Thus, this study on DESs based CNT nanofluid reports the fundamental 
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thermo-physical properties is also the novelty of this paper. Hence, the objective of this study 

is to investigate the stability of the DESs dispersed with CNT. In addition, the thermophysical 

properties of the resulting nanofluids were measured to explore the potential of DESs as a 

replacement for conventional heat transfer fluids.  This would open up more research 

opportunity to extend the application of DESs as a heat transfer fluid. 

 

2. EXPERIMENTAL DETAILS 

2.1. Materials 

Methyl-triphenylphosphonium-bromide (MTPB) and choline chloride (ChCl) were used as 

the halide salts while ethylene glycol (EG) and triethylene glycol (TEG) were used as the 

HBDs. These chemicals were purchased from Merck, Malaysia with purity more than 99% 

and can be used directly for the synthesis of DESs without any further processing. In the 

synthesis of nanofluid, the multiwalled CNT is purchased from Chinese Academy of Science, 

China with more than 95% purity [5]. The nominal outer diameter of the MWCNTs is 20 nm 

and the length of 30 µm.   

 

2.2. Preparation of DESs and CNT Nanofluid 

Correct ratio of halide salt and HBD is required to form a DES. The mass of the halide salt 

and HBD is measured using electronic weigh balance with a precision of 1mg. The mass of 

both the salt and HBD varied to prepare DESs of different molar ratio given in Table 1. 

Universal laboratory bottle were used to contain the mixture of halide salt and HBD. It is 

important to seal off the bottle with parafilm to ensure humidity-safe environment throughout 

the synthesis process. This is to prevent any contamination from atmospheric moisture which 

may interfere with the hydrogen bonding process of the DES synthesis. The mixture is then 
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heated on hot plate stirrer at 80°C and 600 RPM continuously for three hours until a 

homogeneous colourless liquid appeared [32]. The water content in the DES was then 

determined using the Karl Fischer titration method (Mettler Toledo V20 Volumetric KF 

Titrator) via one component technique with CombiTitrant5 as the titrating agent and 

CombiMethanol as the working medium. As water could be intruding through the tubes and 

joints; hence, for precise water content measurement, the measurement started when the drift 

is lower than 30 µg/min. Approximately 1mL of DES sample was injected into the reaction 

cell and the measurements were replicated three times for each sample. The mean values of 

the moisture content prepared DESs in this paper are not more than 2wt%. Given that the 

DESs were synthesised under the atmospheric condition, and moisture from the atmosphere 

cannot be totally prevented and thus small amount of moisture was absorbed by the 

hygroscopic nature of the halide salt. However, the water content of the DESs synthesised 

should be within the acceptable range of less than 0.5 wt% [33, 34]. 

As received CNTs were measured using an analytical weigh balance with resolution of 

0.0001g (MG164A, BEL Engineering) and dispersed in DES. For each of the DESs 

synthesised, three different concentration of CNT nanofluid were prepared as given in Table 

1. The CNTs were dispersed using Soltec Ultrasonic Bath (Model 5300 EPS3) which 

operates at 37 kHz for four hours continuously at room temperature. The vibration from the 

ultrasonic water bath will enable the CNTs to obtain uniform and homogeneous colloid 

suspension. This would loosen the clustered CNTs and prevent the agglomeration. 
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Table 1: Prepared CNT Nanofluids with their abbreviations 

DES Molar Ratio CNT Concentration (wt%) Abbreviation 
M

T
PB

:E
G

 

1:3 
0.01 DES 1A 
0.04 DES 1B 
0.08 DES 1C 

1:4 
0.01 DES 2A 
0.04 DES 2B 
0.08 DES 2C 

1:5 
0.01 DES 3A 
0.04 DES 3B 
0.08 DES 3C 

M
T

PB
:T

E
G

 

1:4 
0.01 DES 4A 
0.04 DES 4B 
0.08 DES 4C 

1:5 
0.01 DES 5A 
0.04 DES 5B 
0.08 DES 5C 

C
hC

l:E
G

 

1:3 
0.01 DES 6A 
0.04 DES 6B 
0.08 DES 6C 

1:4 
0.01 DES 7A 
0.04 DES 7B 
0.08 DES 7C 

1:5 
0.01 DES 8A 
0.04 DES 8B 
0.08 DES 8C 

C
hC

l:T
E

G
 

1:3 
0.01 DES 9A 
0.04 DES 9B 
0.08 DES 9C 

1:4 
0.01 DES 10A 
0.04 DES 10B 
0.08 DES 10C 

1:5 
0.01 DES 11A 
0.04 DES 11B 
0.08 DES 11C 

 
 

2.3. Determination of CNT Stability 

In order to determine the stability of the nanofluids, the synthesised nanofluids were left to 

stand alone without any agitation for 22 days. Visual observations were then conducted to 

detect any presence of suspending particles or sediment in the nanofluids. Nanofluids with 

presence of suspending particles or sediment are considered to be unstable. In addition to the 

visual observation, the concentration of nanofluids will be measured using the light intensity 

measurement by the UV-Vis Spectrophotometer (Model Genesys 10S) for a month [5]. First, 

the wavelength of the CNT is measured by identifying the peak in the absorbance spectrum 
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measurement. From Fig.1, the CNT wavelength is identified at 382 nm which is in good 

agreement with the literature [5, 35].	
  In order to determine the concentration of CNT in the 

sample, a calibration curve of absorbance value against concentration was plotted to correlate 

the absorbance value to the concentration. Concentration of the CNTs was then plotted 

against time for 22 days.   

 

 

Fig.1: Absorbance spectrum of CNT. 

 

2.4. Thermophysical Properties 

Thermal conductivity, specific heat, viscosity and density of the synthesised DESs and CNT 

nanofluids were measured with respect to molar ratio of DESs, CNT concentration and 

temperature. These thermophysical properties were measured right after sonication of CNT 

nanofluid; therefore, the influence of clustering on the thermophysical properties is 

considered negligible and the CNT was uniformly dispersed. 
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The thermal conductivity was measured using the KD 2 Pro thermal properties analyser, 

(Decagon Devices, USA) with an accuracy of ± 5% and with a measuring range up to 2 

W/mK. KS-1 single needle sensor was used for the measurement and the calibration was 

performed using the standard glycerine solution. KD2 Pro thermal properties analyser 

measures the thermal conductivity of the samples based on the principle of transient hot-wire 

method. In this method, the analyser dynamically measures the increase in temperature of a 

linear heat source immersed into the sample [36]. The samples were measured at different 

temperatures (25°C, 40°C, and 50°C) by placing the samples in a thermal jacket filled with 

silicon oil which is connected to a circulating thermostat bath (BL-720D) and the temperature 

of the bath was set to manipulate the temperature of the nanofluids. In addition, the 

measurement takes place inside a non-operating fume hood to isolate the sample from the 

influence of the ambient temperature fluctuation. The measurement of thermal conductivity 

was recorded at an interval of 15 minutes until three stable measurements were recorded and 

the average thermal conductivity was calculated. 

The specific heat capacity of the pure DESs and nanofluids was determined by using the 

Differential Scanning Calorimeter (Model DSC 8000, Perkin Elmer). The measured heat flow 

is directly proportional to the specific heat capacity of the sample and can be calculated with 

the heat flow signal from a blank aluminium pan. Sample was measured inside an aluminium 

pan using analytical weigh balance with resolution of 0.0001g (Model MG164A, BEL 

Engineering) and recorded. The aluminium pan was then crimpled to seal the sample within 

the pan. The specific heat was then measured at a temperatures range of 25°C to 50°C at the 

heating rate of 10°C/min, which is within the recommended heating rate of the equipment 

[37]. In order to eliminate the noise in the heat flow signal, the sample was held at isothermal 

before 25°C and after 50°C for one minute. 
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The dynamic viscosity of the pure DESs and CNT nanofluids was measured using rheometer 

(Model AR2000 Rheometer, TA Instruments) with a standard double gap concentric 

cylinders geometry (System MK2 992291) at constant shear rate of 10 s-1, from 20°C to 50°C 

temperature.  

The density of the pure DESs and CNT nanofluids was measured using the Anton Paar 

Density Meter (Model DMA 4500M) with accuracy up to 0.00005g/cm3 with standard 

deviation of 0.00001g/cm3. The density meter was equipped with camera to ensure that there 

are no air bubbles in the U-tube during measurement and the nanofluid was homogeneous in 

the U-tube.  The density of the sample is measured by the density meter via oscillating U-

tube which is based on the Mass-Spring model and the mechanic oscillation of the U-tube is 

related to the density. 

 

3. RESULTS AND DISCUSSION 

3.1. Stability of MWCNT  

Based on the visual observation, as the time passes from day 1 to day 22, the CNT 

nanoparticles started to sediment forming clusters of loose aggregates. This is due to the high 

Van der Waals force and high surface area of the CNT particles leading to agglomeration [25, 

38–40]. The agglomeration then leads to increase in weight and sedimentation [3, 5]. The 

sediment CNT particles were observed to formed loose bundle which could easily re-disperse 

by merely shaking the vials. The loose bundle of CNT particles could be stipulated by the 

solvation of CNTs with the polar molecules of the DESs which leads to small aggregate 

surrounded by the DESs [41]. The small aggregate of CNTs dispersed in organic solvent 

forms stronger solvation which rejects any newcomer particles into the vicinity of the 

aggregate core [42]. Strong solvation occurs due to the reduction in conduction path and 

intermolecular distance and the presence of ions in the organic solvents causes higher energy 
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requirement for the CNT to further aggregate [41, 42]. Such phenomena does not occur in 

aqueous dispersions such as water due to the weak solvent molecules interaction with the 

inert surface of carbon [43]. 

The DES synthesised from EG was able to form stable CNT nanofluid for 1 day with 

ammonium based DESs and 3 days with phosphonium based DESs. Whereas DES 

synthesised from TEG is able to form stable CNT nanofluid for 3 days with ammonium based 

DESs and 4 days with phosphonium based DESs. This shows that usage of phosphonium 

based DESs are able to prolong the stability of CNT in the nanofluid. It is understood that, 

change in cation from phosphorus to ammonium, influence the electronic environment of the 

anion and thus the charge distribution. However, the influence does not seem to be very 

strong as the stability of the nanofluid is prolonged for phosphonium based DESs by 1 day.  

In order to benchmark the effect of DESs on CNT nanofluids, CNT was also dispersed in 

pure EG and TEG, and were visually observed. Pure EG and pure TEG is only able to form 

stable CNT nanofluid for few hours. The improvement of stability is due to the increased 

viscosity of DES. As DES has higher viscosity compared to pure EG and TEG, this leads to 

higher stability of CNT nanofluids.  

Figures 2 - 5 show the UV measurements indicating the sedimentation behaviour with respect 

to time. As seen in the figures, the concentration of CNT in nanofluids decreases with time. 

This indicates that the CNT starts to agglomerate over time resulting in sedimentation. The 

reason for the CNT being unstable is due to the Van der Waals force between the CNT 

particles [25, 38, 40]. The force causes the CNT particles to agglomerate together and form 

bigger cluster. Theses clusters are heavy and sediment due to the action of gravity.   
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Fig.2: Stability of MTPB:EG based nanofluid for 22 days 

 

 

Fig.3: Stability of MTPB:TEG based nanofluid for 22 days 
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From Fig.2 it can be observed that DES 3B has a sharp decrement in concentration on the 3rd 

day. Similar observations were seen in Fig.2 (DES 5B) and Fig.3 (DES 7B).  Another 

observation in Fig.4 shows that concentration of DES 9C increases in the first 5 days and 

decreases rapidly to a constant concentration. This is due to the fact that the UV-Vis 

measures the sample at a single point with the assumption that the sample is homogeneous. 

However, the agglomeration of CNT in the nanofluids creates a heterogeneous sample. At the 

instant of measurement, it is most likely that the CNT agglomerate at different localized 

region of the sample causing the CNT concentration at the point of measurement to decrease 

sharply or increase. 

 

 

Fig.4: Stability of ChCl:EG based nanofluid for 22 days 
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Fig.5: Stability of ChCl:TEG based nanofluid for 22 days 

 

3.3. Thermal conductivity 

Fig.6 - 16 show the thermal conductivity measurement of the samples. The measurement was 
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capability of the KD2 pro analyser which is only able to measure homogeneous fluid at static 

condition [36]. As the temperature increases, the kinetic energy and Brownian motion of the 

CNT particles increases as well. This causes the CNT to actively collide with each other. The 

Van der Waal forces then hold them together and cause agglomeration to occur [25, 38, 40]. 

Unwanted convection starts to occur above 50°C, which results in higher error in the thermal 

conductivity measurement [36, 44]. To be consistent, the thermophysical properties (specific 

heat, density and viscosity) were also measured at the same temperature values. 
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In general, the DES exhibit lower thermal conductivity compared to its respective pure 

organic solvents (EG and TEG) which is consistent with the is consistent with the finding of 

several studies reported in literature [45–47]. At temperature 25°C, phosphonium based DESs 

(DES 1 to DES 5) show higher negative thermal conductivity enhancement (-20.5% for DES 

1, -16.9% for DES 2, -13.2% for DES 3, -12.9% for DES 4, -9% for DES 5) whereas 

ammonium based DESs (DES 6 to DES 11) show lower negative thermal conductivity 

enhancement (-7% for DES 6, -6.3% for DES 7, -5% for DES 8, -8% for DES 9, -5.4% for 

DES 10, -2.8% for DES 11). When the temperature is elevated to 50°C, most of the thermal 

conductivity enhancement of the DES improves. At temperature of 50°C, phosphonium based 

DESs (DES 1 to DES 5) show lower negative thermal conductivity enhancement (-15.2% for 

DES 1, -14.3% for DES 2, -9.9% for DES 3, -8.1% for DES 4, -7.2% for DES 5). This result 

is consistent with the finding on phosphonium based DES from the studies conducted by 

Fang et al. (2016) which shows lower thermal conductivity at temperature below 50°C. On 

the other hand, ammonium based DESs (DES 6 to DES 11) do not have significant changes 

in thermal conductivity enhancement (-7.6% for DES 6, -6.4% for DES 7, -5.4% for DES 8, -

8.3% for DES 9, -5.7% for DES 10, -3.2% for DES 11). This is most likely due to the small 

difference in molecular weight between the ChCl (139.62 g/mol) and EG (62.07 g/mol) or 

TEG (150.17g/mol) as compared to MTPB (357.23 g/mol) and EG or TEG. The big 

difference in the molecular weight between the halide salt and HBD causes the thermal 

conductivity behaviour of the DESs to behave differently as the hydrogen bonding and 

interaction between the HBD and salt decreases [48]. As a result of that, ammonium based 

DESs behave similarly to its respective pure organic solvent in the increment of thermal 

conductivity with respect to temperature.  

By dispersing CNT into the DES, the ChCl:EG DESs (DES 6 to DES 8) was able to improve 

its thermal conductivity enhancement from negative to positive as shown in Fig.11 to 13. The 

Page 14 of 35AUTHOR SUBMITTED MANUSCRIPT - MRX-104169.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



highest thermal conductivity enhancement measured was DES 8C with 24.4% thermal 

conductivity enhancement at 50°C and the lowest thermal conductivity enhancement 

measured was DES 6A with 0.1% at 25°C. As for the ChCl:TEG DESs (DES 9 to DES 11), 

the thermal conductivity enhancement did not improve significantly (maximum of 2% 

improvement was observed). Similar observation was also observed for the phosphonium 

based DESs (DES 1 to DES 5). This is due to the higher viscosity of the phosphonium based 

DESs and ChCl:TEG DESs which restricts the Brownian motion of the CNT. With the 

restriction of Brownian motion, the collision between the CNT reduces and this leads to 

lesser solid-to-solid heat transfer and lower thermal conductivity enhancement [49, 50]. In 

addition, the thermal conductivity also follows the Stokes-Einstein formula which shows that 

the thermal conductivity is inversely proportional to the viscosity of the fluid [51]. However, 

in general, all nanofluids show increasing thermal conductivity with increasing CNT 

concentration. For instance, DES 1A which has 0.01wt% CNT shows 0.155W/mK and DES 

1C which has 0.08wt% CNT shows 0.161W/mK at 25°C. These trend are consistent with the 

trend obtained from literatures [5, 6, 9, 46]. For constant CNT concentration, all nanofluids 

also show increasing thermal conductivity with increasing temperature. As shown in Fig.6, 

DES 1A has thermal conductivity of 0.155W/mK at 25°C and 0.162W/mK at 50°C. Similar 

trend was observed for all nanofluids synthesised. The non-linear increment of thermal 

conductivity with respect to temperature is consistent with the findings in literatures [8, 39, 

52–54]. 

  

Page 15 of 35 AUTHOR SUBMITTED MANUSCRIPT - MRX-104169.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



 

 

Fig.6: Thermal conductivity of DES 1 and its CNT nanofluid 

 

 

Fig.7: Thermal conductivity of DES 2 and its CNT nanofluid 

  

0.150 

0.160 

0.170 

0.180 

0.190 

0.200 

0.210 

20.0 30.0 40.0 50.0 

T
he

rm
al

 C
on

du
ct

iv
ity

 (W
/m

.K
) 

Temperature (°C) 

EG DES 1 DES 1A DES 1B DES 1C 

0.165 
0.170 
0.175 
0.180 
0.185 
0.190 
0.195 
0.200 
0.205 
0.210 
0.215 

20.0 30.0 40.0 50.0 

T
he

rm
al

 C
on

du
ct

iv
ity

 (W
/m

.K
) 

Temperature (°C) 

EG DES 2 DES 2A DES 2B DES 2C 

Page 16 of 35AUTHOR SUBMITTED MANUSCRIPT - MRX-104169.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



 

 

Fig.8: Thermal conductivity of DES 3 and its CNT nanofluid 

 

 

Fig.9: Thermal conductivity of DES 4 and its CNT nanofluid 
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Fig.10: Thermal conductivity of DES 5 and its CNT nanofluid 

 

 

Fig.11: Thermal conductivity of DES 6 and its CNT nanofluid 
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Fig.12: Thermal conductivity of DES 7 and its CNT nanofluid 

 

 

Fig.13: Thermal conductivity of DES 8 and its CNT nanofluid 
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Fig.14: Thermal conductivity of DES 9 and its CNT nanofluid 

 

 

Fig.15: Thermal conductivity of DES 10 and its CNT nanofluid 
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Fig.16: Thermal conductivity of DES 11 and its CNT nanofluid 
 

3.4. Specific Heat 

CNT nanoparticle concentration plays critical role in the heat capacity changes because of the 

changes in the phonon vibration mode at solid-liquid interface [55]. As the CNT nanoparticle 

concentration increases, the specific heat capacity of the nanofluid was found to decrease as 

shown in Fig.17 for DES 1 and its nanofluid. As most of the specific heat of the DESs and its 

nanofluid follows the same trend, only one figure was shown to represent the nanofluid 

studied in this work. 
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Fig.17: Specific heat of DES 1 and its CNT nanofluid 
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the nanoparticles would decreases sharply. This causes the nanoparticle to have surface 

specific energy similar to its bulk materials (which is lower than the surface specific energy 

of the nanoparticle), which ultimately decreases the specific heat of the resulting nanofluid 

[45, 55, 57] 

Fig.18 and Fig.19 show the specific heat of the synthesised DES in comparison with its 

respective pure organic solvents (EG and TEG). Naser et al [57] studied the molar heat 

capacity of type III DES’s and showed that the heat capacity is directly proportional to the 

molar ratio of the DES. For the EG based DES shown in Fig.17, only DES 1 shows lower 

specific heat than its pure organic solvent, which could be possibly due to lower molar mass 

of HBD. The specific heat of DES increased with molar mass due to increase in the number 

of free translational, vibrational and rotational modes in the HBD [58].  The specific heat 

capacity enhancement of the EG based DES, at 50°C, in ascending order are DES1 (-2.7%) > 

DES2 (-0.1%) > DES3 (2.6%)> DES6 (2.8%) >DES7 (6.1%) > DES8 (7.3%). Similarly, the 

TEG based DES also exhibit similar characteristics. The specific heat capacity enhancement 

of the TEG based DES, at 50°C, in ascending order are DES4 (0.9%) > DES5 (3.9%) > DES9 

(4.4%)> DES 10 (5.1%) >DES 11 (6.0%), respectively. 
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Fig.18: Specific heat of EG based DES 

 

 

Fig.19: Specific heat of TEG based DES 
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3.5. Viscosity 

Fig.20 shows the viscosity of the DES 1 and its nanofluid at constant shear rate (10s-1) with 

respect to temperature. Only one figure was used to represent the viscosity trend of all the 

samples studied in this paper due to its similarity in trend. From Fig.19, the viscosity of the 

DESs and its nanofluid reduces with increasing temperature. This indicates that the DESs and 

its nanofluids follow the Arrhenius behaviour [17] and the trend is in a good agreement with 

the reported trend in literature [3, 48, 54].  

 

Fig.20: Dynamic viscosity of DES 1 and its CNT nanofluid 
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increment in viscosity is highly due to the chemical nature of its component such as the molar 

ratio, type of halide salt and the HBD [17]. This explains, for every DES variation, the 

increased in viscosity with decreasing molar ratio (1:5 to 1:3).  This is also in agreement with 

the results obtained in literature that shows higher viscosity for lower molar ratio [18, 48, 61]. 

DES synthesised from the MTPB salt has higher viscosity compared to the DES synthesised 

from ChCl salt. This is because the DES synthesised from MTPB salt requires more salt to 

achieve the desired molar ratio whereas DES synthesised from ChCl salt requires lesser salt 

at the similar molar ratio. This is generally generates more extensive hydrogen bonding 

between the halide salt and HBD which leads to higher viscosity [48]. 

When the CNT is dispersed into DES to form CNT/DES nanofluid, the viscosity of the 

resulting nanofluid increased even higher that it’s respective DES. The increased viscosity of 

CNT/DES nanofluid is due to the higher Van der Waals interaction between the CNT 

nanoparticles. As shown in Fig.19, DES 1C has the highest viscosity compared to DES 1B 

and DES 1A. Similar trend is observed in all CNT/DES nanofluid. These effect of CNT 

nanoparticle concentration on the viscosity of the CNT/DES nanofluid is consistent with the 

finding in literatures [3, 53, 62]. For instance, a study conducted by Das et al (2003) shows 

that the viscosity increases with increase in nanoparticle concentration. In addition to the 

CNT concentration, CNT nanoparticle size can also be one of the factor that causes the 

viscosity to increase with increasing CNT concentration [62]. The CNT nanoparticle size 

increased with increasing CNT concentration due to agglomeration. The larger cluster of 

CNT nanoparticle causes increment in friction which resulted in higher measured viscosity. 

 
3.6. Density 

Fig.21 shows the measured density of the DES 1 with respect to different CNT concentration. 

Only one figure was used to represent the density trend of all the samples studied in this 

paper due to its similarity. The measured density of the CNT/DES nanofluid increases with 
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increasing CNT concentration. As the density of the CNT nanoparticle is higher than liquids, 

therefore, the density of the nanofluid would generally increases with the addition of CNT 

nanoparticles. The increasing trend in density is consistent with the mixing theory of ideal 

gas mixture and with the study done by Pakdaman et al. (2012) on CNT/water nanofluids that 

shows increasing density of the nanofluid with increasing CNT concentration.  

 

 

Fig.21: Density of DES 1 and its CNT nanofluid 
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would increase accordingly. This is due to the higher density of the halide salt. As more 

halide salt is present in the DES mixture, the density of the DES would increases. 

CONCLUSION 

In this study, MTPB, ChCl, EG and TEG are used to produce DES to serve as the base fluid 

for DES/CNT nanofluid formulation. The results show that DES/CNT nanofluid is unable to 

overcome the attractive forces between CNT nanoparticles, which led to sedimentation in all 

prepared nanofluids in a short period. However, presence of salt is in HBD able to provide 

higher stability compared to its respective pure organic solvents. From the visual observation 

and UV-vis spectrophotometer, it was also observed that the MTPB based DES is able to 

form stable CNT nanofluid for a longer period (up to 4 days) compared to ChCl based DES 

(up to 3 days). Positive thermal conductivity enhancement was only observed for the 

DES/CNT nanofluid derived from ChCl:EG with the highest thermal conductivity 

enhancement measured of 24.4% at 50°C. The specific heat of the DES/CNT nanofluid was 

observed to be lower than the specific heat of its pure organic solvent due to the lower heat 

storage mechanism of the solid nanoparticles and the halide salt used in the DES formulation. 

Addition of salt increased the viscosity compared to the pure organic solvents, EG and TEG 

due to the extensive and complex hydrogen bonding, and higher Van der Waals interaction 

between the CNT nanoparticles. The measured density of the CNT/DES nanofluid increases 

with increasing CNT concentration and the variation in density varies significantly based on 

the type of DES used and has insignificant relation to the CNT concentration. Therefore, as 

the molar ratio of the DES decreases (from 1:5 to 1:3) the density of the DES would increase 

accordingly. 

It is conclusive that DES/CNT nanofluids derived from MTPB halide salt are able to provide 

higher stability to the DES/CNT nanofluid with the cost of higher viscosity and negative 

thermal conductivity enhancement. On the other hand, DES/CNT nanofluids derived from 
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ChCl halide salt offer lower stability but with less increment in viscosity and positive thermal 

conductivity enhancement. 
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