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Abstract 

In this research, the thermal conductivities of graphene oxide nano-particles (GO) 

dispersed in deep eutectic solvents (DESs) composed of ethylene glycol (EG) as a 

hydrogen bond donor (HBD) and methyl tri-phenyl phosphonium bromide 

(MTPB) as a salt, at weight fractions of 0.01%, 0.02% and 0.05%, were studied 

and quantitatively analysed. The molar ratios of DES (HBD:Salt) used in this 

study are 3:1 and 5:1.The thermal conductivity data of the nano-fluid samples 

were measured at temperatures of 25-70 °C and the results were compared with 

theoretical models. Rashmi and Kumar’ models showed conflicting prediction 

performance. While, Rashmi’s model can predict thermal conductivity with error 

as low as 0.1%, Kumar’s model error varied from 3-55%. Thus, in this work, a 

simple empirical modification to Kumar’s model is presented which improves the 

predictions accuracy compared to that of Rashmi’s model. 

Keywords: Nano-fluid, DES, Graphene oxide, Thermal conductivity. 

 
 

1.  Introduction 

Nano-fluid is a stable suspension of nano-sized materials in a base liquid. Nano-

scale materials may come in a variety of forms such as nano-rods, nano-

composites, nano-fiber, nano-wire, nano-sheet, nano-particle, nano-tube, nano-

bubble and nano-droplet [1]. Nano-fluids were first proposed by Choi and since 

then gained popularity in the field of research [2]. The development of the nano-

fluids was the direct result of efforts to improve the thermal conductivities of heat 

transfer fluids. This is complementary to the development of energy-effective heat  
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Nomenclatures 
 

a Particle/liquid molecule radius, m 

C Constant  

d Particle diameter,  m 

k Thermal conductivity coefficient, W/m.K 

kB Boltzmann constant, J/K 

l Particle length, m  

T Temperature, °C 
 

Greek Symbols 

ϕ Volume fraction  

μ Fluid dynamic viscosity, kg/m.s 
 

Subscripts 

be Base fluid 

eff Effective property of nano-fluid 

p Nano-particle  

transfer devices. Choi [3] proposed that new class of heat transfer liquids can be 

prepared by suspending metallic nano-particles in conventional heat carrier fluids. 

The idea of improving thermal properties of a fluid by the dispersion of solid 

particles is antique. Due to their extremely large thermal conductivities, it was 

expected that the mixing and dispersion of metallic solid particles in fluids would 

enhance thermal conductivities of the host fluids. Indeed, Maxwell's model which 

was published more than 100 years shows that the effective thermal conductivity 

of a colloidal suspension containing spherical particles increases with the volume 

fraction of solid particles [3]. The initial studies of solid dispersion were confined 

to micron-sized particles. However, due to their relatively large size, they are 

prone to flow clogging problems. On the other hand, nano-particles are smaller 

and thus will not be prone to flow blocking issues as much. In addition, nano-

sized particles have extremely large surface area to volume ratio which is known 

to increase thermal conductivities of fluids [3]. Though, as time elapses, nano-

particles are prone to self-agglomeration due to their high surface energy. The 

agglomerates size can be as large as micron-sized particles. These large 

agglomerates are prone to sedimentation which lowers the enhancement of 

thermo-physical properties [1]. 

Earlier experiments on nano-fluids showed that the thermal conductivity 

enhancement goes beyond predictions by the classical model of Maxwell [4]. In 

some cases, up to 40% enhancement have been recorded at nano-particles volume 

fraction as low as below 1% [5]. Meanwhile, other experiments have shown 

moderate enhancement which is consistent with Maxwell’s model, along with this 

even substantially larger enhancements have been recorded [5]. This 

inconsistency highlights the difficulty in producing standardized and consistent 

nano-fluid samples. By then, it was established that the thermal conductivity 

enhancement in nano-fluids is a function of other parameters such as host-fluid 

type, nano-particles characteristics, nano-particles size, nano-particles shape, 

spatial distribution, temperature and pH value [4]. 
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Traditionally, the nano-fluid preparation has been researched on conventional 

heat carriers such as water and synthetic oil. Adding to their low thermal 

performance, the stability of nano-suspension in these base fluids is rather limited to 

the use of additives. New class of fluids has emerged known as ionic liquid which 

has thermo-physical properties far superior to conventional liquids. Wang et al. [6], 

prepared nano-fluid based on ionic liquid using graphene nano-particles. Their 

result showed considerable thermal conductivity enhancement and more 

homogeneity of dispersants when compared to multi-walled carbon nano-tubes. 

Unfortunately, many reports have pointed out the hazardous toxicity of ionic liquids 

along with their expensive synthesis [7]. This has led to the emergence of deep 

eutectic solvents (DES) which are far more environmentally friendly owing to their 

biodegradability and non-toxicity. Along with that, their synthesis is far cheaper and 

they do exhibit similar thermos-physical properties as ionic liquids [7]. 

Graphene is a single layer of graphite. It is composed of hexagonally oriented 

carbon atoms. The thermal conductivity of graphene is among the highest, in 

some papers the thermal conductivity of graphene is reported in the range of 

2000–4000 W/m.K. The lower end is typically found in mixed isotope samples, 

meanwhile purified isotopes can approach the upper end [8]. There are even 

estimates as high as 5000 W/m.K for the thermal conductivity of graphene. For 

instance, Balandin et al. [9] reported that the thermal conductivity of single layer 

of graphene is  ̴ 5300 W/m.K which is higher than that of carbon nano-tubes. In 

nano-fluid literature, different combinations of graphene nano-particles were 

used. For instance, Baby and Ramaprabu [10], used hydrogen exfoliated graphene 

nano-fluids and their results showed considerable enhancement of thermal 

conductivity. Among these combinations, graphene oxide nano-particles 

(GONPs) are of a great significance. This is due to the presence of additional 

carbonyl and carboxyl groups located at the edge of the graphene, making it 

strongly hydrophilic [11]. Hydrophilic surface is desired in particles, because it 

improves dispersion in base fluids. 

In the current work, GONPs were dispersed in DES base fluid composed of 

methyl tri-phenyl phosphonium bromide (MTPB) as a salt and ethylene glycol as 

hydrogen bond donor (HBD). The DES nano-fluid was prepared under two 

different molar ratio combinations of the aforementioned salt and HBD. The 

thermal conductivities of the prepared DES nano-fluid samples were measured 

and compared with thermal conductivities predictions obtained using two 

Brownian based models, namely Rashmi’s model [12] and Kumar’s model [13]. 

A necessary modification was made to the Kumar model to improve its 

predictions capability. The new model is referred to as Kumar’s modified model. 

 

2.  Method 

2.1.  Materials  

The ethylene glycol and MTBP chemicals were obtained from Merck Millipore at 

a high purity of > 99%. These chemicals were used to synthesize the DESs at 

different molar ratios. The graphene nano-particles were purchased from the 

Graphene Supermarket, United States with high purity of 98%. The graphene 

nano-powder has an average thickness of 60 nm and a particle size in the range of 

3-7 microns. 
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2.2.  Functionalization of graphene  

The graphene nano-particles (GNPs) were functionalized to produce GONPs 

using the Simplified Hammer method. Eight tenths grams of graphene was added 

to a solution containing sulfuric acid (H2SO4) and phosphoric acid (H3PO4). The 

solution was prepared at a ratio of 4:1 of sulfuric acid and phosphoric acid 

respectively. The volumes added of sulfuric and phosphoric acids are 320 ml and 

80 ml respectively. Then, the graphene powder was added to the mixture along 

with 18 g of potassium permanganate (KmnO4). The mixture was allowed to be 

stirred for three days. After that, 300 ml of deionized water and 50 ml of 

hydrogen peroxide (H2O2) were added to the mixture upon which the solution 

turned to bright yellow colour from brown colour. Moreover, a ratio of 1:10 of 

hydrochloric acid (HCl) and deionized water solution was added to the mixture. 

Then, the suspension was water-washed using centrifuge (HettichZentrifugen, 

Universal 320 R) until the pH value of the filtrate was close to 7. Sodium 

Hydroxide (NaOH) solution was added to fasten the neutralization process. After 

the pH value was close to 7, the suspension was left for approximately two days 

to dry in an oven with a temperature-set of 60 °C.  

 

2.3.  DES based nano-fluid synthesis 

In this research graphene oxide nano-particles were dispersed in one DES base 

fluid synthesized at two different combinations of the same hydrogen bond donor 

(HBD) and salt. The HBD used is ethylene glycol and the salt is MTPB. The DES 

base fluids were prepared by mixing the salt with the HBDs in the prescribed 

molar ratios as shown in Table 1 using a magnetic stirrer at 90 – 100 °C, and 900 

– 1500 rpm until a homogenous and colourless liquid is observed. The DES nano-

fluid was prepared at low weight fraction of GONPs. Wang et al. [6] stated that at 

weight fractions up to 0.09%, the graphene nano-particles Nano-fluid (NF) will 

not be stable and will coagulate in a couple of hours. In this study, 0.01%, 0.02% 

and 0.05% weight fractions were used. The graphene oxide nano-particles 

dispersed in the DES liquid were exposed to water-bath sonication for one hour, 

followed by probe sonication for 15 minutes carried at intervals of 5 minutes. 

Thus, sonication was carried for 5 minutes, stopped for 5 minutes and then the 

process is repeated until 15 minute sonication was achieved. Table 1 shows the 

labels used for each DES and NF samples.  

 

Table 1. Graphene oxide nano-fluid (GNF) samples labelling code. 

Molar 

Ratio 
(HBD:Salt) 

DES 

Sample 
NF Sample 

GO 

wt% 

3:1 DES 1 

GNF 1 0.01 

GNF 2 0.02 

GNF 3 0.05 

5:1 DES 2 

GNF 4 0.01 

GNF 5 0.02 

GNF 6 0.05 
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2.4.  Measurements and modelling of thermal conductivity  

The used thermal conductivity data was measured for the DES based NF samples at 

temperatures 25-70 °C using KD 2 Pro. Table 2 shows Kumar and Rashmi’ models 

which are used for evaluation in this research. The parameters of these models are 

volume fraction ϕ, thermal conductivity coefficient k of the nano-particle and the 

base fluid, l particle length, d particle diameter, a particle or liquid molecule radius, 

μ fluid viscosity and kB the Boltzmann constant. The terms n, C and T0 are constants. 

The subscripts eff, bf, p refer to the effective property of nano-fluid, base-fluid and 

nano-particles respectively. The density of the graphene oxide used in the 

calculations is 2.2 g/cm
3
, moreover a thermal conductivity value of 5000 W/m.K 

was assumed for the graphene oxide nano-particles. 

 

Table 2. Thermal conductivity models. 

Ref. Model Name & Formulation 

Rashmi et al. [12]  𝑘𝑒𝑓𝑓 = 𝑘𝑏𝑓

[
 
 
 

1 +

𝑘𝑝

2𝜙(𝑎𝑝 + 𝑙𝑝)
𝑎𝑝𝑙𝑝

𝑘𝑏𝑓 (
3(1 − 𝜙)

𝑎𝑏𝑓
)
]
 
 
 

+
𝐶𝜙(𝑇 − 𝑇0)

𝑎𝑏𝑓
2 𝑙𝑏𝑓

2 𝜇𝑏𝑓

ln⁡(
𝑙𝑝

𝑑𝑝

) 

Kumar et al. [13]  
𝑘𝑒𝑓𝑓 = 𝑘𝑏𝑓 + 𝑐

2⁡𝑘𝐵𝑇

𝜋𝜇𝑑𝑝
2

𝜙⁡𝑎𝑏𝑓

(1 − 𝜙)
 

Rashmi’s model [12] is derived from Patel’s model [13] which was modified 

to suit application of nano-tube shaped particle (such as CNT) and the liquid 

molecule is assumed to be spherical in shape [12]. Rashmi’s model [12] considers 

the effect of Brownian motion. Kumar’s model [13] is composed of two sub-

models, namely the stationary particle model and the moving particle model [14].  

The ability for Rashmi’s model [12] and Kumar’s model [13] to predict the 

behaviour of DES based nano-fluid was examined by attempting to fit them with 

the experimental data and the quality of the resulting plot indicated how well each 

model predicts the behaviour of the current DES based nano-fluid. This was done 

by the grouping the unknown sub-variables and constants into one main or 

clustered variable. Accordingly, Rashmi’s model and Kumar’s model were 

simplified to the form shown in Eqs. (1) and (2), respectively.  

𝑘𝑒𝑓𝑓 =⁡𝑘𝑏𝑓 +
𝑘𝑝∅⁡𝐶0

⁡(1−∅)
+ 𝐶1∅⁡(𝑇 − 𝑇0) (1) 

 

𝑘𝑒𝑓𝑓 =⁡𝑘𝑏𝑓 +
∅⁡

⁡(1−∅)
⁡𝑇⁡𝐶2 (2) 

 

The constants C0 and C1 in Eq. (1) and the constant C2 in Eq. (2) are illustrated 

in Eqs. (3), (4) and (5) respectively.  

 

𝐶0 =

2(𝑎𝑝+𝑙𝑝)

𝑎𝑝𝑙𝑝

(
3

𝑎𝑏𝑓
)

 (3) 
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𝐶1 =⁡
𝐶

𝑎𝑏𝑓
2 𝑙𝑏𝑓

2 𝜇𝑏𝑓
ln⁡(

𝑙𝑝

𝑑𝑝
) (4) 

 

𝐶2 = 𝑐
2⁡𝑘𝐵

𝜋𝜇𝑑𝑝
2 𝑎𝑏𝑓 (5) 

 

In order to examine how well the collected data, fit with Rashmi’s model and 

Kumar’s model, the equations were rearranged to resemble a linear equation in 

the form y = m X + c. The linearized forms were fitted with the thermal 

conductivity data at a fixed temperature. The linear forms are shown in Eqs. (6) 

and (7) for Rashmi’s model and Kumar’s model respectively.  

 
𝑘𝑒𝑓𝑓−𝑘𝑏𝑓

∅⁡(𝑇−𝑇0)
=⁡

𝑘𝑝𝐶0

⁡(𝑇−𝑇0)(1−∅)
+ 𝐶1 (6) 

 

𝑙𝑛(𝑘𝑒𝑓𝑓 − 𝑘𝑏𝑓) = 𝑙𝑛(
∅⁡

(1−∅)
) + 𝑙𝑛(⁡𝑇⁡𝐶2) (7) 

 

As it can be seen from Eq. (6), the Y (dependent variable) is (keff-kbf) / (ϕ (T-

T0)) and the X (independent variable) is 1/(1-ϕ). From Eq. (7), the Y variable is 

ln(keff-kbf) and the X variable is ln(ϕ/(1-ϕ)). It can be noticed that while the 

linearized form of Rashmi’s model [12] offers flexibility for changing slopes, the 

linearized form of Kumar’s model has fixed slope m = 1. To account for this, an 

empirical modification for Kumar’s model was made by including a power 

variable which controls the volume fraction term in Kumar’s model [13]. The new 

model is named Kumar’s modified model and it is illustrated in Eq. (8).  

 

𝑘𝑒𝑓𝑓 =⁡𝑘𝑏𝑓 + (
∅⁡

⁡(1−∅)
)
𝑛
𝑇⁡𝐶0       (8) 

 

3.  Results and Discussion 

3.1.  Prediction quality 

The quality of the prediction obtained by different models was assessed using the 

percentage deviation from the actual behaviour. The results show that the quality 

of predicting the thermal performance of the DES based nano-fluid under research 

for each model depends on the surrounding temperature and the molar ratio of 

HBD to salt. Table 3 shows the average percentage of deviation of each model 

with respect to DES 1, DES 2 and the overall deviation. 

 

Table 3. Percentage of deviation from actual behavior. 

Model 
Rashmi’s 

model 

Kumar’s 

model 

Kumar’s 

modified model 

DES 1 Deviation% 9.2 26.7 3.6 

DES 2 Deviation% 5.8 20.4 6.6 

Overall Deviation% 7.5 23.55 5.1 
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It can be seen from Table 3 that Rashmi’s model [12] shows prediction 

capability that is slightly lower than Kumar’smodified model and significantly 

higher than Kumar’s model [13]. Moreover, Rashmi’s model [12] predicts 

thermal performance for DES 2 more often better than Kumar’s modified model. 

The Kumar’s modified model has the best predictions capability, while Kumar’s 

model has the lowest. It can be noted as well the high deviation of Kumar’s model 

when compared to the percentage deviation of Kumar’s modified model and 

Rashmi’s model. It can be concluded that the inclusion of the power n variable 

improves the prediction capability of Kumar’s model [13]. Figures 1-6 show the 

actual thermal conductivity behaviour of DES 1 and DES 2, and the 

corresponding predictions obtained by Rashmi’s model, Kumar’s model and 

Kumar’s modified model for each temperature.  

 

  
(a) DES 1 (b) DES 2 

Fig. 1. Thermal conductivity predictions at t = 25 °C. 

  
(a) DES 1 (b) DES 2 

Fig. 2. Thermal conductivity predictions at t = 30 °C. 
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(a) DES 1 (b) DES 2 

Fig. 3. Thermal conductivity predictions at t = 40 °C. 

 

 

  
(a) DES 1 (b) DES 2 

Fig. 4. Thermal conductivity predictions at t = 50 °C. 

 

 
 

(a) DES 1 (b) DES 2 

Fig. 5. Thermal conductivity predictions at t = 60 °C. 
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(a) DES 1 (b) DES 2 

Fig. 6. Thermal conductivity predictions at t = 70 °C. 

 

As it can be seen from Figs. 1-6, at some temperatures the behavior of the 

DES 1 or DES 2 is consistent with the widely accepted and reported results that as 

the volume fraction of the nano-particles increases, higher enhancements are 

observed. At other temperatures, the behavior is rather messy and does not seem 

to follow specific pattern. Kumar’s modified model relatively predicts the 

behavior of DES 1 better than any other models as it can be seen from the left side 

graph in each of Figs. 1-6. The prediction capability of the behavior of DES 2 is 

generally lower than that of DES 1. The Kumar’s modified model and Rashmi’s 

model approximately predicts the behavior of DES 2 at the same accuracy as it 

can be seen from the right-side graph in each of Figs. 1-6.  

 

 

3.2.  Behaviour of n power variable  

The behavior of the n power variable in Kumar’s modified model was found to 

change with temperature and composition. This trend can be observed in Fig. 7.  

 

 

Fig. 7. Behavior of n power variable. 
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It can be seen from Fig. 7, that each DES has distinct curve. This suggests that 

the n power variable is a function of the molar ratio of HBD and the salt that 

constitutes the current DES. Moreover, the n variable is also a function of 

temperature. However, the relationship of n for each DES with respect to the 

temperature is very complex and somehow periodic. This is evident by the sign 

change of the slope for each DES curve at different temperatures.  

 

4.  Conclusions 

In this research, the thermal conductivity of DES based nano-fluids was measured 

and compared with predictions obtained from theoretical models. The theoretical 

models that were used are Rashmi’s model and Kumar’s model. Kumar’s model 

showed poor capability of predicting the current DES based nano-fluid. 

Fortunately, Kumar’s model prediction capability can be improved by the 

inclusion of n power variable which controls the volume fraction term in Kumar’s 

model. Kumar’s modified model was found to have prediction capability that is 

approximately five times better than that of Kumar’s model. Rashmi’s model 

showed equally small deviation which is overall slightly lower than Kumar’s 

modified model in terms of prediction capability. Moreover, it was found that 

Rashmi’s model prediction capability is three times lower for DES 1 and one time 

better for DES 2 than that of Kumar’s modified model. The n power variable was 

found to change with molar ratio of HBD to salt and the surrounding temperature.  
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