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ARTICLE DETAILS ABSTRACT

The applications and usage of surfactants in the field of nanofluids heat transfer and its stability were performed the
present literature review. The usage of surfactants has been employed for the following areas of nanofluids study:
nanofluid heat transfer, nanofluid agglomeration and nanofluid enhancement stability. Generally, a few interesting
has been achieved to study the effects of using the surfactants on the nanofluids properties such as pH, thermal
conductivity, specific heat, electrical conductivity, viscosity and stability mechanism of nanofluid. The using nanofluid
in real applications is taken into consideration by two key issues emerge: erosion and settlement but there aare
possible difficulties related to these issues that need to be studied and solved prior to the using of nanofluid in
commercial applications. In addition, this paper summarizes the theoretical and experimental studies on the effects
of applied various types of surfactants in nanofluids. This work can serve as a ready reference for application of
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surfactants in nanofluids.
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1. INTRODUCTION

The concept of nanofluid was proposed by a researcher in 1995 [1].
Nanofluid shows a promising future as heat transfer fluids due to its better
stability increase in thermal conductivity. The advantages of nanofluid
utilization include (i) higher thermal conductivities; (ii) excellent stability;
and (iii) negligible penalty in pumping power due to pressure drop and
pipe wall abrasion. The Nanofluids can be defined as a nanometric
colloidal mixture that dispersed in a base fluid such as water, ethylene
glycol or oil to obtain the heat transfer enhancement character of the base
fluid caused by the enhanced the thermo-physical properties of the base
fluid such as thermal conductivity, specific heat, density and viscosity.
Nanofluids used as a heat-carrying liquids that have conductivities 10-
40% higher than those of the base fluid and hence a greatly enhanced heat
transfer efficiency [2].

Nanofluid is described as a fluids of heat transfer which produced by
dispersing nanoparticles in base fluis heat transfer along with a surfactant
to increase their thermal stability. Nanofluid show better stability, high
thermal conductivity with negligible pressure drop as compared with
suspended conventional particles of milli or micro meter dimensions.
Nanofluid can be used in various thermal cooling systems such as
engines/vehicles, chillers, heat pipes, electronics cooling, solar water
heating systems, cooling of nuclear systems, refrigeration systems [3].
Additives such as stabilization agent or surfactant are usually are used to
modify the solid/liquid interface or to prevent the aggregation of
nanoparticles. However, the common additives are usually disabled when
the temperature of nanofluids is high. It is necessary to synthesize special
additives according to the nanofluids system for the aim of nanofluids
commerecial application.

To achieved the stabilization of the nanofluids, surfactants are generally
used. The surfactants addition will lead to increase the immersion of
particles and lowers the surface tension of base fluids. A few literatures

talk about adding surfactant to nanoparticles to avoid fast sedimentation
however, enough surfactant should be added to particle at any particular
case. Thus, in this paper, a simple brief review has been carried out to
study the features of using surfactants, such as surfactants types,
surfactants effects on nanofluids thermal stabilizers and surfactants effect
on the nanofluids properties such as density, viscosity, specific heat,
thermal conductivity, pH, zeta potentials and electrical conductivity. Also,
this paper is discussed the surfactants effects on the heat transfer
enhancement by nanofluid, etc.

The major important of this study, it gives a rapped review for the effect
of the surfactants on the properties of the nanofluid, and the reader can
make a decision the chose the type of surfactant.

2. SURFACTANTS

Vast variety of additives such as dispersants and surfactants have been
applied in nanofluids which consist of salts, organic acids and polymer
surfactants. These dispersants include certain surfactants and hydrophilic
polymers. This mechanism can be used by stabilized system in order to
remain good nanoparticles dispersed in the base fluids loading or under
normal conditions, also, to obtain near zero of the zeta potentials of the
surfaces. A numerous study has used this method of stabilization in
producing stabilized nanofluids. A researcher used polyacrylamide (PAM)
and polyethylene glycol (PEG) polymers to get satirically stabilization of
TiO2 nanoparticles [4]. A researcher used the Gum Arabic (GA) to get
longest stabilized nanofluid that containing CNT [5]. Also, the dispersing
power of various surfactants to enhance the CNT nanofluids stabilization
characteristics was investigated by a previous researcher [6]. In many
researches, there are various types of surfactants had been used for
different types of nanofluids, Table 1 presented several of them that were
used by many researchers.
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Table 1: Summary of types of surfactant was used in various previous literatures.

Types of Surfactant Author Name

Poly-Vinyl-Pyrrolidone (PVP) [7]
Gum Arabic (GA)
Hexadecyl-Trimethyl-Ammonium-bromide (CTAB)

Disponil A 1580 [8]
Hydropalat 5040
Antiterra 250
Disperbyk 190
Hypermer LP1
Aerosol TR-70
Aerosol TR-70 HG
Aerosol OT-70 PG
Gum Arabic

Oleic Acid [9]
CTAB

Laurate salt

Sodium dodecyl sulfate (SDS)

Oleic acid [3]
Cetyltrimethyammonium bromide (CTAB).

Anionic(SDS) [10]
Cationic(CTAB)

Nonionic (LAE-7)

Amphoteric (CHAPS)

nonionic surfactant [11]
(Rokacet 07 RO (CH2CH20) nH ethoxylated unsaturated fatty alcohols [12]

Rokanol K7 RCOO (CH2CH20) nH product of ethoxylation of oleic acid.

Anionic surfactants [13]
Nonionic surfactants
Cationic surfactants
Amphoteric surfactants

Sodium dodecyl benzene sulfonate. [14]
Cetyltrimethylammonium bromide (CTAB) [15]
Cetyl Trimethyl Ammonium Bromide (CTAB) [16]
salt. [17]
Oleic acid.

Oleic acid. [18]
Cetyltrimethy lammoniumbromide (CTAB).

Sodium Dodecyl Sulphate (SDS) 0.44-0.8 %vol. [19]
gum Arabic. [20]
gemini.

sodium dodecylbenzene sulfonate (SDBS).

Chitosan loading0.1, 0.2 and 0.5 wt. % [21]
Sodium dodecyl benzene sulfonate (SDBS). [22]
Bile salt [23]
polyvinylpyrrolidone (PVP) [24]
oleic acid [25]
cationic Gemini [26]
Concentration of oleic acid [27]
CTAC(cetyltrimethylammoniumchloride) [28]
gum Arabic [29]
Nonionic surfactant Rokanol K7 (500ppm) Cetyltrimethyl [30]

Ammonium Bromide
Sorbitan Monooleate (Span-80).

Ionic surfactant. (SDBS, Lignin, Sodium polycarboxylate) [31]
Oleic acid (1 vol. %) [32]
surfactant composed of sulphuric and nitric acids [33]
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In order to enhance the stability of water-Cu and transformer oil-Cu
nanofluids, respectively, a group of researchers were choosing oleic acid
and salt as the dispersant [34]. Also, cetyltrimethylammonium bromide
(CTAB) and surfactants of oleic acid were utilized by a scholar to obtain a
proper dispersion and better stability of TiO2-H20 nanofluid [35]. (SDS)
was utilized by a researcher during the preparation of MWCNT-H.0
nanofluid [36]. Later, a researcher used similar measurements but with
applying CDWNTs and CMWNTSs with using CTAB [37].

Surfactants used in nanofluid also called dispersants that used to enhance
the stability of nanofluids. Adding dispersants in two-phase nanofluid
system is an easy and economic method. Dispersants consists of a
hydrophobic tail portion, usually a long-chain hydrocarbon, and a
hydrophilic polar head group Xie [38]. The using surfactants in the liquid
of carrying can prevent the nanoparticles agglomeration. Fig.1 shows a
pictorial representation of the surfactant molecule around the
nanoparticle [39].

NANOPARTICLE

SURFACTANT
LAYER

Figure 1: Surfactant layer of CTAB around the gold nanoparticles [39].

Surfactants referred to the chemical compound that adding to the
nanofluids mixtures to improve the nanoparticles immersion and to
decrease the surface tension of liquids. Numerous studies presented the
effect of adding surfactant to nanofluid in order to prevent the fast
sedimentation. But, this method dose not valid for high temperature
nanofluid to avoid the damage of bonding between surfactant and
nanoparticle [40].

Generally, surfactants are utilized in nanofluid as stabilizing agents and it
affect interfacial characteristics the base fluid, to avoid the sedimentation
of nanoparticles in the nanofluid [41].

The role of using the surfactants is to obtain an efficient and effective
coating to induce steric or electrostatic repulsions to counterbalance the
van der Waals attractions between the nanoparticles and base fluid. Thus,
surfactants can be classified into three classes:

Surfactants of Nonionic
Surfactants of Anionic
Surfactants of Cationic

The solution stabilization by using ionic surfactants results from the
electrostatic repulsion between the ionic hydrophilic heads. The anionic
surfactants as SDBS as shown in Fig.2 are a series of organic compounds
with the formula C12H25C6H4S03Na. It is a colorless salt with useful
properties as a surfactant [42]

O

#—ONa
O
CH3(CH2)10CHz

Figure 2: Structure of SDBS surfactant [42].

And SDS surfactant with long-chain fatty acids; alkyl sulfate is shown in
Figure 3

i
CHB—(-CHQ)HKCHZ—O— ﬁ—dﬂ Na”
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Figure 3: Structure of SDS surfactant [42].

Both SDBS and SDS are excellent for using in nanofluids electrostatic
stabilizers with high affinity to absorb onto nanoparticle surfaces. In the
absence of the surfactant and form highly ramified aggregates due to the
lack of electrostatic repulsion, causes graphene sheets and van der Waals
attraction dominate. In order to causes the aggregates of graphene sheets
it should be grow repulsion from adsorbed surfactant, but when
increasing the surfactant concentration to increase in sheet-sheet overlap
area and then to develop a more compact structure.

Gum Arabic was used by a researcher, they prepared CMWNTs/water
nanofluid. The samples were stable for months without any significant
sedimentation [43]. A researcher produced a stable CMWNTs/water
nanofluid by using gemini cationic surfactant of type trimethylene-1, 3-bis
(dodecyldimethyl ammonium bromide) [44]. Based on a study, the effect
of chitosan loading on the multiwalled carbon nanotube in water base
fluid. They found that thermal conductivity enhancement ranging from 2.3
to 13% for nanofluid containing 0.5 to 3 wt. % of CMWNTs/water.
Moreover, a researcher employed SDBS surfactant and they found that the
thermal conductivity enhancement was about 19.73 % for 0.45 %
MWCNT /water/ethylene glycol volume fraction at 40 °C [45]. Also, the
thermal conductivity of SWCNT/ethylene glycol with surfactant of bile salt
was studied by a scholar [46].

3. TYPES OF SURFACTANTS

In process of preparation the nanoflids, there is various technique
methods include ultrasonic equipment, pH control of nanofluid or adding
of surface-active agents (surfactants) are utilized to reach the stability of
the nanofluids suspension. These methods used to change the properties
of nanoparticles surfaces to avoid nanoparticle clusters. In many
researches, there are various types of surfactant had been utilized for
different kinds of nanofluids. The details of some surfactants and its
chemical are shown in Table 2 [47]. Some important surfactants are: GA,
DTAB, PVP, HCTAB, NDDBS, Dextrin, SDS, NaDDBS, NaOBS, Long chain
synthetic polymer (PEO), Salt and oleicacid, Negatively charged SDS,
Positively charged CTAC, Sodium benzoate (CsHsCCNa), Triton X-100,
Oleic acid, Sodium laurate salt, Hydrochloric acid

Table 2: A list of surfactants and dispersants and their manufacturers [47].

Surfactant/ | Chemical Formula Description

Dispersant

Gum Arabic Complex mixture of | Crystalline powder,
arabinogalactan slightly beige in
oligosaccharides, color
polysaccharides and
glycoproteins

Oleic Acid C17H33CO0H Clear liquid,

colorless with fatty
odor

Sodium C12H23Na02 Solid, white in

Laurate color and odorless

Salt

Sodium C12H25C6H4S03 Na Crystalline powder,

dodecyl white or light-yellow

benzene flakes

sulfonate

(NDDBS)

Hydrochloric | HCI Colorless

acid

Nitric acid HNO3 Colorless

Sodium NaOH Colorless

hydroxide
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4. NANOFLUIDS STABILITY AND AGGLOMERATION PHENOMENON

The stability nanofluid has a major impact on the effective thermal
conductivity of the fluid. Compared with millimetre or micrometre-sized
particle suspensions, nanofluids possess better long-term rheological and
stability properties, and can have dramatically increased thermal
conductivities, but in industrial applications, there are some surfactant
problems are also founded as poor stability, pipelines eroding, flow
channels clogging and pressure drop increasing [48].

Nanoparticles is difficult to disperse in water and easy to coagulate
because the high surface energy of nanoparticles, therefore, controlling
coagulation of nanofluid has become the primary issue for the initial
research of nanofluid [49]. This agglomeration of nanoparticles leads to
generate the sedimentation and cause a non-homogenous dispersion of
nanoparticles. Sedimentation phenomena affect the distribution of the
particle concentration in the flow [50,51].

The phase separation between the nanoparticles and base fluid is induced
by the gravitation and this led to sediment the nanoparticle in the rear of
nanofluid container. Therefore, there is an interaction between
suspension-driven sedimentation and the gravity. Thus, the stability of
nanofluid can be damaged by the sedimentation phenomenon. There are
several literatures studied the relationship between the nanofluids
stability and nanofluid thermo-physical propertied especially the thermal
conductivity. A researcher used cationic Gemini surfactant to stabilize the
CNT [52]. Their results presented by zeta potential and showed that the
nanofluid tend to aggregate if there is no surfactant compared. Another
researcher used fractional factorial design approach to propose suitable
condition for CNT/water nanofluid production [53]. A group of
researchers used gemini surfactant with high concentration to give
adverse influence on the MWCNT thermal conductivity enhancement [54].
A previous researcher utilized ultrasonic probe/SDS surfactant and
ultrasonic bath/SDS surfactant to investigate the effect of using five
different CNT nanofluid on thermal conductivity [55]. A researcher
concluded that the thermal conductivity enhancement was about 19.73 %
for using 0.45 vol.% MWCNT/ethylene glycol (30%)/water (70%)
nanofluid with SDBS surfactant at 40 °C [56].

Based on a study, the effect of using CNT/ethylene glycol/water nanofluid
with three types of surfactants (PVP), (GA) and (CTAB) on the stability and
thermal conductivity of nanofluids [57]. The stability results were
presented by zeta potential measurement and observation methods. The
results indicated that 0.01 wt. % of CNT nanofluid with 0.01 wt.% CTAB
gives maximum zeta potential values. But the 0.5 wt. % of CNT nanofluid
with Gum Arabic will perform a thermal conductivity enhancement about
25.7 % [58].

In addition, it should be noted, the sedimentation of nanoparticles is less
important for turbulent flow regime due to the higher imposed shear
which breaks down the possible agglomerated particles, therefore,
turbulent flow condition in the present investigation helps to provide a
stable solution during the experiments [59]. Also, the stability of nanofluid
depends on surfactant (SDS) and pH value of base fluid apart from
sonication time.

High surface activity and nanoparticles surface area are the main cause of
the sedimentation due to the Brownian motion and Vanderwaals forces,
which directly result in the clustering of nanoparticles. However, addition
of surfactant will generate an interfacial film surrounding nanoparticles
will be formed as a result of adsorption of dispersant on the interface [60].
To produce a stable nanofluid, either the particles size should be small
enough to be suspended by Brownian motion or the particles must be
protected against aggregation by electric charge or other protective
coatings such as surfactants.

The morphology and chemical structure of the nanoparticles and base
fluids are strongly effects on the nanofluid stability [61]. Moreover, in
order to achieve optimized thermal property performance, we must
obtain a durable and stable nanofluid is a key factor [62]. In addition, the
very small size of the nanoparticles should markedly improve the stability
of the suspension [63].

5. EFFECT OF SURFACTANT ON THE NANOFLUIDS STABILITY
5.1 A Stability Mechanisms

The nanparticle aggregation can be hampered the stability of the
nanofluid. However, to avoid this aggregation, there are two methods of
mechanical dispersion and chemical dispersion method [64]. The
mechanical dispersion method included the decreasing the van der Waals
forces by introducing external repulsive forces such as steric, electrosteric
or electrostatic forces. If this force was over repulsive force, then the
nanoparticles aggregate in clusters. Therefore, the increasing the
repulsive forces over attractive forces can avoid nanoparticle aggregation
and reach stability. The chemical dispersion method used to enhance the
chemical compatibility of the nanoparticles with base fluid by using
surface active agents (surfactants) to enhance the adhesion or wetting
characteristics and minimize the nanoparticles tendency to agglomerate
in solvent [65]. There are two mechanisms to achieve the nanofluids
stabilization by using surfactants [66]:

a) Electrostatic stabilization using ionic surfactants
b)  Steric stabilization using nonionic surfactants

In order to minimize the effects of poor dispersion, steric barriers
(surfactants) are typically employed. The surfactant molecules create a
barrier for agglomeration prevention and particle solubility [67]. The
effect of surfactant on the characteristics of stability CNT nanofluids of
case of without surfactant is given by Fig.4. The results showed that to
produce a stable nanofluid sample, the sonication process alone is not
enough. Also, the worst stability in terms of particle sedimentation found
when using the sample with 0.05 wt. % of MWCNT exhibited. The sample
showed sedimentation of particles even right after the sonication process
[68].

Sample  Sample  Sample  Sample  Sample
1 4 5

a)  Without PVP surfactant

Sample

Sample  Sample

Sample
4

b)  With PVP surfactant

Figure 4: Stability observation for carbon nanotube
nanofluids observation (after 1 month) [68].
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A researcher examined the stability of many nanofluids such as
(nanoparticles: fullerence, MWCNT, silicon dioxide and copper oxide; base
fluid: ethylene glycol, water and oil) by utilized using spectral analysis
[69]. They showed that the surfactant addition can enhance the
suspensions stability.

To obtain low viscosity and high thermal conductivity in order to enhance
heat transfer of the suspensions, larger nanoparticles should be used [71].
But, the drawback of using larger nanoparticles is the nanofluids potential
instability. The settling velocity of nanoparticles (Vs) can be estimated by
Stokes law that given by a researcher [70]:

k=3l 2

Where g is the acceleration of gravitational, (pp) is the particles density,
(ps) is the fluid density; (b), (1) is the suspension viscosity and (r) is the
radius of particles. Also, the increasing the suspension temperature will
lead to increase the nanofluid stability due to increase in particles kinetic
energy. In addition, Fig.5 presented the samples nanofluid stability for 15
min by ultrasonic will decrease the sedimentation rate especially if it was
accompanied by SDS surfactant addition [72].

Figure 5: Sedimentation rate of TiOz/water nanofluid after 1 week with and without SDS surfactant and without any ultrasonication [72].

Figure 6 showed the effect of using surfactant addition on dispersion of
TiO2/water nanofluid by utilizing ultrasonic bath. Samples a and b were
prepared by dispersion of 0.1 wt. % TiO2 with 3 h ultrasonic bath, but
sample b prepared with the same weight concentration of SDS in its recipe.

The results showed that the most stable suspension is given by applying
3-h ultrasonic bath with the addition of 0.1 wt.% surfactant and it given
the highest thermal conductivity.

Figure 6: The effect of 3 h ultrasonic bath and surfactant addition on 0.1 wt.% titania nanofluid; sample a: without SDS, sample b: with SDS; (1) 3
days after preparation; (2) 4 days after preparation; (3) 1 week after preparation; and (4) 1 year after preparation [72].

A researcher studied the CuO/water nanofluid with using
polyvinylpyrolidone (PVP) as the dispersant [73]. The nanofluid stability
measured by zeta () potential and absorbency under different pH values
and PVP surfactant concentrations and measuring the nanofluid thermal
conductivities. The results concluded a good stability of about a week,
when using nanofluid with PVP surfactant. Moreover, several researchers
concluded that the surfactants addition was achieved homogeneous
disperse nanoparticles in the base fluids [74,75]. The effects of PVP
surfactant concentrations on the nano-suspension stability were studied
by a researcher [76,77].

A researcher showed that the thermal conductivity of 0.3%
copper/ethylene glycol nanofluid is decreased with time, where the fresh
nanofluids has higher thermal conductivities than that stored up to two
months [78]. Based on a research, the stability of Al203 nanofluid with
time. They found that nanofluid that kept for 30 days will get settlement
compared to fresh nanofluid [79]. A researcher concluded that there is a
harmful effect of increasing the surfactant quantity on chemical stability
and thermal properties and thus it is strongly recommended to control the

addition of the surfactant [80]. A reseracher found that the molecules of
the surfactant PVP-K30 used for the nanofluid adhered to the surface of
the nanoparticles resulting in good dispersion, steady suspension and
satisfactory flow of the nanofluid [81].

5.2 B Steric stabilization

The mechanism that refer to the ability of certain additives to inhibit
coagulation of suspensions is called the steric stabilization. It is a chemical
method that using surfactant into the nanofluid suspension to improve the
nanoparticles surface properties. Surfactants are amphiphilic compounds
that contain a hydrophobic tail and a hydrophilic polar head group. The
hydrophilic polar heads radiate out to form a hydrophilic outer layer that
interacts with the surrounding polar fluid (i.e., water) but the hydrophobic
tails attach to the naturally occurring hydrophobic nanoparticles. Thus,
the using surfactant in nanofluids will enhance the nanoparticles
wettability by reducing surface tension and promoting greater fluid
continuity. These large adsorbents provide a steric barrier which prevents
the metal particles from coming together as shown in Figure7 [82].
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Figure 7: Schematic illustration for (A) electrostatically stabilized metal (M) particle and (B) a sterically stabilized metal particle. [82].

Stabilization of the nanofluids suspensions is therefore achieved by the
addition of small nanoparticle concentrations, which induce an effective
repulsion, counteracting the Van der Waals attractions between the
particles. In numerious literatures, (SDBS) was used as the surfactant,
while the additions of either sodium hydroxide (NaOH) or hydrochloric
acid (HCI) were used as a pH control nanofluid. However, there are several
problems of using increasing the surfactant concentrations in the
nanofluids such as increasing nanofluid viscosity, reducing the heat
transfer properties, foam generation and contamination [83]. Long term
physical and chemical stability of nanofluids is an important practical
issue because of aggregation of nanoparticles due to very strong Vander
Walls interactions so the suspension is not homogeneous. A group of
researchers found that Al203 nanofluids kept after 30 days exhibit some
settlement compared to fresh nanofluids [84]. A researcher found that
nanotube concentration and stabilizing surfactant volume affects the
thermal conductivity of MWCNT nanofluids [85].

6. SURFACTANTS IN NANOFLUIDS

Formulating stable nanofluids suspensions is very difficult, and the control
of nanofluids properties such as viscosity, thermal conductivity and
wettability for heat transfer applications. Several researchers have
experienced poor stability of nanofluids with sedimentation
characteristics occurring [86]. The addition of surfactants to the
nanofluids during the formulation process has been shown to effectively
disperse nanoparticles in the base fluids [87]. The aggregation of the
nanoparticles in the preparation the nanofluids would not only cause by
the nanoparticles clogging and settlement, but also affect the thermal
properties [88]. The dispersion stability of a-Al20z nanofluids with
different mass fractions of surfactants of PAA, CTAB and SDBS was
investigated by a researcher [89]. It was found that the dispersion of Al.03
suspensions firstly increased to a maximum and then decreased with the
increase of surfactant concentration. A scholar used copper/ethylene
glycol nanofluid with PVP surfactant. The results concluded that the
stability of copper nanofluid can be significantly improved by adding of
PVP surfactant [90].

6.1 A Surfactants Effect on Nanofluids Thermal Conductivity

As presented above, the addition of surfactant to the nanofluids
suspension has a great effect on the stability and thermal properties of
nanofluids. In this section, we will discuss the effect of using various
surfactant on the thermal conductivity of the nanofluids. There are a few
available thermal conductivity models for nanofluids with surfactants.
Thus, there is a great need to state new thermal conductivity models to
describe the effect of surfactants on the thermal conductivity of the
nanofluids [91].

A researcher utilized TiOz nanofluids and suitable0.01% surfactants and
found that the enhancement of thermal conductivity was about 33% when
using 5 % of nanoparticles in base fluid [92]. Although several forms of
thermal conductivity models for nanofluid have been established, few
models for nanofluids containing surfactants are found. A researcher
presented some of the thermal conductivity models that described the
spherical and columnar TiOz nanofluid. The present models achieve higher
accuracy and precision for all the four kinds of applications. Thus, for
spherical TiO2 nanofluid, the thermal conductivity model was given by a
researcher:

k _ (kp—ki) Bk (287 = B3 +1)+(kp+2kpr) BE[OB3 (Kir—k f) +k ]
eff BE (kp+2kyr)—(kep—kir) 0 (287 +5%-1)

2

With surfactants h=I but without surfactants b = V2o

And thermal conductivity model for columnar TiO2 nanofluids is given by:

Kefr = Kefz gmaypmr * Kerf2 @ mmrtvzmrn ®
Where
K _ (kp—ky)0kyr (2B~ B2 +1) +(kp+kiy) BE[0B2 (ki —k ) +k ] @
effz = BE (lep+her)—(kp—kerr) 0 (B7 +57-1)
Where
B=1+h/r
ki = 2.5kf
R = H
“ kymr? + kp(H? — mr2)
H—nr/2 nr/2
R, =

kfH? ' 2k,rH + ke (H? — 2r)H

With surfactants h=I but without surfactants h = V270

A researcher studied the effect of both the pH control and addition of
surfactant to enhance the thermal conductivity of Cu/water nanofluid
[93]. Fig. 8 plotted the ceffect of using three types of on PVP, GA and CTAB
surfactants on the spherical TiOz nanofluid thermal conductivity. The
results indicated that the thermal conductivity is greatly increased, when
added the CTAB surfactant as dispersant.

~— 0.54 -
L A
< 0521
£
= 0.50 - a
= | X
= 0.48-
S - X
T 0.46 -
8 A X
= 0.44 1A § \ .
= .
20424 0
'_
0.40 . . , - ,
0 0.1 0.2 0.3 0.4 0.5

wt.% of CNT
& without surfactant OPVP AGA XCTAB

Figure 8: Effect of surfactant on the CNT nanofluids thermal conductivity

[35].
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Also, a researcher concluded that the surfactants addition of would will
lead to decrease the nanofluids thermal conductivity, but the dispersion
techniques have no obvious effect on the thermal conductivity
enhancements [94]. A researcher concluded that for the CNT based
nanofluids of without surfactant, there is no substantial thermal
conductivity enhancements. Moreover, they showed that improvement of
thermal conductivity of CNT nanofluid by using surfactants. A surfactant
improves the stability of a nanofluid by uniform dispersion of particles. A
surfactant can adsorb gas in a liquid-gas interface and decrease the
interfacial tension. Some surfactants may flocculate in the bulk solution
[95]. However, a researcher used larger sized nanoparticles and obtain an
enhancement similar to that founded earlier by another researcher who

concluded that the thermal conductivity enhancement caused by the
nanoparticles Brownian motion due to surfactant addition [96,97]. Also,
both researchers indicated that for the suspensions containing surfactants
the higher conductivity improvement though particle size of solids were
different in both cases [98]. A researcher used 42-nm-sized Al.O3-water
nanofluids with using surfactant of (SDBS) and given the enhancement
was about 10 %. Recently, a researcher used Al.03- water nanofluid and
using surfactant of oleic acid in a car engine coolant and obtain an
enhancement of 10.41% for 3.5 but the enhancement increased to 13% for
5 vol. % of Al,03/EC nanofluid. Figure 9 showed the thermal conductivity
enhancement with good stability [99].
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Figure 9: Effect of additives on thermal conductivity of Al20s/Water with SDBS and Al.03/EC with oleic acid [25].

A recent researcher used carbon nanotubes water-based nanofluids to
study different kind of surfactant such as (N1 with SDBS, N2 with Lignin, N3
with Sodium polycarboxylate) on thermal conductivity enhancement of
nanofluids [100]. Fig.10 showed that surfactant nature do not influence

thermal conductivity enhancement except at higher volume fraction for
SDBS. This can be explained by the dispersion state of CNT with this
surfactant at this volume fraction, as NF appears mainly in the form of
aggregates.
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Figure 10: Surfactant (N1 with SDBS, N2 with Lignin, N3 with Sodium polycarboxylate) on thermal conductivity enhancement of nanofluids [100].

The effect of surfactant on thermal conductivity of CNT nanofluids were
also investigated by a scholar [101]. In fact, carbon nanotube is very
promising due to their high thermal, electrical and mechanical properties.
They found that the using surfactant within the base fluid is generally
functionalized to improve the solubility and stability of the nanofluids to
prevent agglomeration and sedimentation.

A researcher studied the effect of surfactant addition on the nanofluids
thermal conductivity and obtain a perfect nanoparticles dispersion with
addition of SDS surfactant [102]. Furthermore, concentration of pH and
PVP, optimum CuO volume fraction of 6% was obtained, in which, the
thermal conductivity enhancement is 17% at 25°C.

Another researcher indicated that the addition of surfactant with high
concentration has a negative factor in enhancing the nanofluids thermal

conductivity [103]. A researcher used MWCNT nanofluid with SDS and
SDBS surfactants to study the thermal conductivity and stability [104].
They indicated that CNTs/surfactant had higher thermal conductivity by
utilizing an optimal mixture weight was 0.5 wt. % CNTs nanofluid with
0.25 wt. % SDBS. Fig. 11 presents the thermal conductivity ratio of the
nanofluids of CuO/Al:03 water nanofluids as the function of SDBS
concentrations as well as nanoparticles weight fractions. Their results
showed that the increasing the SDBS weight fraction up to 0.1 wt.% and
0.15 wt.% for Al203 and CuO/water respectively, the thermal conductivity
ratio increased slowly. But, the thermal conductivity rapid decreases when
adding more surfactant into the nanofluids system. Moreover, the
optimizing and controlling the SDBS surfactant weight concentration and
pH will lead to adequate the electrostatic repulsion force between
particles, to prevent from the collision and attraction between particles
triggered by Brownian motions.
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Figure 11: Effect of SDBS additive and nanoparticles weight fraction on thermal conductivity ratio of CuO/Al.03 water nanofluids at a constant
temperature of 298 K [105].

Moreover, a scholar concluded that the nanofluids thermal conductivity
will be decreased by addition of polymeric surfactants [106]. Another
researcher studied Al20s-water nanofluid with two kinds surfactant mass
fractions of SDS and PVP surfactants on the thermal conductivity and
stability of the nanofluids [107]. Their results showed that the surfactant

addition plays an important role in nanoparticles dispersing and
enhancing the nanofluid stability where the non-ionic PVP surfactant
shows better positive effect than anionic SDS surfactant. Fig. 12 presented

the nanofluids thermal conductivity with SDS and PVP concentration
[108].
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Figure 12: Influence of surfactant concentration on the thermal conductivity of the surfactant solutions at room temperature [107].
Also, Figure 13 plotted the effect of SDS surfactant concentration on the
thermal conductivity ratio of Al:0s-water at room temperature. The

the thermal conductivity ratios increased at the beginning, but it
results showed that with increasing of both SDS and PVP concentration,

decreased after the concentration of surfactants reaches a stable value.
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Figure 13: Efeect addition SDS and PVP surfactants concentration on the thermal conductivity of Al,03/ water [107].

Based on a study, the effect of addition various surfactants such as SDS,
SDBS, CTAB, and PVP on the nanofluids thermal conductivity. They
concluded that the using ionic surfactant will lead to achieved higher
thermal conductivity ratios than those of non-ionic surfactant. The
thermal conductivity of surfactants is significantly lower than EC and
water. Although, the surfactants addition is enhancing the viscosity of
nanofluid, but it reduces the thermal conductivity of it. Finally, a
researcher examined the effect of presence of surfactants (PEG, PAA) in
the nanofluids and they found that the surfactants could improve the
thermal conductivity and stability of nanofluids [109].

6.2 Surfactants Effect on the Nanofluid Dynamic Viscosity

The prepared nanofluids must have low viscosity, good fluidity, high

stability, and high thermal conductivity, and it would have potential
applications as coolants in advanced thermal systems applications. The
advantages of well dispersed nanofluids to be used as coolants are (i)
higher heat transfer surface area, (ii) lower viscosity and lesser pumping
power, and (iii) good colloidal stability due to the smaller size of
aggregates [110]. The relative viscosity is the ratio of effective viscosity of
nanofluid and the pure base fluid, as a function of volumetric particle
concentration as shown in Fig. 14. A researcher showed that the
nanofluids viscosity is much higher than that predicted by the Einstein eq.,
which shows strong effect of interactions of the nanoparticles. Viscosity of
nanofluids increases dramatically, with increase in particle concentration.
But with addition of RK7 surfactant, the viscosity was drastically
decreased in ZnO-RK7 nanofluid shown as green colour which touches to
the Einstine model black dotted lines.
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Figure 14: Relative viscosity of ZnO-bf and ZnO-RK7 nanofluids as a function of nanoparticle volume concentration [30].

Cite The Article: Kadhum Audaa Jehhef, Mohamed Abed Al Abas Siba (2019). Effect Of Surfactant Addition On The Nanofluids Properties: A Review.
Acta Mechanica Malaysia, 2(2): 01-19.



Acta Mechanica Malaysia (AMM) 2(2) (2019) 01-19

A researcher used CNT/water nanofluid with acid treatment TCNT
surfactant and PCNT surfactant to investigate the nanofluid viscosity
[111]. They indicated that the nanofluid with TCNT surfactant have much
smaller viscosity than those with surfactant PCNT. Thus, the surfactant
addition will lead to increase or decreas pH value and cause weaker
repulsion between particles and lower surface charge [112,113]. The
stability and rheology of concentrated (>50%) TiO: dispersions was
investigated [114]. They showed that the viscosity decreased with
increasing surfactant (SDS).
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A scholar studied the pressure drop of CNT-water nanofluids that flowing
through a horizontal tube. Their results showed that the nanofluids
prepared by the acid treatment (TCNT) had much smaller viscosities than
those made with surfactant of (PCNT).

Figure 15 presented the viscosity of nanofluid with SDBS surfactant and
weight concentrations of nanoparticles for Al;03 and CuO-water
nanofluids at a constant shear rate of 134 S-' and 150 S-1. The results
showed that the viscosity decreases at beginning.
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Figure 15: Variation of Al203/water nanofluid viscosity with SDBS concentration [105].

6.3 Surfactants Effects on the Zeta Potential and pH Values

There are two different liquid layer regions surrounding the nanoparticles
in the base fluids; an inner region (stern layer) where the ions are firmly
bounded and an outer (diffuse) region where the ions less strongly
associated. Inside the outer layer, there is a notional boundary where
there is a stable entity ions and nanoparticles. The potential at this
boundary is known as zeta potential((). Zeta potential is highly dependent
on the pH value of the solution, due to the pH value changing will increase
the density of electrical charge on the nanoparticles surface. The
electrostatic repulsion force between nanoparticles is directly dependent
on zeta potential [115].

The isoelectric point (IEP) will use to refer to the effect of nanoparticles
surface electrical forces where there is no net electrical charge that carried

on a given surface where the negative and positive charges are equal. The
electrostatic repulsive between nanoparticles is no important to keep the
nanoparticles apart from each other at or near IEP. Therefore, the
aggregation and clustering of nanoparticle is weak at pH values away from
IEP and the aggregate tendency far from IEP is nearly zero [116]. Thus, we
can use the zeta potential to give direct information about the system of
nanofluids suspension stability. If nanoparticles have a magnitude of zeta
potential with high positive or negative value, then the nanoparticles tend
to repel one another and there is no propensity for the particles to
aggregate. The stable and unstable nanofluids is given by dividing line
between -30 or +30 mV, where the zeta potentials of nanoparticles that
have lower negative value than -30 mV or have greater positive than +30
mV are stable nanofluids suspension. Fig. 16 performed the nanoparticle
size distribution and zeta potential measurements by using dynamic light
scattering method.
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Figure 16: Variation of zeta potential and nanoparticle size of Al.03/water nanofluid with SDBS surfactant [105].
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Many researchers have examined the effects of time, concentration, that the zeta potentials increased with increasing the time. Moreover,
temperature, particles type, base fluids and pH on the zeta potential of adding additives such as salts or surfactants may affect the zeta potential.
nanofluids. It has been found that pH is the most important factor affecting Figure 17 plotted the effect of PVP surfactant at different pH values on the
the dispersion stability and zeta potential of nanofluids. A researcher values of zeta potential of CuO-water nanofluid. The results showed that
showed that the zeta potentials of nanofluids containing Al203, SiC, and the operating pH was selected as pH=8 [118].

SisN4 were changed by the pH of the nanofluids [117]. They also showed
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Figure 17: Effect of pH on the zeta potential of CuO-water nano-suspensions with PVP surfactant [118].
The effect of using CuO/water nanofluid with PVP surfactant on the reduces. The 0.095 % wt. was founded as a PVP optimum concentration

stability at pH=8 was showed in Fig.18. The results showed that with where the absorbency and zeta potential are maximal.
increasing PVP concentration, the zeta potential firstly enhances and then
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Figure 18: Variation of absorbency and zeta potential of CuO/water nanofluid with PVP [118].
Also, a researcher used CuO/water and Al,0s/water nanofluids with results showed that the pH values increased with raising the anionic

different concentrations of SDBS surfactant, to study the effect of adding surfactant concentration.
surfactant on the pH value of the nanofluids as shown in Figure 19. The
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Figure 19: Variation of pH values of different weight fractions CuO/water and Al.03/water nanofluids [105].

6.4 Effects of Surfactants on the Interfacial and Nanofluid Surface
Tension

When adding the nanoparticles to the base fluid by utilizing some type of
surfactant molecules, some portion of the total surfactant molecules will
be adsorbed at the interface between the solid nanoparticle and liquid
base fluid [119]. Surfactants are generally used to increase the nanofluid
stabilization. Addition of surfactants will lead to increase the immersion of
particles and the surface tension of base fluid will decrease. Through
studies of a researcher on the influence surfactants on the nanofluids
surface tension [120]. There is an ambiguity with respect to the effect of
concentration of the nanoparticles on the behavior of the interfacial
tension of these complex fluids [121]. Few studies were reported almost a
linear increment of surface tension as increasing the solute phase

concentration [122]. Combined interaction between the surfactant and
nanoparticles of complex nanofluid system effect on surface tension and
when increasing the nanoparticle and surfactant concentration lead to
decrease the surface tension [123].

6.5 Base Fluid and Surfactants Interaction

The “B effect” has been referred the effect of surfactant molecules on the
interfacial energy. Fig. 20 presented the variation of surface tension with
adding surfactant of CTAB, SDS and DTAB. The surface tension was
measured as 71.03 + 0.5 mN/m, 50 + 0.5 mN/m and 63 * 0.5 mN/m for
three base fluids of DIW, EG and G respectively. The results showed that
the base fluids of EG and G with surfactants could not produce a
considerable change in the surface tension [124].
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Figure 20: Effect of using CTAB, DTAB and SDS surfactants on the interfacial tension [124].

6.6 Nanoparticles and Surfactant Interaction

The interaction between surfactants and nanoparticles is very
complicated with consider the interfacial phenomenon. For considering
stability issues, the addition of surfactants may be used to prepare

nanofluids. Fig. 21 shows the variation of surface tension by using SDS
anionic surfactant and DTAB cationic surfactant with different
concentrations in order to prepare a stable CuO nanofluid. The results
showed that for long time periods with both the surfactants, the CuO
nanoparticles to be stable.
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Figure 21: Variation of interfacial tension of nanofluid with different SDS surfactant concentrations for CuO nanofluid [124].
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For Alz03 nanofluid was found to be stable with CTAB as shown in Fig. 22.
The figure shows that the surface tension nature will vary with

65

nanoparticles and surfactant concentration and found that this variation
to be similar in case of using CuO and Al.03 nanofluid.
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Figure 22: Variation of interfacial tension of nanofluids with different CTAB surfactant concentration for Al.03[124].

A group of researchers found that the presence of surfactants in the
nanofluid is strongly effects on the surface tension of a liquid [125]. Also,
a previous researcher showed that the using small amount of surfactant of
type CTAB will reduce the surface tension [126,127]. However, another
researcher showed that the surface tension of the suspension is affected
by the surfactants usually employed during nanofluid preparation [128].
Moreover, the experimental results of a recent scholar have been found
that the volume fraction intensification has sugnificient effects on the
surface tension [129]. Also, the increasing the surfactant concentration
will lead to decrease the nanofluid surface tension and increase the
solution temperature.

Aresearcher showed that the using surfactant of NaBDS will lead to reduce
the surface tension of CNT/water nanofluid [130]. However, a recent
research showed that the utilizing of surfactants of type PVP will not effect
on the nanofluid surface tension [131]. Available literature confirms
concluded that the nanofluids surface tension depends on suspension
temperature, addition of surfactants and nanoparticle concentration
[132]. Also, another researcher examined the SWNTs-Water nanofluid
with surfactant of NaBDS, to investigate the effect of using surfactant on
the surface tension of nanofluids. The variation of nanofluid surface
tension with surfactant concentration plotted in Fig. 23. The figure showed
that the surface tension decreases clearly with the increase of
concentration of surfactant.
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Figure 23: Effect of concentration of surfactant on the nanofluids surface tension [130].

Similarly, a researcher used 0.1 wt. % n-decane with Sorbitan Oleate
surfactant mixture, to study the effect of surfactant addition on the surface
tension of nanofluid. The results showed that the surface tension would
reduce with increasing the surfactant volume fractions as plotted in Fig.
24, due to a layer between the particle and the surrounding fluid molecules
was formed, as the long-chain surfactant molecules attached to the solid

particle. These formed layers will lead to increase the potential between
impart a repulsive force between the particles and then will reduce in
nanofluid surface tension. Finally, the surfactant behaves like an
interfacial shell between the nanoparticles and base fluids and modifies
the surface tension of nanofluids [133].
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7. SURFACTANTS EFFECT ON HEAT TRANSFER IN NANOFLUIDS

The enhancements of heat transfer can be applied by increasing heat
transfer coefficient, and this achieved by using more efficient heat transfer
model or by enhancing the transport properties of the material of heat
transfer. However, the coefficients of heat transfer can also be applied by
improving the coolant fluids properties. If we predict that the
nanoparticles are well dispersed inside the base-fluid, the effective
physical properties of the nanofluids mixture like effective density,
viscosity, specific heat and thermal conductivity [134,135]. Also, to
improve the specific thermal properties of these fluids, additives are often
added to liquid coolants [136].

A

A group of scholars presented an experimental convective heat transfer
coefficient of inner tube fluid and outer tube fluids are shown in Fig. 25.
Their results showed that improvement in the thermophysical properties
of nanofluids with addition of nonionic surfactant ZnO-Rk7. The addition
of surfactant Rokanol K7 which helps to binds the nanoparticles together
in the fluid medium and prevents the sedimentation which can be
indicated that surfactant helps the nanofluids to homogeneously
distribute in the heat exchanger. Also, presence of surfactant increases the
heat transfer coefficient as compared to without surfactant. Hence, the
results fluid increased the heat transfer coefficient in in both the inner (h;)
and outer (ho) tube by using nonionic surfactant ZnO-Rk7 nanofluid as
compared to ZnO-bf nanofluid.
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Figure 25: Convective heat transfer coefficient inner tube fluid (hi) and outer tube fluid (h°) of heat exchanger [30].

For example, about the studies that focused on the effect of surfactant on
the heat transfer characteristics of nanofluids [137] showed that the
surfactants has significant effects for obtaining a proper stability of
nanoparticles suspension without affecting heat transfer performance and
nanofluid’s thermo-physical properties. But, surfactants have been shown
to affect the thermo-physical properties of the dispersed fluid and also the
boiling process [138]. Also, a researcher investigated the effect of
aggregation and nanofluids stability on performance of heat transfer by
using surfactant of SDBS with different concentrations and changing the
pH value [139]. They observed an enhancement in thermal conductivity
due to the increasing the nanofluids stability by surfactant addition.

Based on a study the nucleate pool boiling heat transfer of Cu-R113
refrigerant nanofluids with adding three types of surfactants such as SDS,
CTAB and Span-80 [140]. They found that the surfactant addition will lead
to enhance the heat transfer of nanofluids. Also, they showed that the
presence of surfactant enhances the heat transfer by nucleate pool boiling.
The surfactant, although essential for the stabilization of single digit-sized
nanoparticles, has been identified as a critical component in the heat
transfer process of nanofluids. The surfactant can be improved the heat
transfer process [141]. Finally, some studies indicated that addition of

surfactant will lead to form a high heat transfer thermal resistance in the
nanofluids [142].

8. EFFECT OF SURFACTANTS ON THE ELECTRIC CONDUCTIVITY

The surfactant can be used to achieve the nanofluids stabilization and it
has also a crucial effect on the nanofluids electrical conductivity. For
example, the effect of surfactant addition on the electrical conductivity of
Al203/water nanofluid can be plotted in Fig. 10, a researcher used two
different concentrations of SDS surfactant [143]. Their results showed that
the using of SDS surfactant in nanofluid will lead to improve the electrical
conductivity more than SDS/water alone. Moreover, they showed that the
using the nanoparticles with higher concentrations (> 0.25%) will induced
to greatly contribute the electrical conductivity of nanofluids. The
surfactants addition can be enhance the nanofluids stability but the
surfactant can be reduce the electrical conductivity slightly as shown in
Fig.26. With the surfactant addition to water, the electrical conductivity
was increased significantly while nanofluid density and viscosity are
mostly constant. However, a scholar concluded that the addition of
surfactant will lead to decrease the nanofluids electrical conductivity,
increase the nanofluids stability and increase nanofluids viscosity [144].
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Figure 26: Effect of using SDS surfactant on the Al203 nanofluid electrical conductivity [143].
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9. CONCLUSION AND RECOMMENDATIONS

As mention above, the addition of various surfactants can be played an
important role in dispersing the nanoparticles into the base fluid and
improving the stability of nanofluid and it has significant effects on the
other properties of the nanofluids. Table 4 gives a simple summary of
effect of surfactants in nanofluids. It should be observed that the technique
of surfactant addition cannot be applicable for nanofluid that working in

high temperature on account of probable damage of bonding between
surfactant and nanoparticle. The purpose of additionally surfactants may
hamper heat transfer produce foam when heating. Therefore, surfactants
may increase the thermal resistant between the nanoparticle and the base
fluids which may lead diminish the enhancement in the thermal
conductivity. In order to cover the subject of using surfactants in the
nanofluids, it can be recommended the study more effects of surfactant on
the electrical and stability properties of the nanofluids.

Table 3: Summary of effect of surfactants in nanofluids.

Nanofluid Properties . Effect of . E_ffect of
Ionic Surfactants Nonionic Surfactants
Stability and Agglomeration Decreasing Decreasing
Stability Increased Increased
Dynamic Viscosity Increased Increased
Thermal Conductivity Increased Decreased
pH Values Increased Increased
Zeta Potential Increased Decreased
Surface Tension Decreased Decreased
Heat Transfer Increased Decreased
Electric Conductivity Increased Decreased
Abbreviations
C12E5 Nonionic pentaoxoethyelenedodecyl ether
CDWNTs carbon double-walled nanotubes
CMWNTs carbon-multiwall nanotubes
CNT carbon nanotubes
CsHsCCNa Sodium benzoate
CTAB cetyltrimethylammonium bromide
CTAC Positively charged cetyltrimethylammoniumchloride
DIW deionized water
DTAB Dodecyl trimethyl ammonium bromide
EC ethylene glycol
G glycerol
GA Gum Arabic
HCTAB Hexadecyltrime thylammonium bromid
MWCNT water-based multi-walled carbon nanotube
NaDDBS Sodium dodecylbenzenesulfate
NaOBS Sodium octylebenzene sulfonate
NDDBS Sodium dodecyl benzene sulfonate
PEO Long chain synthetic polymer polyethylene oxide
PVP Poly vinyl pyrroline
SDS Sodium dodecyl sulfate
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