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Abstract
Current binary nanofluid synthesis methods with heat transfer additives lack an understanding of the chemistry of the nano-
particle-additive-base fluid interaction, which plays a significant role in the adsorption of the surfactant on the nanoparticle 
surface. Consequently, this leads to the formation of aggregates within the nanofluid after a couple of days, affecting the 
stability of the colloidal suspension. Here, a lithium bromide-alumina salt-based nanofluid is proposed following a newly 
developed synthesis method including particle surface functionalisation. The new procedure developed allows the initial 
preparation of the nanoparticles with the surfactant as the first step (surface functionalisation) and then the preparation of the 
base fluid with a dispersion stabilising agent (Gum Arabic) separately. This is then followed by the dispersion of the prepared 
alumina nanoparticles into the base fluid, by stirring and ultrasonication to produce the final nanofluid, lithium bromide-water 
(LiBr-H2O)-alumina nanofluid. Until now, proper procedures have not been reported for the nanofluid synthesis combining 
surfactant and dispersant and the chemistry of nanoparticles-surfactant-base fluid interaction, which was thoroughly investi-
gated in the new approach. The fluid prepared by both the conventional and new procedures was characterised and analysed 
simultaneously. A thermal conductivity enhancement of 3% was achieved by using the surface functionalisation method, 
with greater particle concentration distribution (number of particles in suspension) of 22.7% over the conventional procedure. 
It also achieved a 5% decrease in dynamic viscosity. On the other hand, a Mouromtseff number value between 0.7 and 1.8 
was obtained for the fluid at 293 K and 373 K temperature range, indicating a strong heat transfer capability. It was apparent 
from the particle size and concentration distribution analysis conducted that this procedure produced a more stable nanofluid 
with a high distribution of nanoparticles within the fluid. This allows high improvement of thermal properties of the fluid.

Keywords  Heat transfer additives · Dynamic viscosity · LiBr/H2O-Al2O3 nanofluid · Mouromtseff number · Particle 
distribution · Thermal conductivity

Nomenclature
2E1H	� 2-Ethyl-1-hexanol
AG	� Arabic gum

ANF	� Alumina nanofluid
ANPs	� Alumina nanoparticles
Cp	� Heat capacity
HTA	� Heat transfer additives
K	� Kelvin
LANF	� Lithium bromide-alumina nanofluid
mW/m*K	� Milli-Watts per meter Kelvin
mPa*s	� Milli-Pascal second
NF	� Nanofluid
NPs	� Nanoparticles
p/mL	� Particles per millilitre
T	� Temperature
w	� Weight

Subscript
bf 	� Base fluid
nf 	� Nanofluid
np	� Nanoparticles
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Greek
�	� Density
λ	� Thermal conductivity
μ	� Dynamic viscosity

1  Introduction

Absorption refrigeration systems are the focus of a renewed 
interest because they can be easily adapted to include renew-
able energy sources of heat (biomass, waste heat, solar, etc.). 
The working fluid of choice for absorption refrigeration sys-
tems is an aqueous LiBr solution, because it is not toxic, and 
it has a high enthalpy of vaporisation. It can be modified 
as heat transfer fluid with enhanced thermal conductivity 
by the dispersion of nanoparticles. This binary nanofluid 
H2O/LiBr-Al2O3 undergoes vaporisation between 346 and 
368 K, which makes it suitable for use in vapour generation 
and reabsorption systems. However, obtaining a stable nano-
fluid through conventional synthesis methods is extremely 
challenging. Recently, renewable energy systems particu-
larly solar energy have gained great attention as the world 
embrace clean energy sources. High operating temperature 
associated with solar thermal systems affects their efficiency 
immensely [1]. Nanofluids are currently becoming increas-
ingly accepted for use in PVT and other thermal energy 
systems. Dispersion of nanoparticles improves the thermal 
conductivity of the base fluid [1, 2] and the performance of 
solar collectors [1]. Sheikholeslami et al. revealed that alu-
mina nanofluid makes up 24% of nanofluids utilised in flat 
plate solar collectors [1] and this provides 29.9% enhance-
ment in performance with 0.2 wt. % of alumina. In addition, 
the effect of 0.03% of alumina dispersed in water for similar 
application for enhanced heat transfer was studied [3]. The 
presence of alumina in the base fluid was reported to have 
a significant impact on exergy loss reduction in solar flat 
plate collectors [3]. An empirical study was also done by 
Said et al. [4] on the effect of pH stability, volume frac-
tion, nanoparticle size and ultrasonication time of alumina/
water nanofluid for enhancement of thermal efficiency in 
solar flat plate collectors [5]. A thermal efficiency enhance-
ment of 76% was reported for alumina/water nanofluid in 
solar flat plate collector by Sundar et al. [6]. An exergy loss 
reduction of about 9% was reported along 9% enhancement 
of convective flow due to hybrid nanoparticle dispersion in 
water by Sheikholeslami and Farshad [7], which intensified 
the thermal behaviour of the system.

Solar-driven absorption refrigeration systems are an 
important technology for the current high demand for elec-
tricity, space cooling, residential heating and reduction in 
CO2 emissions. Meeting this increasing electricity demand 
needs improvement of the system technology, particularly 
the absorber and generator [8–10]. Improving the working 

fluid characteristics is key to optimise both the absorber and 
generator. Salt-based binary nanofluids can be utilised in an 
absorption heat transfer system based on their high affin-
ity for water vapour. Lee et al. [11] investigated the effect 
of both surfactant and nanoparticles within a binary nano-
fluid containing water/LiBr-Al2O3 in a falling film absorber. 
Vapour absorption rate can be enhanced significantly with 
heat transfer rate by the addition of 2-ethyl-1-hexanol. Lee 
et al. [11] used 0.01 wt.% alumina in 55 wt% LiBr solution 
and 150 ppm of 2-ethyl-1-hexanol. They obtained 77% and 
19% enhancement of vapour absorption rate and heat trans-
fer rate respectively. The binary nanofluid proved to be a 
promising absorption heat transfer fluid. However, they did 
not present a synthesis procedure for the special nanofluid. 
The dispersion of nanoparticles into aqueous LiBr solu-
tion has been reported to show no enhancement in vapour 
absorption rate [12], which confirms that Brownian motion 
of nanoparticles has little or no impact on the mass transfer 
of the fluid [12].

A hybrid nanofluid GNP-Ag/water in concentrations 
of 0.04 wt% and 0.1wt% was used as working fluid in a 
shell and tube heat exchanger by Alazwari and Safaei [13], 
showing high viscosity with an enhanced Nusselt number 
(Nu) and heat transfer coefficient of the system. A novel 
methodology for predicting the thermo-physical proper-
ties of the hybrid nanofluid TiO2-ZnO-ethylene glycol 
was developed by Tian et al. [14] using the support vector 
machine (SVM) method. The new method could accurately 
predict the thermo-physical properties of a non-Newtonian 
hybrid nanofluid [14]. Karimipour et al. [15] studied sup-
port vector regression (SVR) and artificial neural network 
(ANN) non-linear regression models for a hybrid nanofluid 
of MWCNT-CuO/water to predict its thermal conductivity 
with nanoparticles, varying particle volume fraction and 
temperature. The results revealed that SVR generalisation 
was a more suitable regression model for the thermal con-
ductivity prediction of hybrid nanofluids under similar con-
ditions [15]. Another predictive correlation was developed 
by Afrand et al. [16] to predict the dynamic viscosity of 
a hybrid nano-lubricant MWCNTs-SiO2/AE40 through an 
optimal artificial neural network. The correlation, which was 
a function of temperature and nanoparticle volume fraction, 
proved to be more accurate with just 1.5% deviation than 
empirical correlation with up to 4% deviation when com-
pared to experimental data. Thermal conductivity enhance-
ment can also be predicted by means of ANN and curve 
fitting correlations [17]. However, the findings by Safaei 
et al. [17] revealed that using ANN has a better accuracy 
when determining ZnO-TiO2/EG hybrid nanofluid thermal 
conductivity enhancement. The effects Brownian motion, 
heat fluxes, bulk mean nanoparticle volume fraction on the 
heat transfer rate of Al2O3/water nanofluid were studied by 
Malvandi et al. [18]. With lower heat flux, it was reported 
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that nanoparticles have tendency to assemble around the 
walls [18]. Hence, it shows a non-uniform distribution of 
thermal conductivity and dynamic viscosity across the nano-
fluid, although applying a magnetic field has been reported 
to have a negative effect on the performance of nanoparticles 
in suspension [18], depending on the particle characteristics. 
However, nanoparticle migration has a significant impact on 
the thermo-physical properties and the rheological behaviour 
of nanofluids [18]. According to Akbari et al. [19], the prop-
erties of nanofluids can be determined from the properties 
of both the base fluid (water) and that of the nanoparticles 
(Al2O3). Investigation into the heat transfer rate of laminar 
flow of 0, 2% and 4% Al2O3/water nanofluid revealed an 
enhancement of heat transfer rate with increasing volume 
fraction of nanoparticles [19].

Karimipour et al. [20] synthesised CuFe2O4-SiO2/water-
ethylene glycol by dispersing CuFe2O4/SiO2 nanocompos-
ites into water/ethylene glycol (60:40). Magnetic stirring for 
2 h 30 min and then ultrasonic vibration was applied for 2 h 
[20] to reduce agglomeration. A new synthesis method for 
hybrid nanofluids was reported by H. Yarmand et al. [21] 
through acid functionalisation of graphene nanoplatelets. 
The method forms a uniform nanocomposite of GNP-Pt 
(platinum) via chemical reaction of acid-GNP functionali-
sation without the addition of any surfactant. The resulting 
nanofluid (GNP-Pt/water) shows significant stability with-
out sedimentation for 22 days [21]. A modified hummer’s 
method can also be used to synthesise graphene oxide–water 
nanofluids. Graphene oxide is first prepared by the oxida-
tion of graphene flakes prior to their dispersion in water. 
Nanofluids synthesised with this method showed stability 
of about 3 months [22], having potential as heat transfer 
working fluids in thermal energy systems [22]. The synthesis 
process takes 60 min of continuous magnetic stirring, fol-
lowed by 40 min of ultrasonic vibration using a 400-W–24-
kHz ultrasonicator from Hielscher Company, Germany 
[22]. In a related study, oleic acid was used as surfactant for 
surface functionalisation of Fe3O4 in the preparation of an 
iron oxide nanofluid in mineral oil [23]. The nanofluid was 
reported to have a good dispersion stability [23]. Recently, 
A. Shahsavar et al. [24] also employed a similar method 
to synthesise a Fe3O4-liquid (concentration of 0.5–3% and 
temperature range between 20 and 90 °C) paraffin mixture 
using the two-step method. The iron oxide was dispersed in 
liquid paraffin-oleic acid mixture to enhance its dispersion 
stability. In this method, the liquid paraffin and oleic acid 
were initially mixed and allowed to stir on a magnetic stirrer 
for 20 min at 400 rpm. This nanofluid was reported to have 
enhanced thermal conductivity with nanoparticle concen-
tration and temperature increase [24]. Another article [25] 
presents a two-step procedure for a ZnO–MWCNT/engine 
oil (SAE 10W40) nanofluid preparation with 2-h and 30-min 
continuous magnetic stirring and 7 h of ultrasonication. The 

procedure recommends a 30-min break for every 30 min of 
ultrasonication for sample temperature control and an opti-
mum ultrasonication time of 5 h and 15 min to produce a 
stable nanofluid [25]. Hybrid nanofluids were also synthe-
sised by decorating graphene nanoplatelets with silver nano-
particles [26, 27]. Ag (NH3)2OH solution is used to deco-
rate graphene nanoplatelets after functionalisation with acid 
[27]. A direct mixing of nanoparticles, surfactant and base 
fluid using the two-step method of nanofluid synthesis was 
implemented by [28]. The formulation for the preparation 
of the hybrid ferro-nanofluid is 75%(Fe2O3):25%(Al2O3), 
base fluid; distilled water and ethylene glycol/distilled 
water mixture at 50–50 vol.% [28] and a surfactant; and 
SDS and NaDBS. The ultrasonication time was between 60 
and 240 min and the surfactants were found to stabilise the 
ferronanofluids from the two base fluids [28].

Recent literature [20–28] presents different methods 
for the synthesis of nanofluids with additives for func-
tionalisation purposes in an attempt to either obtain (a) a 
stable nanofluid, (b) enhancement in thermal conductivity 
or (c) improved heat transfer rate. However, the synthesis 
procedure has not been given adequate attention; rather, 
researchers have been more concerned with the characteri-
sation methods and techniques of the nanofluid [13–19]. 
With growing interest in co- and trigeneration systems [29], 
there is an increasing interest in salt-based working fluid as 
absorption heat transfer fluids, particularly the traditional 
LiBr solution [30]. This paper intends to develop a step-by-
step method for preparing binary nanofluids with heat trans-
fer additives. For this purpose, lithium bromide-alumina 
nanofluid (LANF-H2O) with heat transfer additives (HTA), 
2-ehyl-1-hexanol (2E1H) and Gum Arabic (GA) were used. 
The working fluid is intended to be utilised in concentrated 
solar absorber tubes for direct vapour generation through the 
integration of a solar absorber tube of a linear Fresnel col-
lector in a generator section of an absorption machine. The 
solar absorber tube will act as a vapour separator as well as 
a super-heater by configuring it with the descending LANF 
liquid film under evaporation inside an inclined tube.

2 � Synthesis of lithium bromide‑alumina 
nanofluid

In this work, the two-step method was adopted due to the 
simplicity of the technique and its cost-effectiveness com-
pared to a one-step method. Figure 1 shows the conventional 
procedure to prepare a nanofluid containing surfactant used 
in a two-step method: nanoparticles are mixed directly into 
the base fluid, this mixture is stirred, surfactant is added 
and the colloid is ultrasonicated. In contrast to the conven-
tional method, a new preparation procedure using surface 
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functionalisation method for the nanoparticles prior to mix-
ing them with the base fluid was developed.

For the study, two different heat transfer additives (HTA) 
were used: Gum Arabic (GA) and 2-ethyl-1-hexanol (2E1H). 
The GA is used as nanoparticle dispersion stabiliser, while 
2E1H is a surfactant, and is used for nanoparticle surface 
functionalisation and for surface tension reduction. The syn-
thesis of LiBr-ANF with HTA is also based on a two-step 
synthesis procedure for nanofluid development and further 
modified for HTA inclusion and the step-by-step procedure 
is outlined below:

 − Step 1: Reagent preparation. Each reactant (Gum Ara-
bic (GA), LiBr and alumina nanoparticles (ANPs)) is pre-
dried separately for 30 min on a hot plate set at 373 K to 
remove any impurities present in each of the samples. 
The sample materials were then weighed with a Mettler 
balance AE-240.
A weight percent of 0.01 of ANPs with 20-nm particle 
size was used. The concentration of 0.01 wt% Gum Ara-
bic was also required and 150ppm (0.150g/L or 0.015%) 
of 2-ethyl-1-hexanol (2E1H). These concentrations are 
considered the best recipe for the particular nanofluid sta-
bility from experimental results according to Lee et al. 
[11].
 − Step 2: Sample preparation. Three different samples 
were prepared: LANF without heat transfer additives 
(HTA); LANF with HTA prepared using the conven-

tional method presented in Fig. 1; and LANF with HTA 
prepared through surface functionalisation method sug-
gested in this article. It is necessary to include the first 
sample LANF without HTA to serve as a baseline study 
for understanding the effects of HTA addition in the 
other two samples. Furthermore, the samples’ compara-
tive analysis can help assess whether or not there is any 
benefit with the new approach of surface functionalisa-
tion. The first sample (S1, Table 1) was set up by simply 
dispersing alumina nanoparticles (ANPs) into the base 
fluid (aqueous lithium bromide 55 wt% solution) to the 
ANPs. The second sample (S2, Table 1) LANF with HTA 
prepared using the conventional method was set up by 
directly adding the ANPs to the base fluid first (like the 
first sample), then followed by the addition of GA and 
finally, introducing the surfactant (2E1H) through the 
conventional method described in Fig. 1. The third sam-
ple (S3, Table 1) was synthesised differently, where the 
ANPs were first mixed with the surfactant (2E1H) and 
allowed to stand for about 15–20 min. On the other hand, 
the base fluid, H2O/LiBr solution, was added to the AG 
powder and stirred until it completely dissolved; however, 
no timing is required for the dissolution process. Then, 
the base fluid was added to the surface functionalised 
ANPs. Hence, all three samples were then ready for the 
next step, the synthesis process.
 − Step 3: Synthesis process. This is usually the last step 
in nanofluid preparation. All three samples (S1, S2, S3 

Fig. 1   Schematic of a conven-
tional procedure for binary 
nanofluid synthesis with a 
surfactant using a two-step 
method [31]. Direct mixing 
with magnetic stirrer at 400 rpm 
for 2 h, and ultrasonication for 
up to 7 h is usual conventional 
practice. In both cases, tempera-
tures are maintained between 
298 and 308 K

Table 1   Samples prepared as part of this study to analyse the effect of surface functionalisation of the NP prior to dispersing them in the base 
fluid

Sample description Composition When is 2E1H added?

S1 Reference nanofluid no HTA LiBr/H20 + Al2O3 NP N/A

S2 Nanofluid with HTA conventional synthesis LiBr/H20 + Al2O3 NP + GA + 2E1H With GA, after the 
NP are mixed in the 
base fluid

S3 Nanofluid with HTA with surface functionalisation LiBr/H2O + Al2O3 NP + GA + 2E1H 2E1H is added to dry 
ANP, prior to mix-
ing with base fluid
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with composition and characteristics shown in Table 1) 
were allowed to stir using a magnetic stirrer for 30 min, 
which was followed by ultrasonication for 150  min 
(2.5 h). This gives a slightly viscous but stable nanofluid. 
It has been reported that the viscosity is affected by addi-
tion of ANPs and HTA, and not by the ultrasonication 
time as supported by Mahbubul et al. [32].

The ultrasonic vibration process allows the dispersion 
of the ANPs intensively in order to minimise the degree 
of agglomeration according to Lee et al. [33], Wang et al. 
[34] and Eastman et al. [35] in their H2O/alumina nano-
fluid (ANF) preparations. While pH control method is used 
to obtain nanoparticle stability [36], other techniques use 
surfactants to achieve stability in nanofluids. These tech-
niques allow the modification of the surface chemistry of 
dispersed nanoparticles to avoid formation of clusters. Sur-
factants must be selected based on the properties of both 
the base fluid and nanoparticles. The schematic of detailed 
LANF new synthesis procedure (the surface functionalisa-
tion method) with HTA is outlined below (Fig. 2).

In the nanoparticle preparation, the surfactant, 2E1H, was 
directly added to the ANPs to modify their surface chemistry 
as earlier mentioned for surface functionalisation method. 
This is in contrast to the conventional method, where 2E1H 
was added after the particles were mixed with the base fluid 
and GA. For a compound to be a surfactant, it should essen-
tially possess a characteristic of surface activity, which is 
exhibited by 2E1H. This enables the addition of a small 
amount of the compound into a liquid or onto a solid to get 
adsorb at the surface or solid–liquid interface respectively. 
Hence, it facilitates the reduction of interfacial or surface 
excess free energy, which causes high surface or interfa-
cial tension. Therefore, adding the surfactant over the ANPs 
would solve the following problems:

–	 High solid–liquid surface tension—excess free energy—
interaction usually experience during direct mixing,

–	 Longer ultrasonication time of 12 to 24 h as practice by 
some researchers [37, 38] would no longer be necessary 
and

–	 The extent or risk of clustering of NPs.

Fig. 2   Schematic flow chart for 
a new synthesis procedure of 
nanofluid with HTA
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However, if the surfactant were introduced after NPs dis-
persion in the base fluid, the adsorption of the surfactant 

would be hindered at LiBr solution-ANPs interface, which 
is expected to influence the adsorption mechanism. This has 

Fig. 3   In sample S1 nanofluid 
without HTA, some nanoparti-
cles settle down, while in sam-
ple S2 and S3 nanofluids with 
HTA but prepared by different 
methods, nanoparticles were 
completely in suspension no 
particles seen settling after 12 h

S1

S2

S3

Visible settled nanoparticles

No visible settled nanoparticles

No visible settled nanoparticles
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an adverse effect subsequently on the heat transfer charac-
teristics of the fluid. Some critical challenges include the 
following:

–	 nanoparticle surface polarity and charge
–	 2E1H molecular structure
–	 Characteristic of the LiBr solution, such as its high pH 

value, solution temperature and the presence of gum Ara-
bic.

All these factors would further influence the chemistry 
and dynamics of the adsorption process of 2E1H on ANPs 
when already dispersed in the base fluid.

Figure 3 presents images of what was observed after the 
preparation of LANF with and without the HTA. Particle 
agglomeration attributed to high surface energy can be seen 
in Fig. 3 sample S1 below when ANPs were dispersed in 
LiBr solution without HTA. Agglomeration of particles 
appears throughout the solution, sedimenting and showing 
particle instability within the fluid. However, when disper-
sion stabilising agents, Arabic gum and 2E1H, were used 
in the synthesis process, the nanofluid was stabilised and 
no agglomeration could be seen as shown in Fig. 3 samples 
S2 and S3.

3 � Characterisation of LiBr‑Al2O3 nanofluid 
with heat transfer additives

It is important to remember that the major difference 
between the conventional method for nanofluid synthesis 
with HTA and the surface functionalisation method sug-
gested in this article is that nanoparticle surfaces were func-
tionalised with surfactant and allowed to stand for 20 min 
at ambient temperature prior to their dispersion in the base 
fluid. The reason for these conditions is to allow adequate 
time for surfactant adsorption onto nanoparticles’ surface. 
The base fluid is treated with a stabilising agent, GA, regard-
less of the nanoparticle treatment (surface functionalisation 
or not). These HTA could modify the thermal properties of 
the binary nanofluid. The nanoparticle concentration distri-
bution, dynamic viscosity and thermal conductivity of the 
samples were experimentally measured; the Mouromtseff 
number (Mo) calculated in an attempt to study the two meth-
ods for nanofluid synthesis with HTA.

The three samples prepared were as follows:

1)	 LANF without HTA = lithium bromide-alumina nano-
fluid without heat transfer additives

2)	 LANF + HTA + CM: prepared by conventional method 
(CM)

Fig. 4   NanoSight NS300 
particle size analyser internal 
mechanism [39]
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3)	 LANF + HTA + SFM: prepared by surface functionalisa-
tion method (SFM)

3.1 � Particle size and distribution measurement

The NanoSight NS300 was used to analyse and characterise 
the alumina NPs size and concentration distribution. The 
instrument has the capability of providing further comple-
mentary detailed information to that provided by dynamic 
light scattering (DLS). Two of the unique parameters that 
can be obtained by nanoparticle tracking analysis are the 
evaluation of nanoparticle concentration and high-resolution 
particle size distribution measured on particle-by-particle 
basics. The size is determined from the Brownian motion 
of the particles in a solution in which, for a given sample 

of nanoparticle suspension, the particle tracking was car-
ried out simultaneously. In effect, as each particle is tracked 
individually, high-resolution number versus size distribution 
is generated by the measurement unit immediately (Figs. 4 
and 5).

Portions of the three samples prepared were used to deter-
mine the size and concentration distribution of the ANPs 
in suspension. The results are shown in Fig. 6 for samples 
LANF without HTA, LANF + HTA + conventional method 
(CM), LANF + HTA + surface functionalisation method 
(SFM) with particles size of 20.1 nm, 22.7 nm and 20.5 nm 
and concentration distribution of 17p/mL, 22p/mL and 27p/
mL respectively.

It is clear from the plots that the ANPs were more evenly 
distributed in suspension when HTA were used and when 
using the new surface functionalisation method. The pres-
ence of a stabilising agent helped to keep more particles in 
suspension in both samples containing HTA. Surface func-
tionalisation of ANPs with 2E1H prior to dispersion was 
responsible for the high ANPs concentration distribution in 
the new method. The conventional method has less particle 
size distribution than the SFM, and larger particle size than 
the other two samples. This is owing to deposition of gum 
Arabic onto the surface of ANPs during and after mixing, 
which is expected in the case of the conventional method. 
This scenario is avoided with the SFM due to the initial 
surface functionalisation of the ANPs.

3.2 � Thermal conductivity

The most adapted method for thermal conductivity meas-
urement is the transient hot wire method. This method was 
reported by [40] to have about 60% publications utilising the 

Fig. 5   Image of NanoSight NS300 particle size analyser setup

Fig. 6   Experimental result of 
particle size and concentration 
distribution measurement for 
alumina nanoparticles in the 
three samples using NanoSight 
NS300
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technique. This method is first known as non-steady-state 
method for determining the thermal conductivity of a liq-
uid across a wide temperature range developed by Stalhane 
and Pyk [41]. Healy et al. [42] published the corrections to 
this method and the corresponding theory for validation. 
This method has two approaches for measuring the thermal 
conductivity. The one suitable for corrosive nanofluid and 
liquids such as LANF or even pure LiBr solution is called 
the transient short wire. However, it is also used for other 
types of nanofluid [43]. The other approach is called the 
liquid metal transient hot wire. In the latter, mercury in a 
glass capillary is suspended in the nanofluid as it conducts 
thermally through buoyancy. Mashali et al. [40] presented 
the complete description of the setup.

According to Bouguerra et al. [38], the inappropriate 
technique previously used for measuring thermal conduc-
tivity of nanofluid is responsible for the long-standing ambi-
guity in assessing the contribution of nanoparticles to the 
thermal conductivity enhancement of nanofluids [38]. They 
also suggested pH and surfactant have greater influence on 
the thermal conductivity enhancement [36]. It is neces-
sary to stabilise pH of the suspension to provide a robust 
enhancement along with surfactant. In this work, the tran-
sient hot wire technique had been used for determining ther-
mal conductivity with appropriate procedure as suggested by 
Bouguerra et al. [38, 36

].
The transient hotwire method technique allows measur-

ing thermal conductivity of nanofluid over a range of tem-
perature by raising the temperature of the metal wire. In 
this case, the thermal conductivity measurements of LANF 
samples were pursued using THW method to investigate the 
effect of synthesis procedure and HTA in binary nanofluid 
on its thermal characteristics. It should be noted that the 
sample preparation needs to be monitored carefully in add-
ing and maintaining the concentration of each constituent. 
The metal wire was immersed in each sample, which heats 
up the nanofluid and also serves as a resistance thermometer.

Thermal conductivity of base fluid is usually low, but metal-
lic oxide nanopowder such as alumina is much higher and 
by dispersing it into a given base fluid results in an increase 
in thermal conduction of the corresponding nanofluid. The 
basic principle, upon which this property relies on, is as 
follows [38
where A (m2) is the area in which heat q is applied with a 
temperature difference of ΔT  (K) across a distance L (m) of 
a material with thermal conductivity � (W/mK). The ther-
mal conductivity can also be presented as effective thermal 
conductivity. This is the ratio of thermal conductivity of the 
nanofluid to that of the base fluid as shown in Eq. 3 [38, 38

(1)q =
�A

L
ΔT

where � is thermal conductivity, �nf  is the thermal conduc-
tivity of nanofluid and �bf  is the thermal conductivity of the 
base fluid.

In spite of the dispersion stability provided by the gum 
Arabic, addition of surfactant is required to improve thermal 
conductivity of nanofluid. This can be explained by chemical 
nature of a surfactant, which enables it to modify the surface 
chemistry of the nanoparticles and their interaction with the 
base fluid. However, the surfactant partially solubilises to 
liberate hydroxide ions, OH– thereby increasing the pH value 
of the nanofluid as presented in Table 1. On the other hand, 
gum Arabic, a sugar polymer, with a pH value in the range 
of 4.5 to 5.5 [44] provides an excellent dispersion stabilising, 
emulsifying and suspension characteristics in the nanofluid. 
It also helps in stabilising the pH of the nanofluid. In addi-
tion, it was observed that addition of surfactant alone does 
not facilitate the improvement of both thermal conductivity 
and stability, whereas stabilising the pH of the nanofluid 
does play that significant role as reported by Bouguerra et al. 
[36], which is provided by the gum Arabic (Table 2).

In Figs. 7 and 8, the measured effect of temperature on 
thermal conductivity is shown for comparative study. In gen-
eral, the thermal conductivity increases with increasing tem-
perature is well known. Thermal conductivity of a nanofluid 
is strongly influenced by temperature as explained by [45]. 
However, the influence of additives and synthesis procedure 
had been assessed to tailor the performance of the different 
nanofluids. The addition of HTA has improved the thermal 
behaviour of the nanofluid when compared to the sample 
without HTA.

The analysis of the results presented in Fig. 7, reveals that 
in all cases the SFM sample has a higher thermal conductiv-
ity. It has been suggested that this increase in thermal con-
ductivity can be attributed mainly to the Brownian motion 
of the dispersed ANPs [46]. As the temperature increases, 
the Brownian motion of the particles also increases rapidly, 

(2)�enhancement(%) =
�nf − �bf

�bf
× 100

(3)�ef fective =
�nf

�bf

Table 2   pH data for different samples, measured using a digital pH 
meter

Samples pH values

LANF without HTA 9.3 ± 0.1
LANF + HTA + CM 9.8 ± 0.1
LANF + HTA + SFM 9.7 ± 0.1
Manufacturer 9.4
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thereby enhancing further the thermal conductivity. On 
the contrary, Jabbari et al. [46] reported that the effects of 
Brownian motion of nanoparticles on thermal conductiv-
ity had revealed that Brownian motion has apparently no 
influence on thermal conductivity of nanofluid. Neverthe-
less, Philip and Shima [47] provided similar results, support-
ing these findings. Other reasons for an increase in thermal 
conductivity with operating temperature are associated with 
a large surface area of the ANPs and increased interfacial 
thermal resistance at LiBr solution-ANP interface.

The most interesting point is that, in both Figs. 7 and 8, 
the SFM sample presents the highest effective and thermal 
conductivity of the three samples, hence a higher thermal 
conductivity enhancement. This is due to the large particle 
concentration distribution as a result of surface functionali-
sation of ANPs.

Thermal conductivity enhancement presented in Fig. 9 
shows enhancements due to the addition of HTA and surface 
functionalisation of ANPs. An average thermal conductivity 
enhancement of 10% and 6.8% was observed when using 
SFM and conventional method respectively. This is in com-
parison to the thermal conductivity of LANF without HTA 
sample. Thus, an enhancement of 3% was recorded using 
SFM over conventional method of nanofluid preparation with 
HTA, which explains the significant impact the new synthesis 
procedure has made on thermal conductivity of the fluid.

3.2.1 � Dynamic viscosity

A rotational viscometer was used to determine the vis-
cosity of the fluid samples. The measurement is done by 

Fig. 7   Experimental results of 
thermal conductivity of samples 
against temperature (K)
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submerging the spindle in the fluid sample, which allows 
it to sense the torque necessary to revolve it at a constant 
speed. It is a well-known phenomenon that viscous drag 
around the spindle is proportional to the torque. This device 
can be used to measure the viscosity of Newtonian and non-
Newtonian fluids since the rate of shear is constant.

The ultrasonication of a base fluid with dispersed nano-
particles usually results in a slight increase in viscosity of 
the corresponding nanofluid with less than 1%. The intro-
duction of gum Arabic into the LANF resulted in increase 
in viscosity. This is due to its emulsifying property and also 
size transformation of nanoparticles it has caused in the final 
fluid mixture.

The dynamic viscosity illustrated in Fig. 10 shows the 
effect of temperature on viscosity of the three samples at 

a constant shear rate 2S−1. Addition of nanoparticles can 
increase viscosity, the extent of which depends on the vol-
ume fraction and particle size used. According to Lu and 
Fan [48], Rudyak and Krasnolutskii [49, 50] and Lou and 
Yang [51], both viscosity and thermal conductivity of nano-
fluid decrease with increasing particle size. In addition, Lu 
and Fan [48, 52], Rudyak and Krasnolutskii [49, 50, 53–55] 
and Lou and Yang [51] had reported that shear viscosity of 
nanofluid increases due to an increase in volume fraction of 
nanoparticles. In this case, an increase in viscosity due to 
nanoparticles as observed at low temperature gradually dis-
appears as operating temperature was increased. At elevated 
temperature, this restriction to flow is substantially removed 
and the nanofluid is allowed to flow more smoothly—with 
negligible effect—as the original base fluid would behave.

Fig. 9   Calculated results of 
thermal conductivity enhance-
ment (%) of samples against 
temperature (K). Where En–
HTA + SF is enhancement due 
to HTA addition and surface 
functionalisation; En–HTA is 
enhancement due to HTA addi-
tion; and En–SF is enhancement 
due to surface functionalisation

0

3

6

9

12

293 313 333 353 373

9.6 9.7 10.0 10.4 10.7

6.5 6.5 6.8 7.0 7.3

2.9 3.0 3.1 3.1 3.2
en

h
an

ce
m

en
t 

(%
)

Temperature (K)

En - HTA + SF En - HTA En - SF

Fig. 10   Experimental results of 
dynamic viscosity of samples 
against temperature (K) at 2S−1 
shear rate and ± 1% standard 
error

0

1

2

3

4

5

6

273 293 313 333 353 373 393

D
yn

am
ic

 V
is

co
si

ty
 (

m
P

a.
s)

Temperature (K)

LANF without HTA

LANF + HTA + CM

LANF + HTA + SFM

1659Emergent Materials (2021) 4:1649–1664



1 3

Gum Arabic is a polysaccharide with high molecular 
weight that is primarily used as hydrocolloid in food and 
beverages industries. It contains up to 50% galactose and 
16% protein [56]. The binding or hydrocolloidal property of 
this substance makes it more viscous in nature. In nanofluid 
mixture, the deposition of both protein and starch layers of 
gum Arabic on ANPs, slightly increases the particle size and 
thereby resulting in high viscosity. However, this increase 
is affected at elevated operating temperature as the viscos-
ity difference shrinks simultaneously with temperature. As 
earlier discussed in the case of thermal conductivity, Brown-
ian motion of nanoparticle is enhanced with an increase in 
temperature, which has an influence on viscosity, mostly a 
decrease in its value. This is due to breaking down of both 
the amino acids of protein—which are denatured at high 
temperature—and sugars of starch molecules, which build 
a layer on the nanoparticles.

2E1H is a less volatile solvent and solubilises poorly 
in water. For this reason, it forms layers on the nanofluid, 
between the walls of the container or pipe and the nanofluid, 
and between nanoparticles and the nanofluid when added 
directly. This increases the friction between the fluid and 
the pipe or container, thus, increasing the force required to 
pump or stir the fluid. This implies an increasing pressure 
difference between both ends of the tube. When the tem-
perature is increased, this insoluble solvent layer begins to 
expand, meaning the layer shrinks out in thickness and dif-
fuses into the fluid thereby reducing the viscosity as shear 
rate increases as expected.

This phenomenon of GA deposition on ANPs is avoided 
when the nanoparticles are surface functionalised prior to 
their dispersion into the base fluid. Since 2E1H is poorly 

soluble in water, it remains adsorbed on ANPs surfaces even 
after been dispersed in the base fluid, hence, denying any 
direct deposition of GA on the nanoparticles. This justifies 
why SFM sample recorded a lower dynamic viscosity than 
conventional method sample.

Figure  11 reveals the dynamic viscosity enhance-
ment due to addition of HTA and surface functionalisa-
tion of ANPs. An average increase in dynamic viscosity 
of 7% at low temperature and 6% at high temperature was 
recorded for LANF + HTA + CM sample when compared 
to LANF without HTA. Similarly, for LANF + HTA + SF 
sample, an increase in viscosity was observed between 2.4 
and 1.1% at low and high temperature respectively when 
compared to LANF without HTA sample. However, for 
LANF + HTA + SF sample, the viscosity decreased by about 
5% when compared to the corresponding sample prepared by 
conventional procedure (LANF + HTA + CM).

3.3 � The Mouromtseff number (Mo)

At the early stage of nanofluid research on some of the prop-
erties such as thermal conductivity and viscosity, there has 
been ambiguity over the estimation of efficiency of a given 
nanofluid due to the inverse variation between these two 
most significant properties. This has become significantly 
important for researchers to develop a comprehensive model 
that could help evaluate nanofluid efficiency for heat transfer 
accurately. Years later, Mouromtseff I. came up with what 
was later known as Mouromtseff number denoted by Mo 
[57]. The number, Mo, is described as a quantity of merit, 
which is based on the most important fluid properties such as 
heat capacity (Cp), thermal conductivity ( � ), density ( � ) and 

Fig. 11   Calculated results of 
dynamic viscosity enhancement 
(%) of samples against tempera-
ture (K). Where En–HTA + SF 
is enhancement due to HTA 
addition and surface function-
alisation; En–HTA is enhance-
ment due to HTA addition; and 
En–SF is enhancement due to 
surface functionalisation
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viscosity ( � ). It was reported that thermal fluid with high 
capability of heat transfer results in high Mo value, while 
fluids with low Mo value have shown low capability of heat 
transfer [36, 51] and vice versa.

According to Bobbo et al. [58], Eq. 4 holds for an internal 
laminar flow and that the Mo value is both concentration- 
and temperature-dependent. It can only be found experimen-
tally whether the ratio is greater than 1 or not. Ratios greater 
than 1 indicates the nanofluid have greater capability of heat 
transfer since the internal flow is laminar.

On the other hand, Eq. 5 holds for an internal turbulent 
flow evaluation of nanofluid for heat transfer capability. In 
technological applications, the turbulent flow evaluation is 
significantly critical because it is the nature of flow mostly 
encountered. Nanofluids with Mo values lower than 1 are not 
considered good for heat transfer applications. However, this 
also depends on the concentration and temperature at which 
the value was obtained, since it is also a concentration and 
temperature-dependent.

Figure  12 shows the temperature dependency of 
Mouromtseff number (Mo). As one may observe, both 
LANF samples prepared with HTA gives rise to a Mo 
value greater than 1 at a temperature of 333 K, which is an 
indicator of its heat transfer capability. According to both 
Bouguerra et al. [38] and Bobbo et al. [58], fluids with Mo 

(4)
Monf

Mobf
=

�nf

�bf

(5)Mo =
�0.8�0.67cp0.33

�0.47

value > 1 have been experimentally proven to have high heat 
transfer capability. Thus, the analysis of Mo values at dif-
ferent temperatures had established that LANF with HTA 
exhibits good heat transfer property at a temperature below 
the usual vapour generator temperature of 346 K to 368 K, 
which is a prerequisite for thermal applications. However, 
the LANF + HTA + SF sample has a 5% enhancement of Mo 
value when compared to the LANF + HTA + CM sample 
prepared by the conventional method.

3.4 � Conclusion

This paper developed a particle surface functionalisation 
method different from those presented by Lee et al. [11], 
Yarmand et al. [21] and others [22–25]. Considering the 
surface chemistry of nanoparticles, surfactant nature and the 
interaction between aqueous LiBr solution and nanoparti-
cles, alumina nanoparticles were first functionalised with 
2E1H to reduce the surface energy between the particles 
and the base fluid. The base fluid was also treated with GA 
to enhance dispersion stability. The dispersion of the func-
tionalised alumina nanoparticles was followed by magnetic 
stirring 30 min and ultrasonication for 2 h and 30 min. This 
is contrary to the procedures presented by refs. [20, 22, 24, 
25, 28, 31], which reported higher magnetic stirring and 
ultrasonication time of more than 30 min and 2 ½ h respec-
tively. After the characterisation of the LANF, the following 
conclusions were reached:

Both samples prepared with HTA show good stability 
compared sample prepared without HTA as presented in 

Fig. 12   Calculated results of 
Mouromtseff Number (Mo) 
against temperature using Eq. 5 
for LANF sample without HTA, 
LANF with HTA prepared by 
conventional method (CM) 
and LANF with HTA prepared 
by surface functionalisation 
method (SFM)
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Fig. 3, which is in agreement with reports from Lee et al. 
[11, 21–24, 26–28].
LANF prepared with HTA using the developed surface 
functionalisation method produces a fluid with high par-
ticle concentration distribution in the base fluid, which 
was not measured by other researchers who used a similar 
method. The method recorded 22.7% enhancement in par-
ticle concentration distribution compared to the sample 
prepared by a conventional method.
The method improves the thermal conductivity of the 
fluid. An enhancement of 3% was recorded using the new 
method compared to the conventional method.
The surface functionalisation method can improve the 
dynamic viscosity of the nanofluid. A reduction of 5% 
in dynamic viscosity was obtained in this study. This is 
contrary to the reported studies [48–55].
Salt-based binary nanofluid prepared by surface function-
alisation method has a higher heat transfer capability than 
that prepared by a conventional method as presented in 
Fig. 12.
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