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Current Perspective on the Study of Liquid–Fluid Interfaces:
From Fundamentals to Innovative Applications

Eduardo Guzmán 1,2
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Liquid–fluid interfaces are ubiquitous systems, having a paramount importance for
daily life as well as for academia, providing the basis for the study of different aspects of
interest for medicine, biology, and physics. Moreover, liquid–fluid interfaces emerge as
very promising platforms enabling the fabrication of a broad range of functional materials
as a result of the novel properties resulting from quasi-2D confinement [1,2]. This drives
extensive research activity trying to shed light on the most fundamental physico-chemical
aspects underlying the formation of liquid–fluid interfaces, as well as the properties emerg-
ing as a consequence of the quasi-2D confinement forced by the presence of a liquid–fluid
interface [3,4]. For instance, the flows emerging from the presence of an interface play
a central role in a broad range of industrial and biological aspects in which liquid–fluid
interfaces are involved. Thus, the reorganization of materials within a liquid–fluid inter-
face during the compression–expansion of the alveoli as well as the exchange of material
from such interfaces and the adjacent liquid layer are essential for breathing, and any
dysfunction on the interfacial flows occurring during expiration–inspiration cycles can
result in an acute respiratory distress syndrome [5,6]. On the other hand, interfacial flows
also play a very important role in the foaming and detergency abilities of most detergents
and shampoos [7,8] and in many other processes of industrial and technological relevance,
including icing-deicing processes, fouling, tertiary oil recovery, drug delivery, diffusion in
porous matrices, ink-jet printing, and tissue engineering [9,10].

According to the above discussion, the study of liquid–fluid interfaces is a broad field
with multiple implications. Therefore, the study of this type of system deserves importance,
and this Special Issue tries to bring together different studies, providing a general overview
of the current perspectives offered in the study of liquid–fluid interfaces. This is only
possible in the context of combining a series of research papers and reviews dealing with
different experimental and theoretical studies involving liquid–fluid interfaces, expanding
on the exploitation of different phenomena occurring in liquid–fluid interfaces to under-
stand specific phenomena of biophysical relevance, e.g., the impact of inhaled pollutants
on normal respiratory function [11], and the use of advances in characterization techniques
for the evaluation of phenomena and processes occurring within the interface [12,13].

Moreover, liquid–fluid interfaces play a very important role in the control of the flows
occurring under different boundary conditions and their implications in different processes
with technological and industrial interest. For instance, an accurate modelling of the
flows occurring within porous systems can help in the optimization of different processes,
including tertiary oil recovery and froth flotation [14–17]. Furthermore, the interfacial flows
also contribute to spreading and evaporation phenomena, influencing the performance of
different industrial processes, lubrication, and heat dissipation [18–21].

In summary, the study of the phenomena and applications involving liquid–fluid
interfaces requires a broad perspective, which in current years is structured as a multi-
disciplinary challenge involving theoretical and experimental aspects to solve very complex
problems. This Special Issue, together with the previous one entitled “Fluid Interfaces” [22]
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and the topic entitled “Insight into Liquid-Fluid Interfaces” [23], are focused to provide a
comprehensive perspective on the current understanding of the study of liquid/fluid inter-
faces, contributing to open new avenues that close the gap between the most fundamental
aspects of liquid–fluid interfaces and their potential applications.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Entropy Optimization on Axisymmetric Darcy–Forchheimer
Powell–Eyring Nanofluid over a Horizontally Stretching
Cylinder with Viscous Dissipation Effect
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Abstract: The effect of entropy optimization on an axisymmetric Darcy–Forchheimer Powell–Eyring
nanofluid flow caused by a horizontally permeable stretching cylinder, as well as non-linear thermal
radiation, was investigated in this research work. The leading equations of the current problem were
changed into ODEs by exhausting appropriate transformations. To deduce the reduced system, the
numerical method bvp4c was used. The outcome of non-dimensional relevant factors on velocity,
entropy, concentration, temperature, Bejan number, drag force, and Nusselt number is discussed and
demonstrated using graphs and tables. It is perceived that, with a higher value of volume fraction
parameter, the skin friction falls down. Likewise, it is found that the Nusselt number drops with
enhancing the value of the volume fraction. Moreover, the result reveals that the entropy generation
increases as the volume fraction, curvature parameter, and Brinkman number increase.

Keywords: heat transfer; stretching cylinder; nonlinear radiation; Powell–Eyring; nanofluid; porous
medium; Darcy–Forchheimer

1. Introduction

It is a well-known fact that stretching flows have acquired a lot of attention because of
their numerous applications. In industrial and mechanical engineering progressions (rubber
and plastic sheets, cooling of electronic chips, glass blowing, metal spinning, production
of glass fiber, liquid film crystallization during condensation, etc.), stretching surfaces are
used extensively. In addition, various research of boundary layer flow in conjunction with a
plane extending surface has already been carried out. However, research journals offer just
a few experiments on horizontally stretching sheets with the axisymmetric flow. Crane [1]
first studied the flow of viscous materials caused by a stretched sheet. Nadeem and Haq [2]
investigated the convective flow of viscous nanoparticles using radiation beyond a stretched
sheet. Ahmad et al. [3] explored power-law fluid in the occurrence of axisymmetric flow
and heat transfer. Ariel [4] looked at the classic problem of an axisymmetric flow caused by
a stretched sheet and gave perturbed, asymptotic, exact, and numerical solutions. Hsiao [5]
investigated MHD heat transfer across a stretching surface utilizing Maxwell fluid flow by
means of radiative and viscous dissipation properties.

Coatings 2022, 12, 749. https://doi.org/10.3390/coatings12060749 https://www.mdpi.com/journal/coatings5
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Researchers are still interested in studying non-Newtonian fluids because they are
more suitable for industrial areas such as power engineering, polymer solution industries,
food engineering, and petroleum production. A linear association flanked by stress and
rate of strain cannot be used to represent non-Newtonian fluids. Because of their various
features, non-Newtonian fluids are much more complex than Newtonian fluids. Powell–
Eyring fluids [6] are a type of non-Newtonian fluid with several compensations upon
the power-law model, for example, they are built on liquid kinetic theory and behave
Newtonian at both low and high shear rates. Patel et al. [7] used asymptotic boundary
conditions to study a numeric solution of MHD Powell–Eyring fluid flow. Hayat et al. [8]
discovered the radiative effects in electrically conducting Eyring–Powell fluid in three
dimensions. Ara et al. [9] inspected the effect of radiation on Eyring–Powell fluid boundary
layer flow across an exponentially shrinking sheet. Hayat et al. [10] showed boundary
layer stagnation-point flow of Powell–Eyring fluid including dissolving heat transfer. In
the existence of a double-stratified medium, Rehman et al. [11] numerically measured
a flow study with heat generation/absorption influences of Powell–Eyring fluid mixed-
convection flow around a stretching cylinder. According to Hayat et al. [12], these fluids
had a variety of complicated features that provided them an edge and various applications
over Newtonian fluids. Improvements in mud house renovation and the production of
clay pots, gels, medical syrups, and fruit juices, such as Delmonte, yoghurt, Afya, and
energy drinks are just a few of the benefits. Additionally, they are used in the production of
pseudo-plastic fluids, paints, and medications in the pharmaceutical industry.

In thermodynamics, entropy is a key term. The concept of irreversibility is inextricably
linked to the concept of entropy. Irreversibility is something that everyone instinctively
understands. We may easily comprehend the irreversibility phenomenon by watching a
movie in both forward and reverse sequences. Many progressive processes in ordinary life
cannot be reversed, such as plastic deformation, pouring water into a glass, unrestrained
fluid expansion, gas rising from a chimney, egg unscrambling, and so on. Originally, the
term entropy was manipulated to define the loss of energy in numerous mechanical systems
and heat engines that could not efficiently transform the energy into work. Many engineers
and scientists are working hard in this modern period to find novel ways to control or limit
the waste of valuable energy. This energy loss in thermodynamic systems can cause a lot of
chaos. Using Bejan number and entropy creation, any system’s efficiency can be boosted.
Bejan [13] studied if heat transfer and flow mechanism abnormalities might be scrutinized
in expressions of entropy formation. Many investigators have inspected entropy production
results in heat flow and transmission to back up his claim. In a dissipative Blasius flow,
But et al. [14] looked at entropy creation as well as radiative flux. Their findings show
that as the heat radiation variable rises, entropy decreases. Entropy formation for mass
and heat transmission over an isothermal medium was proposed by San and Laban [15].
Tamayol et al. [16] looked at how entropy affects heat transmission and fluid flow past a
leaky material on a stretchy surface. Rashidi et al. [17] used the homotopy approach to
entropy production in hydromagnetic flow across a spinning disk. Shit et al. [18] studied
the irreversibility of hydromagnetic nanoparticle flow and heat transit on an exponentially
speeded sheet. In the existence of radiative heat flux, convective boundary conditions,
and MHD, the flow was explored. But and Ali [19] used a radially stretched surface to
scrutinize the impact of a magnetic force on entropy formation in heat transfer and flow
processes. Munawar et al. [20] deliberate the formation of entropy in viscid flow via an
oscillated stretching cylinder. Khan et al. [21] used a radially stretched disk to evaluate the
influence of entropy formation on Carreau nanofluid due to nonlinear thermal radiation.

Furthermore, nanotechnology is regarded as one of the most important conduits for
the advancement in key manufacturing rebellion in our sector. Nanofluids are mostly
employed due to their enhanced thermal properties. They are manipulated as coolants
in heat transfer devices such as electronic cooling systems (such as flat plates), radiators,
and heat exchangers. Nanofluid is made up of nanoparticles ranging in size from 1 to
100 nanometers. Choi and Eastman [22] were the first to propose the term “nanfluid”.
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Iqbal et al. [23] used the Newtonian Carreau model to do a computational investigation of
thin-film flow through a moving surface. Khan et al. [24] investigated the inspiration of
Cattaneo–Christov heat flux on Maxwell nanofluid boundary layer hydromagnetic flow
using the two-phase Buogiorno model. Ali et al. [25] created the mathematical model of
the unsteady and laminar couple stress nanofluid flow using engine oil and molybdenum
disulphide nanomaterial as the base fluid and nanoparticles, respectively. They discovered
that adding molybdenum disulphide nanoparticles to the base fluid improves the heat
transfer rate of engine oil by up to 12.38 percent. Acharya et al. [26], investigated the effect
of entropic production of a time-independent radioactive combination nanoliquid flowing
through a slip spinning disk. Acharya et al. [27], used an entropy approach to evaluate
mixed convection and radiation impacts in non-Newtonian-flowing fluid by a flexible
cylinder. Verra Krishna and Chamkha [28] examined the impact of Hall and ion slip on
the MHD convective flow of elastico-viscous fluid via a permeable channel between two
rigidly rotating parallel plates. Takhar et al. [29], characterized the free stream of a vertically
moving cylinder, as well as mass and heat transfer. A significant amount of noteworthy
work has recently been accomplished [30–41].

Several scholars have looked into entropy propagation effects in the context of heat and
mass transport on stretching surfaces. Although, there are just a few papers on the subject
of entropy generation’s impacts on inflow on a stretching disk. The consequences of entropy
formation in Powell–Eyring nanofluid caused by mass and heat transport on a horizontally
stretched disk are investigated in this article. The heat equation was modeled using several
factors such as viscous dissipation, heat radiation, thermophoresis, and Brownian diffusion.
The equations are numerically solved by the bvp4c method. The velocity, Bejan number,
concentration, temperature, and entropy are all graphically explained.

2. Mathematical Formulation

The flow of Powell–Eyring nanofluid in a two-dimensional axisymmetric flow across a
horizontally stretched sheet is assumed. We are using a system of cylindrical coordinates in
which the z-axis, is chosen parallel to the cylinder’s axis and the r-axis is chosen perpendicu-
lar to the cylindrical surface, as revealed in Figure 1. The cylinder is porous and continually
stretches horizontally at u = uω = U0z

L , where L is a characteristic length and U0 > 0.
Despite the fact that the moving fluid temperature is set to T∞, the cylindrical surface is
kept at Tω, with the assumption that Tω > T∞. The Buongiorno model and nanofluid
contain important slip mechanisms such as thermophoresis diffusion and Brownian motion.
The velocity profile for the assumed flow is V = [w(r, z), 0, u(r, z)].

 

Figure 1. Sketch for the flow field.
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The equations that govern the flow are as follows [10,11]

∂(rw)

∂r
+

∂(ru)
∂z

= 0 (1)

w ∂u
∂r + u ∂u

∂z =
μn f
ρn f

(
∂2u
∂r2 + 1

r
∂u
∂r

)
+ 1

ρn f βc

(
∂2u
∂r2 + 1

r
∂u
∂r

)
− 1

6ρn f βc3

(
1
r

(
∂u
∂r

)3
+ 3

(
∂u
∂r

)2(
∂2u
∂r2

))
− μn f

ρn f K u − cb
ρn f

√
K

u2
(2)

w ∂T
∂r + u ∂T

∂z =
kn f

(ρcp)n f

(
∂2T
∂r2 + 1

r
∂T
∂r

)
+ τ

(
DB

∂C
∂r

∂T
∂r + DT

T∞

(
∂T
∂r

)2
)

+ 1
(ρcp)n f

(
μn f

(
∂u
∂r

)2
+ 1

βc

(
∂u
∂r

)2 − 1
6βc3

(
∂u
∂r

)4
)
− 1

(ρcp)n f

∂
∂r

(
− 16σ∗

3k∗kn f
T3 ∂T

∂r

) (3)

w
∂C
∂r

+ u
∂C
∂z

= DB

(
∂2C
∂r2 +

1
r

∂C
∂r

)
+

DT
T∞

(
∂2T
∂r2 +

1
r

∂T
∂r

)
(4)

With boundary conditions

u = uω = U0z
L , w = 0, T = Tω, C = Cω at r = R

u → 0, T → T∞, C → C∞ at r → ∞
(5)

Illustrations of the description of the various symbols are shown in Table 1. The
fundamental equations can be transformed using the following transforms [21]:

ψ(r, z) =
√

uωμ f zR f (η), η =
r2 − R2

2R

√
uω

μ f z
, θ(η) =

T − T∞

Tω − T∞
, φ(η) =

C − C∞

Cω − C∞
(6)

Table 1. A description of the multiple symbols that appear in the governing equations is illustrated.

Symbols Description Symbols Description

u, v, w Velocity in r, θ, z direction β, c Fluid parameter
μ f Base fluid dynamic viscosity μn f Nanofluid dynamic viscosity
v f Base fluid kinematic viscosity cp Specific heat
cb Drag factor K Permeability of porous medium
k f Base fluid thermal conductivity kn f Nanofluid thermal conductivity
ks Nanoparticles’ thermal conductivity DB Brownian motion
ρ f Base fluid density ρn f Nanofluid density
L Characteristic length

(
ρcp

)
f Heating capacity of base fluid(

ρcp
)

n f Heating capacity of nanofluid
(
ρcp

)
s Heating capacity of nanoparticles

T Temperature T∞ Temperature at free stream
k∗ Absorption coefficient DT Thermo-coefficient
C Concentration C∞ Ambient concentration

Equation (7) identifies the components of velocity

u =
1
r

∂ψ(r, z)
∂r

, w = −1
r

∂ψ(r, z)
∂z

(7)

The nanofluid expressions are given by [25]:

μn f = μ f (1 − φ)−2.5

ρn f = ρ f (1 − φ) + φρs(
ρcp

)
n f =

(
ρcp

)
f (1 − φ) + φ

(
ρcp

)
s

kn f = k f

[
ks+2k f −2φ(k f −ks)
ks+2k f +2φ(k f −ks)

]

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(8)
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The base fluid and nanofluid dynamic viscosity are denoted by μ f and μn f , respec-
tively, where φ signifies volume fraction.

The equation of incompressibility is fulfilled identically, whereas Equations (2)–(5) are
reduced to

(1 + 2ηγ)

(
1

(1−φ1)
2.5 + α

)
f
′′′ − λα(1 + 2ηγ)2 f ′′ 2 f

′′′
+ 2γ

(
1

(1−φ1)
2.5 + α

)
f ′′

− 4
3 αλγ(1 + 2ηγ) f ′′ 3 − β0

(1−φ1)
2.5 f ′ − Fr f ′2 +

(
(1 − φ1) + φ1

ρs
ρ f

)(
f f ′′ − f ′2

)
= 0

(9)

kn f /k f
Pr ((1 + 2ηγ)θ′′ + γθ′) + Ec(1 + 2ηγ)

((
1

(1−φ1)
2.5 + α

)
f ′′ 2 − 1

3 λα(1 + 2ηγ) f ′′ 4
)

+

(
(1 − φ1) + φ1

(ρcp)s
(ρcp) f

)(
Nt(1 + 2ηγ)θ′2 + Nb(1 + 2ηγ)θ′φ′ + f θ′

)
+ Rd

Prkn f /k f
(1 + 2ηγ)

(
(θ(θω − 1) + 1)3θ′′ + 3(θ(θω − 1) + 1)2(θω − 1)θ′2

)
= 0

(10)

Nt
Nb

1
Sc
(
(1 + 2ηγ)θ′′ + γθ′

)
+

1
Sc

((1 + 2ηγ)φ′′ + γφ′) + f φ′ = 0 (11)

f (0) = 0, f ′(0) = 1, θ(0) = 1, φ(0) = 1
f ′(∞) → 0, θ(∞) → 0, φ(∞) → 0

(12)

where γ =

√
v f L

U0R2 represents the curvature parameter, α = 1
μ f βc and λ = U0

3z2

2L3c2v f
are

fluid parameters, β0 = Lv
ρ f U0K represents the porosity parameter, Fr =

cbz
ρ f
√

K
is the inertia

coefficient, Ec = uω
2

cp(Tω−T∞)
is the Eckert number, Rd = 16σ∗T∞

3

3k∗k f
denotes the radiation

parameter, Pr =
μcp
k f

denotes the Prandtl number, θω = Tω
T∞

is the temperature ratio,

Sc =
V f
DB

is the Schmidt number, Nt = τDB(Tω−T∞)
v f

and Nb = τDB(Cω−C∞)
v f

represent the
thermophoresis and Brownian diffusion parameters, respectively.

Skin Friction and Nusselt Number

The following are the definitions of the skin friction and the local Nusselt number:

c f =
τω

ρ f u2
ω

, Nu =
zqω

k f

(
Tf − T∞

) (13)

where τω and qω are the surface shear stress and heat flux, respectively. These are defined as:

τω =

[(
μn f +

1
βc

)(
∂u
∂r

)
− 1

6βc3

(
∂u
∂r

)3
]

r=R

, qω = −
(

kn f +
16σ∗T∞

3

3k∗

)(
∂T
∂r

)
r=R

(14)

In dimensionless form, the skin friction and Nusselt number are:

Cf Rez
1/2 =

(
1

(1 − φ1)
2.5 + α

)
f ′′ (0)− λ

3
α( f ′′ (0))3, NuRez

−1/2 = −
(

kn f

k f
+ Rd

)
θ′(0) (15)

3. Entropy Optimization and Bejan Number

There are three causes of entropy Optimization in the current problem. Heat transport,
viscous dissipation, and mass diffusion all generate entropy. The entropy equation is
written as follows [18,21]:

Sg =
kn f
T∞2

(
1 + 16σ∗T3

3k∗kn f

)(
∂T
∂r

)2
+ 1

T∞

(
μn f

(
∂u
∂r

)2
+ 1

βc

(
∂u
∂r

)2 − 1
6βc3

(
∂u
∂r

)4
)

+ RD
T∞

(
∂T
∂r

∂C
∂r

)
+ RD

C∞

(
∂C
∂r

)2 (16)
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By using the typical entropy generation rate to convert Equation (16) to dimensionless
form, we obtain:

NG =
( kn f

k f
+ Rd(θ(θω − 1) + 1)3

)
(1 + 2ηγ)α1θ′2 + L1(1 + 2ηγ)θ′φ′

+L1(1 + 2ηγ) α2
α1

φ′2 + Br(1 + 2ηγ)

((
1

(1−φ1)
2.5 + α

)
f ′′ 2 − 1

3 αλ f ′′ 4
) (17)

where NG =
Sg
S0

=
Sg

k f U0(Tω−T∞)/T∞μ f L denotes the total entropy production, α1 = Tω−T∞
T∞

and α2 = C ω−C∞
C∞

are the temperature ratio and concentration ratio variables, respec-

tively, and Br =
μ f U0

2z2

k f L2(Tω−T∞)
and L1 = RD(Cω−C∞)

k f
are Brinkman number and diffusion

parameter, respectively.
Equation (17) can be written using the pattern shown below:

NG = NH + Nf + Nm (18)

Here, NH represents entropy production because of heat transmission, Nf represents
entropy production because of fluid friction, and Nm represents entropy production. The
Bejan number is defined as:

Be =
NH + Nm

NG
(19)

Be =

( kn f
k f

+ R(θ(θω − 1) + 1)3
)
(1 + 2γη)θ′2α1 + L(1 + 2γη)θ′φ′ + L(1 + 2γη) α2

α1
φ′2⎛

⎝
( kn f

k f
+ Rd(θ(θω − 1) + 1)3

)
(1 + 2ηγ)α1θ′2 + Br(1 + 2ηγ)

((
1

(1−φ1)
2.5 + α

)
f ′′ 2 − 1

3 αλ f ′′ 4
)

+L1(1 + 2ηγ)θ′φ′ + L1(1 + 2ηγ) α2
α1

φ′2

⎞
⎠

(20)

4. Numerical Method

The solution mechanism for the currently constructed model is computed in this part
manipulating the bvp4c technique (shooting scheme). The bvp4c technique (shooting
scheme) in the MATLAB tool is used to solve the ODEs (7)–(11) via (12) numerically. First,
we transform a higher-order system to a first-order system for this technique. To accomplish
this, we follow the steps below:

f = y1, f ′ = y2, f ′′ = y3, f
′′′
= y′3

θ = y4, θ′ = y5, θ′′ = y′5
φ = y6, φ′ = y7, φ′′ = y′7

(21)

y′3 =

⎛
⎜⎝ 4

3 αλγ(1 + 2ηγ)y3
3 − 2γ

(
1

(1−φ1)
2.5 + α

)
y3

+ β0

(1−φ1)
2.5 y2 + Fry2

2 −
(
(1 − φ1) + φ1

ρs
ρ f

)(
y1y3 − y2

2)
⎞
⎟⎠

(
(1 + 2ηγ)

(
1

(1−φ1)
2.5 + α

)
− λα(1 + 2ηγ)2y32

) (22)

y′5 =

⎛
⎜⎜⎜⎜⎜⎝

Ec(1 + 2ηγ)

(
1
3 λα(1 + 2ηγ)y3

4 −
(

1
(1−φ1)

2.5 + α

)
y3

2
)
− kn f /k f

Pr γy5

−
(
(1 − φ1) + φ1

(ρcp)s
(ρcp) f

)(
Nt(1 + 2ηγ)y5

2 + Nb(1 + 2ηγ)y5y7 + y1y5
)

−3 Rd
Prkn f /k f

(1 + 2ηγ)(y4(θω − 1) + 1)2(θω − 1)y5
2

⎞
⎟⎟⎟⎟⎟⎠

kn f /k f
Pr (1 + 2ηγ) + Rd

Prkn f /k f
(1 + 2ηγ)(y4(θω − 1) + 1)3

(23)

y′7 =
− Nt

Nb ((1 + 2ηγ)y′5 + γy5)− (γy7)− Scy1y7

(1 + 2ηγ)
(24)
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with
y1(0) = 0, y2(0) = 1, y4(0) = 1, y6(0) = 1

y2(∞) → 0, y4(∞) → 0, y6(∞) → 0
(25)

5. Results and Discussions

This section’s focus is on examining the effects of velocity, temperature, concentration
profile, entropy generation, and Bejan number. The influence of fluid parameter α, porosity
parameter β0, volume fraction φ1, curvature parameter γ, and inertia coefficient Fr on fluid
velocity is examined in Figure 2a–e. The effect of fluid parameter α on the velocity profile
is presented in Figure 2a. With the higher value of α, the fluid velocity and boundary layer
thickness increase. In reality, as α increases, the viscosity of the fluid declines, resulting
in an improvement in the velocity profile. The impression of the porosity factor β0 on
the velocity profile of Powell–Eyring nanofluid is shown in Figure 2b. The velocity of the
nanofluid declines when permeability of the fluid rises, which is in line with authenticity.
Moreover, the permeability of the border has no consequence on the fluid velocity as we
move away from it. The impact of volume fraction φ1 on velocity profile is plotted in
Figure 2c. By raising the volume fraction, the Powell–Eyring nanofluid velocity decreases.
The science here seems to be that when the volume fraction increases, the flow becomes
more vicious, resulting in friction forces that slow the nanofluid velocity. The feature of
the curvature parameter γ on the velocity profile is presented in Figure 2d. As γ goes up,
the fluid velocity shrinks at the surface and escalates further from the cylinder, according
to the results. In reality, as the curvature parameter is increased, the cylinder’s radius
decreases. As a result, the cylinder’s contact surface with the fluid lowers, providing less
confrontation to fluid motion. Consequently, the velocity profile rises. The impression of
inertia coefficient Fr on the velocity profile is shown in Figure 2e. The velocity profile drops
as the inertia coefficient rises.

The impact of temperature profile θ(η) against relevant flow parameters, such as
fluid parameter α, porosity parameter β0, curvature parameter γ, Prandtl number Pr,
temperature ratio θω, thermal radiation Rd, Eckert number Ec, thermophoresis constraint
Nt, and Brownian motion constraint Nb, are depicted in Figure 3a–j. Figure 3a signifies
the inspiration of the fluid constraint α on the temperature profile. Higher α values result
in a lower temperature profile, according to the findings. The viscosity of the thermal
boundary layer continues to shrink, as the higher value of fluid parameter α viscosity of
the fluid decreases.

Accordingly, the temperature profile declines. The variation in temperature profile
with η. over a range of the porous parameter β0 is shown in Figure 3b. This illustration
clearly demonstrates that the heat distribution is a weak function of β0 and that it changes
little when it passes through the thermal boundary layer. Therefore, increasing β0 causes
a modest thickening of the thermal boundary layer. The outcome of volume fraction
parameter φ1 on the temperature profile is depicted in Figure 3c. It is observed that the
increasing volume fraction raises the temperature profile. The science behind this mounting
temperature pattern is because the temperature rises as the smash flanked by the molecules
of the Powell–Eyring nanofluid rises. Figure 3d exhibits the impressions of the curvature
constraint on the temperature profile, with temperature showing an increasing trend via
γ. As γ increases, the surface contact area exposed to fluid particles decreases, resulting
in less resistance for particles and an increase in their average velocity. The temperature
rises because the Kelvin temperature is expressed by an average kinetic energy. The
characteristics of the Prandtl number Pr on the temperature distribution are exposed in
Figure 3e. The temperature profile and thickness of the thermal boundary layer are found
to diminish as the Prandtl number rises. It connects thermal diffusivity to momentum
diffusivity. Accordingly, a higher Prandtl number correlates to a reduced thermal diffusivity;
consequently, temperature distribution rises up before dropping down. Figure 3f depicts
the effects of temperature ratio θω on the temperature distribution. It has been realized that
advanced temperature ratio enhances the temperature distribution. Figure 3g depicts the
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behavior of the radiation parameter Rd on a temperature profile. For bulky levels of the
radiation parameter, temperature and the accompanying boundary layer thickness rise.
Higher values of the radiation parameter reduce the mean absorption coefficient, resulting
in an upturn in the temperature distribution. Figure 3h depicts the difference in fluid
temperature caused by the change in Eckert number Ec. The figure depicts how the fluid
temperature rises as the value of Ec rises. This happens since frictional heating produces
heat in the fluid as the value of Ec rises. Physically, the Eckert number is explained as the
ratio of kinetic energy to the difference in specific enthalpy flanked by the wall and the
fluid. As a result of the effort exerted against the viscous fluid pressures, an upsurge in
Eckert number converts kinetic energy into internal energy. As a result, as Ec rises, the
fluid’s temperature rises. As shown in Figure 3i, the thermophoresis parameter Nt has
an outcome on the temperature. The graph shows that as the number of thermophoresis
parameters Nt increases, so does the temperature. The temperature of the fluid rises as
the temperature variance amid the surface and ambient heat grows. The stimulus of the
Brownian motion Nb on the temperature is revealed in Figure 3j. This graph shows that
augmented Nb raises the temperature.

 
(a) (b) 

 
(c) (d) 

 
(e) 

Figure 2. Velocity profile variation for distinct values of (a) is α, (b) is β0, (c) is φ1, (d) is γ, (e) is Fr.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 3. Cont.
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(i) (j) 

Figure 3. Temperature profile variation for distinct values of (a) is α, (b) is β0, (c) is φ1, (d) is γ, (e) is
Pr, (f) is θω , (g) is Rd, (h) is Ec, (i) is Nt, (j) is Nb.

The consequence of significant flow parameters such as the fluid parameter α, curva-
ture parameter γ, the Schmidt number Sc, and volume fraction φ1 on the concentration
profile α are exposed in Figure 4a–d. Figure 4a demonstrates the influence of fluid parame-
ter α on concentration distribution φ(η). It is detected that the concentration profile declines
by rising the value of α. The inspiration of curvature constraint γ on the concentration
profile φ(η) is shown in Figure 4b. Proof is provided through γ rising along with the fluid
concentration and the thickness of the resulting boundary layer. The impacts of Schmidt
number Sc and volume fraction φ1 on the distribution of concentrations are depicted in
Figure 4c,d, respectively. As can be observed in both of these diagrams, the concentration
distribution diminishes for substantial values of Sc and φ1. The reason for this phenomenon
is that viscous forces increase as the concentration slows down. Sc is the ratio of mass
diffusion to viscous forces at each end of the scale. As Sc increases, viscous forces grow
and mass diffusion declines, causing the concentration distribution to decrease.

 
(a) (b) 

 
(c) (d) 

Figure 4. Concentration profile variation for distinct values of (a) is α, (b) is γ, (c) is Sc, (d) is φ1.
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The behavior of entropy optimization and Bejan number is shown in Figures 5 and 6,
respectively, for various parameters such as porosity parameter β0, volume fraction φ1,
curvature parameter γ, and Brinkman number Br. Figures 5a and 6a show the nature of
entropy formation and Bejan number for the rising porosity parameter β0. As the values of
porosity parameter β0 upsurge, the values of entropy generation escalations near the wall
slightly decrease; the Bejan number, on the other hand, exhibits the opposite pattern. As
the porosity parameter tends to oppose the fluid flow, as a result, it increases the rate of
total entropy formation. The influence of nanoparticles’ volume fraction parameter φ1 on
entropy production and Bejan number is exposed in Figures 5b and 6b. These figures show
that entropy production increases, while Bejan number drops with an escalation in volume
fraction parameter φ1. The increase in thermal conductivity and temperature of nanofluid
caused by nanoparticles is directly related to this phenomenon. Figures 5c and 6c show the
stimuli of the curvature parameter on entropy formation and Bejan number, respectively.
As γ upturns, the value of Bejan number and entropy generation increases, because less
resisting force is offered when the contact surface of a cylinder with particles is reduced.
This allows for more nanoparticle movement, increasing the rate of entropy formation. As
a result, more curved bodies produce more entropy. Figures 5d and 6d show the nature of
entropy formation and Bejan number for the rising Brinkman number Br. The outcomes of
entropy formation and Bejan number are utterly opposite when Brinkman number Br is
changed. Entropy production increases as the Brinkman number increases, as shown in
Figure 5d. The ratio of heat creation via viscous heating transition for conduction is known
as the Brinkman number. More heat is created in the system to reimburse for increasing
Brinkman number. As a result, the overall system’s level of disturbance grows. For a high
Brinkman number Br, Figure 6d shows the exact opposite characteristics.

 
(a) (b) 

 
(c) (d) 

Figure 5. Entropy optimization variation for distinct values of (a) is β0, (b) is φ1, (c) is γ, (d) is Br.
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(a) (b) 

 
(c) (d) 

α

Figure 6. Bejan number variation for distinct values of (a) is β0, (b) is φ1, (c) is γ, (d) is Br.

Table 2 indicates how the numerous constraints affect the skin friction. It is determined
that skin friction coefficient decreases for large values of the volume fraction, fluid param-
eter, porosity parameter, curvature parameter, and inertia coefficient. Table 3 indicates
the numeric data of the Nusselt number for a variety of constraints. It is determined that
Nusselt number decreases for large values of the volume fraction, fluid parameter, porosity
parameter, and temperature ratio, whereas it upsurges for superior values of the curvature
parameter. Table 4 compares the numeric values of skin fraction with the pervious result.
Both outcomes are noticed to be highly congruent.

Table 2. The skin friction coefficient variation for numerous values of φ1, α, β0, γ, and Fr.

φ1 α β0 γ Fr CfRez
1/2

0.1 - - - - −2.463269
0.2 - - - - −2.919301
0.3 - - - - −3.6675
0.1 0.1 - - - −2.002416
- 0.3 - - - −2.223522
- 0.5 - - - −2.463269
- - 0.1 - - −2.272982
- - 0.3 - - −2.368182
- - 0.5 - - −2.463269
- - - 0.1 - −1.893775
- - - 0.3 - −2.045572
- - - 0.5 - −2.186751
- - - - 0.1 −1.948242
- - - - 0.5 −2.045572
- - - - 0.9 −2.138431
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Table 3. The variation in Nusselt number for numerous values of φ1, α, β0, γ, and θω .

φ1 α β0 γ θω NuRez
−1/2

0.1 - - - - 0.416374
0.2 - - - - 0.413638
0.3 - - - - 0.3887
- 0.1 - - - 0.449055
- 0.3 - - - 0.43289
- 0.5 - - - 0.416374
- - 0.1 - - 0.441787
- - - - 0.428625
- - - - 0.416374
- - - 0.1 - 0.330731
- - - 0.3 - 0.357808
- - - 0.5 - 0.380167
- - - - 0.1 0.419923
- - - - 0.3 0.418526
- - - - 0.5 0.409504
- - - - - -
- - - - - -

Table 4. Comparison of f ′′ (0) skin friction values for several fluid parameter α values.

α Present Result Hayat et al. [12]

0.2 −0.7749406 −0.91287
0.4 −0.7282394 −0.84516
0.6 −0.6891753 −0.79057
0.8 −0.6558923 −0.74536
1.0 −0.6270961 −0.70711

6. Conclusions

In this research, an entropy generation interpretation for axisymmetric flow of Powell–
Eyring nanofluid via a horizontal porous stretching cylinder was performed. By using
a similarity variable transformation system, the nonlinear equation describing the flow
problem is changed to nonlinear ODEs, which are then solved using bvp4c. The impacts
of several factors in the model problem on velocity, temperature, concentration, entropy
optimization, Bejan number, drag force, and Nusselt number are analyzed. The following
conclusions were derived from the study’s findings:

• It is indicated that with growing value of fluid parameter α, velocity increased, while
with rising values of porosity parameter β0, the volume fraction φ1, curvature parame-
ter γ, and inertia coefficient Fr velocity profile declined.

• The temperature declined with the mounting value of fluid parameter α, whereas it
increased with increasing values of the porosity parameter β0, volume fraction φ1,
curvature parameter γ, temperature ratio θω, thermal radiation Rd, Eckert number
Ec, thermophoresis parameter Nt, and Brownian motion Nb. It is noted that the
temperature of the fluid rose up and then dropped down when we increased the
Prandtl number.

• The concentration profile declined with rising values of fluid parameter α, curvature
parameter γ, the Schmidt number Sc, and volume fraction φ1.

• Entropy optimization rose up for the values of volume fraction φ1, curvature parameter
γ, and Brinkman number Br, whereas for the rising value of porosity parameter β0,
entropy optimization first increased and then decreased.

• Bejan number decayed down for greater φ1 and Brinkman number, while for a higher
value of curvature parameter, Bejan number rose up. It is indicated that if we increased
the porosity parameter β0, Bejan number decayed down first and then rose up.
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• It is concluded that skin friction decreased for a large number of volume fraction,
fluid parameter, porosity parameter, curvature parameter, and inertia coefficient,
whereas Nusselt number decreased for a cumulative number of volume fraction, fluid
parameter, porosity parameter, and temperature ratio, whereas it rose for a cumulative
number of curvature parameter.
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Abstract: In the current study, since nanofluids have a high thermal resistance, and because non-
Newtonian (Ree-Eyring) fluid movement on a stretching sheet by means of suspended nanoparticles
AA7072-AA7075 is used, the proposed mathematical model takes into account the influence of
magnetic dipoles and the Koo-Kleinstreuer model. The Cattaneo-Christov model is used to calculate
heat transfer in a two-dimensional flow of Ree-Eyring nanofluid across a stretching sheet, and
viscous dissipation is taken into account. The base liquid water with suspended nanoparticles
AA7072-AA7075 is considered in this study. The PDEs are converted into ODEs by exhausting
similarity transformations. The numerical solution of the altered equations is then performed utilising
the HAM. To examine the performance of velocity, temperature profiles, concentration profiles, skin
friction, the Nusselt number, and the Sherwood number, a graphical analysis is carried out for
various parameters. The new model’s key conclusions are that the AA7075 alloy outperforms the
AA7072 alloy in terms of thermal performance as the volume fraction and ferro-magnetic interaction
constraint rise. Additionally, the rate of heat transmission and the skin friction coefficient improve as
the volume fraction rises.

Keywords: Ree-Eyring nanofluid; magnetic dipole; viscous dissipation; Cattaneo-Christov model;
Koo-Kleinstreuer model; chemical reaction

1. Introduction

The progressive thermal patterns of nanoparticles have an extensive range of ex-
ploitations in the engineering, industrial, technical, and biomedical fields. Many thermal
engineering and industrial processes employ nanofluids to increase their thermal efficiency.
In recent decades, dynamic scientists have shown interest in nanoparticles with a small
size (1–100 nm). Nanofluids are nanoparticle suspensions in base fluids. It is noted that
these particles do not change the reaction process, but they do improve the fundamental
thermal processes of base liquids at the peak level. Nanoparticles are used in sophisticated
thermal extrusion systems, engineering heating devices, biomedical applications, cancer
treatments, the chemotherapy process, energy resources, heat exchangers, manufacturing
processes, thermal management equipment, and many other applications. Usually, these
nanoparticles undergo aggregation so that a fluid can flow through a porous medium
as a completely interconnected network (ideal porous pipe), formed by the constricted
channel between each pore. Choi [1] proposed a ground-breaking study on the thermal
characteristics of nanofluids, prompting other researchers to pay attention to the subject.
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Here, we briefly highlight certain contributions due to innovative research on the subject.
Kishan and Deepa [2] studied the immersion of nanoparticles in micropolar liquid and
the stagnation point flow in a porous region. In a nanofluid material flow constrained by
a vertical surface, Alim et al. [3] used the Joule heating process. Sheikholeslami et al. [4]
conducted research on CuO nanoparticles contained in a heated chamber with a sensodial
wall. The heat process in nanomaterial within a micro-channel with a sinusoidal double
layer was studied by He et al. [5]. Mahdavi et al. [6] used nanoparticles to identify cooling
applications in a hot jet surface. Abdelsalam et al. [7] addressed the thermal repercussions
of hybrid nanofluids in blood flow when electro-osmotic forces are present. Nadeem
et al. [8] used dual solution simulations to visualise the slip characteristics of nanofluid
flow. Khan et al. [9] concentrated on the thermal characteristics of hybrid nanofluids in
unsteady flow. Abbas et al. [10] investigated the influence of time-dependent viscosity on
nanofluid flow over the Riga surface. Awais et al. [11] used the KKL model to investigate
heat transfer in a suspension of nanomaterials containing (CuO and Al2O3).

Nanomaterials are important because of their high thermal and mechanical properties.
The characteristics of the nanoliquids formed by each nanomaterial are considerably altered
by these materials. Among nanomaterials, there is a substance known as aluminium alloy,
in which aluminium plays a major role. Heat treatable and non-heat treatable alloys are the
two main types of aluminium alloys. Aluminium alloys are widely utilised in the construc-
tion, testing, and production of spacecraft, aircraft parts, and other structures. Researchers
have investigated numerous flow models consisting of aluminium alloys and discovered
remarkable thermal transport behaviour due to the improved heat transport features of
AA7072 and AA7075 aluminium alloys. Sandeep and Animasaun [12] reported an exami-
nation of heat transfer in nanoliquids consisting of AA7072 and AA7075 aluminium alloys
while considering the impact of varying Lorentz forces. They discovered that nanoliquid
made of AA7075 alloy is superior in terms of heat transmission to nanoliquid made of
AA7072. Kandasamy at al. [13] considered the electric field strength for the analysis of heat
transport in magnetised AA7075 alloys. Tlili et al. [14] investigated three-dimensional heat
transfer characteristics in the hybrid colloidal model AA7072-AA7075/Methanol under
various velocity conditions. They used a numerical approach to the model and described
the results in terms of flow regimes.

Since MHD is commonly used in numerous fields, such as the polymer and petroleum
industries, a significant amount of thought has been given to the approach of magnetic
fields in liquid flow in recent decades. As we know that the pace of cooling is even more
essential than in the standard processes, numerous fabrication processes have been used
to regulate the rate of cooling for magneto-hydrodynamic liquids. Unifying metals in
electric heaters, metal casting, and gem creating are some of the other functions of magneto-
hydrodynamics. It also assists in the cooling of the atomic reactor’s internal dividers.
Magneto-hydrodynamic flows were first sculpted and highly valued in biodesign because
they are used in a variety of symptomatic kinds of sickness. In this approach, studying
magneto-hydrodynamic flow has a significant impact on several scientific fields. The
convective circumstances for MHD Jeffrey flow on an elaborated sheet were examined by
Ahmad et al. [15]. Khan et al. [16] studied MHD Falknar-Skan flow through a permeable
material with a convective boundary condition. Malik et al. [17] explored MHD hyperbolic
flow through an expanded cylinder via numerical methodology, the Kellor-Box method. By
assuming magnetic field-dependent viscosity effects, Sheikholeslami et al. [18] described
MHD nanofluid flow. The finite element method was used to address this problem.

Flow due to a stretchy surface has risen in prominence among researchers in recent
years, owing to its widespread application in industry. Hot rolling, paper production,
glass blowing, polymer extrusion, metal extrusion, and crystal growth are only a few of
these uses. Crane [19] started flow research with an enlarged sheet. The fluid stream in
an enlarged channel was examined by Brady and Acrivos [20]. Researchers discovered
that there is a solution for a two-dimensional flow for any given Reynolds number. The
movement of fluid past a stretchable cylinder was studied by Wang [21]. By changing the
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heat flux, Elbashbeshy [22] investigated heat transfer across a stretchy surface. By using
a viscous fluid created by a stretchable surface, Nadeem et al. [23] examined a stagnation-
point stream. Different fluid flow over stretched surfaces was inspected by Awan et al. [24].
The production of entropy for MHD Maxwell fluid across a stretchable and penetrable
surface was investigated by Jawad et al. [25].

Because of its vast industrial use in nuclear reactor cooling, chemical engineering,
geothermal reservoirs, and thermal oil recovery, the chemical reaction effect has gained
a tremendous response. Generally, the relationship between mass transfer and chemical
reaction is very important, and it can be studied in terms of reactant species deployment
and creation at various speeds during nanofluid mass transfer. Bestman et al. [26] con-
ducted ground-breaking work in defining these influences. Mustafa et al. [27] examined
a hydromagnetic flow past a radial surface caused by chemical reaction and Arrhenius
activation energy. They found that the concentration of a species rises as the activation
energy of a chemical process rises. Mohyud-Din et al. [28] looked at how chemical reactions
affected convergent/divergent channels. Aleem et al. [29] instigated alternative forms of
water based nanofluids, such as titanium-oxide, aluminium-oxide, and copper-oxide, that
arose in a porous media after a chemical reaction and Newtonian heating.

The majority of industrial applications necessitate non-Newtonian nanofluids with
non-linearly related shear rates and shear stresses. The shear rate is heavily influenced by
the timeframe of the shear stress. Thus, coefficients such as viscosity do not fully describe
shear stress in such nanofluids. As a result, numerous mathematicians have debated the
class of non-Newtonian models, one of which is the Ree-Eyring nanofluid model. Inks,
molten polymers, adhesives, paints, organic materials, and other non-Newtonian fluids are
some examples. These are used in food industries, drilling rigs, cooling systems, adhesive
industries, and so on. Hayat et al. [30] conducted an entropy examination in the flow of
Ree-Eyring nanofluid in this respect. Tanveer and Malik [31] investigated the thermal
effectiveness of Ree-Eyring nanofluid peristaltic flow. Khan et al. [32] investigated the effect
of Lorentz force on the velocity of a Ree-Eyring nanofluid flow past a paraboloid surface.
Al-Mdallal et al. [33] investigated the thermal properties of Cu-Water nanofluid under the
sway of radiation. Purna et al. [34] used the Darcy-Frochheimer law to examine the flow of
Ree-Eyring nanofluid on a porous plate inclined at an angle, as well as the impact of the
chemical reaction. Some recent studies about nanofluids and heat transfer properties are
mentioned in Refs. [35–38].

The main goal of this article is to study the existence of a magnetic dipole and the Koo-
Kleinstreuer model using different alloys over a stretching sheet. The Cattaneo-Christov
model is used to calculate heat transfer in a two-dimensional flow of Ree-Eyring nanofluid
across a stretching sheet. The mathematical formulation is created in the following section,
utilising fluid flow assumptions. By applying appropriate similarity transformations, the
physical flow phenomenon is represented and then translated into a non-dimensional form.
The HAM is used to arrive at a solution. Through graphical demonstrations, the influences
of a few key parameters on the temperature, velocity fields, and concentration profile
are highlighted.

2. Mathematical Model and Formulation

We consider a Ree-Eyring nanofluid flow in a two-dimensional laminar boundary
layer with the influence of magnetic dipoles. Furthermore, the Cattaneo-Christov heat
flow model is used to analyse heat transmission. The magnetic dipole is located under the
sheet, whereas the electrically non-conductive and incompressible Ree-Eyring nanofluid
is located above the sheet in the half-space y > 0. Figure 1 depicts the flow geometry. By
assuming two conflicting and comparable forces along the x-axis, the sheet is stretched
at a proportional rate to the distance between it and the fixed origin x = 0. The dipole
centre is located on the y-axis below the x-axis. It has a powerful magnetic field directed in
the positive x-direction, which increases the magnetic field’s intensity enough to feed the
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Ree-Eyring nanofluid. The stretched sheet is kept at a temperature Tw underneath Curie’s
temperature Tc, although the far-flung liquid elements are thought to be at T = Tc.

Figure 1. Physical description flow geometry.

Using the Koo-Kleinstreuer model, the efficacious kn f of nanofluids can be displayed
as [11]

kn f = kstatic + kBrownian

where

kstatic =
k f

(
ks + 2k f

)
+ 2φ

(
ks − k f

)
k f

(
ks + 2k f

)
− φ

(
ks − k f

) ·kBrownian = 5 × 104γ∅
(
ρCp

)
f

√
kβT

2ρprp
Γ(T, φ),

where kβ = 1.38 × 10−23m2kgs−2k−1 is the Boltzmann physical constant and rp is the
nanoparticle radius.

Particularly,
γ = 0.0137(100φ)−0.8229, where φ < 1%;
γ = 0.0011(100φ)−0.7272, where φ > 1%;
0.01 < φ < 0.04 300K < T < 325K.
Taking into account μn f reliance on particle volume fraction,

μn f = μstatic + μBrownian

where
and μstatic = μ f (1 − φ)−2.5 and μBrownian =

kBrownian
k f

μ f

Pr f

The governed equation is formulated as follows [32,36,37]:

∂u
∂x

+
∂v
∂y

= 0 (1)

u
∂u
∂x

+ v
∂u
∂y

=
1

ρn f

(
1

β1ε
+ μn f

)(
2

∂2u
∂x2 +

∂2v
∂x∂y

+
∂2u
∂y2

)
+

μ0M
ρn f

∂H
∂x

(2)
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u ∂T
∂x + v ∂T

∂y + λ2ΩE =
kn f

(ρCp)n f

(
∂2T
∂y2 + ∂2T

∂x2

)
+ 1

(ρCp)n f

(
1

β1ε + μn f

)(
∂u
∂y

)2

− μ0T
(ρCp)n f

∂M
∂T

(
u ∂H

∂x + v ∂H
∂y

) (3)

u
∂C
∂x

+ v
∂C
∂y

= Dn f

(
∂2T
∂y2 +

∂2T
∂x2

)
− kr(C − Cc) (4)

In the above equation, the term ΩE is defined as

ΩE = u
∂u
∂x

∂T
∂x

+ v
∂v
∂y

∂T
∂y

+ u2 ∂2T
∂x2 + v2 ∂2T

∂y2 + 2uv
∂2T
∂x∂y

+ u
∂v
∂x

∂T
∂y

+ v
∂u
∂y

∂T
∂y

(5)

The associated boundary limitations are as follows:

u = cx, v = 0, T = Tw, C = Cw at y = 0
u → 0, T → Tc, C → Cc at y → ∞

}
(6)

The magnetic field affects the presumed liquid flow due to the magnetic dipole, and
its magnetic scalar potential is given by

φ1 =
x

(y + a)2 + x2

γ

2π
(7)

Hy = −∂φ1

∂y
=

2(y + a)x

((y + a)2 + x2)
2

γ

2π
, Hy = −∂φ1

∂x
= − (y + a)2 − x2

((y + a)2 + x2)
2

γ

2π
(8)

where

H =

[(
∂φ1

∂y

)2
+

(
∂φ1

∂x

)2
]1/2

(9)

We attain that

∂H
∂y

=

[
4x2

(y + a)5 − 2

(y + a)3

]
γ

2π
,

∂H
∂x

=

[
− 2x

(y + a)4

]
γ

2π
(10)

Supposing that the applied field H is strong enough to saturate the supposed fluid and
that the linear equation approximates the variance of magnetisation M with temperature T,

M = K(Tc − T) (11)

The following are some of the similarities:

(η, ξ) =
√

c
v f
(y, x), ψ(η, ξ) =

(
μ f
ρ f

)
ξ f (η)

T = Tc − (Tc − Tw)θ(η, ξ) = Tc − (Tc − Tw)
[
θ1(η) + ξ2θ2(η)

] (12)

The stream function ψ is given below:

u =
∂ψ

∂y
= cx f ′(η), v = −∂ψ

∂x
= −√cv f f (η) (13)

The continuity equation is easily satisfied, while the momentum, thermal equations,
and mass transfer are transferred to the relating set of ODEs:(

ε2We + ε1 +
kBrownian
k f Pr f ε2

)
f ′′′ − ε2

2βθ1

(η + α)4 + f f ′′ − f ′2 = 0 (14)

ε3
kn f

k f

1
Pr
(
θ
′′
1 + 2θ2

)
+ f θ′1 + ε3

1
Pr

2λβ

(η + α)4 f (θ1 − ε)− δe

(
f 2θ

′′
1 + f f ′θ′1

)
= 0 (15)
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ε3
kn f
k f

1
Pr θ

′′
2 + f θ2

λ
Pr

(
ε2We + ε1 +

kBrownian
k f Pr f ε2

)
f ′2 − ε3

λβ(θ1−δ)
Pr

[
4 f

(η+α)5 +
2 f ′

(η+α)4

]
+ε3

1
Pr

2λβ

(η+α)3 f θ2 − δe

(
f 2θ

′′
2 − 3 f f ′θ′2 − 2 f f ′′ θ2 + 4 f ′2θ2

) = 0 (16)

(1 − φ)2.5 1
Sc
(
χ
′′
1 + 2χ2

)
+ f χ′

1 − σχ1 = 0 (17)

(1 − φ)2.5 1
Sc

χ
′′
2 + f χ′

2 − 2χ2 f ′ − σχ2 = 0 (18)

where

ε1 =
1

(1 − φ)2.5
(

1 − φ + φ
ρs
ρ f

) , ε2 =
1(

1 − φ + φ
ρs
ρ f

) , ε3 =
1(

1 − φ + φ
(ρCp)s
(ρCp) f

) (19)

Reduced conditions:

f (0) = 0, f ′(0) = 1, θ1(0) = 1, θ2(0) = 0, χ1(0) = 1, χ2(0) = 0
f ′(∞) → 0, θ1(∞) → 0, θ2(∞) → 0, χ1(∞) → 0, χ2(∞) → 0

}
(20)

where

α =
√

c
v f

a, β = μ0K
γρ f

2πμ f
2 (Tc − Tw), We = 1

β1εμ f
, δe = cλ2, δ = Tc

(Tc−Tw)

λ =
cμ f

2

k f ρ f (Tc−Tw)
, Pr =

μ f Cp
k f

, σ = kr
c , Sc =

v f
Df

, Re = cx2

v f

(21)

The definitions of the quantities of physical interests are as follows:

Cfx =
−2

(
1

βε +μn f

)(
∂2u
∂x2

)
y=0

ρ(cx)2 , Nux =
−xkn f

(
∂T
∂y

)
y=0

(Tw−Tc)
,

Shx =
−x

(
∂C
∂y

)
y=0

(Cw−Cc)

(22)

The quantities of physical interest corresponding to Equations (12) and (13) transform
the following equations:

√
RexCfx = −2(1 + We)

(1 − φ)2.5 f ′′ (0) (23)

(Rex)
−1/2Nux = − kn f

k f

(
θ′1(0) + ξ2θ′2(0)

)
(24)

(Rex)
−1/2Shx = −(1 − φ)2.5

(
χ′

1(0) + ξ2χ′
2(0)

)
(25)

3. Solution Method and Details

In order to solve Equations (14–18) under the boundary conditions (19, 20), we use the
Homotopy Analysis Method (HAM) with the following procedure. The solutions with the
auxiliary parameters h̄ adjust and control the convergence of the solutions.

The initial guesses are selected as follows:

f0(η) =
(
1 − e−η

)
, θ1, 0(η) = e−η , θ2, 0(η) = ηe−η , χ1, 0(η) = e−η , χ2, 0(η) (26)

The linear operators are taken as L f , Lθ1 , Lθ2 , Lχ1 , Lχ2

L f ( f ) = f ′′′ − f ′, Lθ1(θ1) = θ
′′
1 − θ1, Lθ2(θ2) = θ

′′
2 − θ2

Lχ1(χ1) = χ
′′
1 − χ1, Lχ2(χ2) = χ

′′
2 − χ2

(27)
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which have the following properties:

L f (c1 + c2e−η + c3eη) = 0, Lθ1(c4eη + c5e−η) = 0
Lθ2(c6eη + c7e−η) = 0, Lχ1(c8e−η + c9eη) = 0, Lχ1(c10e−η + c11eη) = 0

(28)

where ci(i = 1 − 11) are the constants in general solution:
The resultant non-linear operatives Nf , Nθ1 , Nθ2 , Nχ1 , Nχ2 are given as

Nf [ f (η; p), θ1(η; p)] =

(
ε2We +

kBrownian
k f Pr f ε2

)
∂3 f (η; p)

∂η3 − ε2
2β

(η + α)4 θ1(η; p)−
(

∂ f (η; p)
∂η

)2
+ f (η; p)

∂2 f (η; p)
∂η2 (29)

Nθ1 [ f (η; p), θ1(η; p), θ2(η; p)] = ε2
kn f
k f

1
Pr

(
∂2θ1(η;p)

∂η2 + 2θ2(η; p)
)
+

f (η; p) ∂θ1(η;p)
∂η + ε2

1
Pr

2λ

(η+α)4 ( f (η; p)θ1(η; p)− ε f (η; p))−

δe

(
( f (η; p))2 ∂2θ1(η;p)

∂η2 + f (η; p) ∂ f (η;p)
∂η

∂θ1(η;p)
∂η

) (30)

Nθ2 [ f (η; p), θ1(η; p), θ2(η; p)] = ε2
kn f
k f

1
Pr

∂2θ2(η;p)
∂η2 +

λ
Pr

(
ε2We + ε1

kBrownian
k f Pr f ε2

)
f (η; p)

(
∂ f (η;p)

∂η

)2
θ1(η; p) + ε2

2λ
Pr

1
(η+α)3 f (η; p)θ2(η; p)

−ε2
λβ
Pr

[
4

(η+α)5 f (η; p) + 2
(η+α)4

∂ f (η;p)
∂η

]

δe

⎛
⎝ ( f (η; p))2 ∂2θ2(η;p)

∂η2 − 3 f (η; p) ∂ f (η;p)
∂η

∂θ2(η;p)
∂η

− f (η; p) ∂2 f (η;p)
∂η2 θ2(η; p) + 4

(
∂ f (η;p)

∂η

)2
θ2(η; p)

⎞
⎠

(31)

Nχ1 [ f (η; p), χ1(η; p), χ2(η; p)] = (1 − φ)2.5 1
Sc

(
∂2χ1(η;p)

∂η2 + 2χ2(η; p)
)
+

f (η; p) ∂χ1(η;p)
∂η − σχ1(η; p)

(32)

Nχ2 [ f (η; p), χ2(η; p)] = (1 − φ)2.5 1
Sc

∂2χ1(η;p)
∂η2 + f (η; p) ∂χ2(η;p)

∂η

−2 ∂ f (η;p)
∂η χ2(η; p)− σχ2(η; p)

(33)

The basic idea of the HAM is described in [1–7]; the zeroth-order problems from
Equations (14)–(18) are

(1 − p)L f [ f (η; p)− f0(η)] = ph̄ f Nf [ f (η; p), θ1(η; p)] (34)

(1 − p)Lθ1 [θ1(η; p)− θ1, 0(η)] = ph̄θ1 Nθ1 [ f (η; p), θ1(η; p), θ2(η; p)] (35)

(1 − p)Lθ2 [θ2(η; p)− θ2, 0(η)] = ph̄θ2 Nθ2 [ f (η; p), θ1(η; p), θ2(η; p)] (36)

(1 − p)Lχ1 [χ1(η; p)− χ1, 0(η)] = ph̄χ1 Nχ1 [ f (η; p), χ1(η; p), χ2(η; p)] (37)

(1 − p)Lχ1 [χ2(η; p)− χ2, 0(η)] = ph̄χ2 Nχ2 [ f (η; p), χ2(η; p)] (38)

The equivalent boundary conditions are

f (η; p)|η=0 = 0, ∂ f (η;p)
∂η

∣∣∣
η=0

= 1, ∂ f (η;p)
∂η

∣∣∣
η→∞

= 0

θ1(η; p)|η=0 = 1, θ1(η; p)|η→∞ = 0
θ2(η; p)|η=0 = 0, θ2(η; p)|η→∞ = 0
χ1(η; p)|η=0 = 1, χ1(η; p)|η→∞ = 0
χ2(η; p)|η=0 = 0, χ2(η; p)|η→∞ = 0

(39)
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where p ∈ [0, 1] is the imbedding parameter; h̄ f , h̄θ1 , h̄θ2 , h̄χ1 , h̄χ2 are used to control the
convergence of the solution. When p = 0 and p = 1, we have

f (η; 1) = f (η), θ1(η; 1) = θ1(η), θ2(η; 1) = θ2(η), χ1(η; 1) = χ1(η), χ2(η; 1) = χ2(η) (40)

Expanding f (η; p), θ1(η; p), θ2(η; p), χ1(η; p), χ2(η; p) in Taylor’s series about p = 0

f (η; p) = f0(η) +
∞
∑

m=1
fm(η)pm

θ1(η; p) = θ1, 0(η) +
∞
∑

m=1
θ1,m(η)pm

θ2(η; p) = θ2, 0(η) +
∞
∑

m=1
θ2,m(η)pm

χ1(η; p) = χ1, 0(η) +
∞
∑

m=1
χ1,m(η)pm

χ2(η; p) = χ2, 0(η) +
∞
∑

m=1
χ2,m(η)pm

(41)

where

fm(η) =
1

m!
∂ f (η;p)

∂η

∣∣∣
p=0

, θ1, m(η) =
1

m!
∂θ1(η;p)

∂η

∣∣∣
p=0

θ2, m(η) =
1

m!
∂θ2(η;p)

∂η

∣∣∣
p=0

, χ1, m(η) =
1

m!
∂χ1(η;p)

∂η

∣∣∣
p=0

, χ2, m(η) =
1

m!
∂χ2(η;p)

∂η

∣∣∣
p=0

(42)

The secondary constraints h̄ f , h̄θ1 , h̄θ2 , h̄χ1 , h̄χ2 are chosen in such a way that the
series (40) converges at p = 1; switching p = 1 in (40), we obtain

f (η) = f0(η) +
∞
∑

m=1
fm(η)

θ1(η) = θ1, 0(η) +
∞
∑

m=1
θ1,m(η)

θ2(η) = θ2, 0(η) +
∞
∑

m=1
θ2,m(η)

χ1(η) = χ1, 0(η) +
∞
∑

m=1
χ1,m(η)

χ2(η) = χ2, 0(η) +
∞
∑

m=1
χ2,m(η)

(43)

The mth-order problem satisfies the following:

L f [ fm(η)− χm fm−1(η)] = � f R f
m(η)

Lθ1 [θ1,m(η)− χmθ1,m−1(η)] = �θ1 Rθ1
m (η)

Lθ2 [θ2,m(η)− χmθ2,m−1(η)] = �θ2 Rθ2
m (η)

Lχ1 [χ1,m(η)− χmχ1,m−1(η)] = �χ1 Rχ1
m (η)

Lχ2 [χ2,m(η)− χmχ2,m−1(η)] = �χ2 Rχ2
m (η)

(44)

The corresponding boundary conditions are as follows:

fm(0) = f ′m(0) = θ′1, m(0) = θ′2, m(0) = χ1, m(0) = χ2, m(0) = 0

f ′m(∞) = θ1, m(∞) = θ2, m(∞) = χ1, m(∞) = χ2, m(∞) = 0
(45)

Here

R f
m(η) =

(
ε2We + kBrownian

k f Pr f ε2

)
f ′′′m−1 − ε2

2β

(η+α)4 θ1, m−1 − ∂3 f (η;p)
∂η3 −

ε2
2β

(η+α)4 θ1(η; p)−
m−1
∑

k=0
f ′m−1 f ′k +

m−1
∑

k=0
fm−1−k f ′′k

(46)
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Rθ1
m (η) = ε2

kn f
k f

1
Pr

(
θ
′′
1, m−1 + 2θ2, m−1

)
+ ε2

1
Pr

2λ

(η+α)4

(
m−1
∑

k=0
fm−1−kθ1, k − ε fm−1

)

+
m−1
∑

k=0
fm−1−kθ′1, k − δe

[
m−1
∑

k=0
fm−1−k

k
∑

i=0
fk−iθ

′
1,i +

m−1
∑

k=0
fm−1−k

k
∑

i=0
f ′k−iθ1, i

] (47)

Rθ2
m (η) = ε2

kn f
k f

1
Pr θ

′′
2,m−1 +

λ
Pr

(
ε2We + ε1

kBrownian
k f Pr f ε2

) m−1
∑

k=0
fm−1−k

k
∑

i=0
f ′k

i
∑

p=0
f ′i−pθ1,p

−ε2
λβ
Pr

[
4

(η+α)5 fm−1 +
2

(η+α)4 f ′m−1

]
+ ε2

2λβ
Pr

1
(η+α)3

m−1
∑

k=0
fm−1−kθ2,k

δe

⎡
⎢⎢⎣

m−1
∑

k=0
fm−1−k

k
∑

i=0
fk−iθ

′′
2,i − 3

m−1
∑

k=0
fm−1−k

k
∑

i=0
f ′k−iθ2,i−

m−1
∑

k=0
fm−1−k

k
∑

i=0
f ′′k−iθ2,i + 4

m−1
∑

k=0
f ′m−1−k

k
∑

i=0
f ′k−iθ2,i

⎤
⎥⎥⎦

(48)

Rχ1
m (η) = (1 − φ)2.5 1

Sc

(
χ
′′
1, m−1 + 2χ2, m−1

)
+

m−1

∑
k=0

fm−1−kχ′
1,k − σχ1, m−1 (49)

Rχ2
m (η) = (1 − φ)2.5 1

Sc
χ
′′
2, m−1 +

m−1

∑
k=0

fm−1−kχ′
2,k −

m−1

∑
k=0

f ′m−1−kχ2,k − σχ2, m−1 (50)

where

χm =

{
0, i f p ≤ 1
1, i f p > 1

(51)

Validation and Comparison

Table 1 shows the physical properties of nanofluid. A comparison of the validation
of the results for the velocity, temperature, and concentration fields using the Homotopy
Analysis Method and a numerical (ND-solve) method are shown in Tables 2–4 and in
Figures 2–4. From these tables and figures, it can be observed that the results of both
methods are in good agreement.

Table 1. The base fluids’ and nanoparticles’ material properties.

Fluids ρ
(
kg/m3) Cp (J/kg·K) k (W/m·K)

H2O 997.1 4179 0.613
AA7072 2810 960 173
AA7075 2720 893 222

Table 2. Comparison table for HAM solution and numerical method for velocity field and their results.

η HAM Solution Numerical Solution Absolute Error

0.0 1.000000 1.000000 0.000000
0.5 0.672325 0.672090 0.000235
1.0 0.450868 0.450368 0.000501
1.5 0.300635 0.300102 0.000532
2.0 0.198485 0.198011 0.000474
2.5 0.128841 0.128458 0.000383
3.0 0.081224 0.080938 0.000286
3.5 0.048575 0.048379 0.000196
4.0 0.026132 0.026014 0.000118
4.5 0.010669 0.010617 0.000053
5.0 8.649750 × 10−8 1.697710 × 10−8 6.952040 × 10−8
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Table 3. Comparison table for HAM solution and numerical method for temperature field and
their results.

η HAM Solution Numerical Solution Absolute Error

0.0 1.000000 1.000000 2.775560′′ × 10−15

0.5 1.422530 1.422300 0.000240
1.0 1.520240 1.519810 0.000432
1.5 1.422380 1.421830 0.000551
2.0 1.222520 1.221930 0.000592
2.5 0.982008 0.981442 0.000566
3.0 0.737851 0.737362 0.000489
3.5 0.510493 0.510113 0.000380
4.0 0.309869 0.309615 0.000254
4.5 0.139648 0.139524 0.000124
5.0 −2.16757′′ × 10−7 7.061450′′ × 10−8 2.873720′′ × 10−7

Table 4. Comparison table for HAM solution and numerical method for concentration field and
their results.

η HAM Solution Numerical Solution Absolute Error

0.0 1.000000 1.000000 0.000000
0.5 0.662316 0.662225 0.000090
1.0 0.449273 0.449152 0.000121
1.5 0.309253 0.309134 0.000119
2.0 0.213854 0.213750 0.000104
2.5 0.146837 0.146752 0.000085
3.0 0.098537 0.098472 0.000066
3.5 0.062965 0.062918 0.000047
4.0 0.036264 0.036234 0.000030
4.5 0.015864 0.015850 0.000014
5.0 1.648660′′ × 10−7 5.280260′′ × 10−8 1.120640′′ × 10−7

Figure 2. Comparison graph for velocity profile.
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Figure 3. Comparison graph for temperature profile.

Figure 4. Comparison graph for concentration profile.

4. Results and Discussion

This section uses plotted figures to discuss the physical aspects of flow, thermal field
changes, and concentration profile, and to explain physical interpretations triggered by the
dominant dimensionless factors. The HAM is used to solve shortened ODEs numerically.
Two diverse cases, namely, the AA7072 alloy and the AA7075 alloy, are well-thought-out in
this analysis. Graphs are used to explain the effects of various specifications on f ′(η), θ1(η),
and χ1(η), such as the Ree-Eyring fluid parameter, the ferromagnetic interaction parameter,
the Schmidt number, the Prandtl number, and the reaction rate parameter. Additionally,
skin friction and the Nusselt number are illustrated graphically.

Figure 5 shows the change in f ′(η) of both alloys AA7072 and AA7075 as β changes. In
this case, increasing β lowers the f ′(η) of both alloys. This means that a large mass flux can
reduce the velocity of the liquid on the surface. The occurrence of β and Curie temperature
in this circumstance is crucial to consider the ferromagnetic stimulus on the flow, which
upsurges liquid viscosity and diminishes the velocity gradient. Physically, when the
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magnetic influence is absent, the fluid velocity upsurges. The magnetic dipole effect,
on the other hand, causes the fluid velocity to decrease. Furthermore, when comparing
the AA7072 alloy to the AA7075 alloy, fluid velocity is quite slow. Figure 6 depicts the
oscillation in f ′(η) with various values of φ for both alloys. The increase in φ lowers the
f ′(η). The velocity f ′(η) of both alloys decreases as the volume fraction rises. Furthermore,
when compared to the AA7075 alloy, the velocity of the AA7072 alloy is strongly motivated
by the volume fraction and falls faster. Figure 7 depicts the behaviour of f ′(η) in relation to
the Weissenberg number We. The velocity of the liquid is observed to be reduced across
the entire domain as the Weissenberg number rises. Furthermore, when the Weissenberg
number increases, the velocity layer thickness decreases. Mathematically, the Weissenberg
number We is used in the investigation of viscoelastic flows. It is the ratio of viscous and
elastic forces. As a result, as the Weissenberg number rises, the viscous forces diminish, and
the velocity profile rises. Figure 8 indicates the effects of β on θ1(η) for both alloys. This
indicates that an increase in β values significantly improves the temperature profile θ1(η).
This is due to the fact that as the tension between the fluid particles boosts, too much heat
is produced, resulting in higher fluid temperatures. Furthermore, for both AA7072 and
AA7075 alloys, the inter-relevance thickness of the thermal layer is increased. Additionally,
in AA7075 and when treated with AA7072 alloy, the closeness of the thermal layer further
improves. Figure 9 shows that as Pr increases, so does the temperature of the fluid θ1(η).
According to the observations, the thickness of the boundary layer appears to decrease
as Pr increases. As a result, as the Prandtl number upsurges, so does the rate of thermal
conductivity. Pr is the ratio of thermal diffusivity and momentum diffusivity. As a result,
with a higher Pr, heat will dissipate from the sheet more quickly. Fluids with a higher Pr
have a lower thermal conduction value. As a result, the Pr attempts to improve the cooling
behaviour of the flows. The effect of λ on the θ1(η) profile is portrayed in Figure 10. It shows
that as the value of λ increases, the temperature field decays. Additionally, for booming
values of λ, the inter-relevance thickness is reduced for both alloys. Furthermore, heat
abatement is enhanced in AA7072 alloy when treated with AA7075 alloy. The fluctuation
in the thermal gradient for various values of δe for both alloys is shown in Figure 11. The
thermal distribution is enhanced when the values of the thermal relaxation parameters are
increased. The heat flow relaxation time causes this parameter to emerge physically. The
higher the δe value, the longer it takes for the liquid particles to exchange heat with nearby
particles, resulting in a decrease in temperature but an improvement in the temperature
gradient. Figure 12 describes the outcome of volume fraction φ on heat transport in both
alloys. The heat transmission of both alloys is improved as the volume fraction increases.
Furthermore, in AA7075 and when treated with AA7072 alloy, the closeness of the thermal
layer further improves. Figure 13 depicts the effect of σ on χ1(η) in both alloys. This figure
confirms that χ1(η) has a decreasing nature for various σ values, and an increase in the
reaction rate parameter σ diminishes the concentration of the liquids. In fact, as the reaction
rate parameter values increase, the concentration field and related boundary layer thickness
decreases. According to Figure 14, a higher Schmidt number corresponds to a lower solute
diffusivity, allowing for a shallower penetration of the solute effect. As a result, as Sc rises,
χ1(η) falls. Thus, with lower concentrations of Sc, the solute boundary layer is thicker, and
vice versa.

Figure 15 depicts the variants in surface drag force Cfx versus We for various φ values
for both alloys. It has been discovered that significantly greater values of φ enhance the
surface drag force, whereas contrasting actions are observed for growing values of β; see
Figure 16. Figure 17 shows the outcome of δe on the rate of heat transfer versus We for
both alloys AA7072 and AA7075. In both AA7072 and AA7075 alloys, an increase in δe
degrades the Nusselt number. Figure 18 illustrates the importance of φ on Rex

−1/2Nux
versus We for both AA7072 and AA7075 alloys. For both alloys, boosting the φ values
improves the heat transmission rate. Figure 19 depicts the variation in Rex

−1/2Nux versus
We for various β values. It can be observed that significantly higher values of β enhance
the heat transmission rate. Figure 20 depicts the variation in Rex

−1/2Shx versus Sc for
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various φ values. It can also be observed that significantly higher values of φ enhance the
concentration rate. A comparison between previous and present works for the validation
of the results for skin friction is presented in Table 5.

Table 5. Comparison of − f ′′(0) with literature.

Published Papers −f”(0)

Zeeshan and Majeed [36] 0.6058427
B.C Prsannakumara [37] 0.6069352

Present results 0.603457

Figure 5. Influence of ferromagnetic interaction parameter β on velocity profile.

Figure 6. Influence of volume fraction φ on velocity profile.
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Figure 7. Influence of Weissenberg number We on velocity profile.

Figure 8. Influence of ferromagnetic interaction parameter β on temperature profile.

Figure 9. Influence of Prandtl number Pr on temperature profile.

34



Coatings 2022, 12, 391

Figure 10. Influence of viscous dissipation parameter λ on temperature profile.

Figure 11. Influence of thermal relaxation parameter δe on temperature profile.

Figure 12. Influence of volume fraction φ on temperature profile.
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Figure 13. Influence of reaction rate parameter σ on concentration profile.

Figure 14. Influence of Schmidt number Sc on concentration profile.

Figure 15. Various values of φ versus We for skin friction.
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Figure 16. Various values of β versus We for skin friction.

Figure 17. Various values of δe versus We.

Figure 18. Various values of φ versus We for nusselt number.
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Figure 19. Various values of β versus We for nusselt number.

Figure 20. Various values of φ versus Sc.

5. Conclusions

Using the influence of magnetic dipoles and the Koo-Kleinstreuer model, the mo-
mentum, heat transfer, and mass transfer behavioru of Ree-Eyring nanoliquids through
a stretching surface are investigated in this research. Moreover, the heat transmission is
described by the Cattaneo-Christov heat flux model, and viscous dissipation is taken into
account. Finally, the constructed governing equations related to the momentum, thermal,
and mass distributions are converted to ODEs and solved with the HAM. The following
are the results of the present analysis:

1. An escalation in volume fraction, Weissenberg number, and the ferromagnetic in-
teraction parameter affects the velocity gradient. Furthermore, all these parameters
negatively influence the velocity gradient of alloy AA7075, which falls quicker than
the velocity gradient of alloy AA7072.

2. As the ferromagnetic interaction, viscous dissipation parameter, thermal relaxation
parameter, and volume fraction grow, the temperature gradient of both alloys in-
creases, whereas contrasting behaviour is revealed for the Prandtl number. Moreover,
in AA7075 and when treated with AA7072 alloy, the closeness of the thermal layer
further improves.

3. A growth in the reaction rate parameter and the Schmidt number brings down the
concentration profile. Similarly, all parameters negatively influence the concentra-
tion profile of alloy AA7075, which drops quicker than the concentration profile of
alloy AA7072.
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4. An improvement in the volume fraction enhances the surface drag force; however,
an improvement in the ferromagnetic interaction decreases the surface drag force.

5. The Nusselt number rises as the volume fraction and ferromagnetic interaction grow;
however it falls as the thermal relaxation parameter rises.
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Nomenclature

a Distance
c Constant

Cp Specific heat transfer
(

J·kg−1·K−1
)

C Concentration

k Thermal conductivity
(

W·m−1·K−1
)

K Constant
H Magnetic field intensity

(
A·m−1)

M Magnetisation
(
A·m−1)

Pr Prandtl number
Re Local Reynolds number
Sc Schmidt number
T Temperature of fluid
u, v Velocity components

(
m·s−1)

We Weissenberg number
x, y Coordinates axis (m)
Greek Letter
α Dimensionless distance
β Ferromagnetic interaction parameter
γ Constant
β1, ε Material constant of the fluid
δ Dimensionless Curie temperature
δe Thermal relaxation parameter
η, ξ Independent coordinate
θ1(η), θ2(η) Dimensionless temperature profile
λ Viscous dissipation parameter
λ2 Thermal relaxation time
μ Dynamic viscosity
μ0 Magnetic permeability
v Kinematic viscosity
ρ Density

(
kg·m−3)

ρCp Heat capacitance
σ Reaction rate parameter
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φ1 Scalar potential
φ Volume fraction
χ1(η), χ2(η) Dimensionless concentration profile
ψ Stream function

(
m2·s−1)

Subscript
f Fluid
n f Nanofluid
c Curie
w Surface
s Solid particle
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University, Adana 01250, Turkey; pelinsalum@ymail.com (P.S.); lyaydemir@atu.edu.tr (L.Y.A.);
zerbay@atu.edu.tr (Z.E.)

2 Department of Mining Engineering, Faculty of Engineering, Adana Alparslan Türkeş Science and Technology
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Abstract: The size distribution of droplets in emulsions is very important for adjusting the effects
of many indices on their quality. In addition to other methods for the determination of the size
distribution of droplets, the usage of machine learning during microscopic analyses can enhance the
reliability of the measurements and decrease the measurement cost at the same time. Considering its
role in emulsion characteristics, in this study, the droplet size distributions of emulsions prepared with
different oil/water phase ratios and homogenization times were measured with both a microscopy-
assisted digital image analysis technique and a well-known laser diffraction method. The relationships
between the droplet size and the physical properties of emulsions (turbidity and viscosity) were also
investigated. The results showed that microscopic measurements yielded slightly higher values for
the D(90), D[3,2], and D[4,3] of emulsions compared to the laser diffraction method for all oil/water
phase ratios. When using this method, the droplet size had a meaningful correlation with the turbidity
and viscosity values of emulsions at different oil/water phase ratios. From this point of view, the
usage of the optical microscopy method with machine learning can be useful for the determination of
the size distribution in emulsions.

Keywords: emulsion; droplet size; microscopy-assisted; image analysis; laser diffraction; turbidity;
viscosity

1. Introduction

An emulsion can be defined as a system consisting of two immiscible liquids, in
which one of the liquids is dispersed as small spherical droplets in the other liquid [1].
The size and distribution of droplets depend upon the energy input and temperature
during homogenization, the characteristics and ratios of the two phases (dispersed and
continuous), and the type and concentration of the emulsifier [2]. It is well known that the
size and distribution of droplets have a great impact on emulsion stability, optical properties,
rheology, and sensorial characteristics [1]. The distribution of droplets in emulsion systems
can be monodispersed or polydispersed. If all droplets in an emulsion are the same size,
the emulsion is referred to as “monodisperse” and can be characterized by the size of
a single droplet (the radius or diameter of the droplet). However, the vast majority of
emulsions, such as food emulsions, are polydisperse systems containing droplets with
a range of different sizes. Therefore, they should be characterized by the particle or
droplet size distribution, which represents the concentration of droplets in different size
classes [1]. The droplet size distribution of an emulsion is one of the important factors that
control aggregation, coalescence, and resistance to sedimentation or creaming. The size
distribution can also be used as a representative of stability if measured as a function of
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time. It is well known that the smaller and more uniform the droplets, the more stable the
emulsions, provided that all other conditions are the same [3]. Therefore, determining the
size distribution of the droplets in the continuous phase in a precise and accurate manner
is essential for studies in emulsion science.

In the literature, considerable work has been carried out for the development of
analytical techniques to obtain information about the droplet size distribution, such as light
scattering, electrical conductivity, acoustics/electroacoustics, near-infrared spectroscopy,
nuclear magnetic resonance, and various kinds of microscopic measurements (optical
microscopy, transmission electron microscopy, and scanning electron microscopy) [4–7].
Several particle size analyzers have been designed and are commercially available for the
determination of particle size distribution based on several physical principles, such as the
scattering of light, the velocity of particles in a field, scattering, or absorption of ultrasonic
waves [1,4]. In general, these analyzers are automated, rapid, and reliable systems with
high installation costs. On the other hand, among all of these measurement techniques,
microscopic measurement methods differ from other techniques, as they rely directly
on the visual measurement of droplets [3]. Optical microscopy stands out in particular,
as it is an inexpensive, relatively easy-to-use instrument available in most laboratories.
However, droplet size determination by optical microscopy is generally time-consuming
and laborious [3,4,6,8,9]. These weaknesses of microscopic analysis techniques become
especially apparent when considering the necessity of observing thousands of droplets and
quantifying their sizes to obtain meaningful results in droplet size distribution analysis.

Optical microscopes can be coupled with a digital camera, and in this way, images can
be recorded and digitalized. It is possible to utilize these digitalized data with the aid of
image processing techniques to reduce the time and workload required for the analysis [10].
Microscopy and image processing techniques have been used in combination to determine
the droplet size distribution of emulsions [2,3,10–12]. Jokela et al. (1990) used a comput-
erized microscope image analysis technique to determine the droplet size distribution
of an oil-in-water emulsion [10]. The threshold method was used for the discrimination
of droplets from the background. They found that the computerized microscope image
analysis results were satisfactory and in agreement with “Coulter counting” and “laser
diffraction” methods. Moradi et al. (2011) used optical microscopy and image analysis
to determine the droplet size distribution of water-in-crude oil emulsions by using image
enhancement techniques. They noted that applying general enhancement techniques such
as brightness and contrast adjustment, sharpening, and open filters improved the detection
of droplets [3]. Maaref and Ayatollahi (2018) also utilized some of the general enhancement
techniques, including brightness, smoothing, and sharpening, for distinguishing emulsion
droplets from the surroundings to evaluate the droplet size distribution of water-in-oil
emulsions [11].

Digital image analysis with the assistance of microscopy consists of four basic steps:
(i) image acquisition, (ii) image restoration, (iii) segmentation and filtering, and (iv) mea-
surement [13]. First, the appropriate image is transferred from the microscope to the
computer via the image transmitter and a Charge-Coupled Device (CCD) or Complemen-
tary Metal-Oxide-Semiconductor (CMOS) camera. In this step, proper focusing is crucial, as
the droplets should not have overlapping structures and should not cause any disturbances
during the analysis [3]. After image acquisition, imaging defects, noise, or disturbances
can be reduced, and the brightness and contrast of the images can also be adjusted. Then,
segmentation and filtering processes are performed [13]. After the segmentation is com-
pleted and the images are converted to binary form, particle size analysis is performed. In
addition, obtaining reproducible, highly accurate results that reflect the sample requires
creating a protocol to perform as much automated or semi-automated particle size analysis
as possible. Moreover, an adequate number of droplets representing the system are neces-
sary to conduct a meaningful statistical analysis. Moradi et al. (2011) reported that reliable
results that guarantee convergence of the distribution were produced with 2000 or more
droplets [3].
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The other challenge is the poor contrast between components of emulsions. Hu et al.
(2018) stated that this could be due to the close refractive indices of water and oil, which
are the two major components of the emulsions, under an optical microscope. This can
cause difficulties in segmentation during the image analysis of emulsions [8]. Although
visual separation of water and oil phases is possible with the use of dyes, there are limita-
tions, as they show interfacial activity and change the physical properties (pH, electrical
conductivity, density, etc.) that have an impact on the emulsion character [1,14]. Most
traditional segmentation methods rely on the density and spatial relationships of pixels or
constrained patterns, such as pixel-based, edge-based, texture-based, or region-based meth-
ods. Each of these methods has various advantages and disadvantages. Compliance with
the subsequent processing and the obtained dataset can only be achieved by determining
the threshold appropriately. As a result, the application of these techniques is not suitable
for all situations. However, machine learning techniques overcome the problem based on
the manual calibration of parameters by applying optimization techniques to a given set
of training images [15]. Therefore, in recent years, the use of trainable machine learning
methods, which enable more dynamic and accurate results to be obtained, has come to the
fore [16,17]. The Trainable Weka Segmentation (TWS) is one of the plugins of Fiji, which
is an open-source image processing package based on ImageJ [16,18]. It uses Waikato
Environment for Knowledge Analysis, which was developed at Waikato University in
New Zealand, for data mining tasks [16,19]. It is a combination of image segmentation and
machine learning algorithms [17].

This study aimed to develop a protocol for the determination of droplet size of an
emulsion with a microscopy-assisted digital image analysis technique using TWS for the
segmentation step. For this purpose, emulsions (O/W) were prepared with different
oil/water phase ratios and homogenization times, and their droplet size parameters were
determined. For verification of the method, instrumental measurements of the same
emulsion samples were also performed with the laser diffraction method and the results
were compared. Moreover, the relationships between the droplet size and the physical
properties of emulsions (turbidity and viscosity) were investigated. To the best of the
authors’ knowledge, this is the first time in the literature that TWS was used for the
segmentation of emulsion oil droplets from the background in digital image analysis of
emulsion micrographs.

2. Materials and Methods

2.1. Emulsion Preparation

Oil-in-water (O/W) emulsions were prepared in the present study. Commercial
sunflower seed oil was purchased and used as the oil phase. Polysorbate 80 (Crillet 4™) was
kindly provided by Croda (Croda International Plc, Snaith, UK) and used as an emulsifier
at a constant ratio of 2% (w/w) in all emulsions. The experiment was designed with the
aim of obtaining emulsions with different droplet sizes. For this purpose, the oil/water
phase ratios of emulsions (5%, 10%, 20%, 30%, 40%, and 50%) and homogenization times
(3, 6, and 9 min) were varied and are presented in Table 1.

In the emulsion preparation, the total weight of each emulsion was kept constant at
30 g. Firstly, Crillet 4™ was dissolved in distilled water in a 50 mL Falcon tube. Then,
sunflower oil was added to the tube and mixed. The mixture was homogenized with Ultra-
Turrax (T-18 Digital Package, IKA, Staufen, Germany) at 10,000 rpm. The preparations
were carried out in two repetitions, and the measurements were performed in triplicate.
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Table 1. Oil/water phase ratios and homogenization times of the prepared emulsions.

Run Oil (%) Homogenization (min)

1 5 3

2 *
10

3
3 * 6
4 * 9

5 20 3

6 *
30

3
7 * 6
8 * 9

9 40 3

10 50 3
* The samples were also analyzed after one day of storage.

2.2. Determination of Particle Size Distribution

The particle size distributions of the emulsions were measured with two different
techniques, using a laser diffraction particle size analyzer and microscopy-assisted digital
image analysis. For this purpose, D(10), D(50), D(90), span, D[3,2], and D[4,3] values
were determined with both methods. D(10), D(50), and D(90) are the equivalent volume
diameters at 10%, 50%, and 90% cumulative volume, respectively, while D[3,2] and D[4,3]
values represent the area- and volume-weighted mean diameters, respectively. The span
value is a measure of distribution width:

D[3, 2] =
∑ nid3

i

∑ nid2
i

(1)

D[4, 3] =
∑ nid4

i

∑ nid3
i

(2)

Span =
D(90)− D(10)

D(50)
(3)

where ni is the number of particles of diameter di.

2.2.1. Determination of Particle Size Distribution by Laser Diffraction

A Mastersizer (Mastersizer 3000, Malvern Instruments Ltd., Malvern, Worcestershire,
UK) was used as the laser diffraction particle size analyzer. The emulsions were prepared
according to the formulation listed in Table 1, and they were cooled to room temperature
before measurements. The refractive index ratios of sunflower oil and distilled water were
assumed to be 1.472 and 1.333, respectively. The stirring speed was adjusted to 2100 rpm,
and emulsions (approximately 50–100 μL) were added to 500 mL of aqueous dispersant
(distilled water) until a laser obscuration value of 10–14% was obtained [20–22].

2.2.2. Determination of Particle Size Distribution by Microscopy-Assisted Digital
Image Analysis

A total of 50 μL of distilled water was dropped onto the microscope slide, and 5 μL
of the emulsion was spread over the slide with a syringe needle. It was carefully covered
with a coverslip, and then immersion oil was dripped onto the coverslip. For imaging,
100×/1.25 oil, 160/0.17 objective lenses were used. Micrographs were obtained by a
compound microscope (M83EZ, OMAX Microscopes, Kent, WA, USA) combined with a
5-megapixel CMOS camera (A3550U, OMAX Microscopes, Kent, WA, USA). The camera
was located at the trinocular head, and micrographs were taken under transparent light
conditions. At least 100 photographs were taken from 5 separate slides for each sample. The
analysis was carried out immediately after the emulsion preparation and simultaneously
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with the other analyses. The light intensity, field, and condenser diaphragm apertures of
the microscope were adjusted carefully for reproducible results. No pre-correction was
applied to the images. ImageJ/Fiji (ver.1.53c.) was used as the software, and Trainable
Weka Segmentation (TWS) (ver.3.2.35) was used for the segmentation of the images.

For the training of TWS, 10 images with different droplet densities were selected. As
these images were used in the training, they were not included in the droplet particle
size analysis. Since the processing of individual images slows the training process, they
were converted into a stack of a single image and then used in the training (Image >
Stacks > Images to Stack). Then, 800 × 800 sized regions were duplicated from the center
of these images (Figure 1). Afterwards, TWS was activated from the plugins (Plugins >
Segmentation > Trainable Weka Segmentation). Droplets and background were drawn
manually on each image and defined as different “Classes”. After the first training, minor
corrections were made to the images based on the responses obtained from TWS, and the
training process was repeated until the results for the images were obtained from TWS
(Figure 2). After training of TWS, segmentations of the micrographs of the samples were
performed using the trained classifier on TWS. The images obtained as a result of TWS
segmentation were turned into a single stack, and further operations were performed on
this stack. Firstly, this stack was converted to 8 bits and then transformed into the binary
format (Image > Type > 8-Bit, Process > Binary > Make Binary). After the empty droplets
were filled with the “Fill holes” command, the “Open” command was applied to clear the
pixels from the droplets (Process > Binary > Fill Holes-Open). Eventually, the particle sizes
of these images were calculated (Analyze > Analyze particles).

 

Figure 1. The micrograms used in training of TWS.

 

Figure 2. The classified images after the training of TWS.
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The calculation was applied to objects with a circularity value greater than 0.85 to
exclude composite or half-droplet images, which are illustrated in the regions marked in
red circles in Figure 3. A scale of 1 mm (100 × 10 μm) was used for the size calibration.
The top of the scale was covered with a coverslip, and then immersion oil was dripped
onto it. The number of pixels corresponding to the distance between two points with
known distances was determined on the micrograph of the calibration slide. The measured
distance was defined as global scale in ImageJ/Fiji (Analyze > Set Scale).

Figure 3. An example of droplet size analysis with classified images. While the particles circled in
yellow are defined as droplets and used in the droplet size distribution calculations, those in the red
circles, which are have a roundness value below 0.85, are not included in calculations.

2.3. Determination of Turbidity

The turbidity of emulsions was measured with both a portable turbidity meter (MI 415,
Milwaukee Instruments, Rocky Mount, NC, USA) and UV spectrophotometer (Carry 60,
Agilent Technologies, Santa Clara, CA, USA) at different wavelengths, such as 450 and
850 nm. A 150 μL emulsion sample was diluted with 15 mL of distilled water, and the mix-
ture was homogenized by shaking before measurements. The method of measurement with
the turbidity meter is based on the detection of scattered light according to ISO 7027 [23].
Before analysis, calibration of the device was performed with the 10 and 500 Formazin
Nephelometric Unit (FNU) standards provided by the manufacturer. The wavelengths
were set to 450 and 800 nm for the spectrophotometric determination of turbidity.

2.4. Determination of Viscosity

Flow properties of the emulsions were determined at 35 ◦C by using a viscometer
(DV-II+ Pro Viscometer, Brookfield Engineering, Middleborough, MA, USA) and an SC4-18
spindle. A small sample adapter (SSA-13RD, Brookfield Engineering, Middleborough, MA,
USA) was used in the measurements, and the temperatures of the samples were adjusted
by a water circulation system (ICC Basic Eco 8, IKA, Staufen, Germany). Samples were
analyzed immediately after the emulsion preparation. The sample cup was filled with
6.7 mL of the emulsion, and temperature equilibration was obtained in approximately
15 min. Experiments were duplicated and the average results were determined.

2.5. Statistical Analysis

The linear relations between the results of the microscopic measurements, laser diffrac-
tion particle size measurements, and other emulsion stability tests were investigated with
bivariate correlation. For this purpose, SPSS statistical package program (SPSS ver. 13.0 for
Windows, SPSS Inc., Chicago, IL, USA) was used, and Pearson’s correlation coefficients
were calculated. It was assumed that when the variables were continuous and approxi-
mately normally distributed without significant outliers, there was a linear relationship
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between the variables. The linear correlation was assumed to be significant at p < 0.05, and
a high correlation was determined at p < 0.01.

3. Results and Discussion

In this study, 10 emulsions with different formulations and/or homogenization times
were prepared. Immediately after the production of these emulsions, analyses of the droplet
size distribution were carried out with the laser diffraction technique, and simultaneously,
microscope images of the emulsions were taken. The microscope images were processed
with the help of TWS. In addition, the same analyses were repeated for six of the emulsions
after one day of storage. The results of analyses performed with two different methods
for the droplet size distribution are shown in Table 2. On the other hand, it is known
that emulsion stability and viscosity properties are related to emulsion droplet sizes in
emulsions [24,25]. Therefore, the stability and viscosity of the produced emulsions were
analyzed, and the results are presented in Table 3.

Table 2. The particle size distributions of emulsions measured with two different techniques.

Oil
(%)

Homogenization
(min)

Storage
(Day)

Microscopic Measurements Laser Diffraction

D(90)
(μm)

D[3,2]
(μm)

D[4,3]
(μm)

D(90)
(μm)

D[3,2]
(μm)

D[4,3]
(μm)

5 3 0 29.67 7.20 15.12 21.10 2.69 8.46

10

3
0 32.83 7.78 16.70 27.80 3.87 13.60
1 36.01 11.51 19.51 27.00 3.79 13.10

6
0 31.95 7.38 12.12 20.90 3.12 9.43
1 32.18 10.38 18.71 23.80 3.54 11.40

9
0 32.40 7.48 13.25 22.20 3.49 10.50
1 31.51 10.18 17.86 24.00 3.69 11.50

20 3 0 34.22 12.81 21.71 32.30 6.00 18.60

30

3
0 37.41 12.85 22.92 34.10 7.23 20.70
1 35.25 14.97 23.44 33.70 7.07 20.20

6
0 37.37 10.82 21.63 31.40 6.68 18.80
1 33.11 11.85 19.78 31.70 6.61 18.80

9
0 37.16 9.75 18.73 27.80 5.76 16.00
1 33.97 11.93 20.62 28.00 5.65 16.00

40 3 0 37.30 16.68 24.44 31.70 7.22 19.40

50 3 0 37.84 18.50 24.83 26.00 6.35 15.80

For a realistic evaluation of droplet size distribution in emulsions, the largest possible
number of droplets must be analyzed. It is stated in the literature that at least 2000 droplets
should be analyzed to obtain reliable results in studies carried out with microscopic mea-
surements [3]. The present study was conducted to determine the droplet size distribution
with microscopy-assisted digital image analysis, and more than 2000 droplets (droplets
between 3836–7850) were analyzed for each emulsion sample. Moreover, the Pearson corre-
lation test was used to determine the relationship between the results obtained (Table 4).
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Table 3. Turbidity and viscosity values of the emulsions.

Oil
(%)

Homogenization
(min)

Storage
(Day)

Turbidity
(FNU)

Absorbance
Viscosity (cP)

450 nm 850 nm

5 3 0 188 ± 2 a 0.461 ± 0.002 a 0.340 ± 0.003 a 1.57 ± 0.01 a

10

3
0 283 ± 4 b,y 0.581 ± 0.016 b,x 0.491 ± 0.035 b,y 1.82 ± 0.08 a,x

1 313 ± 1 y 0.605 ± 0.015 x 0.514 ± 0.014 y 1.81 ± 0.05 x

6
0 290 ± 1 y 0.641 ± 0.011 y 0.503 ± 0.005 y 1.74 ± 0.08 x

1 311 ± 9 y 0.659 ± 0.010 y 0.513 ± 0.014 y 1.97 ± 0.09 x

9
0 262 ± 1 x 0.574 ± 0.014 x 0.449 ± 0.011 x 1.73 ± 0.06 x

1 281 ± 1 x 0.596 ± 0.007 x 0.462 ± 0.001 x 2.00 ± 0.03 x

20 3 0 471 ± 3 c 0.804 ± 0.010 c 0.758 ± 0.006 c 2.92 ± 0.34 a

30

3
0 623 ± 7 d,x 0.882 ± 0.023 d,x 0.869 ± 0.012 d,x 5.19 ± 0.55 b,x

1 600 ± 18 x 0.892 ± 0.018 x 0.885 ± 0.013 x 4.54 ± 0.44 x

6
0 692 ± 21 y 0.976 ± 0.018 y 0.943 ± 0.005 y 3.92 ± 0.06 x

1 656 ± 30 x 1.043 ± 0.009 y 0.956 ± 0.022 y 3.82 ± 0.18 x

9
0 816 ± 21 z 1.164 ± 0.014 z 1.078 ± 0.005 z 3.79 ± 0.09 x

1 782 ± 1 y 1.183 ± 0.006 z 1.082 ± 0.003 z 3.68 ± 0.08 x

40 3 0 984 ± 13 e 1.298 ± 0.009 e 1.218 ± 0.011 e 6.45 ± 0.52 b

50 3 0 +1000 1.560 ± 0.019 f 1.494 ± 0.023 f 12.48 ± 1.66 c

a–f Different superscript letters indicate significant differences between samples prepared with 3 min of homog-
enization time with the same storage period and different oil/water ratios (p > 0.05). x–z Different superscript
letters indicate significant differences between samples prepared with a constant oil/water ratio with the same
storage period and different homogenization times (p > 0.05).

The results of both droplet size distribution analyses showed similar trends (Tables 2 and 4).
However, the nominal values calculated by microscopy-assisted digital image analysis
were slightly higher than the values obtained from the laser diffraction particle sizer. While
D(90) and D[4,3] values calculated by microscopic measurements were in the range of
29.67–40.74 μm and 12.12–24.06 μm, the same parameters obtained by the laser diffraction
technique were in the range of 20.90–34.10 μm and 8.46–20.70 μm, respectively (Table 2).
It is known that measurement conditions (sample dilution, mixing speed, ultrasound
application, etc.) have important effects on the nominal values obtained from measurements
taken with a laser diffraction particle size analyzer.

The dilution and stirring processes may lead to floc disruption and result in smaller
particle size values [13,26]. In this study, ultrasound was not applied during the sample
injection, whereas a mixing speed of 2100 rpm was used. Although this may be the reason
for the difference in nominal values between the microscopic and laser diffraction mea-
surement results, especially for the stored emulsions, this effect seemed to be insignificant,
as the other emulsion analyses showed similar trends to those observed with particle size
analysis (Table 3). In general, the measured values of D(90) and D[4,3] slightly fluctuated
with the storage time. According to the results, droplet size data determined by microscopy-
assisted digital image analysis and droplet size analysis determined by laser diffraction
were positively correlated in all parameters (p < 0.05). Notably, D[4,3], D[3,2], and D(90)
values had higher positive correlations (p < 0.01). It is known that D(90) is less affected by
the obscuration ratio than other particle size parameters, such as D(10) and D(50), in the
laser diffraction technique and yields more stable results. It is reported in the literature
that D[4,3] is more sensitive to the presence of large particles in an emulsion system than
the other parameters, and the differences between D[4,3] and D[3,2] generally indicate
a broad or multimodal particle size distribution [1]. In the present study, the difference
between D[4,3] and D[3,2] was significant according to the results of both measurement
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techniques and varied in the range of 4.7–10.8 μm and 5.8–13.5 μm for microscopic and
laser diffraction measurements, respectively (Table 2).

Table 4. The results of statistical analysis for the relations between microscopic measurements, laser
diffraction, and other emulsion tests.

Property Statistical Evaluation

Microscopic Measurements

D(10)
(μm)

D(90)
(μm)

Span
D[3,2]
(μm)

D[4,3]
(μm)

Laser
Diffraction

D(10)
(μm)

Pearson correlation coefficient 0.676 ** 0.767 ** −0.705 ** 0.769 ** 0.847 **
Significance (2-tailed) 0.004 0.001 0.002 0.000 0.000

D(90)
(μm)

Pearson correlation coefficient 0.440 0.624 ** −0.663 ** 0.593 * 0.784 **
Significance (2-tailed) 0.088 0.010 0.005 0.015 0.000

Span
Pearson correlation coefficient −0.535 * −0.731 ** 0.535 * −0.635 ** −0.691 **
Significance (2-tailed) 0.033 0.001 0.033 0.008 0.003

D[3,2]
(μm)

Pearson correlation coefficient 0.663 ** 0.763 ** −0.714 ** 0.766 ** 0.858 **
Significance (2-tailed) 0.005 0.001 0.002 0.001 0.000

D[4,3]
(μm)

Pearson correlation coefficient 0.560 * 0.714 ** −0.701 ** 0.693 ** 0.840 **
Significance (2-tailed) 0.024 0.002 0.002 0.003 0.000

Other Tests

Turbidity
Pearson correlation coefficient 0.820 ** 0.779 ** −0.593 * 0.817 ** 0.763 **
Significance (2-tailed) 0.000 0.000 0.015 0.000 0.001

Spectrophotometric
Measurement (450 nm)

Pearson correlation coefficient 0.793 ** 0.732 ** −0.574 * 0.788 ** 0.727 **
Significance (2-tailed) 0.000 0.001 0.020 0.000 0.001

Spectrophotometric
Measurement (850 nm)

Pearson correlation coefficient 0.803 ** 0.776 ** −0.612 * 0.815 ** 0.778 **
Significance (2-tailed) 0.000 0.000 0.012 0.000 0.000

Viscosity (cP)
Pearson correlation coefficient 0.887 ** 0.672 ** −0.585 * 0.849 ** 0.717 **
Significance (2-tailed) 0.000 0.004 0.023 0.000 0.002

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

Moreover, all of the parameters calculated from the microscopic measurements were
highly correlated with the emulsion stability and viscosity results, and these relationships
were even stronger than those between laser diffraction measurements and emulsion
properties (Table 4). It was observed that the viscosity of the emulsions did not change
significantly with storage (p > 0.05) (Table 3). When the effect of homogenization time
was evaluated, the smallest droplet size was achieved with a 6 min process at a 10% oil
ratio and with a 9 min process for an emulsion with a 30% oil ratio. These results are in
agreement with the turbidity results (measurements made with both the turbidimeter and
spectrophotometer), and turbidity values are high in samples with a small droplet size [2].

With the increase in the oil ratio in the produced emulsion formulation, increases in
viscosity, turbidity, and droplet size values, especially those measured with the microscope
(mainly D[3,2] and D[4,3] parameters), were observed (Tables 2 and 3). While no significant
changes were detected in the laser diffraction measurements of turbidity, viscosity, or
droplet size values of emulsions after storage, some fluctuations in the variation of droplet
sizes measured with the microscope were observed (Tables 2 and 3).

4. Conclusions

The results of the present study showed that the same trends and similar particle size
values were obtained by microscopy-assisted digital image analysis and laser diffraction
particle size analysis for the determination of particle size in emulsions. Considering the
installation costs of devices for measuring laser diffraction, microscopy-assisted digital
image analysis seems to be a very useful and effective alternative. On the other hand,
if sample characterization is to be performed, it should be noted that there are certain
differences in the measured values, and slightly larger droplet sizes are calculated with
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the microscopy-assisted digital image analysis technique. In addition, while the results
can be obtained in about 5 min when taking measurements with laser diffraction devices
(total time for analysis), the analysis and calculation process may take one or several days
per sample with the procedure developed in the present study, unless working with high-
capacity workstations. It was observed that comparable results were obtained for D(90),
D[3,2], and D[4,3], which were correlated with the physical properties of the emulsions.

In summary, the microscopy-assisted digital image analysis procedure developed in
this study can provide very reasonable results when it is impossible to obtain/use laser
diffraction particle size analyzers. However, it should be noted that performing this method
is labor- and time-intensive.
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Abstract: Freezing of liquid water occurs in many natural phenomena and affects countless human
activities. The freezing process mainly involves ice nucleation and continuous growth, which are
determined by the energy and structure fluctuation in supercooled water. Herein, considering the
surface hydrophilicity and crystal structure differences between metal and graphene, we proposed a
kind of surface configuration design, which was realized by graphene nanosheets being alternately
anchored on a metal substrate. Ice nucleation and growth were investigated by molecular dynamics
simulations. The surface configuration could induce ice nucleation to occur preferentially on the metal
substrate where the surface hydrophilicity was higher than the lateral graphene nanosheet. However,
ice nucleation could be delayed to a certain extent under the hindering effect of the interfacial water
layer formed by the high surface hydrophilicity of the metal substrate. Furthermore, the graphene
nanosheets restricted lateral expansion of the ice nucleus at the clearance, leading to the formation of
a curved surface of the ice nucleus as it grew. As a result, ice growth was suppressed effectively due
to the Gibbs–Thomson effect, and the growth rate decreased by 71.08% compared to the pure metal
surface. Meanwhile, boundary misorientation between ice crystals was an important issue, which
also prejudiced the growth of the ice crystal. The present results reveal the microscopic details of ice
nucleation and growth inhibition of the special surface configuration and provide guidelines for the
rational design of an anti-icing surface.

Keywords: surface hydrophilicity; graphene; ice formation; clearance; molecular dynamic simulation

1. Introduction

Understanding and regulating the crystallization of supercooled water on surfaces is
essential in both basic research and engineering applications [1,2]. The freezing of water
on surfaces is, in fact, a complicated phenomenon that requires collective understanding
of nucleation, crystal growth, surface science and thermodynamics [3–5], and plenty of re-
search has been done theoretically and experimentally [6,7]. According to previous studies,
ice nucleation can be affected by many factors, including surface morphology [8,9], wetta-
bility [10,11], shear flow [12], ions and contamination particles [13–15], etc. For example,
Yue et al. and Wang et al. found that micro-hierarchical structures or patterns on a silicon
surface would delay ice nucleation due to enhanced free energy for nucleation [16,17]. He
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et al. reported the effect of counter ions on heterogeneous ice nucleation on a polyelec-
trolyte brush and discovered that a distinct efficiency of ions in turning ice a freezing
temperature follows a certain sequence [18].Their study revealed that counter ions have a
profound ion-specific effect on the relaxation of the hydrogen bond and the formation rate
of interfacial water molecules.

Over the past few years, it has been investigated that graphene and its deriva-
tives could influence ice nucleation and growth [19–21]. The two-dimensional material,
graphene, has become one of the most promising materials in recent decades due to its
potential applications in high performance electronics, sensors and energy storage de-
vices [22–27]. It can be made into fibers, membranes and can be drop-casted onto various
substrates [28–30]. Using a molecular dynamics simulation, Lupi and Molinero studied
the heterogeneous ice nucleation of liquid water in contact with graphitic surfaces of vari-
ous dimensions and curvatures, which were reported in experimental characterizations
of soot [31,32]. Their results indicated that the ordering of interfacial liquid water on a
graphene surface was the main reason for the facilitated heterogeneous nucleation [33].
Not only a promoting material, graphene and its derivatives can also restrain ice formation
under specific conditions [22,34]. The exceptional Joule’s heating effect and electrothermal
effect of graphene-based composites have received much attention in the design of anti-
icing systems [35,36]. The lightweight graphene-based material is expected to be an ideal
heater to prevent ice freezing. Specifically, there are numerous studies taking advantage of
these properties for anti-icing and de-icing applications [37,38].

Recently, graphene oxide (GO) was used to mimic antifreeze proteins (AFPs) and
considered to be an advanced icing inhibitor [39–42]. The repeated hexagonal carbon ring
structure arranges the functional groups on the basal plane of GO to match with an ice
crystal lattice, leading to the preferred adsorption of GO on existing ice in liquid water.
Thus, the growth of the ice crystal is suppressed owing to the Gibbs–Thomson effect; that
is, the curved surface lowers the freezing temperature [43,44]. The curved surface of the
ice crystal derives from the special surface configuration, which involves different surface
hydrophilicity and a crystal structure between the two materials. By using molecular
dynamics simulations, Zhang and Chen studied ice nucleation on graphene surfaces
functionalized by several kind of ions and methane molecules [45]. Their results indicated
that the ice nucleation ability of the functionalized surfaces was weakened compared with
that of the smooth graphene surface, depending on the type and the number of functional
groups. Akhtar et al. presented an anti-icing coating based on fluorinated graphene, which
could strikingly delay ice formation in a high humidity environment [46]. The anti-icing
performance of fluorinated graphene was attributed to a robust liquid layer arising from the
interface confinement effect that increases the ice-water contact angle and viscosity of water
molecules near the surface. Additionally, the coupling of surface crystallinity and surface
hydrophilicity was found to be a controlling factor for heterogeneous ice nucleation [7].
With an appropriate hydrophilicity, the arrangement of the water layer in contact with
crystalline graphene can be changed; thus, the ice nucleation rate decreases consequently.
The interplay between surface morphology and hydrophobicity on heterogeneous ice
nucleation was also studied by Martin [4]. They showed that lattice mismatch of the surface
with respect to ice is desirable for a good ice nucleating agent. Hence, it is interesting to
investigate the synergistic effect of a surface hydrophilicity discrepancy and the clearance
configuration created by an anchored graphene sheet on ice nucleation and growth.

In this work, a graphene nanosheet was introduced to design a special surface configu-
ration of surface hydrophilicity on a metal surface. The characteristics of ice nucleation and
growth on the surface were investigated using a molecular dynamics (MD) simulation. We
constructed a series of surface configurations with various surface hydrophilicity discrep-
ancies between a graphene nanosheet and metal substrate and explored the initiation of ice
nucleation and growth processes under specific surface conditions. Besides, we studied
the growth process of an ice nucleus and computed the growth rate of the ice nucleus. A
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different surface configuration resulted in varying levels of ice growth inhibition. We also
discussed the misorientation between grain boundaries of the ice crystal [47].

2. System and Simulations

The simulation system contained four graphene nanosheets anchored on a metal
substrate, which were cleaved in the (100) surface of a face-centred cubic (fcc) crystal. The
lattice parameter afcc was 4.0495 Å, and 6189 water molecules were covered on this surface,
as shown in Figure 1a. The simulation box had dimensions of Lx = 9.758 nm, Ly = 9.744 nm
and Lz = 10.000 nm. A void space was set in the simulation box to avoid the influence of
a periodic boundary condition in the z direction. Four graphene nanosheets with a size
of 2.85 nm × 3.27 nm were fixed atop of the metal substrate with a distance of 6 Å [33,48],
resulting in a 2-nm-wide cross-shaped clearance between the graphene nanosheets, as
shown in Figure S1.

 
Figure 1. Illustrations of simulation systems. (a) Model of the metal–graphene nanosheet surface that
was covered with a box of liquid water. A typical ice nucleus formation is illustrated on the surface.
(b) Models of three other simulation systems. Pure metal, pure graphene and graphene–graphene
nanosheet surface systems.

The system described above is defined as a metal–graphene nanosheet system. Ad-
ditionally, we constructed three other simulation systems for comparison, which were
pure metal, pure graphene and graphene–graphene nanosheet surface systems. Details are
shown in Figure 1b and Table S1.

The coarse-grained monatomic water (mW) model was employed in this paper to
describe the interaction between water molecules [49]. This specific water model has
excellent structural properties and a melting point close to the experiment. The mW model
treats water molecules as a single particle that interacts through short-range two-body
and three-body interactions [50]. Since it is monatomic, it exhibits faster dynamics, which
allows for the alleviation of computational costs of our simulations for the ice freezing
process. Detailed information about the mW water model is provided in Supplementary
Note 1. The Lennard-Jones (LJ) potential was used to model the interaction between water
molecules and substrate atoms. Length and energy parameters, σw-g and εw-g, were set to
2.488 Å and 0.13 kcal/mol, respectively, for each water molecule interacting with carbon
atoms [31]. Otherwise, for interactions between water molecules and metal atoms, εw-m
was tuned from 0.13 kcal/mol to 14.0 kcal/mol in each simulation to obtain a different
surface hydrophilicity of the metal substrate, while σw-m was fixed in 2.8798 Å [51]. As a
result, the difference between εw-g and εw-m is defined as surface hydrophilicity discrepancy
Dε. There is no need to define the metal–metal and carbon–carbon interaction potentials,
because they are fixed in the simulation system. Periodic boundary conditions were applied
in three dimensions, and the integration time-step for the velocity Verlet algorithm was set
to 5 fs. After 0.2 ps of relaxation at temperature 290 K, the whole system was cooled down
to 200 K gradually with a cooling rate of 0.9 K/ns in the canonical ensemble (NVT), and the
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process of water freezing was studied during the quenching period. To obtain statistically
reasonable results, we performed 5 repetitions of each cooling simulation for every system.
All MD simulations were performed using the LAMMPS simulation package. Phase and
structure identification was carried out by the Identify Diamond Structure modifier in
OVITO software (version 3.6.0) during the freezing process of liquid water on each surface
configuration [52]. The initiation and ending times of the icing process were recorded
through the entire simulation. The initiation time of icing was identified as the moment
when the number of water molecules in the ice nucleus (Nice) started to increase rapidly.
Conversely, the ending time of icing was identified as the moment when Nice tended to be
stable, which is marked in Figure 2a.

 

Figure 2. Freezing of liquid water in different surface conditions. (a) Number of water molecules
in the ice cluster on metal–graphene nanosheet surfaces with different surface hydrophilicities. The
interaction strength between the metal and water molecule εw-m varied from 0.13 to 14.0 kcal/mol.
(b) Initiation time of icing with different surface hydrophilicities of a metal substrate. Inset shows
total potential energy Epot of the system and the number of water molecules in the ice nucleus, Nice,
during the whole simulation time. The data refer to the metal–graphene nanosheet system, and εw-m

was fixed to 1.0 kcal/mol in the inset of (b).

3. Results and Discussion

3.1. Surface Hydrophilicity and Ice Nucleation

The role of surface hydrophilicity [53,54] has been a central argument to determine
whether ice nucleation and the subsequent growth process can happen [55–57]. In order
to understand the impact of surface clearance on ice formation where hydrophilicity is
different from peripheral graphene sheets, we performed a series of MD simulations using
the interaction strength εw-m as the collective variate to explore a desirable freezing delay
surface, as shown in Figure 1a.

Ice formation can be obviously observed on every metal–graphene nanosheet surface
as the system cooled down gradually, and the details are shown in Figure S3. The freezing
process of liquid water on each metal–graphene nanosheet surface configuration is shown
in Figure 2a. Curves with different colors represent various surface hydrophilicities of the
metal substrate εw-m. Generally, lower interaction strength between a solid atom and water
molecule results in later ice nucleation, which has been demonstrated in other research [54].
However, there was no simple trend for the triggering time of ice nucleation for εw-m
ranging from 1.0 to 6.0 kcal/mol, as shown in Figure 2b. Water molecules in the simulation
system could interact with substrate atoms freely when εw-m was smaller than 1.0 kcal/mol,
as shown in Figure 3a. Note that a layer of water molecules was arranged in an fcc structure
gradually with the increasing εw-m, as shown in Figure 3b. This interfacial water layer
was formed adjacent to the substrate with a distance of about 1.88 Å, and it could be
detected by the count of water molecules along the z direction, as shown in Figure 3b.
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On one hand, water molecules in this layer were closely packed in an fcc structure that
differed from the structure of an ice crystal, which is not beneficial for ice nucleation. On
the other hand, other free water molecules were separated from the metal substrate by
the interfacial water layer, which decreased the interaction between free water molecules
and the metal substrate. Therefore, the interfacial water layer acts as a barrier and hinders
the nucleation of an ice nucleus [7,58]. Meanwhile, the surrounding conditions of the
graphene nanosheets were not beneficial to ice nucleation, owing to the extremely low
surface hydrophilicity of 0.13 kcal/mol. Therefore, ice nucleation was delayed for εw-m
ranging from 1.0 to 6.0 kcal/mol because of the hindering effect of the interfacial water
layer formed on the metal substrate.

Figure 3. The formation of an interfacial water layer on a metal–graphene nanosheet surface.
(a) Snapshot of the interface between a metal substrate and liquid water. The dense interfacial
water layer was not formed at εw-m = 0.13 kcal/mol. (b) Snapshot of the interfacial water layer
viewed from the top and the side. The right panel is the number of water molecules along the z
direction before water freezing. In all cases, the interfacial water layer is colored red for ease of
visualization.

However, with the εw-m increasement, a higher surface hydrophilicity of a metal sub-
strate forced more water molecules to arrange in an orderly manner, which was convenient
for the formation of an ice structure during the εw-m value range from 6.0 to 14.0 kcal/mol.
The competition of both effects lead to the nonlinear dependence, as shown in Figure 2b.
Therefore, a proper surface hydrophilicity discrepancy between a graphene nanosheet
and metal substrate is considered as a desirable agent for the delayed initiation of ice
nucleation. The inset shows the total potential energy of a system changed with simulation
time, together with the number of water molecules in the ice nucleus Nice [59]. As a plunge
of the potential energy Epot of the system occurred, Nice increased suddenly, indicating
the nucleation of an ice embryo. When εw-m was set to 6.0 kcal/mol, i.e., a discrepancy of
the surface hydrophilicity Dε of 5.87 kcal/mol, the ice nucleation on the metal–graphene
nanosheet surface was delayed by 5.25 ns, which was a maximum value compared to
that on a pure metal surface, as shown in Figure 2b. We noticed that a higher extent of
hydrophilicity could induce a greater thickness of the interfacial water layer. The hindering
effect of the interfacial water layer prevailed again, which well explained the jump of the
triggering time of ice nucleation for εw-m values between 6.0 to 8.0 kcal/mol.

It should be mentioned that small ice nuclei form and expand constantly under the
action of structure and energy undulations in supercooled water [60]. Additionally, these
unstable ice nuclei prefer to form at the edge of graphene sheets, where the energy barrier
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for ice nucleation is lower compared with those in other positions [19,61]. The edge of the
graphene sheet is a phase contact area where water molecules interact with carbon and
metal atoms simultaneously.

3.2. Priority of Ice Nucleation

We noticed that the position of initial ice nucleation on the metal–graphene nanosheet
surface depended on the surface hydrophilicity of the metal substrate. For εw-m lower than
1.0 kcal/mol, ice nucleation tended to happen at the top of the graphene nanosheets, as
shown in Figure 4e and Figure S4. On this condition, ice nucleation was triggered by the
repeated hexagonal carbon ring structure of the graphene nanosheet, which matched better
with an ice structure compared to the fcc crystal structure of a metal substrate. However,
ice nucleation generally happened at the clearance between the graphene nanosheets, as
shown in Figure 4a and Figure S5, when εw-m was higher than the critical value mentioned
above, i.e., 1.0 kcal/mol. In this case, a more hydrophilic metal substrate, rather than the
hexagonal structure on the basal plane of the graphene nanosheet, dominates the position
that a stable ice nucleus would form initially [60].

 

Figure 4. Snapshots of the preferential site of ice nucleation and subsequent growth of ice crystals
on a metal–graphene surface. (a) Ice nucleation at the clearance of the surface, εw-m = 4.0 kcal/mol.
(b–d) Representative growth trajectories of an ice nucleus that appeared at the clearance, which is
indicated by a yellow circle (from the top view). (e) Ice nucleation at the top of the graphene nanosheet,
εw-m = 1.0 kcal/mol. (f–h) Representative growth trajectories of an ice nucleus that appeared at the
top of the graphene nanosheet. Silver and black spheres represent metal and carbon atoms. White
sticks covered on them represent liquid water molecules, and blue and green sticks connect pairs of
ice molecules with hexagonal and cubic structure orders, respectively.

Therefore, in this work, we draw the conclusion that an ice nucleus tends to form at the
clearance of a surface with surface hydrophilicity discrepancy Dε larger than 0.87 kcal/mol.
On the contrary, an ice nucleus tended to form at the top of the graphene nanosheets when
the Dε was lower than 0.87 kcal/mol. Either at the clearance or at the top of the graphene
nanosheets, an ice nucleus could grow continuously as the system temperature cooled
down, as shown in Figure 4b–d or f–h. Nearly all liquid water molecules on the surface
arranged in the regular order finally to form the ice structures. In addition, the growth rate
of the ice crystal that nucleated initially at the clearance was much lower than that of the
ice crystal that nucleated at the top of the graphene sheets, and the lowest growth rate of
an ice crystal on the metal–graphene nanosheet surface could be found under the condition
of the surface hydrophilicity discrepancy Dε being set to 7.87 kcal/mol.
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3.3. Ice Growth and Stunting Effect of Boundary Misorientation

We also compared the mean growth rate of an ice nucleus under several surface con-
ditions, including metal–graphene nanosheets, pure metal, pure graphene and graphene–
graphene nanosheet systems, as shown in Figure 5. Different surface conditions and their
models are illustrated in Figure 1b. The ice growth rate was calculated by the method
described in Figure S6.

Figure 5. Growth rate of an ice nucleus on different surface configurations. (a) Number of water
molecules in the ice nucleus, Nice, changed with simulation time on the metal–graphene nanosheet
surface. (b–d) Nice on a pure metal, pure graphene and graphene–graphene nanosheet surface,
respectively. The data refer to εw-m = 8.0 kcal/mol both in (a,b). The red line in each figure is the
linear fitting of Nice within the first 1 ns after the initiation of icing. (e) Comparison of the ice growth
rate on different surface configurations. Blue and purple bars represent the original and enlarged size
of the simulation box.

The lowest growth rate of an ice crystal was on the metal–graphene nanosheet surface
when εw-m was set to 8.0 kcal/mol, i.e., 7.87 kcal/mol surface hydrophilicity discrepancy
for the clearance configuration. Compared to the pure metal surface, this ice growth rate
was decreased by 71.08%, as shown in Figure 5e. Similarly, for the graphene–graphene
nanosheet surface, the growth rate of the ice nucleus decreased by 36.07% compared to that
on the pure graphene surface. Ice growth was suppressed on both the metal and graphene
substrate, while graphene nanosheets were anchored on them. These alternately distributed
graphene nanosheets can restrict the growth of an ice nucleus in the direction parallel to
the substrate [42]. An ice nucleus at the clearance tends to grow along the z axis, leading
to the curved surface of the ice nucleus. According to the Gibbs–Thomson effect [43,62],
the surface curvature of ice would cause additional pressure on the ice–water interface,
resulting in an external resistance for the further growth of the ice nucleus. [42,63]. Hence,
the free energy barrier for ice growth increases, and the freezing point of liquid water is
decreased. However, the suppression effect was more prominent on the metal–graphene
nanosheet surface configuration, owing to the proper surface hydrophilicity discrepancy
and the rearranged interfacial water layer existing at the clearance configuration. Addition-
ally, we found that ice nucleation occurred at a random position of the graphene–graphene
nanosheet surface. The ice growth was suppressed only when the ice nucleus was formed
at the clearance; otherwise, the ice nucleus grew on the graphene nanosheet without the
suppression effect of the clearance. These results indicate that the suppression effect of
the clearance generated by graphene nanosheets does occur both on metal and graphene
substrates, and the optimal freezing delay ability of the surface can be achieved in the
metal–graphene nanosheet surface system with a proper surface hydrophilicity discrep-
ancy. The suppression effect of these surfaces followed the sequence of metal–graphene
nanosheets > graphene–graphene nanosheets > pure graphene, as illustrated in Figure 5e.
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On the other hand, we also constructed models with an enlarged size of the simu-
lation box, which means an enlarged clearance width on these surfaces, and performed
simulations to investigate the impact of clearance width on the growth of the ice nucleus.
Details of the models are shown in Table S2. The simulation parameters of the enlarged
systems were the same to that of the systems with the original size for each surface con-
figuration. The initiation of ice nucleation on the metal–graphene nanosheet surface was
greatly advanced (10–20 ns) by merely a 1 nm increase of the clearance width, and the
ice growth rate increased noticeably by 40.02%, as shown in Figure S7 and Figure 5e. In
the enlarged metal–graphene nanosheet system, the ice embryo could still nucleate at the
enlarged clearance configuration. However, a stable ice nucleus formed before it contacted
the lateral graphene nanosheets. Ice growth would not be restricted and the curved surface
of an ice nucleus would not form. Consequently, the suppression effect of the clearance
configuration disappeared, when the clearance width was larger than 2 nm on the surface
both in metal–graphene nanosheet and graphene–graphene nanosheet systems. Therefore,
our investigation leads to the conclusion that a pronounced ice inhibition will exhibit on
the metal–graphene nanosheet surface configuration only when the clearance between
graphene nanosheets is narrow enough. Further research needs to be developed for a
critical size of the clearance configuration. In contrast, the enlarged size of the simulation
box had no obvious influence on ice growth on the pure metal and pure graphene sur-
faces. For the graphene–graphene nanosheet surface, ice nucleation occurred at a random
position on the surface in both the original and enlarged systems. When the clearance
width was enlarged, ice growth would not be restricted by the graphene nanosheets, even
if the ice nucleus was formed at the clearance. The growth rate of the ice nucleus on the
graphene–graphene nanosheet surface slightly increased by 18.46% due to the enlarged
clearance width, as shown in Figure 5e.

Figure 6a suggests that a stunting effect exists during the growth process of an ice
crystal on a metal–graphene nanosheet surface. This is due to the boundary misorientation
between ice crystals [47], as illustrated in Figure 6b. Obviously, the ice cluster marked
with a red circle has a different orientation with the ice cluster on the right side. Generally,
two growing ice nuclei contact each other, and the boundary misorientation forms. With
the decreasing entropy and potential energy of a system, ice clusters with a boundary
misorientation tended to transform into a consistent crystal, and the disorder boundary
structure disappeared gradually, which suspended the growth of the ice crystal on the
surface about 0.5–1.0 ns. This stunting effect could take a lot of time during the rapid
growth of the ice crystal, as shown in Figure 6a. We also found that the duration of the
stunting effect extended by increasing the contact area between ice clusters with different
orientations, finally slowing down the growth rate of the ice crystal.

 

Figure 6. Stunting effect of a boundary misorientation during ice growth. (a) The inset shows the
stunting period (shaded red) in the ice growth process caused by boundary misorientation between
ice crystals. (b) Top view snapshots of boundary misorientation between ice crystals. (c) Side view of
the boundary misorientation between ice crystals.
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4. Conclusions

In summary, we carried out molecular dynamics simulations to investigate the freez-
ing delay capability of metal–graphene nanosheet surfaces and gained a microscopic
understanding of ice nucleation and growth, which were restricted at the clearance configu-
ration. The interfacial water layer would form when the surface hydrophilicity of the metal
substrate εw-m was higher than 1.0 kcal/mol, separating other free water molecules from in-
teracting with the metal substrate. This hindering effect of interfacial water layer competed
with the increasing interaction strength between water molecules and the metal substrate.
Ice nucleation was delayed when εw-m ranged from 4.0 to 14.0 kcal/mol and the delayed
time peaks to 5.25 ns with the surface hydrophilicity discrepancy Dε of 5.87 kcal/mol.

The nucleation position of an ice embryo changed from the top of graphene nanosheets
to the clearance since the surface hydrophilicity of the metal substrate εw-m surpassed
1.0 kcal/mol. The growth of the ice nucleus at the clearance was restricted by surrounding
graphene nanosheets both on metal and graphene substrates. The ice nucleus grew with
the lowest rate when εw-m was 8.0 kcal/mol. An enlarged width of the clearance weakened
the suppression effect remarkably, which is an important element in the design of anti-icing
nanomaterials. Furthermore, the boundary misorientation between ice crystals can also
suppress ice growth because of the stunting effect, which is proportional to the contact
area between ice crystals. We believe these findings provide a simple model to explore the
mechanism of nano-sized graphene and its derivatives on ice nucleation and growth, as
well as their potential application for anti-icing materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12010052/s1, Figure S1: Morphology of the simulation
system. (a) A typical metal–graphene nanosheets surface, containing four single graphene nanosheets
anchored alternately on a metal substrate. (b) Entire simulation box with a water slab covered on
the surface. Atoms of metal substrate and graphene nanosheets are colored by silver and black
respectively, hydrogen bonds between liquid water molecules are represented by white sticks with a
cut off distance of 3.2 Å, which is realized by the Create Bonds modifier in OVITO software; Figure S2:
Example of a simulation box used in ice freezing. Periodic boundary conditions (PBC) were applied
in x, y and z directions. A 7-nm-thick void region was incorporated in the simulation box to avoid
the undesired effect of metal substrate in the adjacent simulation box caused by the PBC in the z
direction; Figure S3: Ice formation on the metal–graphene nanosheets surface. (a) Stacking disordered
ice formed on the surface (εw-m = 1.0 kcal/mol), from a cross section view. Random layers of ice Ih
and ice Ic were colored in bule and green respectively. (b) Count of water molecules above the surface
along z direction, which depicts the regular order of ice; Figure S4: Ice growth at the top the graphene
nanosheets with a surface hydrophilicity of metal substrate of 0.13 kcal/mol, which is equal to the
surface hydrophilicity of graphene εw-g. (a) Ice embryo nucleating at the top the graphene nanosheets
owing to the repeated hexagonal carbon ring structure on graphene. (b–d) Growth of the ice crystal
on the graphene nanosheets; Figure S5: Ice growth at the clearance, between the peripheral graphene
nanosheets, with a surface hydrophilicity of metal substrate of 4.0 kcal/mol. (a) Ice embryo nucleated
at the clearance configuration. (b–d) Restricted growth of the ice crystal on the metal–graphene
nanosheets surface; Figure S6: Number of water molecules in ice nucleus changed with simulation
time on metal–graphene nanosheets surface with different surface hydrophilicity of metal substrate;
Figure S7: Initiation time of icing on metal–graphene nanosheets with different size of simulation
box. The clearance width is about 2.0 nm in original sized system, whereas it is 3.0 nm in enlarged
sized system; Table S1: The size of simulation box; Table S2: The interaction parameters for the Model
Systems in this work.
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Abstract: In this article, we examine the three-dimensional Prandtl nanofluid flow model (TD-PNFM)
by utilizing the technique of Levenberg Marquardt with backpropagated artificial neural network
(TLM-BANN). The flow is generated by stretched sheet. The electro conductive Prandtl nanofluid
is taken through magnetic field. The PDEs representing the TD-PNFM are converted to system
of ordinary differential equations, then the obtained ODEs are solved through Adam numerical
solver to compute the reference dataset with the variations of Prandtl fluid number, flexible number,
ratio parameter, Prandtl number, Biot number and thermophoresis number. The correctness and the
validation of the proposed TD-PNFM are examined by training, testing and validation process of
TLM-BANN. Regression analysis, error histogram and results of mean square error (MSE), validates
the performance analysis of designed TLM-BANN. The performance is ranges 10−10, 10−10, 10−10,
10−11, 10−10 and 10−10 with epochs 204, 192, 143, 20, 183 and 176, as depicted through mean
square error. Temperature profile decreases whenever there is an increase in Prandtl fluid number,
flexible number, ratio parameter and Prandtl number, but temperature profile shows an increasing
behavior with the increase in Biot number and thermophoresis number. The absolute error values by
varying the parameters for temperature profile are 10−8 to 10−3, 10−8 to 10−3, 10−7 to 10−3, 10−7

to 10−3, 10−7 to 10−4 and 10−8 to 10−3. Similarly, the increase in Prandtl fluid number, flexible
number and ratio parameter leads to a decrease in the concentration profile, whereas the increase
in thermophoresis parameter increases the concentration distribution. The absolute error values by
varying the parameters for concentration profile are 10−8 to 10−3, 10−7 to 10−3, 10−7 to 10−3 and
10−8 to 10−3. Velocity distribution shows an increasing trend for the upsurge in the values of Prandtl
fluid parameter and flexible parameter. Skin friction coefficient declines for the increase in Hartmann
number and ratio parameter Nusselt number falls for the rising values of thermophoresis parameter
against Nb.

Keywords: Prandtl nanofluid flow; convectively heated surface; stochastic intelligent technique; Leven-
berg Marquardt method; backpropagated network; artificial neural network; Adam numerical solver
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1. Introduction

Nanofluid is a mixture of base liquid and nanosize particles, and the size of these
nanoparticles is between 1 to 100 nanometer. There are two types of fluids; first one is
Newtonian fluid and the second is non-Newtonian fluid. Nanofluids consist of rods, fibers
and nanometer sized particles suspended in base fluids [1]. The base fluid is usually water,
ethylene glycol or oil. There are some articles published, that investigate the progress of
nanofluids [2–4]. Some researchers study the applications of nanofluids in heat exchange [5],
car radiators [6], medical appliances [7] and solar collectors [8].

Heat generation is a phenomenon of generation, conversion, use and exchange of
thermal energy between the two objects. Conduction, convection and Radiation are the
different modes of heat transfer. Heat transfer of nanofluids is also examined by research
workers [9–11]. Three-dimensional flows mean that the flow is describing in three space
coordinates. Any physical flow is three dimensional. Three-dimensional flow over a
stretched sheet was studied by Wang [12], Ariel [13], Xu et al. [14] and Liu et al. [15].

The main purpose of this article is to study the three-dimensional flow of Prandtl
nanofluid containing nanoparticles. Hayat [16,17] examined the peristaltic flow of Prandtl
nanoliquid and Kumar [18] examined the impact of mass transfer in Prandtl liquid flow.
Hayat [19] also analyzed the Prandtl liquid flow with Cattaneo-Christov double diffusion.
Nadeem et al. [20] studied the Prandtl liquid model in an endoscope. Some researchers
have carried out tremendous work using the Prandtl nanofluid model, i.e., Akbar [21,22],
Sooppy Nisar [23] and Hamid [24], examined the flow of Prandtl fluid flow in their research
models. Over a deformable surface, Soomro et al. [25] examined the passive control of
nanoparticles in Prandtl nanofluid flow. Nilankush [26,27] examined the Spectral quasi
linearization simulation of radiative nanofluidic transport over a permeable inclined disk
and a bended surface in his two research articles. Sabu [28] explored the role of nanoparticle
form and thermo-hydrodynamic slip limitations in Magnetohydrodynamic alumina-water
nanofluid flows across a rotating hot surface. Virmani [29] reviewed the nanostructured
materials for exterior panel elements in automotive.

There are many models examined by the scientist over a convectively heated surface.
Uddin [30] examined the mixed convective Prandtl-Eyring flow over a surface. Zaka
Ullah [31] and Patil [32] demonstrated the flow of Prandtl fluid over a convectively heated
surface. Over a convectively heated sheet, Hosseinzadeh [33] analyzed the flow of Maxwell
liquid. Ahmed [34] explore the chemically reacting fluid flow through a convectively
heated sheet. Alamri et al. [35] investigated the novel viewpoint of Cattaneo-Christove
heat flux model. Yausif et al. [36] implemented the numerical technique for heat transfer
analysis subjected to fluid flow system under the impacts of thermal radiation and internal
heat source/sink. Ellahi et al. [37,38] analyzed the heat transfer impacts on bi-phase flow
coatings. The authors also studied the entropy optimized fluid flow system under the
influence of heat transfer and magneto hydrodynamics. Moreover, heat transfer generation,
heat transfer consumption and thermal radiation for non-Newtonian fluid flow are studies
by Saeed et al. [39].

The three-dimensional flow of Prandtl nanofluid is examined by using different
numerical and analytical method, but stochastic numerical methods are well known due
to their effectiveness, robustness and worth. Research workers already applied stochastic
numerical technique on their research problems [40–44]. Some research models examined
by implementing the artificial intelligence techniques are Ree-Eyring fluid model [45],
third-grade fluid model [46], MHD boundary layer flow model [47] and Maxwell nanofluid
model [48].

To analyze the Prandtl fluid models based on differential equations, many scholars
employed various numerical simulations. However, no one has applied the solution
method which is based on the Levenberg-Marquardt approach in artificial neural networks
to improve the solver technique’s computing power and precision level. Due to their
usefulness, efficiency, and reliability, stochastic numerical approaches are effective and
reliable to investigate the Prandtl fluid flow related problems. All of these motivating
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factors encourage authors to use a precise and consistent AI algorithm-based mathematical
simulation framework for mathematical solution of Prandtl fluid flow over a convectively
heated surface by performing numerical and graphical research to analyze the influence
of all variations on velocity, concentration, and temperature distributions, which is the
novelty of this study.

In this article, Mathematica (version 12) and MATLAB (version R2019b) software are
used for numerical treatment.

The innovative contributions of computing procedure are as follows:

• The numerical computation has been designed through the technique of Levenberg
Marquardt with backpropagated artificial neural network (TLM-BANN) for the com-
parative study of three dimensional Prandtl nanofluid flow model (TD-PNFM) with
convectively heated surface.

• The TLM-BANN coupled PDEs representing TD-PNFM are transformed into system
of ODEs by utilizing suitable transformation.

• The Mathematica software command ‘NDSolve’ is used to compute the dataset for
designed TLM-BANN for the variation of Prandtl fluid number, flexible number, ratio
parameter, Prandtl number, Biot number and thermophoresis number.

• The MATLAB software is used to interpret the solution and the AE analysis plots of
TD-PNFM.

• The correctness and the validation of the proposed TD-PNFM is examined by training,
testing and validation process of TLM-BANN.

• Regression analysis, error histogram and results of mean square error (MSE), validates
the performance analysis of designed TLM-BANN.

2. Mathematical Modeling

We examine the 3D flow of Prandtl nanofluid with a convectively heated surface.
Thermal convection and zero nanoparticles mass flux are the two boundary conditions
discussed in this model. Thermophoretic and Brownian motion impacts are also examined.
The fluid is electro conductive with the magnetic field applied in the direction of z-axis,
shown by the geometrical interpretation represented through Figure 1. The figure shows
that the sheet is extended in x and y- direction, and the fluid is moving at that extended
sheet. The model is discussed in Cartesian coordinates system. The velocity Uw is along
the x-axis and the velocity Vw is along the y-axis at z = 0. Along z-axis, magnetic field
B0 is applied. The current hall and magnetic field impacts are ignored for a small value
of Reynold number. Then the resulting ODEs along with the boundary conditions after
solving the system of PDEs [49] are:

β1 f ′′′ + ( f + g) f ′′ − f ′2 + β2 f ′′ 2 f ′′′ − (Ha)2 f ′ = 0, (1)

β1g′′′ + ( f + g)g′′ − g′2 + β2g′′ 2g′′′ − (Ha)2g′ = 0, (2)

θ′′ + Pr
(
( f + g)θ′ + Nbθ′φ′ + Ntθ

′2
)
= 0, (3)

φ′′ + Sc( f + g)φ′ + Nt

Nb
θ′′ = 0, (4)

And the BCs are;

f (0) = g(0) = 0, f ′(0) = 1, g′(0) = α,

θ′(0) = −γ(1 − θ(0)), Nbφ′(0) + Ntθ
′(0) = 0,

(5)

f ′(∞) → 0, g′(∞) → 0, θ(∞) → 0, φ(∞) → 0, (6)
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Figure 1. Flow Diagram.

3. Solution Methodology

The TLM-BANN coupled with PDEs representing TD-PNFM are converted into sys-
tem of ODEs by applying suitable transformation. Adam numerical method is used to com-
pute the reference dataset for all the six scenarios of TD-PNFM. The MATLAB command
‘nftool’ is used to execute the technique of Levenberg Marquardt with backpropagated
artificial neural network (TLM-BANN) for the study of TD-PNFM.

The neural network figure for LMT-BANN is given below as Figure 2 and the flow
chart is shown in Figure 3.

 

Figure 2. Neural Network diagram for TD-PNFM.

The current model is discussed for six scenarios and the scenarios consist of the
variations of Prandtl fluid number, flexible number, ratio parameter, Prandtl number, Biot
number and thermophoresis parameter. Each scenario has further four cases and the values
for all the cases are written below in Table 1. With Ha= 0.4, Nb= 0.9 and Sc = 1.0. We
can easily see the impact of variations of physical parameters on temperature profile and
concentration profile. There are 10 hidden neurons with the input lies between 0 and 8
and the step size is 0.08. The dataset is computed for 101 points in which 81 points are for
training, 10 points for testing and 10 points for validation.
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Figure 3. Flow chart for TD-PNFM.
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Table 1. Variation of parameters of TD-PNFM.

Scenarios Cases
Physical Quantities

β1 β2 α γ Pr Nt

01

1 0.2 0.6 0.2 0.8 1.1 0.8
2 0.4 0.6 0.2 0.8 1.1 0.8
3 0.6 0.6 0.2 0.8 1.1 0.8
4 0.8 0.6 0.2 0.8 1.1 0.8

02

1 0.2 0.0 0.2 0.8 1.1 0.8
2 0.2 0.4 0.2 0.8 1.1 0.8
3 0.2 0.8 0.2 0.8 1.1 0.8
4 0.2 1.2 0.2 0.8 1.1 0.8

03

1 0.2 0.6 0.0 0.8 1.1 0.8
2 0.2 0.6 0.15 0.8 1.1 0.8
3 0.2 0.6 0.30 0.8 1.1 0.8
4 0.2 0.6 0.45 0.8 1.1 0.8

04

1 0.2 0.6 0.2 0.1 1.1 0.8
2 0.2 0.6 0.2 0.5 1.1 0.8
3 0.2 0.6 0.2 1.0 1.1 0.8
4 0.2 0.6 0.2 1.5 1.1 0.8

05

1 0.2 0.6 0.2 0.8 0.75 0.8
2 0.2 0.6 0.2 0.8 1.0 0.8
3 0.2 0.6 0.2 0.8 1.25 0.8
4 0.2 0.6 0.2 0.8 1.50 0.8

06

1 0.2 0.6 0.2 0.8 1.1 0.1
2 0.2 0.6 0.2 0.8 1.1 0.7
3 0.2 0.6 0.2 0.8 1.1 1.2
4 0.2 0.6 0.2 0.8 1.1 1.9

4. Discussion of Results

The six scenarios of TD-PNFM by the variation of Prandtl fluid number, flexible
number, ratio parameter, Prandtl number, Biot number and thermophoresis parameter
are formulated for four different cases for both, temperature and concentration profile of
three-dimensional Prandtl nanofluid flow model as elaborated in Table 1.

The Prandtl number described as the ratio of momentum to thermal diffusivity. As the
Prandtl number increases, the temperature decreases. As Pr increases, thermal diffusivity
reduces, resulting in a drop in temperature. The Biot number represents the ratio of inner
to outside thermal resistance for a solid item that transfers heat to a liquid flow. This ratio
indicates if the inside temperature of a body fluctuate considerably in space when it heated
or cools over time due to a thermal gradient given to its sheet. A rise in the Biot number
induces intense convection, resulting in an increase in thermal profile. Thermophoresis
is a force caused by the difference of temperature among the cold wall and hot gas that
causes particulate particles to migrate more toward the cold wall. This variable is caused
by nanoparticles. Nanoparticles increased the nanoliquids thermal conductivity. The
thermal conductivity of nanoliquids enhances with temperature. As a result, an increase in
temperature is noticed for a better estimation of Nt.

The dataset for the designed TLM-BANN is computed with the help of Adam numeri-
cal method, for which, the input lies between 0 and 8 with 0.08 step size for all the four cases
of six different scenarios of TLM-BANN of TD-PNFM. The solution for three-dimensional
Prandtl nanofluid flow is determined by using the command ‘nftool’ in MATLAB. The
dataset is generated for 101 points in which 81 points are for training, 10 points for testing
and 10 points for validation of designed TLM-BANN.

The performance, state transition, fitness, error histogram and regression for the case I
of the scenarios I, II, III, IV, V and VI are shown in Figures 4–9, respectively. The MSE
based performance reflects the difference between observation and simulation; the lower
the MSE value, the higher the performance. The performance is 10−10, 10−10, 10−10, 10−11,
10−10 and 10−10 with epochs 204, 192, 143, 20, 183 and 176, as depicted in the performance
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graphs. The histogram displays the technique’s dependability by displaying the difference
between the anticipated and targeted results after neural network training. A histogram
plot has twenty vertical bars, which are referred to as bins. The data is distributed evenly
between positive and negative components is shown by the zero line, which is the red
vertical line in the histogram plot. The regression plots demonstrate the output and the
target relationship. Regression R measures that how accurately measured values fit a
straight line or curve, and the straight line reflecting the perfect fit. If R = 1, the outputs and
the targets relation is accurate. The fitness graph depicts the relation of training, testing,
and validation of output and training, where overlap of all three indicating that algorithm
is properly trained and provides an accurate answer. Inside the training state, there is a
portion of error plot that represents the error related to output. Moreover, the data for MSE,
performance, epochs, Mu and time taken is given in Table 2. The Mu and gradient values
corresponding to epoch reflect whether the convergence is gradual or rapid; as the epoch
advances, the values of gradient and Mu fall, indicating the convergence is quick using the
Levenberg-Marquardt solver.

  
(a) (b) 

  
(c) (d) 

Figure 4. Cont.

73



Coatings 2022, 12, 24

 
(e) 

Figure 4. Scenario I Case I of TD-PNFM. (a) MSE Results: Scenario I Case I; (b) Transition state:
Scenario I Case I; (c) Fitness: Scenario I Case I; (d) Error Histogram: Scenario I Case I; (e)regression:
Scenario I Case I.

  
(a) (b) 

  
(c) (d) 

Figure 5. Cont.
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(e) 

Figure 5. Scenario II Case I of TD-PNFM. (a) MSE Results: Scenario II Case I; (b) Transition state:
Scenario II Case I; (c) Fitness: Scenario II Case I; (d) Error Histogram: Scenario II Case I; (e)regression:
Scenario II Case I.

  
(a) (b) 

  
(c) (d) 

Figure 6. Cont.
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(e) 

Figure 6. Scenario III Case I of TD-PNFM. (a) MSE Results: Scenario III Case I; (b) Transition
state: Scenario III Case I; (c) Fitness: Scenario III Case I; (d) Error Histogram: Scenario III Case I;
(e)regression: Scenario III Case I.

  

(a) (b) 

  
(c) (d) 

Figure 7. Cont.
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(e) 

Figure 7. Scenario IV Case I of TD-PNFM. (a) MSE Results: Scenario IV Case I; (b) Transition
state: Scenario IV Case I; (c) Fitness: Scenario IV Case I; (d) Error Histogram: Scenario IV Case I;
(e)regression: Scenario IV Case I.

 
 

(a) (b) 

  
(c) (d) 

Figure 8. Cont.
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(e) 

Figure 8. Scenario V Case I of TD-PNFM. (a) MSE Results: Scenario V Case I; (b) Transition state:
Scenario V Case I; (c) Fitness: Scenario V Case I; (d) Error Histogram: Scenario V Case I; (e)regression:
Scenario V Case I.

  
(a) (b) 

  
(c) (d) 

Figure 9. Cont.

78



Coatings 2022, 12, 24

 
(e) 

Figure 9. Scenario VI Case I of TD-PNFM. (a) MSE Results: Scenario VI Case I; (b) Transition state:
Scenario VI Case I; (c) Fitness: Scenario VI Case I; (d) Error Histogram: Scenario VI Case I; (e)
regression: Scenario VI Case I.

Table 2. Outcomes of TLM-BANN of TD-PNFM.

Scenario Case
MSE Data

Performance Gradient Mu
Final

Epoch Time
Training Validation Testing

1

1 8.42 × 10−11 1.94 × 10−10 1.78 × 10−10 8.42 × 10−11 1.00 × 10−07 1.00 × 10−09 204 5 s
2 3.02 × 10−11 1.01 × 10−10 5.59 × 10−10 3.02 × 10−11 9.85 × 10−08 1.00 × 10−09 188 2 s
3 2.82 × 10−09 3.07 × 10−09 4.17 × 10−09 1.75 × 10−09 6.68 × 10−06 1.00 × 10−09 43 <1 s
4 2.26 × 10−11 2.17 × 10−11 6.99 × 10−09 2.26 × 10−11 9.79 × 10−08 1.00 × 10−09 134 1 s

2

1 6.30 × 10−11 9.73 × 10−10 6.64 × 10−11 6.30 × 10−11 9.98 × 10−08 1.00 × 10−09 192 2 s
2 4.98 × 10−11 1.16 × 10−10 5.26 × 10−11 4.98 × 10−11 9.88 × 10−08 1.00 × 10−09 27 2 s
3 7.24 × 10−12 1.40 × 10−11 1.06 × 10−11 7.24 × 10−12 9.90 × 10−08 1.00 × 10−10 164 2 s
4 1.19 × 10−08 7.42 × 10−09 1.46 × 10−08 5.11 × 10−09 1.45 × 10−05 1.00 × 10−09 25 <1 s

3

1 8.81 × 10−11 1.58 × 10−10 5.75 × 10−09 8.81 × 10−11 1.00 × 10−07 1.00 × 10−09 143 1 s
2 8.70 × 10−10 3.56 × 10−09 1.67 × 10−09 8.71 × 10−10 1.00 × 10−07 1.00 × 10−08 278 3 s
3 4.60 × 10−11 6.79 × 10−11 1.05 × 10−09 4.60 × 10−11 9.96 × 10−08 1.00 × 10−09 204 2 s
4 4.58 × 10−11 1.91 × 10−10 2.47 × 10−10 4.58 × 10−11 9.89 × 10−08 1.00 × 10−09 139 1 s

4

1 2.25 × 10−11 1.62 × 10−11 3.48 × 10−11 2.25 × 10−11 1.66 × 10−08 1.00 × 10−10 20 <1 s
2 4.71 × 10−11 2.35 × 10−11 9.08 × 10−12 4.71 × 10−11 9.92 × 10−08 1.00 × 10−11 106 1 s
3 5.50 × 10−11 4.25 × 10−11 5.92 × 10−11 5.50 × 10−11 9.93 × 10−08 1.00 × 10−09 212 2 s
4 1.50 × 10−08 2.71 × 10−08 1.58 × 10−08 1.12 × 10−08 2.11 × 10−08 1.00 × 10−08 68 <1 s

5

1 8.90 × 10−11 1.41 × 10−10 2.30 × 10−10 8.91 × 10−11 9.89 × 10−08 1.00 × 10−09 183 2 s
2 7.41 × 10−11 8.25 × 10−11 1.50 × 10−10 7.41 × 10−11 9.99 × 10−08 1.00 × 10−09 191 2 s
3 4.80 × 10−11 7.13 × 10−11 3.81 × 10−10 4.81 × 10−11 9.91 × 10−08 1.00 × 10−09 165 2 s
4 5.51 × 10−11 5.72 × 10−11 1.69 × 10−10 5.52 × 10−11 9.90 × 10−08 1.00 × 10−09 142 1 s

6

1 3.87 × 10−11 4.16 × 10−11 5.47 × 10−11 3.88 × 10−11 9.89 × 10−08 1.00 × 10−09 175 2 s
2 2.27 × 10−08 9.76 × 10−09 2.75 × 10−08 7.32 × 10−09 9.00 × 10−06 1.00 × 10−09 26 <1 s
3 4.07 × 10−11 7.95 × 10−10 7.77 × 10−11 4.07 × 10−11 9.84 × 10−08 1.00 × 10−09 169 2 s
4 2.30 × 10−10 3.84 × 10−09 2.97 × 10−10 2.30 × 10−10 9.92 × 10−08 1.00 × 10−08 308 4 s

The solution for three-dimension Prandtl nanofluid model for the temperature profile
is depicted in Figure 10a,c,e,g,i,k, whereas the AE analysis plots for the temperature profile
is given in Figure 10b,d,f,h,j,l. Similarly the solution plots for the concentration profile is
shown in Figure 11a,c,e,g. The AE analysis plots are given in Figure 11b,d,f,h. The solution
plots for the velocity distribution are shown in Figure 12a,b. The outcomes for the skin
friction and Nusselt number are depicted in Figures 13a–c and 14a, respectively.
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Figure 10. Cont.
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(g) (h) 

  
(i) (j) 

  
(k) (l) 

Figure 10. Assessment of TLM-BANN for θ with reference dataset of TD-PNFM (a) Variation of β1

for θ; (b) AE analysis in variation of β1 for θ; (c) Variation of β2 for θ; (d) AE analysis in variation
of β2 for θ; (e) Variation of α for θ; (f) AE analysis in variation of α for θ; (g) Variation of γ for θ; (h)
AE analysis in variation of γ for θ; (i) Variation of Pr for θ; (j) AE analysis in variation of Pr for θ;
(k) Variation of Nt for θ (l) AE analysis in variation of Nt for θ.
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Figure 11. Cont.
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(g) (h) 

Figure 11. Assessment of TLM-BANN for ϕ with reference dataset of TD-PNFM. (a) Variation of β1

for ϕ; (b) AE analysis in variation of β1 for ϕ; (c) Variation of β2 for ϕ; (d) AE analysis in variation
of β2 for ϕ; (e) Variation of α for ϕ; (f) AE analysis in variation of α for ϕ; (g) Variation of Nt for ϕ;
(h) AE analysis in variation of Nt for ϕ.

  
(a) (b) 

Figure 12. Assessment of TLM-BANN for f with reference dataset of TD-PNFM. (a) Variation of β1

for f ; (b) Variation of β2 for f.
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(a) (b) 

 
(c) 

Figure 13. Assessment of TLM-BANN for f with reference dataset of TD-PNFM. (a) Variation of Ha
for Cf Re1/2

x ; (b) Variation of α for Cf Re1/2
x ; (c) Variation of α for Cf Re1/2

y .

 

Figure 14. Assessment of TLM-BANN for f with reference dataset of TD-PNFM. Variation of Nt for
NuxRe−1/2

x .

4.1. Impact of Variation on θ(ζ)

The MATLAB software is utilize to interpret the effects of variation β1, β2, α, Pr, γ and
Nt on temperature profile. Figure 10 shows the solution plots and AE analysis plots for the
temperature profile by varying of Prandtl fluid number, flexible number, ratio parameter,
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Prandtl number, Biot number and thermophoresis number. The absolute error values for
the following variations are 10−8 to 10−3, 10−8 to 10−3, 10−7 to 10−3, 10−7 to 10−3, 10−7 to
10−4 and 10−8 to 10−3, respectively.

One may witness that:

• The temperature profile increases with the increase in Biot number.
• Temperature distribution shows decreasing behavior with the increase in Prandtl fluid

number and flexible number.
• Increase in thermophoresis number leads to an increase in temperature profile.
• Temperature profile decreases with the increase in the values of Prandtl number and

ratio parameter.

4.2. Impact of Variation on

Software MATLAB is used to interpret the AE analysis plots and the solution plots to
examine the variation of β1, β2, α and Nt on the concentration profile. Figure 11 depicts
the solution and AE analysis plots for the concentration profile by the variation of Prandtl
fluid number, flexible number, ratio parameter and thermophoresis number. It can be
easily seen that Prandtl fluid number, flexible number and ratio parameter have the same
impact on the concentration profile, but thermophoresis number has the opposite effect,
which is an upsurge in the trend of concentration distribution. The absolute error values
for the following variations are 10−8 to 10−3, 10−7 to 10−3, 10−7 to 10−3 and 10−8 to 10−3,
respectively.

One may witness that:

• The concentration profile shows decreasing behavior when the value of Prandtl fluid
parameter increases.

• Increase in flexible number causes a decrease in concentration profile.
• Increasing values of ratio parameter leads to a decrease in the behavior of concentra-

tion profile.
• The concentration profile increases with the increase in thermophoresis parameter.

The reason is, raising thermophoresis parameter induces a rise in the system’s thermal
conductivity, which adds to an increase in concentration.

4.3. Impact of Variation on f(ζ)

The effects of variation β1 and β2 on velocity distribution is shown in Figure 12.
Figure 12 shows the solution plots for the velocity profile by varying of Prandtl fluid
number and flexible number.

One may witness that:

• Velocity distribution shows an increasing trend with the increase in Prandtl fluid
number.

• Increase in flexible number leads to an increase in velocity profile.

4.4. Skin Friction Coefficient

The effects of variation of Ha and α on skin friction (Cf Re1/2
x and Cf Re1/2

y ) is shown in
Figure 13. Figure 13 shows the plots for the skin friction by varying of Hartmann number
and ratio parameter.

One may witness that:

• Cf Re1/2
x shows a declining trend with the increase in Hartmann number and ratio

parameter against Prandtl fluid parameter.

• Rise in ratio parameter leads to a decrease in Cf Re1/2
y against Prandtl fluid parameetr.

4.5. Nusselt Number

The effects of variation of thermophoresis parameter on Nusselt number (NuxRe−1/2
x )

is shown in Figure 14. Figure 14 shows the plots for the Nusselt number by varying of
thermophoresis parameter against Brownian motion parameter.
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One may witness that:

• NuxRe−1/2
x shows a falling pattern with the increase in thermophoresis parameter

against Brownian motion parameter.

5. Conclusions

The technique of Levenberg-Marquardt with backpropagated neural network is used
to study the three-dimensional Prandtl nanofluid flow model with a convectively heated
surface by the variations of Prandtl fluid number, flexible number, ratio parameter, Prandtl
number, Biot number and thermophoresis number. The governing PDEs are transformed
to system of ordinary differential equations by applying suitable transformation. The
Mathematica command ‘ND Solve’ is utilized to compute the reference dataset for 101
points, in which there are 81 points for training, 10 point for testing and 10 points for vali-
dation. The regression analysis, error histogram and MSE data validates the performance
of TLM-BANN.

There are few points drawn from the results are written below:

• The temperature profile shows increasing behavior with the increase in Biot number.
• Temperature distribution is decreasing with the increase in Prandtl fluid number and

flexible number.
• Increase in thermophoresis number leads to an increase in temperature profile.
• Temperature profile decreases when the values of Prandtl number and ratio parame-

ter increase.
• The concentration profile decreasing when the value of Prandtl fluid parameter increases.
• Increase in flexible number causes a decrease in concentration profile.
• Increasing values of ratio parameter causes a decrease in concentration profile.
• The concentration profile increases with the increasing values of thermophoresis

parameter.
• Velocity distribution shows an increasing trend for the upsurge in the values of Prandtl

fluid parameter and flexible parameter.
• Skin friction coefficient declines for the increase in Hartmann number and ratio parameter
• Nusselt number falls for the rising values of thermophoresis parameter against Nb.

6. Future Work

In future, some new soft computing architectures may be implemented for different
fluidic models provided in [50–52] successfully.
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Nomenclature

β1 Prandtl fluid number
α Ratio parameter
Pr Prandtl number
γ Biot number
Nb Brownian motion parameter
Nt Thermophoresis Parameter
TD-PNFM three dimensional Prandtl nanofluid flow model
Sc Schmidt number
θ Temperature profile
ϕ Concentration profile
Ha Hartman number
β2 Flexible number
MSE Mean square error
TLM-BANN technique of Levenberg Marquardt with backpropagated artificial neural network
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Abstract: This study investigated Co40Fe40W20 single-layer thin films according to their correspond-
ing structure, grain size, contact angle, and surface energy characteristics. Co40Fe40W20 alloy thin
films of different thicknesses, ranging from 10 to 50 nm, were sputtered on Si(100) substrates by DC
magnetron sputtering. The thin films were annealed under three conditions: as-deposited, 250 ◦C,
and 350 ◦C temperatures, respectively. The Scherrer equation was applied to calculate the grain size
of Co40Fe40W20 thin films. The results show that the grain size of CoFe(110) increased simultaneously
with the increase of post-annealing temperature, suggesting that the crystallinity of Co40Fe40W20 thin
films increased with the post-annealing temperature. Moreover, the contact angles of all Co40Fe40W20

thin films were all less than 90◦, suggesting that Co40Fe40W20 thin films show changes in the direc-
tion of higher hydrophilicity. However, we found that their contact angles decreased as the grain
size of CoFe increased. Finally, the Young equation was applied to calculate the surface energy of
Co40Fe40W20 thin films. After post-annealing, the surface energy of Co40Fe40W20 thin films increased
with the rising post-annealing temperature. This is the highest value of surface energy observed
for 350 ◦C. In addition, the surface energy increased as the contact angle of Co40Fe40W20 thin films
decreased. The high surface energy means stronger adhesion, allowing the formation of multilayer
thin films with magnetic tunneling junctions (MTJs). The sheet resistance of the as-deposited and
thinner CoFeW films is larger than annealed and thicker CoFeW films. When the thickness is from
10 nm to 50 nm, the hardness and Young’s modulus of the CoFeW film also show a saturation trend.

Keywords: annealed Co40Fe40W20 thin films; magnetic tunnel junctions (MTJs); X-ray diffraction
(XRD); contact angle; surface energy; nanomechanical properties

1. Introduction

Magnetic nanofilms have attracted increasing attention in recent years, especially in
the CoFeB system. CoFeB is a soft ferromagnetic material, which has been extensively
applied in spintronic devices. When a CoFeB film is thinner than 1.7 nm, it shows a
perpendicular magnetic anisotropy (PMA), implying its easy axis is obviously out-of-
plane [1,2]. The PMA in Ta/CoFeB/MgO stack, first identified by Ikeda et al., has promising
applications in spin-transfer torque devices [3]. Moreover, magnetic tunnel junctions
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(MTJs) have been widely investigated because of their wide applications in spintronic
magnetic devices, such as reading heads of hard disks and magnetoresistance random
access memories (MRAM) [4–7]. The CoFeB film was combined with the MgO layer to
form MTJs. A PMA in magnetic films is an essential characteristic for MTJs [8,9]. On the
other hand, CoFeB magnetic film has been extensively used as a free or pinned layer in
MTJs. CoFeB and MgO layers via post-annealing result in a high spin polarization and
high tunneling magnetoresistance (TMR) [10–15]. Meng et al. reported that post-annealing
at 250 ◦C could effectively increase TMR about nine times [16]. The CoFeB-MgO-based
MTJs are considered as a potential candidate for MRAM with high PMA, lower critical
switching current density (Jc), and high TMR [17,18]. Researchers have paid great attention
to increasing the PMA and the thermal stability of MTJs structure. Inserting other metal
spacer layers in the MTJs system was common and effective in improving its various
properties [19–21]. Tungsten (W) has a high melting point, high mechanical strength, and
high-temperature thermal conductivity. In recent years, people have paid more and more
attention to adding new elements to material in magnetic fields. Especially, the study of
adding other elements to the CoFe matrix has also increased. However, few researchers
have paid attention to adding W to CoFe alloy. The research on the efficacy of CoFeW is
noteworthy because it is a promising material. It is usually inserted into MTJ as a free layer
or pinned layer or is combined with other layers in a multilayer structure. It can be widely
used in magnetic and semiconductor applications. In our previous studies, the relationship
between magnetism and structure of CoFeW films, as deposited and annealed, has been
studied [22]. This study is an extension of our previous research to investigate contact
angle and surface energy. However, few research studies have focused on the adhesive
properties of CoFeW films. In addition, the effectiveness of CoFeW-based multilayer
structure is sensitive to the temperature environment. It is of great significance to study the
characteristics of CoFeW films deposited by direct-current (DC) magnetron sputtering in
as-deposited and annealing conditions. The strong adhesion is a critical property for MTJ.
Strong adhesion is a critical property for MTJs. Therefore, this study measured the contact
angle of Co40Fe40W20 thin films with different thicknesses and heat treatment conditions by
a measuring analyzer via deionized (DI) water and glycerol. The Young equation was used
to calculate the surface energy. Finally, this study discussed the correlation between grain
size, contact angle, surface energy, and adhesion. The findings can provide a reference to
future research on MTJs.

2. Materials and Methods

A CoFeW film with a thickness of 10–50 nm was sputtered onto a Si(100) substrate at
room temperature by magnetron direct current (DC) sputtering with a power of 50 W power
under the following three conditions: (a) the deposited films were kept at room temperature,
(b) annealed at a treatment temperature (TA) at 250 ◦C for 1 h, and (c) annealed at 350 ◦C
for 1 h. The chamber base pressure was 2 × 10−7 Torr, and the Ar working pressure
was 3 × 10−3 Torr. The pressure under the ex-situ annealed condition is 3 × 10−3 Torr,
and the selected Ar gas is used. The composition of the CoFeW alloy target was 40 at%
Co, 40 at% Fe, 20 at% W. Furthermore, the structure of the CoFeW films was determined
by using the grazing incidence X-ray Diffraction (GIXRD) patterns obtained by CuKα1
(PAN analytical X’pert PRO MRD, Malvern Panalytical Ltd, Cambridge, United Kingdom)
and a low angle diffraction incidence at a two-degree angle. To determine the thickness
accurately, a high-resolution cross-sectional field emission scanning electron microscopy
(SEM, Hitachi SU 8200, Tokyo, Japan) was used to study the calibration thickness of the
corresponding sputtering time. Before the measurement, the contact angle was properly
air-cleaned on the surface. Then, the contact angles of CoFeW film were measured with
deionized (DI) water and glycerol. The contact angles were then measured when the
samples were removed from the chamber. Lastly, the surface energy was calculated based
on the contact angle. The sheet resistance (Rs) was measured using a conventional four-
point technique. The hardness and Young’s modulus of the CoFeW film were measured
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using the MTS Nano Indenter XP with a Berkovich tip. An indentation load of 1 mN was
used to limit the penetration depth of the indenter to less than 10% of the film thickness.
The indenter repeated the measurement at 10 positions for each sample. The indentation
load was increased in 40 steps, and the indentation depth was measured at each step. Six
indentations were studied in each sample, and the standard deviation was averaged to
obtain more accurate results.

3. Results

3.1. Full-Width at Half Maximum (FWHM) and Grain Size Distribution

The corresponding X-ray diffraction patterns (XRD) of the CoFeW films have been
proved in our previous literature [22]. From a previous study, it was indicated that the
CoFe(110) peak and specific Fe2O3(320), WO3(002), Co2O3(422), and Co2O3(511) oxide
peaks are displayed in XRD. The corresponding joint committee on powder diffraction
standards (JCPDS) cards are #JCPDS 49-1567, #JCPDS 24-0081, #JCPDS 05-0363, and #JCPDS
02-0770. The reason for the formation of the oxide peak can be reasonably inferred to be
that there may still be oxygen in the chamber system of the sputtering system. In addition,
both the adventitious oxide on the Si(100) substrate and the oxygen contamination on
the sputtering target contribute to the formation of oxidation peaks. According to the
above reason, the main peak of CoFeW film is CoFe(110), and the FWHM of CoFe(110)
were analyzed. Moreover, it can be calculated grain size and FWHM of CoFe(110) by XRD
data. Figure 1a shows the FWHM of the as-deposited and post-annealed CoFeW thin
films. The results indicate that the FWHM decreased as CoFeW thickness increased. In
addition, Figure 1a shows that the FWHM decreased as the post-annealing temperature
raised. Finally, we calculated the grain size of CoFe(110) by using the FWHM determined
by XRD and the Scherrer equation.

(a) (b) 

Figure 1. (a) FWHM of CoFeW thin films. (b) Grain size of CoFeW thin films.

The Scherrer equation is [23,24]:

D = Kλ/βcosθ (1)

where the quantity D is grain size, K (0.89) is the Scherrer’s constant, λ is the X-ray
wavelength of the Cu Kα1 line, β is the FWHM diffraction of CoFe(110) peak, and θ is the
half-angle of the diffraction peak. The FWHM of the CoFe(110) peak was used to estimate
the grain sizes at the as-deposited and the two annealing temperatures. Figure 1b shows
the grain size of CoFeW films after deposition and annealing. The as-deposited CoFeW thin
films possessed the smallest grain size. However, as post-annealing temperature increased,
we found that the grain size increased, and was affected by the thicknesses of CoFeW thin
films, as shown in Figure 1b. Moreover, the post-annealing of CoFeW thin films at 350 ◦C
when the thickness was 50 nm possessed the highest observed grain size value—this is
because post-annealing provided energy to CoFeW thin films, resulting in an increased
grain size of CoFeW thin films.
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3.2. SEM Image

High-resolution cross-sectional field emission scanning electron microscope (SEM)
images of the as-deposited and annealed 350 ◦C samples are shown in Figure 2a,b. It
can be seen from the results of the SEM that the annealed CoFeW film is denser than the
as-deposited state. A high-density CoFeW film is obtained by using annealing treatment.
The plan views of the as-deposited and annealed 350 ◦C samples are shown in Figure 2c,d.
From the SEM results, the as-deposited CoFeW film showed a loose surface morphology.

  
(a) (b) 

  
(c) (d) 

Figure 2. Cross-sectional SEM images of CoFeW 50 nm. (a) RT and (b) annealed at 350 ◦C. SEM
micrographs of CoFeW 50 nm. (c) RT and (d) annealed at 350 ◦C.

3.3. Contact Angle

Figure 3A–C depicts the contact angle (θ) of CoFeW films under three conditions,
namely the as-deposited state, the temperature of 250 ◦C and 350 ◦C. The contact angles
were measured with DI water and glycerol. The data in Table 1 show that the contact
angles of the as-deposited CoFeW using DI Water were 81.2◦, 80.7◦, 81.5◦, 82.9◦, and 82.0◦.
On the other hand, the contact angles with glycerol were 76.7◦, 78.1◦, 79.6◦, 75.5◦, and
75.9◦. Table 1 shows the contact angles of the Co40Fe40W20 films after annealing at 350 ◦C,
measured with DI water and glycerol. As seen, the contact angles of the as-deposited
CoFeW with DI water are 66.9◦, 69.8◦, 66.6◦, 69.1◦, and 66.8◦, and those with glycerol are
62.3◦, 65.0◦, 60.7◦, 67.6◦, and 65.3◦. Based on the above results, the contact angles of all
Co40Fe40W20 thin films are less than 90◦, suggesting that Co40Fe40W20 thin films show
changes in the direction of higher hydrophilicity. Table 1 shows that the contact angle
decreased with the increase of post-annealing temperature. It shows the same behavior as
C60 and ZnO [25–28].
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(A) (B) 

 
(C) 

Figure 3. Contact angles of the Co40Fe40W20 thin films under three conditions: (A) as-deposited, (B) after post-annealing at
250 ◦C, (C) after post-annealing at 350 ◦C with DI water: (a) 10 nm, (b) 20 nm, (c) 30 nm, (d) 40 nm, and (e) 50 nm. Contact
angles of the Co40Fe40W20 thin films with glycerol: (f) 10 nm, (g) 20 nm, (h) 30 nm, (i) 40 nm, and (j) 50 nm.
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Table 1. Comparing contact angle, surface energy, and grain size for Co40Fe40W20 thin films from different fabrication
processes.

Process Thickness
Contact Angle

with DI Water (θ)
Contact Angle

with Glycerol (θ)
Surface Energy

(mJ/mm2)
Grain Size (nm)

As-deposited

10 nm 81.2◦ 76.7◦ 24.55 33.6

20 nm 80.7◦ 78.1◦ 24.56 35.4

30 nm 81.5◦ 79.6◦ 24.00 40.8

40 nm 82.9◦ 75.5◦ 25.10 48.1

50 nm 82.0◦ 75.9◦ 24.76 48.4

Post-annealing
250 ◦C

10 nm 74.5◦ 69.1◦ 29.77 36.8

20 nm 74.8◦ 66.0◦ 31.79 46.5

30 nm 71.8◦ 68.3◦ 31.37 48.4

40 nm 72.1◦ 68.6◦ 31.13 65.2

50 nm 73.6◦ 68.5◦ 30.33 77.1

Post-annealing
350 ◦C

10 nm 66.9◦ 62.3◦ 35.42 56.5

20 nm 69.8◦ 65.0◦ 33.17 61.9

30 nm 66.6◦ 60.7◦ 36.02 66.9

40 nm 69.1◦ 67.6◦ 33.69 70.4

50 nm 66.8◦ 65.3◦ 35.58 93.7

3.4. Surface Energy

The surface energy of films is significant as it relates to the adhesion of thin films.
When CoFeW thin films are used as a seed layer or buffer layer, strong adhesion of thin
films is essential. The data of contact angles are used to calculate the surface energy using
the Young equation [29,30].

The Young Equation (2) is

σsg = σsl + σlg cosθ (2)

where σsg is the surface free energy of the solid, and σsl denotes the interfacial tension
between liquid and solid. σlg is the surface tension of the liquid, and θ is contact angle.
Figure 4 exhibits the surface energy of the Co40Fe40W20 thin films. These data are further
shown in Table 1. It can be observed that the surface energy of annealed CoFeW films was
higher than that of the deposited films. As the post-annealing temperature increased, the
surface energy also increased, and the surface energy of as-deposited CoFeW thin films
reached 25.1 mJ/mm2 at 40 nm, which was the highest value. When the post-annealing
temperature was at 250 ◦C, the highest surface energy at 20 nm was 31.79 mJ/mm2. When
the post-annealing temperature reached 350 ◦C, the surface energy was 36.02 mJ/mm2

at 30 nm. According to the XRD results [22], the formation of oxide layers on the thin
films’ surface resulted in decreased contact angles and increased surface energy [31].
These CoFeW thin film data are shown in Table 1. According to the grain size result of
Figure 1b and Table 1, the annealed treatment produces larger grain size distribution than
as-deposited treatment. From the result of Figure 4, it suggests that the surface energy of
annealed 350 ◦C is larger about 1.5 times than as-deposited condition. It can be reasonably
concluded that when the grains are arranged in the material, the large grains of annealed
material show large gaps between adjacent grains. The gaps become larger, and the support
between the crystal grains will be reduced, so the crystal grain size increases and leads
to a contact angle reduction trend. When water drops on the surface, it is easy for water
drops to flow into the gap, resulting in a small contact angle, strong adhesion, and high
surface energy. It shows the same behavior as PTFE films [32]. In contrast, the small grains
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of as-deposited material show small gaps and the grains are tightly arranged. When the
water droplets fall on the surface, the water droplets have difficulty flowing to the gaps,
resulting in a large contact angle, weak adhesion, and a low surface energy.

Figure 4. The surface energy of CoFeW thin films.

Figure 5a–e shows the relationship between contact angle, surface energy, and post-
annealing temperature. It can be found that the surface energy of the CoFeW films increased
as their contact angles decreased. It results from the Young equation [29,30]. After the
post-annealing, the surface energy of CoFeW films tends to increase, suggesting that the
post-annealing is significant for the surface energy of the films. When CoFeW thin films
have high surface energy, the adhesion is the strongest. The adhesion depends on surface
energy, but about adhesion force decides the so-called weak boundary layer. It means
there can be strong adhesion from the top layer with high surface energy what decreases
cohesion to the layer below, and total adhesion between layers is very low due to the
presence of created weak boundary layers. The outcomes represent that a thin film is
easier to combine with other layers in forming MTJs. The CoFeW film can be a free or
pinned layer in MTJ. To detect the surface energy and adhesion of CoFeW performance,
Table 2 is compared with other specific CoFeBY and CoFeW materials under various Si
and Glass substrates. Table 2 demonstrates that the surface energy of current research is
larger than other CoFeBY and CoFeW materials, which indicates that the CoFeW film is
more compatible with other layers for MTJ.

Table 2. Comparing surface energy for specific CoFeW and CoFeBY thin films from different
substrates.

Material
Surface Energy

(mJ/mm2)
Factor

Si(100)/Co40Fe40W20

( Current research)
24.00–36.02 Because thin films have largest grain size,

there is highest surface energy.

Glass/CoFeBY [10] 23.89–31.07 The crystallinity of samples was weak.

Si(100)/CoFeBY [31] 24.55–31.85 The crystallinity of samples was weak.

Si(100)/Co40Fe40W20 [33] 23.61–30.12 At 42 nm, because the crystal of thin films
have highest surface energy in paper.

Glass/Co32Fe30W38 [34] 22.3–28.6
Crystallinity: Si(100) > glass

therefore, the surface energy of
Glass/Co32Fe30W38 is lower.
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(a) (b) 

 
(c) (d) 

 
(e) 

Figure 5. The relationship between contact angle, surface energy, and post-annealing temperature. (a) 10 nm, (b) 20 nm,
(c) 30 nm, (d) 40 nm, (e) 50 nm.

3.5. Electric Property

The sheet resistance (Rs) is shown in Figure 6 with various thicknesses and tem-
perature conditions. The result of the present study suggests that the sheet resistance is
decreased with the increase of thickness and annealed temperatures. The sheet resistance
of the as-deposited and thinner CoFeW films is larger than that of the annealed and thicker
CoFeW films because the as-deposited and thinner CoFeW films reduce the electron mo-
bility through the films and enhance the scattering of electrons at grain boundaries and
impurities, which shows the same behavior as CdS and CoFe films [35,36].
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Figure 6. The sheet resistance of CoFeW films.

3.6. Nano-Indentation

Figure 7a,b show that the hardness and Young’s modulus increase as the thickness of
the CoFeW film increases. Mostly, the nanoindentation hardness is determined from the
loading and unloading curve by the Pharr–Oliver method [37], which indicates the mixed
hardness of the silicon substrate and the CoFeW film. Since the thickness of the CoFeW
film is too thin, it can be reasonably concluded that there must be a substrate effect in the
nanoindentation measurement. In the nanoindentation measurement, the corresponding
hardness and Young’s modulus values of the substrate are 4.1 and 133.3 Gpa, when the
Si(100) substrate is measured. As the thickness increased from 10 nm to 50 nm under
as-deposited condition, the hardness and Young’s modulus of the CoFeW films increased
from 12.9 to 13.4 GPa and 146.8 to 187.2 GPa, respectively. At annealed 250 ◦C, as the
thickness increases from 10 nm to 50 nm, the hardness and Young’s modulus of the CoFeW
films increased from 10.9 to 13.5 GPa and 169.4 to 188.5 GPa, respectively. At annealed
350 ◦C, as the thickness increases from 10 to 50 nm, the hardness and Young’s modulus
of the CoFeW films increased from 12.0 to 13.4 GPa and 163.5 to 186.4 GPa, respectively.
When the thickness is from 10 to 50 nm, the hardness and Young’s modulus of CoFeW films
display a tendency to saturate. According to the result, the Young’s modulus of adding the
W effect to CoFe films in thicker films is larger than CoFe film. The thinner CoFeW film has
a more significant impact on the substrate. It shows a similar behavior as diamond films
on crystalline silicon [38].

 
(a) (b) 

Figure 7. Nano-indentation of CoFeW films. (a) Hardness and (b) Young’s modulus.

4. Conclusions

This study investigated the structure and surface property of CoFeW thin films. The
CoFeW magnetic thin films were deposited on a Si(100) substrate by sputtering, while
the Scherrer equation was estimated to calculate the grain size of CoFe(110). The results
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indicate that the grain size increased along with the thickness of the CoFeW films, and the
grain size was affected by the temperature of post-annealing. When the post-annealing
temperature increased, the grain size also increased, suggesting that the post-annealing
process provided energy to CoFeW thin films and caused the grain size to grow. The
contact angles of all CoFeW samples were less than 90◦, indicating that CoFeW thin films
show changes in the direction of higher hydrophilicity. The contact angle decreased along
with the increase of post-annealing temperature, while the grain size affected the contact
angle of CoFeW films. The contact angle of CoFeW thin films reduced when the grain
size of CoFe(110) increased. Moreover, the formation of the oxide layers on the thin films’
surface resulted in a decrease in the contact angle and an increase in the surface energy.
The results suggest that the surface energy of the annealed CoFeW films was higher than
the as-deposited CoFeW samples. When the post-annealing temperature increased, the
surface energy increased, thus making the adhesion stronger. In the future, we hope to
combine the layered MTJs with free and pinning layers. Due to the scattering of electrons
at the grain boundaries or the presence of impurities, the sheet resistance decreases as the
film thickness and annealing temperature increase. In addition, as the thickness increases,
the hardness and Young’s modulus of the CoFeW film shows a tendency to saturate.

Author Contributions: Conceptualization, W.-J.L., Y.-H.C., S.-H.L. and Y.-T.C.; methodology, Y.-T.C.
and T.-Y.J.; validation, formal analysis, Y.-T.C.; investigation, Y.-T.C. and W.-J.L.; resources, C.-L.F.,
K.-W.L. and T.-H.W.; writing—original draft preparation, Y.-T.C.; writing—review and editing, Y.-T.C.
and W.-J.L.; supervision, Y.-T.C. and P.-C.C.; project administration, Y.-T.C. and T.-H.W.; funding
acquisition, W.-J.L. and Y.-H.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by the Ministry of Science and Technology (grant No. MOST108-
2221-E-224-015-MY3 and MOST105-2112-M-224-001) and the National Yunlin University of Science
and Technology (grant No. 110T06).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: The author thanks Sin-Liang Ou for his help with the SEM experiment and
images.

Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication
of this paper. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References

1. Li, M.; Wang, S.; Zhang, S.; Fang, S.; Feng, G.; Cao, X.; Zhang, P.; Wang, B.; Yu, G. The effect of interfacial oxygen migration on the
PMA and thermal stability in MTJ with double MgO layers. Appl. Surf. Sci. 2019, 488, 30–35. [CrossRef]

2. Iihama, S.; Mizukami, S.; Naganuma, H.; Oogane, M.; Ando, Y.; Miyazaki, T. Gilbert damping constants of Ta/CoFeB/MgO(Ta)
thin films measured by optical detection of precessional magnetization dynamics. Phys. Rev. B 2014, 89, 174416. [CrossRef]

3. Ikeda, S.; Miura, K.; Yamamoto, H.; Mizunuma, K.; Gan, H.D.; Endo, M.; Kanai, S.; Hayakawa, J.; Matsukura, F.; Ohno, H. A
perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction. Nat. Mater. 2010, 9, 721–724. [CrossRef]

4. Wang, S.; Li, M.; Zhang, S.; Fang, S.; Wang, D.; Yu, G. High annealing tolerance and the microstructure study in perpendicular
magnetized MgO/CoFeB/MgO structures with thin W spacer layer. J. Magn. Magn. Mater. 2019, 479, 121–125. [CrossRef]

5. Wolf, S.A.; Awschalom, D.D.; Buhrman, R.A.; Daughton, J.M.; Molnar, S.V.; Roukes, M.L.; Chtchelkanova, A.Y.; Treger, D.M.
Spintronics: A spin-based electronics vision for the future. Science 2001, 294, 1488–1495. [CrossRef]

6. Ikeda, S.; Hayakawa, J.; Ashizawa, Y.; Lee, Y.M.; Miura, K.; Hasegawa, H.; Tsunoda, M.; Matsukura, F.; Ohno, H. Tunnel
magnetoresistance of 604% at 300K by suppression of Ta diffusion in CoFeB/MgO/CoFeB pseudo-spin-valves annealed at high
temperature. Appl. Phys. Lett. 2008, 93, 082508. [CrossRef]

7. Parkin, S.S.P.; Kaiser, C.; Panchula, A.; Rice, P.M.; Hughes, B.; Samant, M.; Yang, S.H. Giant tunnelling magnetoresistance at room
temperature with MgO (100) tunnel barriers. Nat. Mater. 2004, 3, 862–867. [CrossRef] [PubMed]

100



Coatings 2021, 11, 1268

8. Kiselev, S.I.; Sankey, J.C.; Krivorotov, I.N.; Emley, N.C.; Schoelkopf, R.J.; Buhrman, R.A.; Ralph, D.C. Microwave oscillations of a
nanomagnet driven by a spin-polarized current. Nature 2003, 425, 380–383. [CrossRef]

9. Parkin, S.S.P.; Hayashi, M.; Thomas, L. Magnetic domain-wall racetrack memory. Science 2008, 320, 190–194. [CrossRef] [PubMed]
10. Liu, W.J.; Chang, Y.H.; Chen, Y.T.; Chiang, Y.C.; Tsai, D.Y.; Wu, T.H.; Chi, P.W. Effect of annealing on the characteristics of CoFeBY

thin films. Coatings 2021, 11, 250. [CrossRef]
11. Li, M.; Shi, H.; Yu, G.; Lu, J.; Chen, X.; Han, G.; Yu, G.; Amiri, P.K.; Wang, K.L. Effects of annealing on the magnetic properties and

microstructures of Ta/Mo/CoFeB/MgO/Ta films. J. Alloys Compd. 2017, 692, 243–248. [CrossRef]
12. Almasi, H.; Hickey, D.R.; Newhouse-Illige, T.; Xu, M.; Rosales, M.R.; Nahar, S.; Held, J.T.; Mkhoyan, K.A.; Wang, W.G. Enhanced

tunneling magnetoresistance and perpendicular magnetic anisotropy in Mo/CoFeB/MgO magnetic tunnel junctions. Appl. Phys.
Lett. 2015, 106, 182406. [CrossRef]

13. Huang, S.X.; Chen, T.Y.; Chien, C.L. Spin polarization of amorphous CoFeB determined by point-contact Andreev reflection.
Appl. Phys. Lett. 2008, 92, 242509. [CrossRef]

14. Paluskar, P.V.; Attema, J.J.; de Wijs, G.A.; Fiddy, S.; Snoeck, E.; Kohlhepp, J.T.; Swagten, H.J.M.; de Groot, R.A.; Koopmans, B. Spin
tunneling in junctions with disordered ferromagnets. Phys. Rev. Lett. 2008, 100, 057205. [CrossRef]

15. Li, M.; Wang, S.; Zhang, S.; Fang, S.; Yu, G. The perpendicular magnetic anisotropies of CoFeB/MgO films with Nb buffer layers.
J. Magn. Magn. Mater. 2019, 485, 187–192. [CrossRef]

16. Meng, H.; Lum, W.H.; Sbiaa, R.; Lua, S.Y.H.; Tan, H.K. Annealing effects on CoFeB-MgO magnetic tunnel junctions with
perpendicular anisotropy. J. Appl. Phys. 2011, 110, 033904. [CrossRef]

17. Liu, T.; Cai, J.W.; Sun, L. Large enhanced perpendicular magnetic anisotropy in CoFeB/MgO system with the typical Ta buffer
replaced by an Hf layer. AIP Adv. 2012, 2, 032151. [CrossRef]

18. Gottwald, M.; Kan, J.J.; Lee, K.; Zhu, X.; Park, C.; Kang, S.H. Scalable and thermally robust perpendicular magnetic tunnel
junctions for STT-MRAM. Appl. Phys. Lett. 2015, 106, 032413. [CrossRef]

19. Cuchet, L.; Rodmacq, B.; Auffret, S.; Sousa, R.C.; Prejbeanu, I.L.; Dieny, B. Perpendicular magnetic tunnel junctions with a
synthetic storage or reference layer: A new route towards Pt- and Pd-free junctions. Sci. Rep. 2016, 6, 21246. [CrossRef]

20. Kaidatzis, A.; Bran, C.; Psycharis, V.; Vázquez, M.; Martín, J.M.G.; Niarchos, D. Tailoring the magnetic anisotropy of CoFeB/MgO
stacks onto W with a Ta buffer layer. Appl. Phys. Lett. 2015, 106, 262401. [CrossRef]

21. Ghaferi, Z.; Sharafi, S.; Bahrololoom, M.E. The role of electrolyte pH on phase evolution and magnetic properties of CoFeW
codeposited films. Appl. Surf. Sci. 2016, 375, 35–41. [CrossRef]

22. Liu, W.J.; Chang, Y.H.; Chen, Y.T.; Jhou, T.Y.; Chen, Y.H.; Wu, T.H.; Chi, P.W. Impact of annealing on the magnetic and structural
of Co40Fe40W20 thin films on Si(100) substrate. Materials 2021, 14, 3017. [CrossRef] [PubMed]

23. Cullity, B.D. Elements of X-ray Diffraction, 2nd ed.; Addison-Wesley: Reading, MA, USA, 1978.
24. Patterson, A.L. The Scherrer formula for X-Ray particle size determination. Phys. Rev. 1939, 56, 978–982. [CrossRef]
25. Kitamura, M.; Kuzumoto, Y.; Kamura, M.; Aomori, S.; Na, J.H.; Arakawa, Y. Low-voltage-operating fullerene C60 thin-film

transistors with various surface treatments. Phys. Stat. Solidi C 2008, 5, 3181–3183. [CrossRef]
26. Beaini, S.S.; Kronawitter, C.X.; Carey, V.P.; Mao, S.S. ZnO deposition on metal substrates: Relating fabrication, morphology and

wettability. J. Appl. Phys. 2013, 113, 184905. [CrossRef]
27. Yao, G.; Zhang, M.; Lv, J.; Xu, K.; Shi, S.; Gong, Z.; Tao, J.; Jiang, X.; Yang, L.; Cheng, Y.; et al. Effects of electrodeposition electrolyte

concentration on microstructure, optical properties and wettability of ZnO nanorods. J. Electrochem. Soc. 2015, 162, D300–D304.
[CrossRef]

28. Dhaygude, H.D.; Shinde, S.K.; Velhal, N.B.; Takale, M.V.; Fulari, V.J. Doping effect on SILAR synthesized crystalline nanostruc-
tured Cudoped ZnO thin films grown on indium tin oxide (ITO) coated glass substrates and its characterization. Mater. Res.
Express 2016, 3, 086402. [CrossRef]

29. Owens, D.K.; Wendt, R.C. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13, 1741–1747. [CrossRef]
30. Kaelble, D.H.; Uy, K.C. A Reinterpretation of organic liquid-polytetrafluoroethylene surface interactions. J. Adhens. 1970, 2, 50–60.

[CrossRef]
31. Liu, W.J.; Chang, Y.H.; Chen, Y.T.; Chiang, Y.C.; Liu, Y.C.; Wu, T.H.; Chi, P.W. Effect of annealing on the structural, magnetic and

surface energy of CoFeBY films on Si(100) substrate. Materials 2021, 14, 987. [CrossRef]
32. Pachchigar, V.; Ranjan, M.; Mukherjee, S. Role of hierarchical protrusions in water repellent superhydrophobic PTFE surface

produced by low energy ion beam irradiation. Sci. Rep. 2019, 9, 8675. [CrossRef]
33. Liu, W.J.; Chang, Y.H.; Ou, S.L.; Chen, Y.T.; Liang, Y.C.; Huang, B.J.; Chu, C.L.; Chiang, C.C.; Wu, T.H. Magnetic properties,

adhesion, and nanomechanical property of Co40Fe40W20 films on Si (100) substrate. J. Nanomater. 2020, 2020, 1584310. [CrossRef]
34. Liu, W.J.; Chang, Y.H.; Ou, S.L.; Chen, Y.T.; Li, W.H.; Jhou, T.Y.; Chu, C.L.; Wu, T.H.; Tseng, S.W. Effect of annealing on

the structural, magnetic, surface energy and optical properties of Co32Fe30W38 films deposited by direct-current magnetron
sputtering. Coatings 2020, 10, 1028. [CrossRef]

35. Jassim, S.A.J.; Zumaila, A.A.R.A.; Waly, G.A.A.A. Influence of substrate temperature on the structural, optical and electrical
properties of CdS thin films deposited by thermal evaporation. Res. Phys. 2013, 3, 173–178. [CrossRef]

36. Redjdal, N.; Salah, H.; Hauet, T.; Menari, H.; Chérif, S.M.; Gabouze, N.; Azzaz, M. Microstructural electrical and magnetic
properties of Fe35Co65 thin films grown by thermal evaporation from mechanically alloyed powders. Thin Solid Films 2014, 552,
164–169. [CrossRef]

101



Coatings 2021, 11, 1268

37. Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load and displacement
sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. [CrossRef]

38. Zhu, J.; Han, J.; Liu, A.; Meng, S.; Jiang, C. Mechanical properties and Raman characterization of amorphous diamond films as a
function of film thickness. Surf. Coat. Technol. 2007, 201, 6667–6669. [CrossRef]

102



coatings

Article

Evaluation of the Durability of Slippery, Liquid-Infused Porous
Surfaces in Different Aggressive Environments: Influence of
the Chemical-Physical Properties of Lubricants

Federico Veronesi *, Guia Guarini, Alessandro Corozzi and Mariarosa Raimondo

Citation: Veronesi, F.; Guarini, G.;

Corozzi, A.; Raimondo, M. Evaluation

of the Durability of Slippery,

Liquid-Infused Porous Surfaces in

Different Aggressive Environments:

Influence of the Chemical-Physical

Properties of Lubricants. Coatings

2021, 11, 1170. https://doi.org/

10.3390/coatings11101170

Academic Editor: Rubén González

Received: 6 September 2021

Accepted: 23 September 2021

Published: 27 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

National Research Council—Institute of Science and Technology for Ceramics CNR-ISTEC, 48022 Faenza, Italy;
istec@istec.cnr.it (G.G.); alessandro.corozzi@istec.cnr.it (A.C.); mariarosa.raimondo@istec.cnr.it (M.R.)
* Correspondence: federico.veronesi@istec.cnr.it; Tel.: +39-054-669-9727

Abstract: Liquid-repellent surfaces have been extensively investigated due to their potential applica-
tion in several fields. Superhydrophobic surfaces achieve outstanding water repellence, however their
limited durability in severe operational conditions hinders their large-scale application. The Slippery,
Liquid-Infused Porous Surface (SLIPS) approach solves many of the durability problems shown by
superhydrophobic surfaces due to the presence of an infused liquid layer. Moreover, SLIPS show
enhanced repellence towards low surface tension liquids that superhydrophobic surfaces cannot
repel. In this perspective, SLIPS assume significant potential for application in harsh environments;
however, a systematic evaluation of their durability in different conditions is still lacking in the
literature. In this work, we report the fabrication of SLIPS based on a ceramic porous layer infused
with different lubricants, namely perfluoropolyethers with variable viscosity and n-hexadecane; we
investigate the durability of these surfaces by monitoring the evolution of their wetting behavior after
exposure to severe environmental conditions like UV irradiation, chemically aggressive solutions
(acidic, alkaline, and saline), and abrasion. Chemical composition and viscosity of the infused liquids
prove decisive in determining SLIPS durability; especially highly viscous infused liquids deliver
enhanced resistance to abrasion stress and chemical attack, making them candidates for applicable,
long-lasting liquid-repellent surfaces.

Keywords: liquid-infused surfaces; durability; lubricants; wetting; liquid-repellent coatings

1. Introduction

Liquid-repellent surfaces have drawn huge interest in the last years due to their
inherent self-cleaning properties [1–3] and other potential related advantages e.g., anti-
or de-icing properties [4–6], drag and friction reduction [7–9], and anti-fouling behav-
ior [10,11]. All these properties might have positive fallout on a wide range of industrial
fields and applications like aircraft, building materials, ships, machinery, and countless
others. Therefore, the fabrication of liquid-repellent surfaces has become one of the hottest
topics in the material science community. The first and most well-known approach to
the fabrication of liquid-repellent surfaces starts from the mimicry of the dual-scale (i.e.,
hierarchical) surface structure observed on the lotus leaf [12]. By coupling the creation
of micro/nanoscale surface features with the tailoring of surface chemical composition
to achieve low surface energy, superhydrophobic surfaces can be obtained [13,14]. These
materials are characterized by high water contact angles, i.e., larger than 150◦, and high
mobility of water drops that are placed on their surface. Such extreme water repellence
is due to the trapping of air pockets between surface morphological features, leading to
minimal adhesion between water drops and the solid surface. However, the lotus leaf-like
surfaces show some limitations: for instance, they are not able to repel liquids with a sur-
face tension lower than that of water (72 mN·m−1 at 25 ◦C) like oils and alkanes. For that
reason, the scientific community started to design surfaces with simultaneous repellence to
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water (i.e., hydrophobicity) and other liquids, mainly non-polar oils (i.e., oleophobicity).
Such combination is commonly termed as amphiphobicity [15,16] or, in case the repellence
is extended also to complex fluids like blood or milk, omniphobicity [17,18].

Another limitation of the lotus-mimicking approach is that the trapped air pockets
can be displaced by fast impinging drops or when the liquid pressure is too high. Perhaps
the most promising fabrication approach to overcome this limit has been proposed by
Wong et al. [19] in 2011 and takes inspiration from the surface of Nepenthes plant [20],
which is covered by a layer of liquid lubricant that makes it extremely slippery for the
insects that land on it. The proposed Slippery, Liquid-Infused Porous Surfaces (SLIPS)
display much lower contact angles compared to superhydrophobic surfaces but drops of
many liquids can still move very easily on them. Moreover, these materials possess much
improved stability when submerged, along with other enhanced properties [21,22].

Due to such exciting potential, SLIPS have drawn large interest and many papers have
focused on the design criteria to achieve the best omniphobicity [23]. In principle, SLIPS
can be fabricated by using any liquid as infused lubricant, but three fundamental criteria
for SLIPS design always hold: the fluid to be repelled must be immiscible with the infused
lubricant; the lubricant must wet the solid structures completely, even when no outer liquid
is present; the outer liquid must form discrete droplets on the SLIPS. Notwithstanding
these design guidelines for SLIPS, the literature still lacks an assessment of their durability
in different environments that simulate their performance in real operational conditions.
Moreover, a systematic investigation of the relationship between infused lubricant and
durability is missing.

In this paper, we report the fabrication of SLIPS infused with different lubricants
and study the evolution of their wetting properties after testing in several conditions,
namely UV irradiation, immersion in chemically aggressive solutions, and abrasion. Both
fluorinated and fluorine-free lubricants were tested, as the former are known for inducing
excellent oleophobicity but are also deemed to be environmentally harmful [24], while
the latter can only generate hydrophobicity but are much more eco-friendly. The results
provide relevant insight on the behavior of SLIPS and draw guidelines for the choice of the
lubricants to be infused for long-lasting repellence.

2. Materials and Methods

2.1. SLIPS Fabrication

The nanostructured pseudoboehmite AlOOH coating was obtained by deposition of
an alumina suspension synthesized via a previously reported sol-gel route [25]. Aluminum
samples (Al 1050 alloy) were used as substrates; prior to deposition, they were cleaned
with an ultrasonic bath in ethanol for 5 min and dried in air. The synthesized alumina
nanoparticles were deposited on the substrates via dip-coating in controlled conditions, fol-
lowed by treatment with boiling water. The complete procedure for the coating fabrication
is reported elsewhere [26]. Pseudoboehmite-coated samples were observed by Scanning
Electron Microscopy (FESEM Gemini Columns SIGMA, Carl Zeiss Microscopy GmbH,
Oberkochen, Germany).

In order to increase the affinity between the nanostructured, porous coating and the
infused lubricant, the former was chemically modified depending on the nature of the latter.
When n-hexadecane was used as lubricant, alkyl chains were grafted to pseudoboehmite by
immersion in a hexadecyltrimethoxysilane (≥85%, Merck, Darmstadt, Germany) solution
in ethanol (6 wt.%) for 2 min, followed by drying at 80 ◦C for 1 h and annealing at
170 ◦C for 5 min. Otherwise, when Perfluoropolyethers (PFPE) were used as lubricants,
fluorinated alkyl chains were grafted to the nanostructured AlOOH by immersion in a
commercial solution of fluoroalkylsilane in isopropyl alcohol (Protectosil SC200, Evonik,
Essen, Germany) for 2 min, followed by drying in air and annealing at 150 ◦C for 30 min.

Finally, lubricants were infused in the nanostructured layer by brushing until a contin-
uous, shiny layer covered the sample surface. In order to remove excess oil, the samples
were held vertical overnight. Five different lubricants were used: four commercial perfluo-

104



Coatings 2021, 11, 1170

ropolyethers PFPE with increasing viscosity (Krytox GPL 100, 103, 105, and 107, Chemours,
Geneva, Switzerland), or n-hexadecane (≥99%, Merck). The resulting SLIPS were labeled
as K100, K103, K105, K107, and HEX, respectively.

2.2. SLIPS Characterization

The wetting behavior of SLIPS was determined by measuring the Advancing (ACA)
and Receding Contact Angles (RCA) with water and n-hexadecane drops to calculate
Contact Angle Hysteresis (CAH) as the difference between the two. Advancing and
receding contact angles and contact angle hysteresis with water and n-hexadecane are
labeled as ACAW, RCAW, CAHW, ACAH, RCAH, and CAHH in the text. We chose not to
measure “static” contact angles, which are commonly reported in most papers about liquid-
repellent surfaces, as they do not adequately describe the behavior of liquid drops on SLIPS.
Indeed, static contact angles rarely exceed 120◦ on SLIPS, while the low CAH well shows
the little adhesion of drops on the surface. Contact angle measurements were performed
with an optical contact angle system (DSA 30S, Krüss GmbH, Hamburg, Germany). For all
contact angle measurements, 5 μL drops were first dispensed with a software-controlled
syringe and gently deposited on the surface. Then, 5 μL were added to the drop and the
ACA measured during drop expansion. Finally, 5 μL were removed from the drop and
the RCA measured to calculate CAH as the difference between ACA and RCA. For each
surface, at least five different points were characterized to calculate average ACA, RCA,
and CAH with related standard deviations.

The evolution of chemical composition of coated surfaces was monitored via Fourier
Transform Infrared spectroscopy (FTIR) using a Nicolet IS5 spectrophotometer (Ther-
moFisher Scientific, Waltham, MA, USA) in the Attenuated Total Reflection mode. A
diamond crystal was pressed against the samples; each spectrum was collected in the
4000–550 cm−1 range with a resolution of 4 cm−1 and averaged over 16 scans. For all
spectra, the non-infused face of the pristine sample was used as background to obtain the
spectrum of the infused liquid phase.

2.3. Durability Tests

SLIPS were subjected to three types of tests to assess their durability in different
aggressive environments.

UV irradiation tests were performed exposing the samples to a lamp (UVGL-58, UVP
International, Jena, Germany) with a radiation intensity of 2.0 mW cm−2 measured at
λ = 354 nm. The samples were collected, and their wetting properties assessed after 2, 4, 6,
and 8 h of irradiation.

Chemical ageing tests were performed by immersing SLIPS in three different aqueous
solutions: acidic (pH = 3, obtained by dilution of 3.3 g·L−1 of acetic acid, ≥99%, Merck),
alkaline (pH = 11, obtained by dissolution of 0.04 g·L−1 of sodium hydroxide, 99%, Merck),
and saline (obtained by dissolution of 100 g·L−1 of sodium chloride ≥99%, Merck). After
fixed amounts of time, samples were withdrawn from the solutions, rinsed with deionized
water, dried in air, and characterized in terms of wetting properties, then re-immersed in
the solutions.

Abrasion tests were performed as per UNI EN 1096-2 standard, which is used to assess
the mechanical properties of coated glasses in the building industry. Samples were fixed
to a technical balance with double-sided adhesive tape and a rotating felt disk (diameter
60 mm, rotational speed 60 rpm) was pushed against the sample until a weight of about
400 g, equivalent to a force of about 4 N, was measured by the balance. The abrasion
continued for 30 s, then the sample was removed, and its wetting properties re-evaluated.

3. Results and Discussion

3.1. SLIPS Characterization

For all investigated SLIPS, the same nanostructured pseudoboehmite AlOOH coating
was used to retain the infused oil [27]. Such coating is made of randomly oriented lamellae
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(about 200 nm long and few nm thick) separated by 30–50 nm voids which serve as pockets
for lubricant retention. The morphology of the, as-prepared, pseudoboehmite coating on
aluminum is reported in Figure 1.

 

Figure 1. Scanning electron micrograph of the nanostructured pseudoboehmite layer. Scale bar
is reported.

AlOOH coatings were infused with either PFPE or n-hexadecane. Table 1 reports all
measured contact angle values for as-fabricated SLIPS.

Table 1. Kinematic viscosity of the infused oils at T = 40 ◦C and wetting data of related infused surfaces (ACA: Advancing
Contact Angle, RCA: Receding Contact Angle, and CAH: Contact Angle Hysteresis; subscript W: Water and subscript H:
Hexadecane). Standard deviations are reported as errors. Viscosity values were obtained from the suppliers.

Infused
Liquid

Viscosity
[mm2/s]

ACAW

[◦]
RCAW

[◦]
CAHW

[◦]
ACAH

[◦]
RCAH

[◦]
CAHH

[◦]

Krytox 100 7.8 124.2 ± 0.7 122.2 ± 0.4 1.9 ± 0.9 71.4 ± 0.4 69.5 ± 0.4 1.9 ± 0.5
Krytox 103 30 121.8 ± 0.6 117.7 ± 1.3 4.2 ± 1.9 70.7 ± 0.4 68.1 ± 0.9 2.6 ± 0.6
Krytox 105 160 121.5 ± 1.5 115.6 ± 0.9 5.9 ± 0.7 71.8 ± 1.1 65.5 ± 1.0 6.3 ± 0.8
Krytox 107 450 120.9 ± 0.4 107.8 ± 1.0 13.1 ± 1.3 73.5 ± 0.9 61.1 ± 1.8 12.4 ± 1.3

Hexadecane 2.8 106.2 ± 2.5 103.2 ± 1.8 3.0 ± 0.8 ≈0 ≈0 N/A

All coatings infused with PFPE displayed excellent amphiphobicity, as both water and
n-hexadecane drops did not stick to these surfaces leading to low contact angle hysteresis
values. The increase in CAH observed for PFPE-infused SLIPS from Krytox 100 to 107 has
already been reported in the literature [28] and is due to the increasing chain length of
PFPE molecules, which leads to higher oil viscosity: the recession of water drops on these
surfaces is hindered by pinning of their contact line, thus diminishing drop mobility and
receding contact angle [29].

Hexadecane-infused SLIPS also showed excellent mobility of water drops, with
a CAHW of 3.0◦. Obviously, these surfaces were completely oleophilic as hexadecane
drops quickly wetted the surface, therefore it was not possible to measure contact angles
with hexadecane.

3.2. Durability Tests
3.2.1. Response to UV Irradiation

All fabricated SLIPS were exposed to UV radiation and their wetting behavior was
evaluated after 2, 4, 6, and 8 h of irradiation. However, as the changes in contact angles
were limited, only the values measured after 8 h are reported for brevity. Figure 2 compares
the CAH values of the fabricated SLIPS before and after UV irradiation.
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Figure 2. Contact angle hysteresis with (a) water (CAHW) and (b) n-hexadecane drops (CAHH) for SLIPS samples before
(blue) and after UV irradiation (red) for 8 h. Standard deviations are reported as error bars.

Krytox-infused SLIPS had almost constant CAH values with both liquids, thus dis-
playing excellent resistance to prolonged UV exposure. These liquids have limited UV
absorption [30], therefore they do not undergo radiolysis. Moreover, even though the actual
values of vapor pressure for commercial Krytox lubricants are unknown, PFPE usually
possesses extremely low vapor pressure, in the order of 10−8 Torr at 20 ◦C [31].

On the other hand, hexadecane-infused SLIPS behaved differently. After 6 h, contact
angle hysteresis with water (CAHW) increased from 2.6◦ to 3.8◦; then, after 8 h, it further
increased to 7.6◦ along with standard error (from 0.2◦ to 3.6◦). Both phenomena suggest
the formation of defects on the SLIPS, probably due to evaporation of the infused oil which
has significant vapor pressure at room temperature (1.4 × 10−4 Torr) [32]. The underlying
surface might have been exposed, acting as a surface defect point that caused the increase
in CAHW. These results suggest that hexadecane-infused SLIPS are not ideal candidates
for applications in which the surface is exposed to air for prolonged time, due to the high
evaporation rate of the lubricant. Notably, hexadecane is the least volatile among alkanes
that are liquid at room temperature; therefore, the same considerations apply to the lower
homologues of hexadecane (i.e., tetradecane, dodecane, decane, etc.). On the contrary,
PFPE-based SLIPS showed remarkable stability when exposed to UV and represent a good
choice for application on surfaces that remain often dry.

3.2.2. Response to Chemical Ageing

In order to evaluate their resistance to chemically aggressive environments, SLIPS
samples were immersed in either acidic, alkaline, or saline solutions and their wetting
properties were evaluated after different immersion times. Figure 3 recaps the behavior
of SLIPS samples in terms of CAH with water (left-hand graph) and n-hexadecane drops
(right-hand graph).

In both cases, K100 samples proved remarkably less durable than other Krytox-
infused samples. Despite their low initial CAHW and CAHH values, after only 3 days of
immersion in the acidic solution their amphiphobicity was lost, with CAHW = 89◦ and
CAHH = 41◦. After 14 days of immersion, RCA values with both liquids were rapidly
decreasing, therefore data acquisition was interrupted. This behavior indicates that the
infused Krytox 100 oil was removed by the acidic solution, thus exposing the underlying
coating and degrading it as suggested by the low receding contact angle values with water
(RCAW = 39◦) and hexadecane (RCAH = 19◦). On the contrary, the other Krytox-infused
SLIPS showed significant durability in the acidic environment. Notably, increasing the
viscosity of the infused liquid led to improved retention of the amphiphobic behavior, with
K107 sample being the most stable SLIPS. It is worth to highlight the different trends of
CAH with water and n-hexadecane. The former increases with time, probably due to the
formation of polar -OH hydroxyl groups in PFPE chains which increase the interaction with
water molecules via hydrogen bonding. To confirm this hypothesis, we performed FTIR
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analysis on the fabricated surfaces. First, the spectrum of each surface was obtained prior
to immersion in the acidic solution, then it was acquired after 7 and 60 days of immersion.
Figure 4 reports the spectra obtained for K107 as an example.

Figure 3. Contact angle hysteresis with (a) water (CAHW) and (b) n-hexadecane drops (CAHH) for
SLIPS samples immersed in an acidic solution (pH = 3) as a function of immersion time t: K100
(black), K103 (blue), K105 (red), K107 (green), and HEX (orange). Standard deviations are reported as
error bars. Inset: examples of frames for the measurement of RCAW on K107 (top) and HEX samples
(bottom) after 7 days of immersion.

Figure 4. (a) Fourier Transform Infrared spectra (FTIR) of K107 sample before (red) and after
immersion in acidic solution for 7 (blue) and 60 days (green). (b) Detail of the spectra in the
3800–2600 cm−1 range. The positions of the most relevant peaks are reported.

After 7 days of immersion, a broad band centered at 3309 cm−1 appeared; it can be
assigned to the stretching vibration of -OH groups formed on polyether chains [33,34].
Notably, after 60 days the intensity of the band increased, as highlighted in the inset spectra,
suggesting that further hydroxylation of the chain had occurred. Fourier Transform IR
(FTIR) spectra for all Krytox-infused surfaces after 7 days are compared in Figure 5.
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Figure 5. (a) Fourier Transform Infrared spectra (FTIR) of K100 (red), K103 (blue), K105 (green), and
K107 samples (purple) after immersion in acidic solution for 7 days. (b) Detail of the spectra in the
3800–2600 cm−1 range.

Focusing on the -OH stretching band (Figure 5b), it is clear that K100 suffered the
highest degree of hydroxylation, followed by K103, while K105 and K107 showed similar
signal. It was not possible to compare FTIR spectra after more prolonged immersion time
due to the severe degradation of K100 samples.

On the other hand, CAHH did not change significantly, probably because the aforemen-
tioned polar -OH groups do not interact with non-polar hexadecane molecules, thus they
do not affect contact angle values. Moreover, the different size of water and n-hexadecane
molecules can contribute to explain this phenomenon. According to Wang et al. [35], small
water molecules can penetrate the damaged PFPE network, resulting into pinning phenom-
ena and increased CAHW; on the other hand, large n-hexadecane molecules cannot do the
same and CAHH remains substantially unaltered.

Regarding HEX samples, they showed a quick increase in CAHW, probably due to
n-hexadecane displacement and degradation of the underlying coating as observed for
K100. In fact, n-hexadecane is even less viscous than Krytox 100 and can be displaced by
water shortly after immersion.

Similar CAH trends were observed for SLIPS immersed in alkaline solution, as dis-
played in Figure 6.

Figure 6. Contact angle hysteresis with (a) water (CAHW) and (b) n-hexadecane drops (CAHH) for
SLIPS samples immersed in a alkaline solution (pH = 11) as a function of immersion time t: K100
(black), K103 (blue), K105 (red), K107 (green), and HEX (orange). Standard deviations are reported as
error bars. Inset: examples of frames for the measurement of RCAW on K107 (top) and HEX samples
(bottom) after 7 days of immersion.
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K100 and HEX samples showed quick degradation of their liquid-repellent behavior,
with both CAH values rapidly increasing in few days. The unexpected drop in CAH for
K100 after 7–14 days is due to the fact that ACA decreases more than RCA in that period.
For other PFPE-infused SLIPS, the increase in CAHW was more evident than in the acidic
environment: CAHW value for the K103 sample reached 77◦ after 45 days. Increasing
lubricant viscosity led to smaller increase in CAHW, with K107 displaying the best value
at 45◦ after 60 days. As described before for the immersion in acidic solution, CAHH
increased less than CAHW, also, in alkaline conditions, and the same trend with viscosity
was observed, as CAHH for K107 remained constant after 60 days. FTIR spectra were
collected after 7 days (Figure 7).

Figure 7. Fourier Transform Infrared spectra (FTIR) of K100 (red), K103 (blue), K105 (green), and
K107 samples (purple) after immersion in alkaline solution for 7 days.

FTIR spectra confirm that less viscous PFPE oils are more prone to degradation than
the more viscous ones: K100 gave no signal, suggesting a complete loss of PFPE; on the
other hand, increasing oil viscosity led to more intense signal below 1400 cm−1, with K107
being unaltered (see Figure 4 for comparison). From these results, it seems clear that PFPE
is more susceptible to alkaline environments than to acidic ones, as already reported in
the literature [36]. Indeed, polyether chains are intrinsically hydrophilic and prone to
hydrolysis in alkaline conditions [37]; probably, substitution of the polymer backbone
with fluorine atoms might only temporarily delay hydrolysis. Judging from FTIR spectra,
low-viscosity PFPE oils are totally depleted in alkaline conditions, while in acidic solution
they, rather, seem to be hydroxylated but not removed.

The immersion tests in saline solution showed similar trends to those observed for the
alkaline conditions (Figure 8).

Once again, K100 and HEX quickly lost their amphiphobicity, with steep increase in
CAH after only 3 days; the decrease in CAHH for K100 was due to the drop in ACAW.
Meanwhile, K103 lost its amphiphobicity more gradually, stabilizing its CAH values after
28–45 days; on the other hand, K105 and K107 retained their wetting properties for the
entire testing period. Especially K107 had its CAH values almost completely unaltered
after 60 days of immersion in the saline solution. FTIR spectra after 7 days (not reported for
brevity) were compared also for these samples; as observed in alkaline solution, lubricant
depletion increased with decreasing PFPE viscosity. Such result is remarkable in perspective
of an application of these coatings in marine environment and in corrosive conditions in
general; the retention of the amphiphobic behavior indirectly suggests anti-corrosion
properties for K107 coatings. The anti-corrosion properties of SLIPS have already been
reported [38,39], but never in such harsh conditions as usually mild NaCl solutions or
seawater are used; in our tests, NaCl concentration was almost three times larger than in
seawater, therefore corrosion is expected to be more severe.
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Figure 8. Contact angle hysteresis with (a) water (CAHW) and (b) n-hexadecane drops (CAHH) for
SLIPS samples immersed in a saline solution (NaCl 100 g L−1) as a function of immersion time t:
K100 (black), K103 (blue), K105 (red), K107 (green), and HEX (orange). Standard deviations are
reported as error bars. Inset: examples of frames for the measurement of RCAW on K107 (top) and
HEX samples (bottom) after 7 days of immersion.

3.2.3. Response to Abrasion

Mechanical stresses are the most common cause of performance loss in liquid-repellent
coatings; therefore, it is necessary to address their response to such stresses in perspective
of future applications. We chose to perform abrasion tests as per the UNI EN 1096-2
standard because it is widely applied on coatings for the building industry; moreover, this
test applies compression and shear stress on the surface contemporarily, thus effectively
simulating complex operational conditions. CAH values for the tested SLIPS before and
after abrasion tests are reported in Figure 9.

Figure 9. Contact angle hysteresis with (a) water (CAHW) and (b) n-hexadecane drops (CAHH) for SLIPS samples before
(blue) and after abrasion (red) as per the UNI EN 1096-2 standard. Standard deviations are reported as error bars.

Among PFPE-infused SLIPS, a relationship between lubricant viscosity and increase
in CAHW was observed (Figure 10): the sample infused with the least viscous oil (K100)
showed the most significant increase in CAH values, eventually losing its amphiphobicity.
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Figure 10. Increase in contact angle hysteresis with water (ΔCAHW) as a function of oil viscosity for
PFPE-infused SLIPS. Standard deviations are reported as error bars.

With increasing lubricant viscosity, the increase in CAH (especially with water) became
less evident, with K105 and K107 samples retaining their amphiphobicity after the abrasion
tests. In the past years, several papers [40,41] investigated the response of PFPE oils under
abrasion because of their application in hard disk drives; it was demonstrated that, in
such conditions, these materials can be involved in tribochemical degradation reactions,
which can be significantly catalyzed by Lewis acids like Al2O3 [42]. The most important
degradation mechanisms include triboelectrical reactions (with creation of radical species)
and mechanical cleavage, due to the friction between PTFE and solid surface asperities [43].
The degradation rate depends on the length of polymer chains: short macromolecules like
those in K100 have higher mobility (i.e., lower viscosity) which lead to higher degradation
rates. Increasing the chain length can slow down degradation reactions (especially mechan-
ical cleavage) [44], thus explaining the retention of amphiphobic properties of K105 and
K107. It is also necessary to consider that abrasion tests cause friction and related increase
in surface temperature; Krytox 100 is more susceptible to temperature increase than higher
Krytox oils, with obvious negative effect on the amphiphobicity of K100.

On the other hand, HEX samples showed limited increase in CAHW after the test,
although n-hexadecane has lower viscosity than Krytox 100. These results can be explained
considering that the C-C bonds in the n-hexadecane molecule are less prone to mechanical
cleavage than the C-O bonds in PFPE polymer chain [45]; therefore, HEX SLIPS are less
prone than K100 ones to mechanical degradation caused by abrasion.

4. Conclusions

We reported the fabrication of SLIPS based on a nanostructured, porous alumina
coating infused with low surface tension lubricants with different chemical composition
(PFPE, n-hexadecane) and viscosity (from 2.8 to 450 mm2/s). Wetting characterization
of as-produced SLIPS showed that contact angle hysteresis with water and hexadecane
drops increased with the viscosity of the infused liquid. However, higher viscosity led
to enhanced resistance to almost all of the tested severe environmental conditions: n-
hexadecane and the least viscous PFPE (Krytox 100) proved unstable in acidic, alkaline,
and saline environments, leading to complete loss of repellence in few days. On the
other hand, SLIPS infused with the most viscous PFPE oil (Krytox 107) retained their
amphiphobic behavior for up to 60 days, especially in acidic and highly saline solutions.
These results lead to consider these surfaces as potential candidates for application in the
naval and maritime industries. The same trend was observed in abrasion tests: the high
mobility of short polymer chains in the low-viscosity Krytox 100 made them susceptible to
tribochemical degradation, which in turn did not affect the repellence of highly viscous
Krytox 107. Even the chemical composition of the infused liquid affected SLIPS durability
under abrasion: despite its very low viscosity, hexadecane proved stable in such conditions
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due to the non-cleavable C-C bonds forming its chain. These considerations are extremely
relevant for the application of SLIPS in devices like hard drives or lubricated joints for
mechanics. On the other hand, hexadecane-infused SLIPS proved the least stable in UV
irradiation tests due to the high volatility of the infused lubricant, which makes these
coatings unsuitable for applications in which the surface is expected to be exposed to air
(i.e., not being wetted by another liquid or in an open ambient). These results once again
highlight the need for careful consideration of the application conditions when designing a
liquid-infused coating.
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Abstract: Because of the floating magnetic nanomaterial, ferrofluids have magneto-viscous prop-
erties, enabling controllable temperature changes as well as nano-structured fluid characteristics.
The study’s purpose is to evolve and solve a theoretical model of bioconvection nanofluid flow with
a magnetic dipole effect in the presence of Curie temperature and using the Forchheimer-extended
Darcy law subjected to a vertical cone surface. The model also includes the nonlinear thermal
radiation, heat suction/injection, viscous dissipation, and chemical reaction effects. The developed
model problem is transformed into nonlinear ordinary differentials, which have been solved using
the homotopy analysis technique. In this problem, the behavior of function profiles are graphically
depicted and explained for a variety of key parameters. For a given set of parameters, tables rep-
resentthe expected numerical values and behaviors of physical quantities. The nanofluid velocity
decreases as the ferrohydrodynamic, local inertia, and porosity parameters increase and decrease
when the bioconvection Rayleigh number increases. Many key parameters improved the thermal
boundary layer and temperature. The concentration is low when the chemical reaction parameter
and Schmidt number rises. Furthermore, as the bioconvection constant, Peclet and Lewis numbers
rise, so does the density of motile microorganisms.

Keywords: ferromagnetic; nanofluid; bioconvection; porous medium; heat suction/injection;
magnetic dipole

1. Introduction

Fluids that are often magnetized by the existence of an exterior magnetic field are
known as ferrofluids, which is an abbreviation for fluid and ferromagnetic particles. These
fluids are made up of colloidal fluids formed of nanosized ferromagnetic or ferrimagnetic
particles that have been stopped inside the fluid transporter. Brownian motion causes
particle suspension and must not start moving under normal conditions. Besides that,
to avoid clogging, each ferromagnetic particle is encased in a solvent, and the nano-scaled
ferromagnetic particles have a weak magnetic attraction whenever the surfactant’s Van
der Waals force adequately stopped aggregation or clustering. Numerous applications of
ferromagnetic fluids have emerged in a variety of fields. Heat transfer agents, angular

Coatings 2021, 11, 1129. https://doi.org/10.3390/coatings11091129 https://www.mdpi.com/journal/coatings117



Coatings 2021, 11, 1129

momentum changers, friction reducers, and so on are used in electronic equipment, analyt-
ical techniques, and medical science; some examples can be found in the references [1–3].
Because of these numerous applications, many researchers and scientists have been focused
on this subject. Andersson and Vanes [4] first investigated the influence caused by magnetic
dipoles on ferrofluids. Zeeshan et al. [5] investigated the convective heat transfer flow
of ferromagnetic fluids with partial slip effects using a stretching sheet. Hayat et al. [6]
reported on radiation and magnetic dipole effects of Williamson ferromagnetic fluid flow
across a stretched surface.

A nanofluid is a nanometer-sized particle suspended in a fluid. Choi [7] established
the basic extension of “nanofluid”, and scientific results verified that heat transfer can be
significantly enhanced through the mixture of tiny metallic nanomaterials with the working
fluids. A few studies in particular on nanofluids have been conducted. Ellahi [8] performed
an analytical study and concluded that the temperature variable and viscosity affects MHD
non-Newtonian nanofluid flow in a pipe. Ellahi et al. [9] presented peristaltic nanofluid
flow with entropy generation via a medium of porosity. Hayat et al. [10] investigated the
flow of third-grade nanofluids caused by a rotating stretchable disk containing a heat source
and a chemical reaction. Awais et al. [11] explored the effects of magnetohydrodynamics on
peristaltic ciliary-induced flow coatings to rheological hybrid nanofluids. Reddy et al. [12]
studied the boundary layer naturally convective MHD nanofluid flow along a vertical cone
under the influence of chemical reaction and heat suction/injection.

Due to disorganized frameworks and destabilization, low-density microorganisms re-
main on the surface of a fluid, causing bioconvection. Because nanoparticles move differently
than motile microorganisms, the cumulative importance of nanomaterials and bioconvec-
tion is such that they play a vital role in microfluidic devices. Bioconvection is a novel man-
ufacturing and fluid mechanic with a biological phenomenon involving gyrotactic microor-
ganisms. As a result, it becomes an interesting field of research to which many researchers
continue to pay attention. Alsaedi et al. [13] investigated stratified magnetohydrodynamic
nanofluid flow, causing bioconvection in gyrotactic microorganisms. Hayat et al. [14]
researched the magnetohydrodynamic (MHD) nonlinear radiative nanofluid flow with
gyrotactic microorganisms. Nadeem et al. [15] reported on the Rosseland assessment for
ferromagnetic fluid with involvement of magnetic dipoles and gyrotactic microorganisms.
Bhatti and Michaelides [16] researched thermo-bioconvection nanofluid flows across a Riga
plate as a function of Arrhenius activation energy. Waqas et al. [17] have also numerically
simulated the magnetized non-Newtonian bioconvection nanofluid flow along stretching
cylinders/plates.

Combining mass and heat fluxes in liquid saturated porous media is crucial among
a wide range of engineering procedures such as heating systems, oil and gas reservoirs,
and chemical catalytic reactor designs [18,19]. The dragging force, the Darcy–Forchheimer
technique, is a widely popular method for simulating fluid passed through a porous
medium with high velocity. In the literature, flow through a cone in Darcy–Forchheimer
porous media has already been analyzed by many researchers. Kumar et al. [20] investi-
gated the non-Darcy MHD viscoelastic fluid flow through a flat plate and a vertical cone.
Chamkha et al. [21] explored the non-Newtonian natural convective nanofluid flow over
a saturated cone in a non-Darcy porous medium with uniform volume fraction and heat
fluxes. Mallikarjuna et al. [22] researched the impacts of radiation, thermophoresis and tran-
spiration on convective non-Darcy flow via a rotating cone. Durairaj et al. [23] investigated
the chemically reacting Casson fluid of a non-Darcy porous medium flow through a flat
plate and a vertical cone saturated with heat generating/absorbing. Patrulescu et al. [24]
investigated a convection flow due to a vertical plate embedded in a bi-disperse non-Darcy
porous medium.

According to a recent literature review, despite important applications in extrusion sys-
tems, geothermics, organic compounds, geophysics, improved manufacturing techniques,
material processing, and improved energy generation, research on viscous ferrofluid flows
via a linear vertical cone with consideration of Darcy–Forchheimer porous media has
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been studied by very few researchers in the past. The aim of this research is to use the
Forchheimer-extended Darcy law to explore the effect of magnetic dipole and porosity
relations in the boundary layer of a ferromagnetic nanofluid flow via a vertical cone surface.
The study of the effect of the magnetic dipole on ferromagnetic nanofluid flow via the verti-
cal cone surface makes this work different from the existing literature. A nonlinear ordinary
differential equation replaces the governing equations and is solved using HAM techniques.
Initially, Liao [25–27] presented a homotopy analysis method with HAM. The method has
fast convergent solutions with many advantages over some existing methods. Various
researchers have been drawn to it as a result of its rapid convergence [28–31]. The results
collected for all associated parameters on all profiles are shown graphically. The validation
of the results by comparing them to previously published material in the literature is
an important feature of the presented model. In this regard, illustrious coherence has
been attained.

2. Materials and Methods

An incompressible electrically conducting viscous nanofluid flow via a vertical cone
with bioconvection is explored in two dimensions as an axisymmetric, steady, natural
convective ferrofluid flow. Furthermore, it is postulated that temperature and concentration
are non-uniform at the surface due to the influence of heat generation/absorption, chemical
reaction and viscous dissipation. The flow is electrically magnetized by a magnetic dipole,
and a Darcy–Forchheimer porous medium model is also used. Thermal radiation exists as a
unidirectional flux in the transverse to the cone surface (s-direction). In comparison to the s-
direction, the radiation heat flux in the x-direction is considered neglected. The x-axis of the
chosen coordinate system corresponds to the direction of flow over the cone surface. Tw is
taken to be the temperature at the cone’s surface (s = 0), and the concentration is governed
by the condition DB

∂C
∂s + DT

T∞
∂T
∂s = 0 at the cone’s surface, where T∞ is the temperature and

C∞ is the concentration and N∞ density of microorganisms in the ambient nanofluid.
The boundary layer equation [12,14,21] based on the assumptions stated above are the

equations of continuity and momentum as well as energy, concentration, and microorganisms:

∂(ru)
∂x

+
∂{(rw)}

∂s
= 0, (1)

w
∂u
∂s

+ u
∂u
∂x

=
μ f

ρ f

∂2u
∂s2 − μ f

k∗o
u − ρ f Cb√

k∗o
u2 + λo M

∂H
∂x

+ g
[

βT(T − T∞) + βC(C − C∞) + βN(N − N∞)

]
cos(α), (2)

w
∂T
∂s

+ u
∂T
∂x

= α f
∂2T
∂s2 +

μ f

(ρcp) f

(
∂u
∂s

)2

+

(
u

∂H
∂x

+ w
∂H
∂s

)
λ0

(ρcp) f
T

∂M
∂T

τ

[
DB

∂C
∂s

∂T
∂s

+
DT
T∞

(
∂T
∂s

)2]
− 1

(ρcp) f

∂qr

∂s
, (3)

w
∂C
∂s

+ u
∂C
∂x

= DB
∂2C
∂s2 +

DT
T∞

∂2T
∂s2 − Kr(C − C∞), (4)

w
∂N
∂s

+ u
∂N
∂x

+
bWc

Cw − C∞

(
∂C
∂s

∂N
∂s

+ N
∂2C
∂s2

)
= Dn

∂2N
∂s2 , (5)
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with initial boundary conditions

u = 0, w = Ww, T = Tw, −DB
∂C
∂s

=
DT
T∞

∂T
∂s

, N = Nw at s = 0, (6)

u → 0, w → 0, T → T∞, C → C∞, N → N∞, as s → ∞, (7)

where (u,w) are the velocity components in the x-direction (radial) and s-direction (trans-
verse), respectively; T, C, N are the temperature, concentration, and gyrotactic microor-
ganism, respectively; the diffusion coefficients named Brownian, thermophoresis, and
microorganism correspond to DB, DT , and Dn, respectively; while τ is the ratio of heat
capacitance, fluid density is ρ f , thermal conductivity of fluid is k f , electrical conductivity
of fluid is σ , the dynamic viscosity is μ f , thermal diffusivity of base fluid is α f , mag-
netic permeability is λo, heat capacitance of fluid is (ρcp) f , first order chemical reaction
parameter is Kr, speed of gyrotactic cell is Wc, and b is chemotaxis.

Magnetic Dipole

The magnetic field features impacted the ferrofluid flow with magnetic dipole effects
detected mostly by magnetic scalar potential Φ1, as given in Equation (8):

Φ1 =
γ

2π

x
x2 + (s + c)2 , (8)

Considering Hx and Hs to be the components of magnetic field, with γ as the magnetic
field strength at the source, see Equations (9) and (10):

Hx = −∂Φ1

∂x
=

γ

2π

x2 − (s + d)2

[x2 + (s + d)2]2
(9)

Hs = −∂Φ1

∂s
=

γ

2π

2x(s + d)
[x2 + (s + d)2]2

. (10)

As the strength of a magnetic body is normally approximately equal to the Hx and Hs
gradients, it is therefore given as in (11):

H =
√

H2
x + H2

s . (11)

Equation (12) displays the approximate linearized relation of the magnetization M as
function of temperature T,

M = −K1(T∞ − T), (12)

with K1 identified as the ferromagnetic coefficient. Figure 1 depicts the physical configura-
tion of the heated ferrofluid.

Considering the following transformations, given the stream function as Φ(x, s),
such that

u =
1
r

∂Φ
∂s

w = −1
r

∂Φ
∂x

(13)

with Φ(x, s) = ν f rRax f (ζ) and Rax is the Rayleigh number given by Rax =
ρ f βT g(Tw−T∞)x3cos(α)

ν2
f

,

therefore, the following are given:

u =
ν f Ra

1
2
x

x
f ′(ζ), w = −ν f Ra

1
4
x

x

(
ζ f ′(ζ)− f (ζ)

)
, ζ =

s
x

Ra
1
4
x ,

(Tw − T∞)θ(ζ) = (T − T∞), (Cw − C∞)φ(ζ) = (C − C∞), (Nw − N∞)χ(ζ) = (N − N∞). (14)
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Figure 1. A picture scheme of the problem.

Taking r to be approximately the cone local radius, for the thermal boundary layer
becoming thin, it will be along the x coordinate with r = xsin(α).

By using the above transformations, Equation (1) will be satisfactory, and Equations (2)–(5)
will be

f ′′′ − P1 f ′ + f f ′′ − Fr f ′2 + 2β

(ζ + α1)4 (1 + θ) + Ncφ + Rabχ = 0, (15)

(
1 + Rd

)
θ′′ + Pr f θ′ + Nbφ′θ′ + Nt(θ′)2 +

2Prβλ(θ − ε)( f − ζ f ′)
(ζ + dα1)3

+ Prβλ(θ − ε)

[
2 f ′

(ζ + α1)4 +
4(ζ f ′ − f )
(ζ + α1)5

]
+ PrEc( f ′′)2 = 0, (16)

φ′′ + Nt
Nb

θ′′ + Scfφ′ − δScφ = 0, (17)

χ′′ − Pe
[
φ′χ′ + φ′′χ + δnφ′′]+ Lb f χ′ = 0. (18)

Moreover, with the new boundary conditions:

f ′ = 1, f = S, θ = 1, Nbφ′ + Ntθ = 0, χ = 1atζ = 0,

f ′ → 0, θ → 0, φ → 0, χ → 0, as ζ → ∞, (19)
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where α1 is dimensionless distance, Nc is the ratio due to buoyancy force, Rab is the
bioconvection Rayleigh number, β is the ferrohydrodynamic interaction parameter, ε the
Curie temperature, λ is the heat dissipation parameter, S is the heat generation/absorption
parameter (S > 0 for suction and S < 0 for injection), Nb and Nt are the Brownian
motion and thermophoresis parameters, the Prandtl number is Pr, the Eckert number is
Ec, the radiation parameter is Rd, the local inertia parameter is Fr, the chemical reaction
parameter is δ, the porosity parameter is P1, the Schmidt number is Sc, the Lewis number of
bioconvection is Lb, the Peclet number Pe, δn is the bioconvection constant, and quantities
are defined by

S =
Wwx

ν f Ra
1
2

, Nc =
gβC(Cw − C∞)x3cos(α1)

ν2
f Rax

, Rab =
gβN(Nw − N∞)x3cos(α)

ν2
f Rax

, P1 =
μ f

k∗o
,

Li =
Cb√

k∗o
, β =

γλoKρ f (Tw − T∞)

2πμ2
f

, Pr =
μ f cp

k f
, Ec =

W2
w

cp(Tw − T∞)
, λ =

μ2
f

ρ f (Tw − T∞)Ra
3
4
x

, (20)

δ =
K1x2

ν f Ra
1
2
x

, Rd =
16σ∗T3

∞
3k∗k f

, Sc =
ν f

DB
, Pe =

bWc

Dn
, Lb =

ν f

Dn
, ε =

T∞

T∞ − Tw
,

d =
aRax

x
, Nt =

τDT(Tw − T∞)

T∞α f
, Nb =

τDB(Cw − C∞)

α f
, δn =

N∞

Nw − N∞
.

The local Nusselt, Sherwood, and local Density expressions, as well as the coefficient
of skin friction, will be computed by

Cf =
2τw

ρ f W2
w

, Nux =
qhx

k f (Tw − T∞)
, Shx =

qmx
DB(Cw − C∞)

, Snx =
qnx

Dn(Nw − N∞)
, (21)

τw = μ f us|s=0, qh = [−k f Ts + qr]|s=0, qm = −DBCs|s=0, qn = −DnNs|s=0, (22)

Ra
1
4
x Cf = 2 f ′′(0), Nu = −Ra

1
4
x (1 + Rd)θ′(0), Sh = −Ra

1
4
x φ′(0), Sn = −Ra

1
4
x χ′(0). (23)

3. HAM Solutions Methodology

The homotopy analysis method (HAM) was applied to solve Equations (15)–(18).
Shijun Liao developed this technique in 1992. It is often valid, regardless of whether there
are a limited number of parameters or otherwise. It can be used to solve both weakly
and strongly nonlinear problems. It offers a wide range of options for selecting the base
functions of solutions, as well as discretion in choosing the linear operators. However, it
provides a convenient method for ensuring the convergence of series solutions. Therefore,
this method differs from other techniques, with examples like Adomain decomposition and
the delta expansion methods. In the introduction section, some studies on the approach
were presented.

Taking the initial guesses of the f (ζ),θ(ζ), φ(ζ), and χ(ζ) with the auxiliary linear
operators respectively as

f0(ζ) = 1 − e−ζ , θ0(ζ) =

(
Bi

1 + Bi

)
e−ζ , φ0(ζ) = −

(
Nt
Nb

)
e−ζ , χ0(ζ) = e−ζ . (24)

and

L f = f ′′′ − f ′, Lθ = θ′′ − θ, Lφ = φ′′ − φ, Lχ = χ′′ − χ, (25)
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the properties are satisfied as given below

L f (Λ1 + Λ2eζ + Λ3e−ζ) = 0, Lθ(Λ4eζ + Λ5e−ζ) = 0,

Lφ(Λ6eζ + Λ7e−ζ) = 0, Lχ(Λ8eζ + Λ9e−ζ) = 0 (26)

with arbitrary constants Λi, i ∈ [1, 9]. The Zeroth order form of the problem is given by

(1 − p)L f [ f (ζ; p)− f0(ζ)] = ph f N f [ f (ζ, p), θ(ζ, p), φ(ζ, p), χ(ζ, p)], (27)

(1 − p)Lθ [θ(ζ; p)− θ0(ζ)] = phθNθ [θ(ζ, p), f (ζ, p), φ(ζ, p)], (28)

(1 − p)Lφ[φ(ζ, p)− φ0(ζ)] = phφNφ[φ(ζ, p), θ(ζ, p), f (ζ, p)], (29)

(1 − p)Lχ[χ(ζ, p)− χ0(ζ)] = phχNχ[χ(ζ, pp), φ(ζ, p), f (ζ, p)], (30)

with p ∈ [0, 1] as the embedded parameter, and nonlinear operators N f , Nθ , Nφ, and Nχ

obtained by using Equations (15)–(18).
The problems’ equivalent m order of the deformation are

L f [ fm(ζ, p)− ηm fm−1(ζ)] = h fR f ,m(ζ), (31)

Lθ [θm(ζ, p)− ηmθm−1(ζ)] = hθRθ,m(ζ), (32)

Lφ[φm(ζ, p)− ηmφm−1(ζ)] = hφRφ,m(ζ), (33)

Lχ[χm(ζ, p)− ηmχm−1(ζ)] = hχRχ,m(ζ), (34)

fm = S, f ′m = 0, θ′m − Biθm = 0, Nbφ′
m + Ntθ′m = 0, χm = 0, at ζ = 0

f ′m = 0, θm = 0, φm = 0, χm = 0asζ → ∞. (35)

ηm =

{
0, if m ≤ 1
1, if m > 1,

(36)

where Rm
f (ζ),Rm

θ (ζ),Rm
φ (ζ),Rm

χ (ζ) can be obtained using Equations (15)–(18).
The general solutions are given by

fm(ζ) = f s
m(ζ) + Λ1 + Λ2eζ + Λ3e−ζ , (37)

θm(ζ) = θs
m(ζ) + Λ4eζ + Λ5e−ζ , (38)

φm(ζ) = φs
m(ζ) + Λ6eζ + Λ7e−ζ , (39)

χm(ζ) = χs
m(ζ) + Λ8eζ + Λ9e−ζ , (40)

where ( f s
m(ζ), θs

m(ζ), φs
m(ζ), χs

m(ζ)) are special solutions.

4. Analysis of Convergence of the Solutions

The convergence Table 1 is organized for each profile up towards the 35th order of
approximation. Table 2 compares the current work to the published work and reveals that
there is very close agreement.
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Table 1. Convergence of HAM solutions with order approximations.

Order of Approximations − f ′′(0) −θ′(0) −φ′(0) −χ′(0)

1 1.87633 0.6333 1.12222 0.69596
5 1.93521 0.76748 1.12327 0.69583

10 1.93385 0.76804 1.12349 0.69575
15 1.93135 0.7658 1.12354 0.69575
25 1.93026 0.7658 1.12354 0.69575
30 1.93026 0.7658 1.12354 0.69575
35 1.93026 0.7658 1.12354 0.69575

Table 2. Comparison of −θ′(0) and −φ′(0) by alternating buoyancy ratio parameter Nc with pub-
lished work.

Nc
−θ′(0)

Present
−φ′(0)

Present
Reddy et al. [12] Reddy et al. [12]

0.1 0.32598 0.32601 1.48394 1.48381
0.2 0.32405 0.32411 1.46789 1.46801
0.3 0.32229 0.32231 1.45214 1.45215
0.4 0.32125 0.32129 1.43598 1.43594
0.5 0.31868 0.31867 1.41938 1.41940

5. Results and Discussion

The role of β on velocity profile is detected in Figure 2. The ferromagnetic parameter
emphasizes the effect of the magnetic dipole’s external magnetic field on fluid dynamics.
As the magnetic field acts as a deforming force, the axial velocity decreases. Figure 3 depicts
the important properties of the Fr on the dimensionless velocity. Obviously, increasing
Fr causes the velocity of fluid layers to decrease. From a physical standpoint, the local
inertia parameter generates resistance forces against the motion of fluid particles. Moreover,
as the local inertia parameter increases, so does the velocity. Figure 4 depicts the impact
of increasing P1 on the velocity. The porosity parameter is defined as the kinematic
viscosity to permeability strength of porous space ratio. As the porosity parameter increases,
the velocity curves definitely decrease. Figure 5 depicts the effect of the Rab on the velocity
profile. It was discovered that when the values of Rab rise, the velocity accelerates. As a
result of the buoyancy forces caused by bioconvection, the fluid velocity increases by
increasing the bioconvection Raleigh number. Figure 6 shows that the temperature on
the boundary layers enhances as a result of increasing the values of β. This is due to an
interaction of the fluid’s movement and the interference of the ferromagnetic particles.
The interplay reduces the velocity while frictional heating increases between the fluid
layers, resulting in an increase in the thermal boundary layer thickness. The effect of λ
on the temperature profile is depicted in Figure 7. In this case, temperature is displayed
as an increasing function of λ. Usually, as the values of λ increase, so does the thermal
conductivity, and thus the temperature. Figure 8 displays the role of Fr on temperature
profile. A rise in Fr results in a rise in temperature and the thermal boundary layer thickness.
Figure 9 reveals that as Bi increases, so does the thickness of the thermal boundary layer,
and the temperature also enhances. A higher Biot number contributes to more convection,
which leads to the enhancement of the temperature and thermal boundary layer thickness.
Figure 10 shows the effect of S < 0 on the dimensionless temperature. This figure reveals
that when increasing S < 0, the temperature and the thickness of the thermal boundary
layers both decrease. As an outcome, suction is removed from the warm fluid in the
boundary layer region to a large extent. Moreover, the opposite trend is observed in the
temperature profile, as shown in Figure 11 with S > 0. This is attributable to the fact
that the temperature of the fluid is raised by injecting warm fluid into the boundary layer
region. Figure 12 depicts the effects of Rd on the temperature profile for various Rd values.
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An increase in the Rd causes a rise in the temperature, and the effect of thermal radiation
improves the medium’s thermal diffusive. Besides that, for higher Nt values, temperatures
rise in the boundary layer region (Figure 13). The thermophoretic force developed in the
boundary layer regime is an outcome of the temperature gradient; such forces entail the
diffusion of nanoparticles out of the higher temperature area to a lower temperature area,
leading to a thermal boundary layer thickness enhancement. Figure 14 depicts the Nb
characteristics on a temperature profile. Usually, a rise in Nb improves the motion of fluid
particles randomly, resulting in more heat generation. As a result, the temperature rises.
Figure 15 depicts the temperature distribution by raising Ec values. The Ec defines the
connection among the flow of kinetic energy and heat enthalpy variation. As a consequence,
raising Ec also raises the kinetic energy. Moreover, temperature is well understood to be
defined as average kinetic energy. As a result, the fluid’s temperature rises. This graph
shows that as Ec increases, so does the temperature. Figure 16 shows the role of Pr on
the temperature profile. It has been discovered that raising the Pr lowers the temperature
of the fluid flow. Large Pr values clearly result in the thinning of thermal boundary
layers. As δ increases, so does the concentration profile. The concentration becomes less
effective as the delta values increase, as shown in Figure 17. The physical effect of Nb
on a concentration profile is depicted in Figure 18. Brownian motion does play a role
in determining the efficiency of heat transfer during nanofluid flow. The nanoparticles
collide with one another and transfer energy due to the random motion of a nanofluid. As
a result, as Nb levels rise, the concentration profile falls. The effect of Nt on nanoparticle
concentration is depicted in Figure 19. The concentration field rises in this case due to
an increase in Nt. Larger Nt causes an increase in thermophoresis forces, which further
frequently carries nanomaterials from higher to lower temperature regions. As a result,
the concentration decreases. The effect of Sc on concentration is depicted in Figure 20.
Sc denotes the momentum-to-mass diffusivity ratio, which measures the relative efficacy
of momentum and mass transport through diffusion within concentration boundary layers.
Figures 21 and 22 show the effects of Pe and Lb on the microorganism profile. According to
these figures, the microorganism field decreases with increase of both numbers. According
to Table 3, as Pr estimates increase, so does the Nusselt number. Table 4 shows that as δ and
Sc increase, so does the Sherwood number. The results of motile microorganism density
are increased by increasing Lb and Rab, as shown in Table 5.

Figure 2. Influence of β on f ′(ζ).
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Figure 3. Influence of Fr on f ′(ζ).

Figure 4. Influence of P1 on f ′(ζ).

Figure 5. Influence of Rab on f ′(ζ).
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Figure 6. Influence of β on θ(ζ).

Figure 7. Influence of λ on θ(ζ).

Figure 8. Influence of Fr on θ(ζ).
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Figure 9. Influence of Bi on θ(ζ).

Figure 10. Influence of S < 0 on θ(ζ).

Figure 11. Influence of S > 0 on θ(ζ).
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Figure 12. Influence of Rd on θ(ζ).

Figure 13. Influence of Nt on θ(ζ).

Figure 14. Influence of Nb on θ(ζ).
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Figure 15. Influence of Ec on θ(ζ).

Figure 16. Influence of Pr on θ(ζ).

Figure 17. Influence of δ on φ(ζ).
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Figure 18. Influence of Nb on φ(ζ).

Figure 19. Influence of Nt on φ(ζ).

Figure 20. Influence of Sc on φ(ζ).
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Figure 21. Influence of Pe on χ(ζ).

Figure 22. Influence of Lb on χ(ζ).
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Table 3. Influence of β, ε, λ, S, Rd, Fr, Ec, and Pr on θ′(0).

β ε λ S Rd Fr Ec Pr θ′(0)

0.2 0.3 0.2 0.4 0.3 0.2 0.1 0.7 0.44701
0.3 0.43167
0.5 0.40752

0.4 0.39766
0.5 0.38914
0.6 0.37245

0.5 0.45806
0.8 0.45739
1.1 0.45623

0.8 1.03123
1.2 0.87433
1.6 0.64876

0.5 0.45342
0.7 0.44534
0.9 0.43998

0.6 0.64554
1.0 0.63854
1.4 0.61291

0.3 0.38453
0.5 0.38123
0.7 0.37941

6.7 0.75651
7.7 0.80612
8.7 0.86432

Table 4. Influence of δ, Sc, Nb on φ′(0).

δ Sc Nb φ′(0)

0.2 0.3 0.5 1.28733
0.4 1.26931
0.6 1.24887

0.5 1.32742
0.7 1.31022
0.9 1.30271

1.0 1.33075
1.5 1.41186
2.0 1.47572

Table 5. Influence of Nδ, Pe, Lb, Rab on χ′(0).

δn Pe Lb Rab χ′(0)

0.1 0.3 0.3 0.2 0.57238
0.2 0.56103
0.3 0.55271

0.5 0.42714
1 0.45102

1.5 0.49327
0.5 0.53185
1 0.62386

1.5 0.66671
0.3 0.75408
0.4 0.76965
0.5 0.77121
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6. Conclusions

A vertical cone has been used to study the flow of ferromagnetic nanofluid with bio-
convection and magnetic dipole elements. There is also evidence of the Darcy–Forchheimer
flow model. Viscosity dissipation, Brownian motion, chemical reaction, and thermophore-
sis are involved. Using appropriate transformations, nonlinear PDEs were reduced to a set
of nonlinear ODEs. The important outcomes are listed below:

• The velocity decreases as the ferromagnetic interaction parameter, porosity parameter,
and local inertia parameter increase.

• The temperature rises as the ferromagnetic interaction, heat dissipation, injection,
thermal radiation parameters and Eckert number are raised, and reduces when the
Prandtl number and sunction parameter are raised.

• When the Brownian motion, chemical reaction parameters and Schmidt number
increase, the concentration decreases, while it increases when the thermophoresis
parameter increases.

• The motile microorganism density decreases through raising the Peclet number and
bioconvection Lewis number.
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Abstract: In this paper, we invented a novel observation method of the coating film formation
process using the fluorescence method. With this method, the temporal change in the coating film
thickness can be evaluated quantitatively. In addition, since the thickness and flow of the coating
film can be measured simultaneously, the detailed coating film formation process was clarified.
In the experiment, the adhesion behavior of the spray-paint droplets when applied to a wall was
investigated. The characteristics of coating films formed by the spray droplets, particularly the
influence of injection pressure on the coating film formation, were determined using the fluorescence
method. At the initial stage of the coating process, the coating area increased linearly. When the ratio
of the coating area to the measurement range reached about 80%, the rate at which the coating area
increased slowed down, and an overlap began. The amount of paint that adhered to the coating
film formation could be estimated by calculating the overlap ratio. Moreover, the thickness and
smoothness of the coating film were evaluated using the histogram data of the fluorescence intensity.
The leveling process was discussed in relation to the standard deviation of the histogram data. In
addition, the flow of the paint during the coating film formation was investigated using tracer
particles, and the effect of the spray gun injection pressure on the leveling process was investigated.
Changes in the film thickness and flow during the coating film formation process could be evaluated
through fluorescence observation.

Keywords: spray coating; coating film formation; leveling of coating surface; fluorescence method;
visualization

1. Introduction

Reducing the emission of volatile organic compounds (VOCs) generated in various
industrial fields is crucial, due to its adverse effects on humans and the atmosphere. The
World Health Organization (WHO) has defined organic compounds with a boiling point
between 50 and 260 ◦C, such as toluene, xylene, and formaldehyde, as VOCs. Air pollution
caused by suspended particulate matter (SPM) and photochemical oxidants is the problem
caused by VOCs, which is still a serious situation. In addition, VOCs are involved in the
generation of fine particles (PM 2.5) as a precursor. VOCs are primarily released during
painting processes, because organic solvents, such as thinner, are used to dilute the paint.
Thinner contains xylene, toluene, etc., which can easily be released into the atmosphere.
In particular, spray coating is performed as a coating method for large machines, such
as automobiles; however, paint consumption is enormous, and a large amount of VOCs
are generated. In addition, VOC emissions from shipbuilding, building construction,
and automotive production have been reported [1–3], and the effect on humans has been
discussed [4,5].

To reduce VOC emission during the painting process, it is important to improve the
adhesion efficiency of the paint and optimize the coating time. Therefore, clarifying the
relationship between the characteristics of the paint spray and the paint surface quality
is necessary. Coating process optimization technology could reduce paint consumption
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while maintaining surface quality [6–8]. Additionally, spray-coating modeling has been
investigated as a means of predicting coating thickness [9]. Research has been conducted
to understand the mechanism behind coating film formation using spray coating [10,11].
However, in conventional studies, observations have been made with the naked eye and
with a camera, and only the area and shape of the paint covering the observation range have
been measured. The coating thickness and paint flow during the coating film formation
process have not been reported in previous studies. In this study, we investigated the
coating process in which the atomized paint adheres to the coated surface. Further, we
propose a methodology to determine the change in thickness and smoothness of the coating
film quantitatively using the fluorescence method. Fluorescence has been used in various
fields, such as biology, medicine, and combustion diagnostics in engineering [12]. However,
fluorescence has not been previously applied as an evaluation method to elucidate the
paint film formation mechanisms. In this study, the fluorescence method is newly applied
to the coating technology.

2. Experimental Methods

Figure 1 shows an outline of the experimental setup. The experimental equipment
consisted of a paint sprayer that sprayed paint and an observation unit that observed how
paint adheres to and forms a coating film. The gravity feed spray gun (CREAMY(KP)5A-12,
Kinki Factory Co., Ltd., Osaka, Japan) was used. The nozzle diameter of the spray gun
was 1.2 mm, and the injection pressure was set to Pin = 0.1, 0.2, and 0.3 MPa. The paints
used in the experiment were colorless acrylic resin paints (Econet EB Two Pack Paints,
Origin Electric Co., Ltd., Saitama, Japan), and their components are 40%–45% for acrylic
polyol, 35%–40% for butyl acetate, and 15%–20% for diisobutyl ketone. Three types of
viscosities were prepared by changing the amount of thinner. As a result of measuring
each paint viscosity with an Iwata type viscosity cup, μ = 0.023, 0.033, and 0.037 Pa·s,
respectively. Coumarin 153, which is a fluorescent agent, was used in order to assess
the droplet adhesion behavior and the paint film formation. It was mixed with each
paint at a ratio of 2.0 g/L. The absorption wavelength range of Coumarin 153 is 360 to
480 nm, the maximum absorption wavelength is 423 nm, and the maximum fluorescence
wavelength is 530 nm. Phosphorescent powder was also mixed with the paint to measure
the flow characteristics of the paint film. The wavelengths of lights used were 420 and
480 nm. The 420 nm light is near the absorption wavelength range of Coumarin 153. The
phosphorescence from the powder was emitted by the 420 and 480 nm lights.

Figure 1. Experimental setup.

In the observation section, a transparent acrylic plate, with a length of 100 mm, a
width of 100 mm, and a thickness of 3 mm, was installed as a painted surface at 300 mm
downstream from the tip of the spray gun. Since the wavelength of light that can be
transmitted through the transparent acrylic plate is about 400 nm or more, it was able to
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transmit the 420 and 480 nm lights used here. The paint mixed with the fluorescent agent
and the phosphorescent powder was measured for fluorescence and phosphorescence by
shining light of a specific wavelength from the underside of this acrylic plate.

The coating film formation process for the paint sprayed on the acrylic plate was pho-
tographed using a digital camera (DMC-GH4, Panasonic Corporation, Osaka, Japan) fitted
with a microscope (VZM1000, Edmund Optics, Tokyo, Japan). In addition, a long pass filter
(Φ 25 mm 500 nm High-Performance Longpass Filter, Edmund Optics) for blocking light at
a wavelength of 490 nm or less was inserted between the microscope and camera to block
the violet light, and only the light of fluorescence and phosphorescence wavelengths was
photographed. In order to measure the paint film thickness quantitatively, the fluorescence
intensities were calibrated. Paint containing a fluorescent agent was sandwiched between
two glass plates, as shown in Figure 2, and the fluorescence intensities with against the
various gap distances between the glass and acrylic plate were obtained. Figure 3 shows
the calibrated data. From these data, the relationship between the fluorescence intensity
and the thickness of the paint film was ascertained.

 
Figure 2. Experimental setup for calibrations of the relationship between fluorescence intensity and
the coating film thickness.

h

I

Figure 3. Calibration curve showing the coating film thickness in relation to the fluorescence intensity.

The obtained image was binarized to determine the adhesion area of the paint and
the size distribution of the adherent droplets. In addition, to evaluate the film formation
process, we defined the area ratio, α(t), and the overlap ratio, β(t), from a previous study [12].
Figure 4 shows an example of the time dependence of the area and overlap ratios. The area
ratio is the ratio of the droplet adhesion area to the measurement range. The overlap ratio
is the value obtained by subtracting α(t) from the value that multiplies the increase ratio,
α’0, of the area ratio at the initial stage of the droplet adhesion by the elapsed time t[s]. If
the droplets do not overlap, the area ratio is considered to increase as α′0·t, and the overlap
ratio indicates how much extra paint is attached as compared with do not overlap case.
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Figure 4. Model of coating formation [12] (adapted with permission from The Japanese Society for
Experimental Mechanics).

In addition, the temporal change in the coating film thickness was determined by mea-
suring the fluorescence intensity distribution on across-section of the fluorescence image.
Additionally, the smoothness of the coating film was evaluated by examining the standard
deviation of the fluorescence intensity distribution over the entire fluorescence image.

3. Experimental Results

3.1. Fluorescent Images and Thickness of Adherent Paint Droplets

Figure 5 shows fluorescent and pseudo-color images of an adherent paint droplet,
measured from time-lapse photography taken under the conditions of μ = 0.037 Pa·s and
Pin = 0.3 MPa. It is shown that the area where the paint adheres becomes green. The red
solid line represents the measurement position of the cross-sectional fluorescence intensity.
Figure 6 shows the time change in the cross-sectional thickness of the droplets when
adhering to the acrylic plate. To derive the film thickness, the aforementioned calibration
data were used. The coating thickness, h, was calculated from the average fluorescence
intensity using the calibration data. The horizontal axis is distance, X, and the vertical axis
is coating thickness, h. TD = 0 s was defined as one frame before droplet impact, and the
droplet behavior was measured at TD = 1/90, 3/90, and 6/90 s. It was confirmed that the
center part of the droplet is thinner than the outer parts at TD = 1/90s. After adhesion, the
center part becomes thick at TD = 3/90 s. This behavior is caused by the impact when the
droplet adheres. Here, the high, spike-like values seen in the cases of TD = 3/90 s and 6/90
s are the parts of the bubbles existing in the adherent droplet. The presence of air bubbles
resulted in a high value due to the increase in local thickness, as shown in the fluorescence
images. Finally, the droplet thickness converged to about 50 μm at TD = 6/90 s. In addition,
there was almost no difference in position between TD = 1/90 and TD = 6/90 s. Therefore,
it was confirmed that the paint droplet adhering to the acrylic plate did not spread on the
painted surface.

Figure 5. Fluorescent and pseudo-color images of the paint droplet.
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Figure 6. Coating thickness on a red line in Figure 5.

Figure 7 shows fluorescent and pseudo-color images of the droplet on the formed
coating surface. Other conditions are the same as in Figure 5. Figure 8 represents the time
change in the cross-sectional thickness of the droplet. It was confirmed that both ends of the
droplet show a high value when the droplet adheres to the coating at TD = 1/90 s. However,
the center part of the droplet did not become thick after adhesion. The spike-shaped part
seen in the TD = 3/90 s data indicated the presence of air bubbles. The coating thickness
before (TD = 0/90 s) and after (TD = 6/90 s) the droplet adhesion was compared. The
coating thickness did not change in the range where the droplet adhered (70 < X < 170).
However, the coating thickness increased in the range where the droplet did not adhere
(1 < X < 70, 170 < X < 205). This result shows that the adherent droplet spread around
and integrated with the coating. Using the fluorescence method, it is possible to analyze
the change in the coating thickness in a short time (within minutes) by examining the
fluorescence intensity distribution in the cross-section.

Figure 7. Fluorescent and pseudo-color images of the paint droplet.
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Figure 8. Coating thickness on a red line in Figure 7.

141



Coatings 2021, 11, 1076

3.2. Observation of Coating Film Formation Process

In the above section, we focused on one droplet, but in the following, we observe a
wider range of coating films using fluorescence. Figure 9 shows a fluorescence image of
a painted surface, taken under conditions of injection pressure, Pin = 0.2 MPa, and paint
viscosity, μ = 0.033 Pa·s. The area where the paint adheres becomes green, the adhesion
area increases with time, and the overall fluorescence intensity increases. The red solid line
shown in the image at t = 0.2 s represents the measurement position of the cross-sectional
fluorescence intensity.

Figure 9. Fluorescence image of spray coating.

In the past, the authors changed the injection pressure Pin to arbitrary values and
examined the time change in the area and overlap ratios [12]. In the time change graph
of the area and overlap ratios when changing the injection pressure, the increase ratio of
the area ratio grows with the increase in the injection pressure. The higher the injection
pressure, the shorter the time until α(t) = 100%. This was due to the increase in the paint
flow rate per unit of time caused by the increase in injection pressure. The area ratio α(t)
increases immediately after adhesion for any injection pressure, but increases gradually
from around 50%. This was caused by the fact that the paint overlapped and began to
adhere. The overlap ratio, β(t), shows a value close to 0, because there was almost no
overlap of droplets at the beginning of the paint adhesion. However, it increased with
time. In addition, the overlap ratio in the time (t = T100) it took for area ratio to reach 100%,
with an injection pressure of Pin = 0.2, 0.3, and 0.4 MPa, was about 200%, 300%, and 350%,
respectively. It was found that the paint, which was about 2.3 to 2.8 times the measurement
range, had adhered prior to the film formation.

Figure 10 shows the cross-sectional film thickness distribution at each stage, in the case
of injection pressure Pin = 0.2 MPa and viscosity μ = 0.033 Pa·s. The cross-sectional coating-
thickness distribution was obtained by measuring the fluorescence intensity distribution on
the line shown by the red solid line in Figure 9 and calculating the distribution of thickness
from the calibration data of the fluorescence intensity and the coating thickness. It can be
seen that the variation in coating thickness decreases with time and that a uniform and
thick coating is formed. Thus, the temporal change in the coating film thickness can be
examined from the distribution of fluorescence intensity.

Figure 11 shows the temporal change in the coating thickness under the conditions of
Pin = 0.2 MPa and μ = 0.033 Pa·s. The coating film thickness increased from the start of the
spray coating. At the end of the spray coating (t = Tfin), the change in the coating thickness
became flat.

3.3. Evaluation of Coating Surface Smoothness and Leveling Process

Leveling phenomena in the spray coating process were analyzed using the intensity
distribution of the fluorescence image. To evaluate the surface smoothness, a histogram,
or frequency distribution, of the tone values of the fluorescence image was produced.
Figure 12 shows the histograms produced under the conditions of injection pressure
Pin = 0.2 MPa and paint viscosity μ = 0.033 Pa·s. The horizontal axis of Figure 12 in-
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dicates the tone values of fluorescence intensity, which was changed from 0 to 256. The
vertical axis indicates the probability density.
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Figure 10. Fluorescence intensity distribution on a line graph.
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Figure 11. Evolution of the coating thickness over time.
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Figure 12. Fluorescence intensity distribution.
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At the first stage of spray coating, the histogram has a wide range distribution. This
result shows that fluorescence intensities have various tone values because the paint
droplets adhered to the coating surface individually. The distribution becomes gradually
narrower with an increase in the coating time, t. At the final stage, the distribution settles
into a monodispersed shape. This means that the coating surface became flat. As described
here, leveling phenomena can evaluate the width of the histogram. In this study, the
standard deviation, σ [-], was used for estimating the coating surface smoothness.

The center of the distribution, IM, is shifted to the higher intensity side. This result
shows that the average thickness of the coating film increased with the change in distri-
bution shape. Therefore, the change in the average thickness of the coating film can be
evaluated using the position of the center value.

The standard deviation of the intensity distribution in the histogram was investigated.
Figure 13 shows the temporal change in the standard deviation. As shown in Figure 11,
the standard deviation increased after the start of the spray-droplet adhesion (part of (A)
in Figure 13) and decreased in part (B) of Figure 13. In this part, the leveling phenomena
between adherent droplets occurred via their coalescence. T100 indicates a point in time
when the entire surface was covered by paint droplets. At the end of part (B), the coating
surface became flat by the finish of leveling. However, in part (C), the standard deviation
increased because the paint droplets overlapped on the coating surface. At the final stage of
spray coating (in part (D)), the standard deviation decreased, gradually, with the progress of
the leveling. In the figure, Tfin indicates the stop time of spray coating. As described above,
the average thickness and smoothness of the coating film could be easily estimated using
the fluorescence method. In particular, it was clearly shown that the standard deviation
data from the fluorescence intensity distribution provided important information about
the smoothness of the coating surface.

t

P
T
T

T T

Figure 13. Standard deviation.

3.4. Influence of Injection Pressure and Paint Viscosity on Film Formation

Figure 14 shows the average thickness of the coating film, h [mm], under various
amounts of injection pressure Pin. The Pin was changed from 0.1 to 0.5. It can be seen
that the coating thickness increased uniformly until the end of injection, t = Tfin. The film
thickness of Pin = 0.2 MPa was thicker than that of Pin = 0.1 MPa, because the injection flow
rate of the former was greater than that of the latter.

In the case of Pin = 0.5 MPa, a thinner thickness value was maintained, even though
the spray coating was sustained. The reason for this characteristic can be explained with
reference to the airflow effect. In this study, the two-fluid atomizer was used for the spray
formation. Therefore, strong airflow was generated at the coating surface under the high
injection pressure condition. When atomized paint is stuck to the paint surface, paint flow
is caused by the impact of adhesion and the contact of paint droplets. This flow affected
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the coating film formation and the quality of the paint surface. In this study, paint flow on
the coating surface was visualized using the tracer particles in the paint.

Figure 14. Coating film thickness under various injection pressures Pin.

The first point where paint adhesion was defined as the origin (X0, Y0) = (0, 0). The
length of the particle trajectory, Lp, and the absolute displacement, Ld, were measured
under several experimental conditions. Figure 15 shows a schematic image of Lp (the black
line) and Ld (the dashed line). Lp is the total distance the particle moved, and Ld is the
linear distance from the original point to the end point after being moved by the flow. It
was predicted that the flow would show random movement caused by the paint impact
and leveling. Therefore, it was expected that Lp and Ld would become different values.
If these values indicated almost the same number, then the flow caused by other forces
would be generated. In our experiments, the time evolution of Lp and Ld was measured.

L

P X Y
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P X Y

P X Y

P X Y

L

Figure 15. Definition of Lp and Ld.

Figure 16, Figure 17, Figure 18 show the time evolution of the absolute displacement,
Ld, using paint with a viscosity of μ = 0.023 Pa·s and an injection pressure of Pin = 0.1,
0.2, and 0.5 Pa, respectively. The horizontal axis represents the injection time, t s, and the
vertical axis represents Ld. The point in time when the droplet starts to adhere is t = 0. Each
plotline corresponds to one tracer particle.

As shown in Figure 16, the Ld of most droplets that adhered at a relatively early time
became 100–150 μm, and, after that, Ld was maintained or decreased. This indicates the
flow when the droplets that initially adhered began to coalesce to form a coating film. The
paint droplet that first adhered to the surface did not move much. However, it moved
when the droplet coalesced with other droplets.

145



Coatings 2021, 11, 1076

t

L

P
T
T

Figure 16. Time evolution of Ld with injection pressure of Pin = 0.1 Pa.
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Figure 17. Time evolution of Ld with injection pressure of Pin = 0.2 Pa.
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Figure 18. Time evolution of Ld with injection pressure of Pin = 0.5 Pa.

However, the Ld of the droplet that adhered after t = 1.5 s increased steadily until
t = Tfin. In addition, the Ld of some droplets that initially adhered increased to around
t = 1.0 s, although the rate of increase was lower than that of the droplets that adhered later.
These are the effects of the flow in the coating film. The Ld of the droplets that adhered later
increased at the same rate, and a uniform flow occurred on the surface of the entire area.

The fastest flow was generated on the surface of the coating film because the droplets
that adhered later had a higher rate of increase of Ld. In addition, the particles that initially
adhered were closer to the wall surface than the particles that adhered later. Therefore,
the particles moved at a lower velocity than the surface velocity. Some of the droplets that
adhered at the initial stage, whose Ld had a low rate of increase from around t = 1.0 s, were
caused by this movement.

146



Coatings 2021, 11, 1076

As shown in Figure 17, the Ld of all the droplets increased steadily until t = Tfin.
However, there was a difference in the rate of increase of Ld. The droplets that adhered
later showed a higher rate of increase, and it was confirmed that the particles moved to a
point away from the initial position—above Ld = 1200 μm. In accordance with this, a flow
faster than Pin = 0.1 Pa was expected to occur. In addition, the slow flow was generated
near the wall because the Ld of all particles increased, regardless of the time of adherence.
The initially deposited paint was replaced by the latterly deposited paint as a result of this
slow flow.

As shown in Figure 18, the Ld of all the droplets increased at the same rate. Therefore,
the Ld of the droplets that initially adhered became larger than that of the droplets that
adhered later. According to this result, a uniform flow was generated in the coating film.
Even near the wall, the flow moved at the same velocity as the paint on the surface, if it was
outside the boundary layer. Moreover, in this case, the replacement of the paint that adhered
in the initial stage was performed more actively. The above results suggest that under the
condition of a paint viscosity of μ = 0.023 Pa·s, a flow occurs in the coating film, and the
higher the injection pressure, the greater the replacement of the paint that initially adheres
to it. Therefore, we consider that the coating film flowed out of the observation range
before it hardened, and the coating thickness did not increase. In addition, we consider
this to be because the average film thickness does not increase under the conditions of
μ = 0.023 Pa·s and Pin = 0.5 MPa, as shown in Figure 14.

4. Conclusions

In this study, we investigated the process of forming a coating film by changing the
paint injection pressure. In addition, the thickness and smoothness of the coating film
were investigated using the fluorescence method. The coating could be realized using the
fluorescence method by mixing a fluorescent agent with the paint. The higher the injection
pressure, the shorter the time until the coating was formed. The area ratio rises, linearly,
immediately after the start of droplet deposition, but reached 100%, while decreasing the
increase rate of the area ratio by overlapping. It was possible to estimate the amount of paint
that overlapped and adhered using the overlapping ratio. The thickness of the coating could
be calculated from the fluorescence intensity. Additionally, the smoothness of the coating
film could be evaluated by examining the standard deviation of the fluorescence intensity.
The thickness of the coating increased, linearly, from the start of droplet deposition to the
end of spraying. The standard deviation increased near the onset of droplet deposition
and then decreased until the time of film formation. At the end of the injection, the
standard deviation decreased, and a very smooth coating was formed. The flow of the
coating film formation was observed by tracking the fluorescent particles in the paint.
We found that the higher the injection pressure, the more active the flow of the coating
film. In this study, the thickness of the coating film and the flow of the formation process
could be observed in detail at the same time using fluorescence observation. By using
the methodology of this paper, it is possible to quantitatively analyze the coating film
formation process. This method is applicable for various industrial processes, such as the
painting of automobiles, ships and buildings. The conditions for forming a smooth and
high-quality coating surface with a smaller amount of paint can be determined on the basis
of data rather than empirical rules.
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Abstract: The desulfurization wastewater evaporation technology with flue gas has been widely
applied to dispose of desulfurization wastewater. This paper investigates the effect of flue gas flow
rate and temperature, wastewater flow rate and initial temperature, and droplet size on the evapo-
ration performance of the desulfurization wastewater in a spray drying tower without deflectors.
The results show that the flue gas flow rate and temperature affect the evaporation performance of
desulfurization wastewater. The larger flow rate and higher temperature of flue gas correspond to the
faster evaporation speed and the shorter complete evaporation distance of the wastewater droplet.
Decreasing the flow rate and increasing the initial temperature of the desulfurization wastewater is
advantageous to enhance the evaporation speed and shorten the complete evaporation distance of the
wastewater droplet. Reducing the droplet size is beneficial to improve the evaporation performance
of the desulfurization wastewater. The orthogonal test results show that the factors affecting droplet
evaporation performance are ranked as follows: flue gas flow rate > wastewater flow rate > flue gas
temperature > wastewater initial temperature > droplet size. Considering the evaporation ratio and
the complete evaporation distance, the optimal setting is 14.470 kg/s for flue gas flow rate, 385 ◦C for
flue gas temperature, 0.582 kg/s for wastewater flow rate, 25 ◦C for wastewater initial temperature,
and 60 μm for droplet size. These studied results can provide valuable information to improve the
operational performance of the desulfurization wastewater evaporation technology with flue gas.

Keywords: desulfurization wastewater evaporation technology; evaporation performance; orthogo-
nal test; simulation

1. Introduction

In China, wet flue gas desulfurization technology is widely applied to coal-fired
thermal power plants to remove SO2 in the flue gas because it has the advantages of
high efficiency, low operating cost, and high reliability [1–4]. However, this technology
produces large quantities of desulfurization wastewater, which contains many acidic ions,
heavy metal ions, and suspended solids [5–7]. Releasing desulfurization wastewater into
the environment is strictly prohibited [8,9]. Therefore, the methods for desulfurization
wastewater disposal have gained extensive research interest in recent years [10].

Some technologies have been proposed to dispose of the desulfurization wastew-
ater, such as chemical precipitation, membrane separation, evaporative crystallization,
electrodialysis technology, etc. [11–14]. Of these desulfurization wastewater disposal tech-
nologies, desulfurization wastewater evaporation technology is an effective method to
achieve zero-emission of desulfurization wastewater [14–17]. Significantly, flue gas after
the air preheater is the best choice as a heating source to evaporate the desulfurization
wastewater, as shown in Figure 1 [18]. The flue gas is injected into the spray drying tower
through a special-designed channel, and the desulfurization wastewater is sprayed into a

Coatings 2021, 11, 1022. https://doi.org/10.3390/coatings11091022 https://www.mdpi.com/journal/coatings149
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spray drying tower through a high-speed rotating atomizer, and then evaporated under
the preheating effect of the flue gas. The residual solid particles after evaporation are
expected to be captured [19]. To improve the evaporation performance of desulfuriza-
tion wastewater, some efforts have been performed. Liang et al. [20] investigated the
evaporation and crystallization behaviors of the desulfurization wastewater droplet using
thermogravimetric analysis. They found that the increase in heating rate can promote
evaporation and crystallization rates simultaneously, while the final temperature has a
limited effect on these rates. Deng et al. [21] numerically studied the effect of the position
and number of nozzles, droplet size, and flue gas temperature on evaporation performance.
Ma et al. [8] simulated the evaporation behavior of desulfurization wastewater and found
that smaller droplet size, and higher flue gas flow rate and temperature could benefit the
complete evaporation of the desulfurization wastewater. Zheng et al. [22] explored the
chlorine migration of various chlorine salt solutions and typical desulfurization wastewa-
ter at high temperatures during the evaporation process of concentrated wastewater by a
laboratory-scale tube furnace and a pilot-scale system. Although numerous efforts have
been devoted to studies of the desulfurization wastewater evaporation, there are still few
works that comprehensively investigate the desulfurization wastewater evaporation.

Figure 1. The desulfurization wastewater evaporation technology with flue gas.

This work is aimed to comprehensively investigate the effects of flue gas flow rate,
flue gas temperature, wastewater flow rate, initial wastewater temperature, and droplet
size on the desulfurization wastewater evaporation performance. These studied results
can give more helpful information to guide the desulfurization wastewater evaporation
technology with flue gas.

2. Physical Model and Numerical Method

2.1. Spray Drying Tower Description

The schematic diagram of a spray drying tower without deflectors is shown in Figure 2.
The height is 17.9 m, and the diameter is 7.2 m. The flue gas is injected into the spray
drying tower through a specially-designed volute structure. In the atomization process, the
desulfurization wastewater is firstly sent to the atomizer by the metering pump. The motor
drives the atomizing disc to rotate at high speed, and the desulfurization wastewater is
thrown out from the channels, thus atomizing into droplets. The droplets are then evapo-
rated under the preheating effect of the flue gas. In this study, the complete evaporation
distance (as shown in Figure 2) is defined as the maximum distance from the atomizer
in the vertical direction when the droplet particle mass is zero. Table 1 lists the physical
parameters of flue gas under full load.
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Figure 2. Schematic diagram of spray drying tower without deflectors.

Table 1. Physical parameters of flue gas in actual operation under full load.

Item Value

Volume flow of flue gas (Nm3/h) 32,315
Temperature (K) 638
Density (kg/m3) 1.24

viscosity (kg/m·s) 3.22 × 10−5

Specific heat capacity at constant pressure (J/kg·k) 1159.2

Components (%)

N2 73.00
O2 3.00

CO2 13.00
H2O(g) 11.00

2.2. Numerical Method

In this work, commercial software (Ansys Fluent version 16.0) is adopted to perform
this simulation. The continuous phase of drying gas is treated by an Eulerian approach,
and a standard k-ε model is utilized for the turbulence description.

Continuity and momentum equations [23]:

∂ρ

∂t
+∇
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where ρ and v are drying gas density and velocity, and Sm is the mass source term. ρ
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the gravitational force,
→
F is the sum forces exerted by particles on the gas phase, μ is the

drying gas effective viscosity, I is the unit tensor.
The standard k-ε is adopted to describe the flow. The turbulence kinetic energy and its

rate of dissipation are obtained from the following transport equations [24]:
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where Gk represents the generation of turbulence kinetic energy due to the mean velocity
gradients, Gb is the generation of turbulence kinetic energy due to buoyancy, YM is the
generation of turbulence kinetic energy due to buoyancy.C1ε, C2ε, and C3ε are constants.
σk and σε are the turbulent Prandtl numbers for k and ε. Sk and Sε are user-defined
source terms.

The trajectory of a discrete phase droplet integrates the force balance on the particle,
which is written in a Lagrangian reference frame [25,26]. This force balance equates the
droplet inertia with the forces acting on the droplet and can be written as:

d
→
u p

dt
= FD(

→
u −→

u p) +

→
g
(
ρp − ρ

)
ρp

+
→
F (5)
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18μ
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24
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where
→
u p is the droplet velocity, FD(

→
u −→

u p) is the drag force per unit droplet mass,
→
u

is the fluid phase velocity, ρp is the density of the droplet, ρ is the fluid density,
→
F is an

additional acceleration (force/unit droplet mass) term, μ is the molecular viscosity of the
fluid, Re is the relative Reynolds number of gas and liquid. Cd is the drag coefficient.

The droplet temperature is updated according to a heat balance that relates the sensible
heat change in the droplet to the convective and latent heat transfer between the droplet
and the continuous phase [27]:
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]
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where mp, cp, Tp, and Ap are the mass, specific heat capacity at constant pressure, temper-
ature, and surface area of droplet particles, T∞ is the temperature in the flue gas, Tvap is
the droplet vaporization temperature, Tbp is the boiling temperature of the droplet, hlg
is the latent heat of the droplet vaporization, cp,g is the heat capacity of the gas, ρp is the
droplet density, kg is the thermal conductivity of the gas. h is the convective heat transfer
coefficient, which is calculated with a modified Nu number as follows [28]:

Nu =
hdp

k∞
= 2.0 + 0.6Re1/2

d Pr1/3 (11)

where k∞ is the thermal conductivity of the continuous phase, Red is the Reynolds number,
and Pr is the Prandtl number of the continuous phase.

The gas phase is described using the species transport model. The atomization model
of the droplet adopts the hollow cone model. The atomization angle and inner diameter
are 89◦ and 0.23 m, respectively. The droplet after atomizing follows the Rosin–Rammler
distribution with the constant distribution coefficient (1.2). Different parts are meshed
separately to attain a high-quality grid, as shown in Figure 3. After performing grid-
independence tests, the mesh with 650,000 cells was finally used in the simulation study.

The simulated cases are listed in Table 2. Cases 1, 2, and 3 are used to study the
influence of flue gas flow rate on evaporation performance. Cases 1, 4, and 5 are used to
discuss the effect of flue gas temperature on evaporation performance. Cases 1, 6, and 7 are
used to discuss the effect of wastewater flow rate on evaporation performance. Cases 1, 8,

152



Coatings 2021, 11, 1022

and 9 are used to discuss the effect of the initial temperature of wastewater on evaporation
performance. Cases 10, 11, and 12 are used to discuss the effect of the droplet size of
wastewater on evaporation performance. Cases 13–30 are the orthogonal test cases of
evaporation performance.

Figure 3. Grid division of this spray drying tower without deflectors.

Table 2. Case setting.

Cases

Flow Rate of
Flue Gas

Temperature of
Flue Gas

Flow Rate of
Wastewater

Initial Temperature
of Wastewater

Droplet Size

kg/s K kg/s K μm

1 11.131 638 0.832 298

size range: 10–200 μm,
an average diameter: 60 μm,

spread parameter: 1.2

2 14.470 638 0.832 298
3 7.792 638 0.832 298
4 11.131 658 0.832 298
5 11.131 618 0.832 298
6 11.131 638 1.082 298
7 11.131 638 0.582 298
8 11.131 638 0.832 323
9 11.131 638 0.832 348

10 11.131 638 0.832 298 5 μm
11 11.131 638 0.832 298 60 μm
12 11.131 638 0.832 298 150 μm

13–30 Orthogonal test of evaporation performance

2.3. Validation of the Simulated Results

To verify the model’s reliability, the measured and simulated temperatures, H2O(g)
concentration at the outlet are compared, as shown in Table 3. The simulated results are
consistent with the measured, proving that the model has high reliability and is acceptable
in engineering.

Table 3. Comparison between the simulated and measured results.

Item 100% Load (600 MW) 66% Load (400 MW)

Operation parameter
Flue gas temperature (K) 638 610

Flow rate of wastewater (kg/s) 0.832 0.582
Inlet wastewater temperature (K) 298 298

Temperature at the outlet (K) Simulated 460 446
Measured 453 432

H2O(g) concentration at the outlet (%) Simulated 17.5 16.9
Measured 17.1 16.3
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3. Results and Discussion

3.1. Effect of Flue Gas Flow Rate on the Evaporation Performance

Figure 4 shows the turbulence kinetic energy under different flue gas flow rates. By
increasing the flue gas flow rate, the turbulence kinetic energy in the mixing zone of the flue
gas and the droplets gradually increases, which indicates more vigorous mixing between the
flue gas and the droplets. Figure 5 displays temperature under different flue gas flow rates. A
larger flue flow rate corresponds to more heat, which is advantageous to droplet evaporation.

Figure 4. Turbulence kinetic energy under different flue gas flow rates (m2/s2).

Figure 5. Temperature under different flue gas flow rates (K).

Figure 6 shows the effect of flue gas flow rate on the evaporation performance of the
droplets in the spray drying tower. It can be seen that as increasing the flue gas flow rate
from 7.792 (case-3) to 11.131 kg/s (case-1), the droplet evaporation time in the spray drying
tower significantly decreases, and the distance of complete evaporation greatly decreases
from 6.8 to 4.8 m. This can be explained by considering that the increase of the flue gas flow
rate introduces more heat into the drying tower, which enhances the droplets evaporation
performance. By further increasing the flue gas flow rate from 11.131 to 14.470 kg/s, the
droplet evaporation time changes slightly, and the distance of complete evaporation only
decreases from 4.8 to 4.7 m. Therefore, higher flue gas flow rate corresponds to shorter
droplet evaporation time and shorter complete evaporation distance. Still, if the flue gas
flow rate exceeds a certain level, the improvement of the droplet evaporation performance
is not apparent. In actual operation, taking the evaporation performance and the safety
of boiler operation into consideration, an appropriate amount of flue gas flow should
be chosen.

3.2. Effect of Flue Gas Temperature on the Evaporation Performance

Figure 7 shows the turbulence kinetic energy under different flue gas temperatures. By
increasing the flue gas temperature, the turbulence kinetic energy in the mixing zone of the
flue gas and the droplets changes slightly, which indicates the slight difference in the mixing
intensity between flue gas and droplets. Figure 8 displays temperature under different
flue gas flow rates. Higher flue gas temperature corresponds to higher temperature and
more heat in the mixing zone of flue gas and droplets, which is advantageous to evaporate
the droplets.
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Figure 6. Effect of flue gas flow rate on evaporation performance.

Figure 7. Turbulence kinetic energy under different flue gas temperatures (m2/s2).

Figure 8. Temperature under different flue gas temperatures (K).

Figure 9 shows the effect of flue gas temperature on the droplet evaporation perfor-
mance in the spray drying tower. It can be seen that increasing the flue gas temperature
is beneficial for reducing the droplet residence time in the spray drying tower and im-
proving droplet evaporation performance. This is because the higher flue gas temperature
increases the temperature difference between the flue gas and the droplets, enhancing the
diffusion and thermophoretic force effects. As a result, heat and mass transfer become
more vital, and the droplet evaporation speed is accelerated and reduces the complete
evaporation distance.

3.3. Effect of Wastewater Flow Rate on The Evaporation Performance

Figure 10 shows the turbulence kinetic energy under different wastewater flow rates.
By increasing the wastewater flow rate, the turbulence kinetic energy in the mixing zone of
flue gas and droplet changes slightly, which indicates the slight difference in the mixing
intensity between flue gas and droplet. Figure 11 displays temperature under different
wastewater flow rates. The larger wastewater flow rate corresponds with the lower tem-
perature in the mixing zone of flue gas and droplets because the evaporation process of
larger wastewater flow rate absorbs more heat.
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Figure 9. Effect of flue gas temperature on evaporation performance.

Figure 10. Turbulence kinetic energy under different waste water flow rates (m2/s2).

Figure 11. Temperature under different wastewater flow rates (K).

Figure 12 shows the effect of wastewater flow rate on the droplet evaporation perfor-
mance in the spray drying tower. With the increase of the wastewater flow rate, the droplet
residence time in the spray drying tower becomes longer and the complete evaporation
distance increases, thus, reducing the wastewater flow rate is beneficial to the evaporation
performance of the wastewater. On the one hand, under the same flue gas flow rate, the
input heat is constant. The larger wastewater that needs to be processed, the more time
it takes to evaporate. On the other hand, the larger wastewater flow rate contains more
large-diameter droplets. For these large-diameter droplets, more time is required for them
to evaporate completely, and the complete evaporation distance is longer. Therefore, it is
necessary to design the wastewater flow rate in a spray drying tower.

3.4. Effect of Wastewater Initial Temperature on the Evaporation Performance

Figure 13 shows the turbulence kinetic energy under different initial wastewater
temperatures. By increasing the initial wastewater temperature, the turbulence kinetic
energy in the mixing zone of the flue gas and the droplets changes slightly. Figure 14
displays temperature under different initial wastewater temperatures. Higher initial
wastewater temperature corresponds to the higher temperature of the flue gas and the
droplets in the mixing zone because the evaporation process of the wastewater droplet
absorbs less heat under the constant input heat.
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Figure 12. Effect of wastewater flow rate on evaporation performance.

Figure 13. Turbulence kinetic energy under different wastewater initial temperatures (m2/s2).

Figure 14. Temperature under different wastewater initial temperatures (K).

Figure 15 shows the effect of wastewater flow rate on the evaporation performance
of the droplet in the spray drying tower. It can be seen that as the initial temperature of
the wastewater increases from 298 to 348 K, the complete evaporation distance is reduced
from 4.8 to 4.6 m, which is only 0.2 m. Additionally, there is no significant difference in the
trajectory of the droplets under different initial wastewater temperatures. It can be concluded
that the complete evaporation distance gradually decreases with the increase of the initial
temperature of the wastewater, but the reduction degree is minimal. This is because if the
initial temperature of the wastewater is higher, less heat is needed, and the evaporation
temperature is reached quicker. However, this part of the heat only accounts for a small
proportion of the heat carried by the flue gas, thus, the change of the initial temperature of
the droplet has little effect on its complete evaporation distance. In the actual operation of
the power plant, although the evaporation process of the desulfurization wastewater can be
improved by increasing the initial temperature of the wastewater, its effect is minimal.

3.5. Effect of Droplet Size on the Evaporation Performance

Figure 16 shows the turbulence kinetic energy under different droplet sizes. By
increasing the droplet size from 5 to 60 μm, the turbulence kinetic energy in the mixing
zone of the flue gas and the droplets changes slightly, which indicates the slight difference
in the mixing intensity between flue gas and droplet. By further increasing the droplet size
from 60 to 150 μm, the turbulence kinetic energy in the mixing zone of the flue gas and the
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droplets becomes significantly stronger, and this is because the larger droplet size has a
more substantial rigidity and turbulence. Figure 17 displays temperature under different
droplet sizes, and smaller droplet size corresponds with the higher temperature in the
mixing zone of the flue gas and the droplets because the smaller size droplet has a larger
specific surface area and is sufficiently heated to evaporate.

 
Figure 15. Effect of initial wastewater temperature on evaporation performance.

Figure 16. Turbulence kinetic energy under different droplet sizes (m2/s2).

Figure 17. Temperature under different droplet sizes (K).

Figure 18 shows the effect of wastewater flow rate on the evaporation performance
of the droplet in the spray drying tower. As the droplet size increases, it can be seen that
the trajectory of the droplets will diffuse toward the tail of the drying tower, the complete
evaporation distance is extended, and the atomization evaporation effect is reduced. When
the droplet sizes are 5 and 60 μm, the difference in the evaporation performance is slight.
Considering the atomization cost and other factors, it is more economical and practical to
choose a droplet size of 60 μm.

3.6. Orthogonal Test of Evaporation Performance

The orthogonal method is adopted to compare the degree of influence of various condi-
tions on the evaporation performance, which includes five factors: flue gas flow rate, flue gas
temperature, wastewater flow rate, initial wastewater temperature, and droplet size. Each
factor is set at three levels with a total of 18 cases. The orthogonal results of each factor on the
droplet evaporation performance are shown in Table 4. The orthogonal test results show that
the evaporation ratio of cases 19, 21, 24, 27, 28, and 29 cannot reach 100%, and the evaporation
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ratio of case-21 is the lowest, only 90.39%. Compared to other cases, this case has the lowest
flue gas flow, the largest wastewater flow rate, the largest flue gas/wastewater ratio, and
the lowest initial temperature of the wastewater. Therefore, the input heat is insufficient, the
evaporation performance is poor, and the desulfurization wastewater cannot be completely
evaporated. According to the comparison of the R-value of the complete evaporation distance
of each case, the factors affecting the droplet evaporation performance are ranked as follows:
flue gas flow rate > wastewater flow rate > flue gas temperature > wastewater initial temper-
ature > droplet size. Considering the evaporation ratio and the complete evaporation distance,
the optimal setting is 14.470 kg/s for flue gas flow rate, 385 ◦C for flue gas temperature,
0.582 kg/s for wastewater flow rate, 25 ◦C for wastewater initial temperature, and 60 μm for
droplet size.

 

Figure 18. Effect of droplet sizes on evaporation performance.

Table 4. Orthogonal table of each factor.

Cases

Flue Gas
Flow Rate

Flue Gas
Temperature

Wastewater
Flow Rate

Wastewater Initial
Temperature

Droplet Size
Evaporation

Ratio *
The Distance of

Complete Evaporation

kg/s ◦C kg/s ◦C μm % m

13 14.470 385 1.082 75 150 100 4.774
14 14.470 365 0.832 50 60 100 1.888
15 14.470 345 0.582 25 5 100 2.504
16 11.131 385 1.082 50 60 100 2.021
17 11.131 365 0.832 25 5 100 2.664
18 11.131 345 0.582 75 150 100 3.854
19 7.792 385 0.832 75 5 96.51 -
20 7.792 365 0.582 50 150 100 3.687
21 7.792 345 1.082 25 60 90.39 -
22 14.470 385 0.582 25 60 100 1.780
23 14.470 365 1.082 75 150 100 5.107
24 14.470 345 0.832 50 5 98.68 -
25 11.131 385 0.832 25 150 100 4.480
26 11.131 365 0.582 75 60 100 1.783
27 11.131 345 1.082 50 5 98.34 -
28 7.792 385 0.582 50 5 99.71 -
29 7.792 365 1.082 25 150 97.04 -
30 7.792 345 0.832 75 60 100 2.153
K1 598.68 596.22 585.77 596.51 597.04 -
K2 598.34 597.04 595.19 596.73 590.39 - -
K3 583.65 587.41 599.71 587.43 593.24 - -
k1 99.78 99.37 97.63 99.42 99.51 - -
k2 99.72 99.51 99.20 99.46 98.40 - -
k3 97.28 97.90 99.95 97.91 98.87 - -
R 2.50 1.61 2.32 1.55 1.11 - -

* The evaporation ratio is defined as:
·
(mout −

·
min− f lue gas)/

·
mwastewater , where

·
min− f lue gas indicates the mass flow of the flue gas injected

into the spray drying tower,
·

mout indicates the mass flow of the mixture gas flowing out of the spray drying tower,
·

mwastewater is the mass
flow of the wastewater (liquid) injected into the spray drying tower. Ki (i = 1, 2, 3) indicates the test index sum of each factor at the same
level; ki (i = 1, 2, 3) indicates the test index average value of each factor at the same level; R indicates the range, which refers to the difference
between the maximum value and the minimum value of the sum of each level index in the same factor, R = max{k1, k2, k3}−min{k1, k2, k3}
in any column. For more details about the orthogonal test please refer to [29].
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4. Conclusions

This paper investigates the effect of flue gas flow rate, flue gas temperature, wastew-
ater flow rate, initial wastewater temperature, and droplet size on the desulfurization
wastewater evaporation performance in a spray drying tower without deflectors. These
studied results can provide valuable information to improve the operational performance
of the desulfurization wastewater evaporation technology with flue gas. Some conclusions
are reached:

(1) The flue gas flow rate and temperature affect the evaporation performance of the
desulfurization wastewater. The larger the flue gas flow rate and the higher the flue
gas temperature, the faster the wastewater droplet evaporation and the shorter the
complete evaporation distance. However, if the flue gas flow rate exceeds a certain
level, the improvement of the droplet evaporation performance is not apparent. In
actual operation, the effect of atomization and the safety of boiler operation should be
considered simultaneously, an appropriate amount of flue gas flow should be extracted,
and the wastewater flow of the spray drying tower should be practically designed.

(2) The smaller the wastewater flow rate, the higher the initial wastewater tempera-
ture, the faster the wastewater droplet evaporation, and the shorter the complete
evaporation distance.

(3) Reducing the droplet size is beneficial to improving the evaporation effect of the desul-
furization wastewater. Considering all factors, it is more economical and practical to
choose a droplet size of 60 μm.

(4) The orthogonal test results of various factors show that the factors affecting droplet
evaporation performance are as follows: flue gas flow rate > wastewater flow rate >
flue gas temperature > initial wastewater temperature > droplet size. Considering
the evaporation ratio and the distance of complete evaporation, the optimal setting
is 14.470 kg/s for flue gas flow rate, 385 ◦C for flue gas temperature, 0.582 kg/s
for wastewater flow rate, 25 ◦C for initial wastewater temperature, and 60 μm for
droplet size.
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Abstract: The 3D Carreau fluid flow through a porous and stretching (shrinking) sheet is examined
analytically by taking into account the effects of mass transfer, thermal radiation, and Hall current.
The model equations, which consist of coupled partial differential equations (PDEs), are simplified
to ordinary differential equations (ODEs) through appropriate similarity relations. The analytical
procedure of HAM (homotopy analysis method) is employed to solve the coupled set of ODEs. The
functional dependence of the hydromagnetic 3D Carreau fluid flow on the pertinent parameters
are displayed through various plots. It is found that the x-component of velocity gradient ( f

′
(η))

enhances with the higher values of the Hall and shrinking parameters (m, �), while it reduces with
magnetic parameter and Weissenberg number (M, We). The y-component of fluid velocity (g(η))
rises with the augmenting values of m and M, while it drops with the augmenting viscous nature
of the Carreau fluid associated with the varying Weissenberg number. The fluid temperature θ(η)

enhances with the increasing values of radiation parameter (Rd) and Dufour number (Du), while it
drops with the rising Prandtl number (Pr). The concentration field (φ(η)) augments with the rising
Soret number (Sr) while drops with the augmenting Schmidt number (Sc). The variation of the
skin friction coefficients (Cf x and Cf z), Nusselt number (Nux) and Sherwood number (Shx) with
changing values of these governing parameters are described through different tables. The present
and previous published results agreement validates the applied analytical procedure.

Keywords: thermal radiations; magnetic field; Carreau fluid; stretching/shrinking surface; Hall
effect; nonlinear radiations; HAM

1. Introduction

The thermal energy transportation and the fluid boundary layer motion over stretching
(shrinking) sheets are the areas of immense importance due to its broad range industrial and
technological applications. Some of the applications consist of: growing crystals structures,
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plastic sheets preparation, manufacturing of electronic chips and materials, paper industry,
cooling process, and so on [1,2]. The basic work in this regard was started by Crane [3].
Andersson et al. [4], and Vajravelu [5] discussed the different aspects of fluids flowing
over stretching surfaces. It is important to mention here that the gradients’ existence are
essential for the growth of various fluxes and flows. In fluids, there are two important
effects named as Soret and Dufor effects. In Soret effect, the existence of temperature
gradient results in thermal diffusion which governs the thermal energy flow. The mass
transfer is mainly governed by Dufor effect, which gives rise to the diffusion-thermo effect.
These effects have an influential role in governing the natural convective flow, which is
one of the modes by which thermal energy can transfer due to the aggregate motion of
the heated fluid. The term cross diffusion refers to the process in which the existence of
concentration gradient of one specie develops the flux of the other. This means that the cross
diffusion is associated with both thermal and mass diffusion. The heat energy exchangers,
steel processing, cooling of nuclear power plant, etc. are the well-known technological
sectors in which the convection thermal energy transportation plays an important role. The
different aspects during the heat energy flow over a 3D exponentially stretching surface are
investigated by Liu et al. [6]. Hayat et al. [7] examined the boundary layer Carreau fluid
motion and obtained that the presence of suction depreciates (enhances) the Carreau fluid
speed (boundary layer thickness). Further detail analysis about the boundary layer flow
can be accessed in refs [8–10].

The Magneto-Hydro-dynamics (MHD) studies the evolution of the macroscopic behav-
iors of fluids in the ambient magnetic field presence. The MHD flow finds its applications in
Astrophysics and Astronomy, nuclear reactors cooling, engineering and technology, Plasma
Physics, etc. Nazar et al. [11] investigated the thermal energy transformation during the
magnetized flow over a vertical and stretchable surface. During their investigation, they
found that the enhancing B-field magnitude reduces the coefficient of skin friction and
the thermal energy loss. The analytic investigation of heat energy transfer during the 3D
MHD migration over a stretchable plate is carried out by Xu et al. [12] using the series
solution approach. The MHD stagnation flow toward an extendable surface is examined
by Ishak et al. [13]. A more recent study on stagnation point flow can be found in ref-
erences [14,15]. The heat energy transfer through convection during the magnetized 3D
motion on an extendable surface is worked out by Vajravelu et al. [16]. Pop and Na [17]
examined the impacts of B-field on the fluid flowing through a porous and stretchable
surface. The recent developments on the magnetized boundary-layer motion can be found
in references [18–21].

The thermal energy radiations and its analysis are extremely important in the solar
energy, fission reactors, engines, propulsion equipment for speedy aircrafts, and various
chemical phenomena operating at extreme temperatures. Gnaneswara Reddy [22] studied
the magnetized nanofluid motion by incorporating the impact of thermal energy radiation.
The mixed convection MHD fluid flow through a perforated enclosure is examined by
Gnaneswara Reddy [23]. He investigated the effects produced due to chemical reaction,
Ohmic dissipation, and heat energy source. Emad [24] investigated the different impacts
that arose due to the inclusion of thermal radiations in a conducting fluid flow. The
influence of thermal radiations on the thermal energy transfer through convection in
an electrically conducting fluid of varying viscosity moving over an extending surface
is worked out by Abo-Eldahab and Elgendy [25]. Gnaneswara Reddy [26] investigated
the various impacts arose due to Joule-heating, thermo-phoresis and viscous nature of a
magnetized fluid flowing over an isothermal, perforated and inclined surface. A more
recent and detailed investigation of the MHD flow can be found in references [27–30].
Yulin et al. [31] numerically studied the natural convection flow of nanofluid over inclined
enclosure. They investigated the different impacts due to constant heat energy source and
temperature. Zhe et al. [32] performed an experimental analysis of water, ethylene glycol,
and copper oxides mixture by employing statistical techniques for the multi-walled-carbon-
nanotubes (MWCNTs). Shah et al. [33–35] analytically scrutinized the micropolar fluid
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in different frames. Hayat et al. [36] analyzed the Cu-water MHD nanofluids flow in the
rotating disks. Dat et al. [37] have recently studied numerically the γ−AlOOH nanoliquid
by using different shaped nanoparticles within a wavy container. The recent studies about
the nanaofluids along with different advantages can be studied in refs. [38–46].

Fluids are categorized broadly as non-Newtonian and Newtonian. The Newton
viscosity relation which shows that the shear stress and strain are directly related, is ap-
plicable in the Newtonian fluid. The non-Newtonian fluid can not be described by this
simple direct relation between stress and strain. The non-Newtonian fluids, for example
manufactured and genetic liquid organisms, blood, polymers, liquids, etc., have central
importance in this advance technological world. The non-Newtonian fluids are very
hard to be analytically and numerically treated, as compared to the Newtonian fluids,
due to its nonlinear behavior. The credit goes to Carreau [47], who developed a relation
that describes both, the viscoelastic and nonlinear properties of of such type of complex
fluids. Ali and Hayat [48] worked out the Carreau fluid peristaltic motion through an
asymmetrical enclosure. Goodarzi et al. [49] analyzed the simultaneous impact of slip
and temperature jump over the Non-Newtoinian nanofluid (alumina + carboxy-methyl
cellulose) motion through microtube, and investigated the impacts of pertinent param-
eters over the nanofluid state variables. Maleki et al. [50] analyzed the impacts of heat
generation (absorption), suction (injection), nanoparticles type (volume fraction), ther-
mal and velocity slip parameter, and radiation on the temperature and velocity fields of
four different types of nanofluids moving over a perforated flat surface. Hayat et al. [51]
studied the impacts of induced magnetic field on the flow of Carreau fluid. Tshehla [52]
examined the Carreau fluid migration past an inclined surface. Elahi et al. [53] ana-
lyzed the Carreau fluid 3D migration from a duct. Gnaneswara Reddy et al. [54] studied
the effects due to Ohmic heating during the MHD viscous nanofluid motion through a
nonlinear, permeable, and extending surface. Jiaqiang et al. [55] employed the wetting
models in order to explain the working procedures of different surfaces found in nature.
Khan et al. [56,57] employed the fractional model to Casson and Brinkman types fluids.
The impacts produced due to the incorporation of thermal radiations in the presence
of suction (injection) on the MHD flow of fluids are investigated by researchers [58–60].
Maleki et al. [61] analyzed the impact of heat generation (absorption) and viscous dissipa-
tion on the heat transfer during the non-Newtonian pseudoplastic nanomaterial motion
over a perforated flate. Gheynani et al. [62] examined the turbulent motion of a non-
Newtonian Carboxymethyl cellulose copper oxide nanofluid in a 3D microtube by investi-
gating the impacts of nanoparticle concentration and diameter over the temperature and
velocity fields. Maleki et al. [63] studied the heat transfer characteristics of pseudo-plastic
non-Newtonian nanofluid motion over a permeable surface in the presence of suction and
injection. The system of governing PDEs is converted to ODEs by using similarity solution
technique, and then solved numerically by employing Runge–Kutta–Fehlberg fourth–fifth
order (RKF45) method. The numerical investigation of (water + alumina) nanofluid mixed
flow through a 2D square cavity having porous medium is carried out by Nazari et al. [64]
employing a Fortran Code.

The phenomenon in which the application of an external magnetic-field to a conduct-
ing fluid produces potential difference, is termed the Hall effect. The impacts due to the
inclusion of Hall effect are examined by various researchers due to its relevance with a
variety of technological and industrial applications. Biswal and Sahoo [65] investigated
the impacts of Hall current on the magnetized fluid motion over a vertical, permeable and
oscillating surface. Raju et al. [66] worked out the Hall current impacts on the MHD flow
over an oscillatory surface having porous upper wall. Datta and Janna [67] analyzed the
magnetized and oscillatory fluid motion on a flat surface in the presence of Hall current.
Aboeldahab and Elbarbary [68] analyzed the impacts due to Hall current during the MHD
fluid dynamics through a semi-infinite and perpendicular plate. Khan et al. [69] used the
finite element method for the Newtonian fluid past a semi-circular cylinder. The variation
in temperature and mass diffusion in the MHD fluid flow considering the inclusion of Hall
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effect is examined by Rajput and Kanaujia [70]. Further studies on similar footings are per-
formed by Shah et al. [71–73] employing semi-analytical calculations. The magnetized and
peristaltic fluid dynamics of Carreau–Yasuda fluid through a channel is numerically investi-
gated by Abbasi et al. [74] taking into account the Hall effect impact. Abdeljawad et al. [74]
investigated the 3D magnetite Carreau fluid migration through a surface of parboloid of
revolution by incorporating mass transfer and thermal radiations. The impacts of Hall
current and cross diffusion on the two dimensional (2D) MHD Carreau fluid flow through
a perforated and stretchable (shrinkable) surface is recently investigated in [75].

Here, we extend the previous work [75] to 3-dimensional space in order to analyze
what actually happens in the most general situation. The novelty of the current investiga-
tion is to examine analytically the thermal energy and mass transfer properties of the MHD
Carreau fluid 3D motion through a perforated stretching sheet by considering the effects
of Hall current and cross diffusion. This research work has potential applications in prob-
lems involving motion of the non-Newtonian fluid over perforated stretching (shrinking)
surfaces. The research work carried out is organized in the following manner:

The geometrical description and model equations of the current investigation are
presented in Section 2. The obtained results are discussed and explained by plotting
various graphs in Section 3. The comparison and the computation of engineering-based
related quantities are discussed through different tables in Section 4. The work is finally
concluded in Section 5.

2. Mathematical Modeling

The 3D magnetized Carreau fluid is considered along a linear stretching and contract-
ing permeable sheet by incorporating the impacts of thermal radiations and Hall current.
The flow is assumed to be incompressible, laminar, steady, and electrically conducting.
The external magnetic field B0 is applied in the y-direction. The thermal energy and mass
diffusion impacts due to the existence of temperature gradient and concentration gradient
are considered as well. The geometry is chosen in such a way that the sheet velocities along
x-and y−axis are respectively uw and vw, whereas the flow is restricted to the positive
z−axis, as can be seen in Figure 1. Furthermore, convective heat energy flow and mass
transfer are considered on the sheet, such that the assumed liquid below the sheet has
temperature Tf and concentration Cf in order to make them consistent with the heat and
mass conversion coefficients h1 and h2.

Figure 1. Geometrical description of the study.

The Carreau fluid flow is governed by the relation [47,76]:

η =
[
η∞ + (η0 − η∞)

(
1 + (λγ̇)2

) n−1
2
]
, (1)
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where η0 (η∞) denotes the zero (infinite) shear-rate viscosity, n is the index of power law, λ
denotes the time constant of the material. The symbol γ̇ is given by [76]:

γ̇ =

√
1
2 ∑

i
∑

j
γ̇ijγ̇ji =

√
1
2 ∏, (2)

where ∏ is the strain-rate tensor second invariant. Hall effect arises when magnetic field
is applied externally to the conducting fluid which can modify the flow pattern. This
phenomenon can be studied with the help of Ohm’s law [75,77] given as:

�j +
ωete

B0
× (�j × �B) +

σPe

ene
= σ(�V × �B + �E), (3)

where �j is the current density, ωe (te) is the angular frequency (collision time interval)
of electrons, σ denotes the conductivity, �E (�B) is the electric field (magnetic field), ne( e)
is the number density (charge) of electrons, and Pe is the pressure of electrons. The y−
component of�j is zero due to the application of external magnetic field in this direction.
The x and z−components of�j are expressed in the chosen geometry as:

jx =
σB2

0(mu − w)

1 + m2 , (4)

jz =
σB2

0(mw + u)
1 + m2 , (5)

where m = ωete is the Hall parameter. Using Equations (1)–(5) at η∞ = 0, the Carreau fluid
equations are written respectively as [75]:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0, (6)

u
∂u
∂x

+ v
∂u
∂y

+ w
∂u
∂z

− ν
∂2u
∂y2

(
1 +

(n − 1
2

)
λ2
(∂u

∂y

)2)
= ν(n − 1)λ2 ∂2u

∂y2 (
∂u
∂y

)2 ×
(

1 + (
n − 3

2
)λ2(

∂u
∂y

)2
)

−σB2
0(mw + u)

ρ(1 + m2)
− νu

k
,

(7)

u
∂w
∂x

+ v
∂w
∂y

+ w
∂w
∂z

− ν
∂2w
∂y2

(
1 +

(n − 1
2

)
λ2
(∂w

∂y

)2)
= ν(n − 1)λ2 ∂2w

∂y2 (
∂w
∂y

)2 ×
(

1 + (
n − 3

2
)λ2(

∂w
∂y

)2
)

+
σB2

0(mu − w)

ρ(1 + m2)
− νw

k
,

(8)

u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

= − 1
ρcp

∂qr

∂y
+ α

∂2T
∂y2 +

DmKT
cscp

∂2C
∂y2 , (9)

u
∂C
∂x

+ v
∂C
∂y

+ w
∂C
∂z

=
DmKT

Tm

∂2T
∂y2 + Dm

∂2C
∂y2 . (10)

The system boundary restrictions are the following:

u = uw(x) + L1
∂u
∂y

, v = vw,
∂T
∂y

= − h1

k
(Tf − T),

∂T
∂y

= − h2

Dm
(Cf − C), w = 0 at y = 0,

u → 0, w → 0, T → T∞, C → C∞ as y → ∞,
(11)

where B0 is the magnetic field magnitude, T (ρ) is the Carreau fluid temperature (den-
sity), k (cs) is the Carreau fluid thermal conductivity (susceptibility of concentration),
uw(x) = ax (v) is the fluid velocity x (y) component, KT is the thermal diffusion ratio, C
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is the concentration of the fluid, L1 is the factor of the velocity slip, and Dm is the mass
diffusivity. Furthermore, vw is the mass flow velocity, and Cf (Tf ) is the convective fluid
concentration (temperature).

The flux of the radiations qr is [75,78]:

∂qr

∂y
= −16σsT3

0
3k1

∂2T
∂y2 , (12)

where σs and k1 are respectively the Stefan constant and average absorption coefficient.
Applying Equation (12) to Equation (9), we will get the

u
∂T
∂x

+ v
∂T
∂y

− DmKT
cscp

∂2C
∂y2 =

∂

∂y

[(
α +

16σs

3k1
T3

∞

)∂T
∂y

]
. (13)

Using the similarity variables as below [75]:

ψ =
√

av f (η)x, η =

√
a
v

y, T − T∞ = (Tf − T∞)θ(η), w = axg(η),

C − C∞ = (Cf − C∞)φ(η), T − T∞ = T∞(θw − 1)θ, θw =
Tf

T∞
.

(14)

Here, a is constant. The symbols f , θ, and φ represent the non-dimensional fluid
velocity, temperature, and concentration, respectively. The symbol ψ denotes the stream
function satisfying u = ∂ψ

∂y and v = − ∂ψ
∂x .

Applying these transformations in Equations (6), (7), (10), (13), and (14), we obtain

f ′′′
[
1 +

(n − 1
2

)
We f ′′2

]
+ 2 f ′′′

[(n − 1
2

)
We f ′′2

][
1 +

(n − 3
2

)
We f ′′2

]
+ f f ′′ − f ′2 − M

1 + m2 ( f ′ + mg)− r f ′ = 0,
(15)

g′′
[
1 +

(n − 1
2

)
Weg′2

]
+ 2g′′

[(n − 1
2

)
Weg′2

][
1 +

(n − 3
2

)
Weg′2

]
− g f ′ + g′ f +

M
1 + m2 (m f ′ − g) + rg = 0,

(16)

θ′′
(

1 + Rd(1 + (θw − 1)θ)3
)
+
(

3(θw − 1)θ′2(1 + θw − 1)θ)2
)
+ Pr f θ′ + PrDuφ′′ = 0, (17)

φ′′ + Sc f φ′ + ScSrθ′′ = 0. (18)

The boundary restrictions are transformed as:

f = �, f ′ = 1 + χ1 f (0)′′, g = 0, θ′ = −χ2(1 − θ(0)), g = 0, φ′ = −χ3(1 − φ(0)) at η = 0,

f ′ → 0, θ → 0, φ → 0, g → 0 as η → ∞.
(19)

Here, the symbol We represents the Weissenberg number, � shows the mass transfer
parameter which describes suction (� > 0) and injection (� < 0). The symbol Rd denotes
the radiation parameter, whereas Pr, Sc, and Du are respectively the Prandtl, Soret, and
Dufour numbers. The symbols χ2, χ3 are the thermal and concentration profiles slip
parameters, respectively. These parameters have the following definitions:

Sc =
ν

Dm
, Pr =

ν

a
, Rd =

16σ ∗ T3
∞

3kke
, Du =

DmKT(Cf − C∞)

cscpν(Tf − T∞)
, r = −−ν

ak
,

We =
λ2l2a3

ν
, χ1 = L

√
a
v

, χ2 =
h1

k

√
a
v

, χ3 =
h2

Dm

√
a
v

, � = − vw√
aν

, M =
σB2

0
ρa

(20)
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The basic physical quantities of engineering interest (Sherwood and Nusselt numbers,
and the skin frictions (along x and z axis) are defined by [79]:

Sh(Rex)
−1/2 = −φ(0)′, (21)

Nu(Rex)
−1/2 = −

(
1 +

1
Rd

θ(w)(0)
3
)

θ(0)′, (22)

Cf x(Rex)
1/2 =

f ′′(0)
2

(
2 + We(n − 1)( f ′′(0))2

)
, (23)

Cf z(Rex)
1/2 =

g′(0)
2

(
2 + (n − 1)We(g′(0))2

)
, (24)

where Rex = xuw
ν represents the Reynolds number.

3. Results and Discussion

The homotopy analysis method (HAM) is an analytical procedure which is employed
for solving the nonlinear coupled DEs. From its introduction in 1992 [80], HAM has been
heavily used by investigators for solving the nonlinear coupled ODEs. The wide range of
uses and applications of HAM are because of its convergence properties and initial guess
wide range [71,81,82]. The procedure that HAM follows is based on the transformation
Ψ̃ : X̂ × [0, 1] → Ŷ, where X̂ and Ŷ are the topological spaces. The linear operators are
defined as follow:

L f̂ ( f̂ ) = f̂ ′′′, Lĝ(ĝ) = ĝ′′, Lθ̂(θ̂) = θ̂′′, and Lφ̂(φ̂) = φ̂′′. (25)

We have employed HAM in this study for solving Equations (15)–(19). The achieved
results are depicted through different graphs and the effects of related parameters over the
Carreau fluid hydromagnetic behavior are investigated and explained in detail. Further-
more, the present study results are compared with the published work and the agreement
ascertains the accuracy of HAM.

The dependence of f
′
(η) (gradient in the velocity x-component) and g(η) (velocity y-

component) on augmenting magnetic parameter M are respectively depicted in Figure 2a,b.
The values of M used in this Figure are = 0.5, 1.0, 1.5, 2.0. It is clear from Figure 2a, that at
fixed M, f

′
(η) declines with the rising η. The decline in f

′
(η) is much faster at smaller η

values. Furthermore, the increasing magnetic parameter M values result in a downfall in
the f

′
(η) profile. It is obvious from the Figure 2a that reduction in the f

′
(η) profile is more

visible in the range η = 0.4 to η = 2.6. The downfall in the f
′
(η) profile may be associated

with the augmenting Lorentz forces due to the enhancing M, which causes to reduce
the non-uniformity in the fluid velocity. Figure 2b shows that the velocity g(η) changes
inversely with the rising η at fixed M. The velocity field augments with the enhancing M.
The enhancing behavior of g(η) with uplifting M is more dominant upto η = 2.6. Thus,
the augmenting Lorentz forces due to rising M accelerate the fluid flow.

The impact of the Hall parameter (m) on the velocity gradient f
′
(η) and velocity g(η)

is displayed respectively in Figure 3a,b. The different values of m used in this computation
are 0.5, 1.0, 1.5, 2.0. It is evident from Figure 3a, that initially f

′
(η) augments and then

drops with the increasing η values at fixed Hall parameter value. It is further observed
that the enhancing m results in the increase of the f

′
(η) profile. The enhancing behavior

of f
′
(η) is more apparent from η = 0.4 to η = 2.4. The variation of the velocity g(η) with

enhancing m is displayed in Figure 3b. It can be seen from this figure that at smaller m, the
velocity drops with augmenting η. As the value of m is increased to m = 1.5 and m = 2.0,
the trend in the g(η) profiles changes. Now initially the velocity increases, reaches to a
maximum, and then declines with the increasing η. The variation in the velocity profiles is
more dominant at smaller η as can be seen from the figure. The increasing trend with the
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augmenting m is due to the higher Hall potentials produced in the fluid which augment
the fluid velocity as well as the gradient in the velocity.
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Figure 2. (a) f
′
(η) variation with M, and (b) g(η) dependence on M.
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Figure 3. (a) f
′
(η) dependence on m and (b) g(η) variation with m.

Figure 4a,b show the variations of f
′
(η) and g(η) with varying Weissenberg number

(We). The values of We used in the present computation are 0.30, 0.50, 0.70, 0.90. From
these two figures, it is observed that both f

′
(η) and g(η) display almost similar decreasing

trend with the increasing We. Thus, it is clear that the enhancing viscous nature of the
Carreau fluid associated with the rising We constricts the fluid flow and hence reduces the
fluid velocity.
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Figure 4. (a) f
′
(η) dependence on We and (b) g(η) dependence on We.
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The variation of f
′
(η) with shrinking parameter (�) and the index of power law (n)

is depicted respectively in the Figure 5a,b. The values of � used are 4.0, 5.0, 6.0, 7.0, while
those of n are 1.6, 2.2, 2.5, 2.8. It is observed from Figure 5a that at fixed �, f

′
(η) first drops,

reaches to minimum and then enhances with increasing η. Similarly, the f
′
(η) profiles first

drop and then augment with enhancing �. Thus, due to suction (� > 0) during the Carreau
fluid flow, the f

′
(η) profiles rise beyond η = 1. Beyond η = 3.8, all the curves for different

� overlap with one another. Figure 5b shows the variation of f
′
(η) with changing values of

the power law index n. The Figure shows that, at fixed n, f
′
(η) augments with higher η

values. The rate of enhancement in f
′
(η) is larger for lower η values in comparison with

larger η. By enhancing the values of n, the f
′
(η) profiles drop. The spacing between f

′
(η)

curves at different n increases with rising η as clear from the Figure.
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Figure 5. (a) f
′
(η) dependence on � and (b) dependence of f

′
(η) on n.

The variation in f
′
(η) and φ(η) (fluid concentration) with the enhancing values

of χ1 are displayed respectively in Figure 6a,b. The different values of χ1 used are
χ1 = 0.25, 0.50, 0.75, 0.95. From Figure 6a, it is observed that at a given χ1, f

′
(η) changes

inversely with η. The rate of decline of f
′
(η) is faster at lower η in comparison with larger

η values. Furthermore, by augmenting the values of χ1, the f
′
(η) profiles drop to smaller

values. The spacing between the curves for different χ1 reduces with larger values of χ1.
The different curves overlap beyond η = 4.0. The concentration field (φ(η)) variation with
changing χ1 is depicted in Figure 6b. It can be seen that at fixed χ1, the concentration field
drops with enhancing η. The rate of decline of φ(η) is much larger at smaller η values. An
enhancement in the φ(η) profiles is observed with the rising χ1. The rate of enhancement
of φ(η) is larger for the larger χ1. The φ(η) curves for different χ1 overlap with one another
beyond η = 3.6.
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Figure 6. (a) f
′
(η) variation with χ1 and (b) dependence of φ(η) on χ1.
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The variation of the fluid temperature θ(η) with increasing Pr (Prandtl number)
and Rd (radiation parameter) is displayed in Figure 7a,b. The values of Pr are taken as
7.0, 10.0, 13.0, 16.0, while those of Rd are taken as 1.0, 2.0, 2.5, 3.0. Figure 7a shows that
the Carreau fluid temperature drops with the rising η at fixed Pr. The rate of decrease
of θ(η) is much faster at smaller η. As the Pr values are increased, the temperature field
profiles drop. The spacing between θ(η) curves is more prominent at the intermediate
values of η. The drop in the fluid temperature with the enhancing Prandtl number is due
to the smaller thermal diffusivity of the Carreua fluid, which causes a reduction in the
temperature of the fluid. Figure 7b depicts the dependence of the temperature field on Rd.
It can be observed that the fluid temperature augments with the rising Rd values. The rate
of enhancement in θ(η) with increasing Rd is more drastic for smaller η values. The θ(η)
curves overlap beyond η = 4.0. The augmenting fluid temperature with the higher Rd is
due to the stronger heat source.
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Figure 7. (a) θ(η) dependence on Pr and (b) θ(η) dependence on Rd.

The influence of augmenting values of Weissenberg number (We) and Dufour number
(Du) on θ(η) is displayed respectively in Figure 8a,b. The We and Du values are taken as
0.3, 0.5, 0.7, 0.9 and 0.25, 0.45, 0.65, 0.95, respectively. It is clear that θ(η) declines with the
augmenting η at constant We. The temperature field profiles of the fluid upsurge with the
enhancing We values. This means that the augmenting viscous nature of the Carreau fluid
associated with the rising We enhances the fluid temperature. The different θ(η) curves
overlap beyond η = 4.0. Figure 8b displays the variation of the Carreau fluid temperature
with the enhancing Du (Dufour number). It is observed that the fluid temperature profiles
rise with the enhancing Du values. Thus, the accumulation of the fluid particles due to
increasing Du raises the fluid temperature.
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Figure 8. (a) θ(η) dependence on We and (b) θ(η) dependence on Du.
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Figure 9a depicts the fluid concentration φ(η) with varying Schmidt number (Sc).
From this Figure, we can observe that φ(η) changes inversely with rising η at constant Sc.
As Sc changes from 0.10 to 0.40, 0.70, and 0.90, a decreasing behavior in the θ(η) profiles is
seen. The different curves overlap beyond η = 3.6. The higher value of Sc is analogous
to smaller value of mass diffusivity, that causes the concentration of the Carreau fluid to
drop as can be seen from the Figure. The dependence of φ(η) on the increasing Sr (Soret
number) is plotted in Figure 9b. The fluid concentration declines with augmenting η at
fixed Sr. An increase is observed in the fluid concentration with the enhancing Sr. As Sr
is related with the Carreau fluid temperature gradient, hence, higher Sr denotes greater
temperature difference, which causes an enhancement in the concentration.
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Figure 9. (a) φ(η) dependence on Sc and (b) dependence of φ(η) on Sr.

4. Tables’ Discussion

This section is devoted to comparing the results of this study to the work published
and the computation of various quantities of engineering interest with the changing values
of the associated parameters. The comparison is carried out in Tables 1–3. The quantities
of engineering interest are computed in Tables 4 and 5. The comparison is made with the
research work already carried out in ref. [75] as in the following:

The comparison of the skin friction values with varying � and We is shown in Table 1.
The Rd, Sr, Du, M, and Sc values are taken as 0. We see complete agreement between the
results of our work and the already published work.

Table 1. Computation of Cf x for changing � and We, for Rd = Sr = M = Du = Sc = 0.

� We Reference [75] Present Results

0.0 0.4 0.9913393 0.99133929
0.3 0.4 1.157602 1.1576019
0.6 0.4 1.348724 1.3487236
0.6 0.0 1.344032 1.3440315
0.6 0.2 1.348725 1.3487250
0.6 0.4 1.333041 1.3330407

Table 2 shows the comparison of Nusselt number (Nux) for the varying We, n, �, and
Pr, whereas Rd, Sr, Du, M, and Sc are taken as 0. The value of χ1 is taken as 0.2. Again
both results are in tremendous agreement.
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Table 2. Computation of Nux, when Rd = Sr = M = Sc = Du = 0.

We n � Pr χ1 Reference [75] Present Results

0.0 0.6 0.6 0.2 0.2 0.1668374 0.16683740
0.1 0.6 0.6 0.2 0.2 0.1666775 0.16667749
0.2 0.6 0.6 0.2 0.2 0.4741203 0.47412033
0.2 0.3 0.7 1.3 0.2 0.1666314 0.16663136
0.2 0.5 0.7 1.3 0.2 0.1666914 0.16669144
0.2 0.7 0.7 1.3 0.2 0.1667505 0.16675047

Table 3 compares the present and published results for Shx (local Sherwood number)
for changing Sr. We used Du = We = 0. The values of the parameters n, Rd, Pr, and M are
kept fixed in computing the values of Shx. The comparison proves that both computations
are in agreement with each other.

Table 3. Computation of Shx, for Du = We = 0.

Sr n Rd Pr M Reference [75] Present Results

0.5 0.6 0.5 0.75 0.75 1.2110832 1.21108321
1.0 0.6 0.5 0.75 0.75 1.0581235 1.058124
1.5 0.6 0.5 0.75 0.75 0.905314 0.9053143
2.0 0.6 0.5 0.75 0.75 0.752515 0.7525148

The computation of Cf x and Cf z with the changing values of M, m, χ1, and We for
suction case is tabulated in Table 4. It is found that Cf x first reduces and then increases with
rising magnetic parameter (M). The skin friction Cf x drops with the augmenting values
of m, χ1 and We. The other skin friction component Cf z augments (drops) with the rising
values of M, χ1 and We (m).

Table 4. Computation of Cf x and Cf z in the suction case.

M m χ1 We Re
1
2
x Cf x Re

1
2
x Cf z

0.5 0.5 0.25 0.30 −1.27682794 0.02280230
1 − − − −1.47275352 0.03841483

1.5 − − − −1.52006594 0.04188107
2 − − − −1.24036061 0.09561891
− 1 − − −1.17768683 0.12810091
− 1.5 − − −1.30688120 0.02219887
− 2 − − −1.33663381 0.02161783
− − 0.50 − −1.29858315 0.02300640
− − 0.75 − −1.31813402 0.02318486
− − 0.95 − −1.32674352 0.02452684
− − − 0.50 −1.38932465 0.02918536
− − − 0.70 −1.40374526 0.03326478
− − − 0.90 −1.40374537 0.03326589

The variation of Nux and Shx with the augmenting M, n, Sr, Du, Rd, and χ1 in the
blowing case is shown in Table 5. It is clear that both Nux and Shx drop and then enhance
with enhancing M. The Nusselt number first increases and then decreases, whereas the
Sherwood number enhances with the higher n. Furthermore the Nusselt number enhances
with the augmenting values of all the remaining parameters, that is Sr, Du, Rd and χ1. The
Sherwood number rises (declines) with the increasing values of Du and Rd (Sr and χ1).
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Table 5. Nux, and Shx in the case of blowing.

M n Sr Du Rd χ1 Nu/Re
−1
2

x Sh/Re
−1
2

x

0.5 1.6 0.1 0.25 1 0.25 0.114028 0.139181
1 − − − − − 0.106677 0.134409

1.5 − − − − − 0.100334 0.130193
2 1 − − − − 0.106198 0.134071
− 2.2 − − − − 0.109861 0.136627
− 2.5 − − − − 0.113931 0.139391
− 2.8 0.2 − − − 0.113041 0.142802
− − 0.4 − − − 0.108654 0.137044
− − 0.6 − − − 0.104832 0.131925
− − − 0.2 − − 0.125738 0.130361
− − − 0.4 − − 0.112658 0.133111
− − − 0.6 − − 0.101036 0.135657
− − − − 0.5 − 0.111641 0.133395
− − − − 1.0 − 0.106677 0.134407
− − − − 1.5 − 0.102281 0.135322
− − − − − 0.1 0.110879 0.137607
− − − − − 0.3 0.102933 0.131509
− − − − − 0.5 0.096511 0.126388

5. Conclusions

This section concludes the main findings of the present research work. The investigation
of mass and thermal energy transfer of the 3D Carreau fluid moving through a permeable and
stretching (shrinking) sheet is undertaken by considering the effects of thermal radiations,
cross diffusion, and Hall current. Suitable similarity relations are employed in order to
transform the set of coupled PDEs to a system of coupled ODEs. The set of coupled ODEs is
then solved through the well-known standard analytical technique of HAM. The influence of
the relevant physical variables on the hydromagnetic behavior of the Carreau fluid 3D flow
is examined through various plots. The variations of the coefficients of skin friction, local
Nusselt, and Sherwood numbers with the changing parameter values are shown through
various tables. The important findings of this work are outlined as below:

• The gradient in velocity f
′
(η) reduces with the augmenting M, We, and χ1, whereas

it enhances with the Hall parameter (m) and the shrinking parameter (�).
• The velocity component g(η) enhances with augmenting M, m, while it declines with

Wesinberg number (We).
• The Carreau fluid temperature enhances with the rising Rd, We, and Du, while it

reduces with the increasing Pr (Prandtl number) values.
• The concentration of the fluid augments with enhancing χ1 while it reduces with the

augmenting Sc values.
• The skin friction coefficients (Cf x) drops with the enhancing m, χ1, and We. The other

component (Cf z) enhances with the rising M, χ1, and We.
• The local Nusselt number depreciates with the enhancing Sr, Du, Rd, and χ1, while the

Sherwood number increases (depreciates) with the rising n, Du, and Rd (Sr and χ1).
• The published and obtained results show an agreement which validates the employed

analytical procedure accuracy.
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Abbreviations

The below mentioned parameters and abbreviations with their possible dimensions are used in
this article:

σ Electrical conductivity S
m

B0 magnetic field strength T
Rex Local Reynolds number
Cf x Local Skin friction
m Hall parameter m3

C
� Suction/ injection parameter
Jw Mass flux (

kg
s m2 )

f Dimensionless velocity
φ Dimensionless concentration
θ Dimensionless temperature
∞ Condition at infinity
x, y, and z Coordinates (m)
0 Reference condition
η Similarity variable
Sc Schmidt number
γ Thermal relaxation parameter
Du Dufour number
uw Stretching velocity ( m

s )
Pr Prandtl number
T Fluid temperature (K)
ρ Density (

kg
m3 )

υ Kinematic viscosity m2

s
μ Dynamic viscosity mPa
t Time (s)
Cp Specific heat ( J

kg K )

n Power law index
kT Thermal diffusion ratio
L1 Velocity slip factor
h2 Convective mass transfer coefficient
h1 Convective heat transfer coefficient
τ Extra stress tensor
M Magnetic field interaction parameter
Π Strain rate tensor
σ∗ Stefan Boltzmann constant
χ1 Velocity slip parameter
χ2 Thermal profile slip parameter
χ3 Concentration profile slip parameter
We Weissenberg number
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Abstract: Pollution is currently a public health problem associated with different cardiovascular and
respiratory diseases. These are commonly originated as a result of the pollutant transport to the
alveolar cavity after their inhalation. Once pollutants enter the alveolar cavity, they are deposited on
the lung surfactant (LS) film, altering their mechanical performance which increases the respiratory
work and can induce a premature alveolar collapse. Furthermore, the interactions of pollutants
with LS can induce the formation of an LS corona decorating the pollutant surface, favoring their
penetration into the bloodstream and distribution along different organs. Therefore, it is necessary
to understand the most fundamental aspects of the interaction of particulate pollutants with LS to
mitigate their effects, and design therapeutic strategies. However, the use of animal models is often
invasive, and requires a careful examination of different bioethics aspects. This makes it necessary to
design in vitro models mimicking some physico-chemical aspects with relevance for LS performance,
which can be done by exploiting the tools provided by the science and technology of interfaces
to shed light on the most fundamental physico-chemical bases governing the interaction between
LS and particulate matter. This review provides an updated perspective of the use of fluid films
of LS models for shedding light on the potential impact of particulate matter in the performance
of LS film. It should be noted that even though the used model systems cannot account for some
physiological aspects, it is expected that the information contained in this review can contribute on
the understanding of the potential toxicological effects of air pollution.

Keywords: dynamics; fluid interfaces; inhalation; lung surfactant; nanoparticles; pollutants; rheology

1. Introduction

In recent years, the injection of pollutants into the atmosphere as a result of the
combustion processes of fossil fuels in industries, power plants, heating systems and
vehicles, and the residues of the production processes of nanotechnological industries
has undergone a spectacular growth. This opens many questions related to the potential
harmful effects of such compounds for human health [1] as is evidenced from the recent
statistics of the World Health Organization (WHO) [2], which include long-term exposure to
air pollutants as one of the most important sources of cardiovascular diseases, and mortality
(around one third of the deaths by strokes, lung cancer, or cardiac diseases are associated
with air pollution) [3,4]. Therefore, air pollution should currently be included as a very
important public health issue in modern s·ociety [5,6], making it necessary to evaluate the
potential impact of pollutants in normal physiological functions, paying special attention
to the role of inhaled pollutants [7–9].

Pollutant inhalation is associated with the emergence of pathogenic states and respira-
tory diseases, e.g., acute respiratory distress syndrome (ARDS), asthma, chronic obstructive
pulmonary diseases, fibrosis, or lung cancer [10,11]. Therefore, it is critical to perform a
careful examination of the effect of particles in respiratory function [12].
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Among pollutants, fine particulate matter (PM2.5, particles with diameter ≤2.5 μm)
is counted as one of the most important sources of respiratory diseases [13–15]. This type
of particulate matter can be inhaled and transported along the respiratory tract to the
alveoli, where they interact with the lung surfactant (LS) film [16,17], modifying the LS
chemical composition and lateral organization upon incorporation, which in turn alter LS
functionality. Furthermore, the interaction between LS and particles can induce different
pathways which favor particle translocation towards other tissues and organs [18,19]. This
may be the origin of several adverse health effects [20,21].

LS is a mixture containing mainly lipids and proteins which overlays the inner wall
of alveoli in mammals (i.e., the alveolar lining) [7,22], contributing to two very important
physiological aspects: (i) regulation of the mechanical properties of the alveoli during
breathing, preventing alveolar collapse during exhalation [23–25], and (ii) protection against
inhaled matter, mainly pathogens (e.g., SARS-CoV-2) [7,26–31]. Therefore, any dysfunction
on the LS mechanical properties or modification of its composition may be harmful for
health [32–38]. However, to date there is an important lack of knowledge about the
true impact of inhaled particles in the respiratory cycle, even though it is clear that the
deposition of particles on LS alters the breathing mechanics, the use of particles, even
inhaled ones, in therapy and diagnosis is undergoing continuous growth [39–43]. Therefore,
it is necessary to deepen the current understanding of the interactions of different types of
particulate pollutants with LS for predicting their potential toxicity [44–46]. However, it is
not always easy to perform a direct evaluation of the interaction of pollutants with LS under
physiological relevant conditions, and most in vivo tests are invasive, including exposure to
particles followed by bronchoalveolar lavage or even the sacrifice of small animals [15,47,48].
This makes it necessary to seek non-invasive in vitro approaches providing a first evaluation
of the impact of inhaled particles in the physico-chemical properties of LS films [49–52].

The use of models based on fluid films of different lipids or mixtures of lipids and
proteins at water/vapor interfaces, or their deposits onto solid surfaces as Langmuir–
Blodgett or Langmuir–Schaefer films, is widespread for the evaluation of the impact
of specific chemicals on the activity of different biological systems under physiological
relevant conditions [49,53–64]. Therefore, the use of interfacial science may help in the
evaluation of the effect of inhaled pollutants or particles in LS films [58,59,65–68] by
exploiting the importance of different physical and chemical aspects of the liquid/vapor
interface formed between the alveolar lining and the gas contained in the alveolar cavity
in LS physiology [69,70]. It should be stressed that studies using model systems are in
most of the cases an oversimplification, allowing mimicking of only some specific physico-
chemical aspects related to the complex biophysical function of LS film. Furthermore,
the most common practice relies on the use of models including a limited number of
components, i.e., minimal systems, which many times makes it difficult to extrapolate the
results obtained by using model systems to the real in vivo situation. On the other side,
model systems do not include, in most of the cases, some specific hydrodynamics and
aerodynamics aspects guiding the interaction between LS and inhaled particles under true
in vivo conditions.

It should be noted that the limitations associated with the use of model systems based
on fluid interfaces for evaluating the potential toxicity of inhaled particles upon their
interaction with LS cannot hide the many possibilities offered by these types of model
systems for preliminary assessment of the harmful effects of inhaled pollutants in the
normal respiratory function [59,65,67]. This review tries to provide an updated physico-
chemical perspective about the current understanding on the potential toxicity of inhaled
materials upon interaction with LS films, which requires the introduction of some general
points related to the LS performance, including its chemical composition and the role of
such composition in LS interfacial properties. Furthermore, considering that the aim of this
work is focused on the incorporation of inhaled particles into LS films, some general aspects
of such process will be also discussed. On the other side, considering that the review tries to
provide insights into the utility of fluid films as models for studying the impact of particles
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on LS performance, it is necessary to introduce the most common experimental tools used
for exploring the interaction of LS with particulate matter, and the chemical composition
of such models together with the influence of the physico-chemical characteristics of the
particles in the model properties. The last part of the review will highlight some relevant
information about the interaction of particles with LS extracted from the exploitation of the
tools offered for the interfacial science.

2. Lung Surfactant from Chemistry to a Functional Layer

LS is a very complex mixture containing lipids (around 90% of the total weight) and
different proteins (comprising about the 10% of the total weight) [24,71], with the specific
proteolipidic composition of LS playing a key role and being essential for the control of its
structure, properties, and function. This means that the specific composition of LS deter-
mines the formation of a surfactant film at the surface of the liquid film covering the alveolar
epithelium, contributing to the surface tension reduction and facilitating the respiratory
mechanics [32,72]. Furthermore, the formation of the LS film acts as the main biological
barrier protecting against the entrance of inhaled particles into the mammal bloodstream.
Figure 1 presents a scheme summarizing the average composition of mammal LS.

 

Figure 1. Average composition, as percentage in relation to the total weight, of mammal LS. PL:
phospholipids; PC: phosphatidylcholines; PG: phosphatidylglycerol; Chol: cholesterol; NL: neutral
lipids; SP-A/B/C/D: surfactant protein A/B/C/D. Reprinted from Parra and Pérez-Gil [24], with
permission from Elsevier, Copyright 2015.

The lipid fraction includes three major components, phospholipids, cholesterol, and
neutral lipids, corresponding to around 79%, 8%, and 5% of the total weight of LS, respec-
tively. Among phospholipids, zwitterionic phosphatidylcholines (PC) emerge as the most
important contribution to the average composition of LS (in the range of 60–70% of the total
weight of LS), with anionic species, such phosphatidylglycerols (PG) and phosphatidyli-
nositols (PI) together with other minor components, e.g., phosphatidylethanolamines (PE)
and sphingomyelin, appearing in smaller concentrations [73,74]. A more detailed analysis
of the average phospholipid composition of mammal LS shows that 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) is the main component of the lipid fraction, and in turn,
of the LS (in the range 40–50% of the total LS weight) [75]. It should be noted that the
exact content of DPPC in LS is inversely proportional to the rate of surface area change, i.e.,
the respiratory rate, occurring during breathing [71]. Other phosphatidylcholines that ap-
pear commonly in mammal LS are 1-palmitoyl-2-oleyl-sn-glycerol-3-phosphatidylcholine,
1-palmitoyl-2-palmitoleyl-sn-glycero-3-phosphatidylcholine, and 1-palmitoyl-2-myristoil-
sn-glycero-3-phosphatidylcholine. It should be noted that the specific proportion between
DPPC and other phosphatidylcholines is correlated to the specific respiratory rate and the
alveolar development [73,76–79]. Beyond phosphatidylcholines, anionic phospholipids,
e.g., phosphatidylglycerols and some phosphatidylinositols, account for 10% of the total
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weight of the LS, with an absence of myristoyl components and a low concentration of
dipalmitoyl among these types of compounds [73,80]. The presence of anionic PG and PI
presents a very important role in the interactions between the lipid fraction and the cationic
surfactant proteins (SP-B and SP-C) [22].

The presence of cholesterol is also a very important feature in LS, allowing the modula-
tion of lipid packing in LS structures, and hence any change of the cholesterol concentration
may dramatically impact the lateral organization and functionality of LS [81]. Furthermore,
the presence of neutral lipids in LS, e.g., cholesterol esters, triglycerides, diglycerides,
and free fatty acids, is very important for surfactant properties, and its content has been
modulated during evolution for optimizing the activity of the surfactant [82].

The protein fraction is commonly formed by four proteins, the so-called surfactant
proteins (SP), SP-A, SP-B, SP-C, and SP-D, which are named following the order of their
first detection. Furthermore, some additional proteins, e.g., SP-G and SP-H, can appear
in specific mammal species [83]. Among the four most common proteins, there are two
oligomeric fibrous ones with hydrophilic characters (SP-A and SP-D), presenting a very
important role in the innate defense of the lung. Furthermore, they perform a certain role
in maintaining the alveolar surfactant homeostasis [84]. On the other side, SP-B and SP-C
are hydrophobic proteins, playing a very important role in the control of the interfacial
properties of LS, and hence in its functionality [75,85].

SP-B is a positively charged polypeptide with a molecular weight of about 8.7 kDa,
adopting α-helical structure [86]. This protein performs a very important role on the LS
adsorption at the liquid/gas interface, and in the dynamics exchange between the inter-
facial LS layer and the subphase enriched in compounds with low surface activity [86,87].
Furthermore, SP-B plays a very important role in the storage of LS modulating the assembly
of lipids into the lamellar bodies, and their deficiencies are lethal [88]. On the other side,
SP-C is a small hydrophobic protein (molecular weight around 3.7 kDa) with helical struc-
ture, and their deficiency is not lethal but can induce chronic respiratory disorders [72,89].
SP-C is associated with the promotion of vesicle fragmentation helping in the membrane
curvature [90,91].

Lung Surfactant Interfacial Activity: A Key Aspect for the Respiratory Function

The interfacial activity of LS is closely correlated to the phospholipid ability for
self-organizing at the interface but also to the LS composition, temperature, and lateral
pressure [72,92]. Thus, below the melting temperature (temperature for the order-disorder
transition), the lateral mobility of phospholipids is hindered due to the strong interfacial
packing, whereas once the melting temperature is passed, the fluidity of phospholipid
membranes is enhanced. The emergence of the transition between ordered and disordered
phases is correlated to the specific molecular characteristics of the considered phospholipid.
In particular, for the main component of the LS, i.e., the 1,2-Dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC), the transition occurs around 41 ◦C, whereas the transition
temperature can drop down to values below 0 ◦C for membranes of phospholipid having
unsaturated acyl chains. Furthermore, the presence of cholesterol is essential for modulating
the lipid packing. On the other side, when interfacial films, i.e., monolayers, are considered,
the modulation of the phase behavior is commonly associated with surface pressure changes
Π = γ0 − γ, with γ0 and γ being the surface tension for a pristine water/vapor (around
72 mN/m at 37 ◦C), and the surface tension of the monolayer, respectively. Therefore, if
the interfacial density of phospholipids at the interface is low, it can be assumed that the
monolayer behaves as a gas-like system, with the increase of the interfacial density pushing
the monolayer through phases with higher lateral order, where the lipid mobility starts to
be hindered, e.g., liquid expanded phase (LE) or liquid condensed phase (LC), to reach a
2D solid-like conformation for high values of Π [93].
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Moreover, lipid membranes can undergo 3D assembly processes in aqueous medium to
form a broad range of structure with lamellar and non-lamellar ordering. It should be noted
that the specific molecular characteristics of lipids, and in particular their hydrophilic-
lipophilic balance (HLB), are essential in the modulation of the LS adsorption at the
liquid/gas interface and reorganization during breathing [72]. Figure 2 show a sketch of
different lipid structures that can emerge in LS under physiological conditions.

Figure 2. Different structures emerging in LS. Reprinted from Castillo-Sánchez et al. [72], with
permission under Open access CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/
(accessed on 20 December 2021).

The lipid polymorphism in LS surfactant plays a very important role for ensuring the
correct respiratory function, which requires the fulfillment of three conditions: (i) efficient
interfacial adsorption in a small time-scale; (ii) surface tension reduction down to very
low values under compression without any weakening of the mechanical stability, and
(iii) efficient respreading during expansion, ensuring the stabilization of the surface of the
alveoli under recurrent compression-expansion cycles [72].

De novo secreted LS undergoes a continuous adsorption to the gas/liquid interface
for guarantying the normal respiratory function. This entails that lipids are incorporated
into the interface following a process governed by LS composition, and lipid concentration
and structure, with the transition bilayer-to-monolayer being essential for the formation
of functional interfacial films (see Figure 2). This requires the formation of non-lamellar
structures at specific locations with the contribution of anionic lipids and SP-B and SP-C
proteins [92,94–97]. In particular, SP-B protein presents a very important role in the first
contact of LS with the interface, and also promotes membrane aggregation, fusion, and
permeabilization, which may be related to the rapid lipid exchange between the interfa-
cial film and the fluid phase underneath, commonly enriched in the less surface-active
components, forming the so-called reservoirs [86,87,98–102].

The adsorption and spreading of the LS at the gas/liquid interface leads to the forma-
tion of an interfacial film which leads to a strong decrease of the surface tension during
compression (at exhalation), minimizing the respiratory work [22]. Experimental evidences
shown that the absorption of LS at water/vapor interface leads to an immediate drop of the
surface tension from 70 mN/m to a value around 25 mN/m, and this latter value can be fur-
therly reduced to an almost negligible one upon a change of the interfacial area in the range
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10–15%, which is equivalent to the final steps of the exhalation. This is possible because
the composition of the interfacial film can be remodeled (squeezing-out process) to reduce
the surface tension during exhalation [103], which requires excluding those molecules
from the interface which cannot attain high values of surface pressure (unsaturated phos-
pholipids, cholesterol, and surfactant proteins), a film enriched in DPPC remaining at
the interface. This can lead to the formation of rather solid structures under high lateral
pressures as those occurring in the alveolar surface during exhalation. This increases the
lung compliance, and stabilizes the alveolar volume, which in turn contributes towards
prevention of the premature alveolar collapse during exhalation [23–25]. Simultaneously
to the compositional remodeling, the interfacial film is bound through protein-mediated
interactions to reservoirs containing excluded lipids, proteins, and freshly secreted LS [92].
The association of the reservoirs with the interface plays a central role in the new remod-
eling of the interfacial composition occurring during inspiration by supplementing new
molecules to the interface [102,104–109]. Furthermore, these types of structures contribute
to the mechanical stability as a result of the high cohesion induced by protein-protein and
protein-lipid interactions [87,104]. Therefore, disaturated lipids drive the surface tension
decrease during exhalation, with surface-active proteins (SP-B and SP-C) acting as helper
systems for ensuring such minimization of the surface tension.

The lateral organization of the LS interfacial film is reminiscent of a coexistence be-
tween two liquid phases, where domains enriched in DPPC appear surrounded by a
disorder lipid phase. These domains grow during exhalation leading to a solid structure
at maximum compression [92], which is reverted during inspiration as result of the quick
replenishment of the gas/liquid interface by the adsorption of lipids from the reservoirs.
This leads to the increase of the surface tension leading to the formation disordered phase.
Therefore, the continuous remodeling of the LS films modulated by the surface proteins
SP-B and SP-C connecting the interfacial film with the reservoirs ensures effortless breath-
ing [32,72,110]. Figure 3 present a sketch showing the different phenomena occurring
during the compression-expansion cycles of alveolar cavity, indicating the remodeling
processes and their effect on the surface tension.

 

Figure 3. Sketch of the different remodeling processes occurring during compression-expansion
cycles of the alveolar cavity. Reprinted from Da Silva et al. [32], with permission from Elsevier,
Copyright 2021.

A last important process associated with the interfacial activity of the LS is related
to the recycling of lipids and proteins excluded from the interfacial layer as result of the
activity of alveolar macrophages and type II pneumocytes [111]. In particular, the SP-C
protein presents a very central role in the recycling process contribution to the formation
of small vesicles that can be easily taken up [90]. On the other side, SP-B stimulated the
secretion of lamellar bodies in type II pneumocyte [112], whereas SP-A contributes to the
mechanism regulating the inhibition of LS secretion when their concentration is enough in
the alveoli [113].
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3. Impact of Inhaled Particle Deposition in Lung Surfactant Film

The transport of inhaled particles along the respiratory tract involves several processes:
Brownian diffusion, gravitational sedimentation, inertial impaction, and interception [114].
However, the specific role of each individual process is far from clear due to the high
complexity of the breathing dynamics. On the other side, inhaled aerosols commonly
present a high polydispersity, which limits their penetration into deep lung regions, and
only a small fraction of particles with sizes below 4 μm can go through the respiratory
airways to reach the alveolar cavity. This can be understood considering the tortuous way,
including 23 tubular bifurcations, encountered for the particle from their inhalation through
the nose to their final destination inside the alveoli [7].

It is commonly accepted that the biophysical effects of inhaled substances start when
they penetrate into the alveoli, leading to a partial inhibition of the LS function, and in turn
in the lung function [32]. It should be stressed that the high surface area of the alveoli (up
to 100 m2) leads to relatively small concentrations of deposited particles on the alveolar
fluid. However, the high surface-to-volume (or surface-to-mass) ratio of deposited particles
leads to a situation in which inhaled particles induce stronger effects than those that are
expected considering only the deposited mass, i.e., the acquired dose [42,55,57,65,115,116].
Therefore, the evaluation of the safety of inhaled particles must consider the role of several
parameters, including the dimensions of the particulate material and its concentration, the
particle molecular structure, and other physico-chemical properties (hydrophobicity and
charge) [69,114,117–125].

It should be stressed that the deposition of particles on the LS layer is commonly
associated with several events that are triggered after the interaction of the particles with
the LS. Such interaction may occur directly with specific components of the LS film at
the interface, or indirectly through the competition of the inhaled particles with the LS
components for the space available at the interface [63,126–129]. Thus, the interaction
of particles with the LS film may induce an inhibition of the LS functionality. In partic-
ular, particles can critically impact normal respiratory function [66], with the alteration
of the Marangoni flows occurring in the LS upon particle deposition playing a critical
role [130,131]. This is particularly important because Marangoni flows are essential in
the control of the compositional remodeling of the LS film during breathing. Therefore,
if the Young–Laplace law is assumed as an oversimplified representation of the alveolar
mechanics during breathing [132], it may be expected that an alveolar compression under
high surface tension conditions may induce an alveolar collapse. However, the ability of
LS to decrease the surface tension during exhalation, and the consequent reduction of the
respiratory work, takes the system far from collapse conditions. This is, in part, a result of
the high content of LS in DPPC, and other disaturated phospholipids, which lead to the
formation, at room temperature, of highly condensed phase with thigh packing at very low
surface tensions. However, the incorporation of particles into the LS film may influence
the mechanical aspects associated with the normal physiological respiratory function in
different ways [32,65,66].

The deposition of particles on the LS film may inhibit the formation of condensed
phases during alveolar compression, which in turn limits its ability to reduce the surface
tension, and drives a premature alveolar collapse, e.g., hydrophobic particles may remain
trapped within the hydrophobic regions of the LS film, modifying the intricate balance of
the interactions emerging between the components and hindering the formation of tightly
packed phases [133,134]. This can lead to a situation in which the surface tension is not
low enough during compression, and it is impossible to overcome the forces pulling the
alveolar walls together [135]. It should be noted that collapsed alveoli can be reopened
during inspiration. However, alveolar collapse leads to a reduction of the tidal volume [32].
On the other side, particle incorporation modifies the remodeling dynamics of LS film,
modifying the area of the hysteresis loop corresponding to the compression-expansion
cycles. This is the result of the modification of the boundary conditions controlling the
mass transport between the interfacial film and the adjacent fluid due to two possible
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effects: (i) incomplete clearance of inhaled particles from LS film or (ii) modification of
the fluid phase composition as a result of the expulsion of particles from the interface
during the compression [130,131,136–138]. The latter effect adds an additional mechanism
in which particles can influence the functionality of LS as a result of the adsorption of LS
compounds onto the particle surface, contributing to the formation of an LS corona onto
particle surface which influence their fate. This modifies the particle wettability and the LS
composition, which alters the ability of LS to reduce the surface tension and the remodeling
process [139]. It is commonly accepted that SP-A binds to hydrophilic particles, facilitating
the subsequent adsorption of the rest of the LS components, which allows particle clearance
from the lung [140]. The situation changes when hydrophobic particles are considered,
with the binding of hydrophobic components starting the formation of the corona [141].
According to the above discussion, it may be expected that particles penetrating into
the alveolar cavity can be embedded within the LS membrane and undergo different
processes in a highly dynamic environment. Thus, particles will be subjected to the same
compression-expansion processes than the LS film, which can induce their release from
the LS towards the alveolar spaces, making it possible for particles to interact and be
internalized by the cellular barrier [142,143]. Therefore, it may be expected that particle
inhalation can present short-term and long-term harmful effects in the normal physiology
of the respiratory process.

4. Surface Science Approaches for Evaluating the Interaction of Particles with the
Lung Surfactant Film: Tools and Models

4.1. Experimental Tools

The use of colloidal and interfacial approaches allows overcoming some of the main
limitations associated with the in vivo evaluation of the interaction between inhaled parti-
cles and LS, providing important insights on the most fundamental bases governing the
interaction of particles with LS, avoiding the use of invasive methodologies [58,59,66].

The use of Langmuir film balances for studying spread films of lipids or lipid-protein
mixtures at liquid/vapor interfaces are probably the most exploited approaches for deepen-
ing on the knowledge of LS mechanics, and its modification as results of the incorporation
of particles or different types of chemicals, providing very insightful information on the
quasi-static mechanical properties of LS films [58,144]. It is true that the studies based on the
use of Langmuir film balances do not provide true biophysical information. However, they
help in the understanding of several aspects with relevance for the incorporation of particles
into LS films in terms of the modification of the surface pressure of pristine LS layers as a
result of the incorporation of particles, i.e., the changes in the surface pressure vs. molecular
area plot for the interfacial film, the so-called interfacial isotherm [108,117,118,128,129,145].

The use of Langmuir film balances also allows the study of the rheological response
of interfacial layers under compression-expansion cycles (oscillatory barrier experiments)
which are somehow reminiscent of the deformations of the alveoli during breathing. During
these experiments, the surface pressure is monitored by using a surface balance fitted with
a contact probe, normally a Wilhelmy plate, whereas the area available for the film is
modified by the coupled motion of two barriers arranged parallel in opposite extremes
of the trough [146,147]. These experiments require surface pressure changes occurring
in comparable time-scales to the area changes. Despite the many possibilities offered for
the use of Langmuir film balance, it should be stressed that the probed frequencies and
deformation amplitudes are far from that what occur during normal breathing, and in
turn they only give semi-quantitative information that can be exploited for evaluating the
incorporation of particles into LS films.

Langmuir film balances can also be exploited for transferring the interfacial film
from the surface of the liquid to a solid substrate by the Langmuir–Blodgett or Langmuir–
Schaefer methods, which makes an ex situ study possible of the interaction of the LS film
with particles using microscopy techniques, commonly atomic force microscopy (AFM).
These types of studies provide insights on how particles modify the interfacial morphology
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of LS films [148–150]. Figure 4 shows sketches of the Langmuir film balance and the two
alternatives for depositing films on solid surfaces.

 
Figure 4. (A) Scheme of a Langmuir film balance fitted with a contact probe (Wilhelmy plate) and
two symmetric barriers. The numbers indicate: 1. Fluid interface, 2. Symmetric barriers and 3. Force
balance fitted with a Wilhelmy plate. (B) Scheme of the vertical transference of a film from a fluid
interface to a solid substrate following the Langmuir–Blodgett method. (C) Scheme of the horizontal
transference of a film from a fluid interface to a solid substrate following the Langmuir–Schaefer
method. Reprinted from Wang et al. [67], with permission from Elsevier, Copyright 2020.

The highly dynamic character of the alveoli during breathing requires deepening of
the mechanical characterization of LS layers under dilational deformations mimicking the
expiration-inspiration cycles [116,151]. This information is difficult to obtain by using Lang-
muir film balances as was stated above (further details can be found in the recent review
by Ravera et al. [68]). However, the use of techniques based on oscillating drops or bubbles,
e.g., pulsating bubble surfactometer or captive bubble tensiometer [152–156], help in the
evaluation of the potential impact of the particle incorporation in the mechanics of LS films
under realistic simulations of the physiological situation. Thus, it is possible to evaluate
the remodeling process and stability of LS films upon their exposure to inhaled particles.

The use of the captive bubble tensiometer relies on the creation of an air bubble
suspended in a liquid phase commonly containing the LS which adsorbs to the liquid/vapor
interface. Once the LS film is ready at the interface, particles are deposited on the interface
by injection in its vicinity through the liquid phase. In some cases, the particles can be
premixed with the LS before the formation of the bubble, which provides a less realistic
representation of the inhalation process. The use of a captive bubble tensiometer makes it
possible to evaluate the fast adsorption of the LS film to the water/vapor interface, and the
remodeling processes, as well as the surface activity of LS under changes of the interfacial
and its stability [157,158]. Another alternative for evaluating the impact of particles in
the mechanics of LS films is the use of a pulsating bubble surfactometer. This technique
is based on the creation of an air bubble suspended on a capillary tube inside a chamber
filled with LS which undergoes compression-expansion cycles by the action of a piston
pulsator [152,157].
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Conventional oscillating bubbles have also been used for exploring the effect of
particles in LS [159,160]. This approach relies on the oscillation of the bubble surface at a
frequency close to that corresponding to the breathing rate (around 15 min−1), allowing the
evaluation of different relevant properties for the breathing cycle, including the minimum
surface tension reached under compression and the area of the hysteresis loop associated
with the compression-expansion of the area available, and how these parameters are
influenced as a result of the incorporation of particles [68]. Oscillating drops in pendant
drop tensiometers also allow obtaining information about the mechanical performance of
LS layers under sinusoidal changes of the interfacial area [159,161,162]. Thus, the analysis
of the dependence of the dilational viscoelasticity of the layer on the deformation frequency
helps in understanding how particles modify the kinetics associated with the exchange
of material between the interfacial film and the adjacent fluid layer. This becomes very
important because any modification of the remodeling kinetics may be either a signature
of inhibition, degradation of the LS activity, or in combination [137,163,164]. Therefore,
the combination of experimental results and suitable theoretical models may help in the
evaluation of the particle impact in the interfacial relaxation [165]. This is in agreement
with the work by Kondej and Sosnowski [166], where the changes in surface viscosity
and elasticity obtained against dilational deformations of the interface are proposed as
a signature of the inhibition of the LS activity due to the particle incorporation. As an
alternative, the analysis of the evolution of the linearity of the rheological response in terms
of the total harmonics distortion (THD) is also a very promising tool for evaluating the
inhibition of the LS film mechanics [165].

The use of constrained drop surfactometer (see Figure 5) has recently emerged as a
very promising tool for studying LS films under conditions which are very close to the true
physiological one [70].

 
Figure 5. Sketch of the typical configuration of a constrained drop surfactometer. Reprinted from
Valle et al. [70], with permission from ACS, Copyright 2015.

Constrained drop surfactometer consists of a single sessile droplet constrained on
a knife-sharp edge pedestal where the LS is accommodated. This configuration avoids
surfactant leakage even at the lowest values of surface tension [167], allowing real time
evaluation of the volume, surface area, and surface tension of the droplets using a modified
axisymmetric drop analysis (closed-loop axisymmetric drop analysis). These act as feedback
control systems enabling the direct measurement and modification of the above-mentioned
parameters. The main novelty of the use of constrained drop surfactometer in relation
to other traditional configurations relies on the possibility to perform precise harmonic
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oscillatory deformations of the interface with predefined amplitudes and frequencies (up to
0.5 Hz), which is useful for determining the surface dilational modulus before and during
the exposure of the LS film to particulate matter [167].

The above discussion shows clearly that the evaluation of the effect of particles on the
interfacial properties of LS films is a very interesting tool for deepening knowledge on the
effect of pollutants in the dynamic response of the air/liquid interface in the alveoli during
breathing [168]. This is possible by evaluating aspects, such as the minimum and maxi-
mum surface tension values reached upon compression and expansion, respectively, which
provides important insights on the surfactant functionality. However, in recent years, many
researches have turned their interests towards the understanding of the relationship existing
between the changes in the interfacial packing of LS layers and the worsening of their me-
chanical properties [22,169]. This is important because as was stated above, the LS present
a very complex organization at the interface and in the adjacent liquid phase [170], and the
use of techniques such as Brewster angle microscopy (BAM), AFM, surface force apparatus
(SFA), ellipsometry, infrared reflection absorption spectroscopy (IRRAS), or epifluorescence
microscopy, and their combinations with tensiometric techniques (mainly Langmuir film
balances) are very powerful tools for deepening knowledge on the impact of particles on
the organization of LS films in the micrometric and submicrometric scale [171–174]. Fur-
thermore, there are more sophisticated tools, including neutron reflectivity or synchrotron
grazing angle X-ray diffractions which may also be useful in the evaluation of the impact
of particulate matter on LS interfacial organization [108,134,175–182].

4.2. Chemistry of Lung Surfactant Models

The methodologies used for evaluating the interaction between pollutants and LS
components rely on the use of different models, ranging from simple lipid monolayers
to complex surfactant extracts obtained from bronchoalveolar lavage fluid. Therefore,
it is necessary to know the main differences of the physico-chemical properties of the
chosen model with respect to the true LS to draw conclusions with biophysical relevance.
Therefore, any LS model should mimic some of the physical properties related to the
physiological function of LS: (i) ability to decrease the surface tension of the water/vapor
interface down to a quasi-null value (<2 mN/m) upon reduction of the interfacial area,
(ii) effective compositional remodeling during compression at very low surface tension
values, and (iii) fast re-adsorption and respreading during expansion of the area of the
interface [7,58,66,67].

DPPC fulfills the first requirement, which has pushed the use of DPPC monolayers as
minimal models for understanding some physico-chemical aspects related to the impact of
particles in LS films. Furthermore, the interfacial behavior of this lipid has been extensively
studied by many researchers [59,66,175,183–187]. However, the use of DPPC as a model
for understanding the performance of LS is rather limited because its inefficiency in the
reservoir formation and its slow respreading at the interface during expansion. This has
driven the research on the use of more complex models, including DPPC in combination
with other lipids or fatty acids, e.g., palmitic acid, cholesterol or DOPC (1,2-dioleoyl-
sn-glycero-3-phosphocholine), among others [117,136,165,173,188–191], which provide a
simplified picture of the complex behavior of LS under physiological conditions. The use
of these models can provide a deeper understanding of the behavior of LS films because
some studies have evidenced the important role of specific lipids, e.g., 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-rac-(1-
glycerol)) (POPG), on the modulation of the phase behavior of LS film [173,189,190,192].
On the other side, it has been reported that the inclusion of DOPC in LS models provides a
suitable environment for gaining information of the remodeling process, contributing to the
squeezing-out of lipids and reservoir formation upon compression, and to the respreading
of the LS upon expansion [193].

It should be noted that the biophysical interpretation of the results obtained from
studies using LS models composed by single lipids or their mixtures is very difficult,
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especially because the absence of the surface-active proteins makes it difficult to control
the exchange of molecules between the liquid/vapor interface and the adjacent aqueous
subphase during the compression-expansion cycles of the interfacial layers, and hence the
control over the formation of reservoirs and the re-adsorption/respreading of material
at the fluid interface becomes very poor, which are very critical processes for the normal
physiological function of the LS related to the surface properties and mechanical stability of
the interfacial layer [22,104,106,194]. Therefore, the use of most realistic models, based on
natural extracts or laboratory mixtures, having a composition similar to that what is found
in mammal LS is required for a biophysical quantification of the potential effects of particles
in LS films. This has been solved by using different commercial LS formulations (clinical LS)
as models [195]. These types of surfactants are commonly used in surfactant replacement
therapy (SRT), and for treating neonatal respiratory distress syndrome (NRDS) [196,197],
having gained interest as palliative treatment for reducing the impact of SARS-CoV-2 in
respiratory physiology [30,198]. Table 1 summarized some of the currently used clinical
lung surfactants and their origins.

Table 1. Summary of the most extended clinical lung surfactants, together with their type, origin,
and producer.

Commercial Name Origin Producer

Infasurf lavage of calf lung fluid ONY Biotech Inc., Amherst, NY, USA
Curosurf lavage of porcine lung fluid Chiesi Farmaceutici S.p.A, Parma, Italy
Survanta lavage of bovine lung fluid AbbVie Inc., North Chicago, IL, USA

BLES lavage of bovine lung fluid BLES Biochemicals Inc., London, ON, Canada
Alveofact lavage of bovine lung fluid Lyomark Pharma, Oberhaching, Germany
Venticute synthetic Byk Gulden Pharmaceuticals, Konstanz, Germany
Surfaxin synthetic Discovery Laboratory Inc., Warrington, PA, USA
Exosurf synthetic GlaxoSmithKline, Brentford, UK

The importance of the use of realistic LS models is easily understood considering
the differences on the effect of particles in the behavior of interfacial films of DPPC and
commercial LS formulation [199]. In particular, DPPC films containing particles do not
easily undergo any remodeling process, emerging as a fast destabilization of the interfa-
cial film when the surface tension reaches a low value. This pushes the monolayer to a
premature collapse [133,200], which drives the formation of bilayer folds and other 3D
structures. These structures are not easily re-adsorbed into the interfacial film upon ex-
pansion. However, the presence of other lipids and the surface-active proteins SP-B and
SP-C results in a minimization of the destabilization of the interfacial film. Thus, whereas
from the studies of the interaction of particles with DPPC films a clear inhibition of the
LS activity may be expected, this can be, at least in part, ruled out from similar studies in
which commercial LS formulations are used as model [199,201–203]. Similar conclusions
can be extracted from the analysis of the minimum surface tension that can be reached
by LS model in presence of particles. Thus, the incorporation of particles into interfacial
films of commercial LS formulations leads to a smaller increase of the minimum surface
tension reached upon compression than when particles are incorporated in DPPC layers.
This can be understood considering that the presence of surface-active proteins favors the
remodeling process of the interfacial layer, and in particular the reservoir formation and
the re-adsorption/respreading kinetics of the squeezed out material during the expansion
of the interfacial area [115,199].

The Tanaka mixture containing only lipids (DPPC, POPG, and palmitic acid in weight
ratio 68:22:9) emerges as a very simple and robust model for study involving the interfacial
properties of LS [204]. This is possible because the addition of POPG to DPPC monolayers
plays a crucial role in the modulation of the interfacial compressibility of the interfacial
film by reducing the rigidity of pristine DPPC films, which is essential for the LS packing
and its ability to reduce the interfacial tension. Furthermore, the presence of POPG has a
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very important contribution in the formation and stabilization of reservoirs. On the other
side, palmitic acid is essential for the fluidization of films at high values of surface tension,
making the molecular rearrangement in the LS films easy. Furthermore, palmitic acid
contributes to the interfacial packing, improving the film rigidity at low surface tension
values, avoiding a premature collapse.

Despite that many studies dealing with LS models consider the use of single monolayer,
the LS complexity can be modelled by using other types of colloidal structures, including
bilayers or multilayers [49]. This presents interest for gaining additional insights into the
LS behavior and how this is modified by particle incorporation, especially considering the
important role of bulk structures, e.g., reservoirs, in the exchange of material between the
interface and the adjacent fluid phase during the compression-expansion cycles [205].

From the above discussion, it is clear that there are many possibilities for exploring
LS films, especially from a mechanical point of view. However, the used of models with
biophysical relevance should consider two main aspects: (i) the temperature used should
be close to the physiological one (37 ◦C) and (ii) the specific hydrodynamic conditions of
the experiments which govern the Marangoni flows within the interfacial film, and between
the interface and the adjacent fluid phase [65,66,107,109,130,131].

5. Evaluating the Interaction of Lung Surfactant and Particles:
Methodological Approaches

The investigation of the interaction of particles with LS films requires, in most cases,
to put into contact a film preformed at the water/vapor interface and the particles, which
can be commonly done by aerosolization or deposition. In particular cases, the studies are
performed by premixing the lung surfactant and the particles before the preparation of
the interfacial films [32]. The use of these different approaches can decisively impact the
biophysical interpretation of the experimental results [206]. Furthermore, the existence of
different approaches for incorporating particles into LS layers makes it difficult to compare
the different impacts found for similar particles in different studies. Thus, the incorporation
of hydrophilic particles into LS layers is commonly explored by spreading the LS model
film onto a subphase containing a dispersion of particles [119,188], or by the injection
of the particles into the subphase once the LS layer is preformed at the water/vapor
interface [116,207]. These methodologies are far from the real situation that is found during
particle inhalation. However, they emerge as very useful alternatives for evaluating the
direct interaction of particles with LS layers [67].

The situation becomes even more complex when the interaction of hydrophobic
particles with LS layers is considered. In this case, there are multiple possibilities for
incorporating particles into LS films. The first approach used for the incorporation of
hydrophobic into LS films relies on the co-spreading at the pristine water/vapor interface
of a mixed dispersion containing the LS model and the particles [42,208]. Thus, it is possible
to tune, at will, the exposure dose in relation to the LS concentration, ensuring that the
exposure of the surfactant to the particles is high enough. However, the obtained films
are probably very far from what are expected once inhaled particles interact with LS layer,
the formation of particles decorated with a surfactant corona emerging even before the
formation of the LS layers at the water/vapor interface. A more realistic approach considers
the deposition of particles at the interface from the airside once the surface layer is formed
at the water/vapor interface [118,133], which leads to a more realistic picture of what
happens in the LS film upon pollutant inhalation. However, organic solvent is used for the
spreading of either the LS layer, the particles, or both [206,209], which may modify the LS-
particle interactions, or the lateral packing and homogeneity of the film, and the difficulties
associated with the mimicking of the specific mass transport conditions occurring during
in vivo breathing are two main drawbacks of the studies using the approach discussed
above [67,70,130,131].
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Aerosolization of the particles onto a preformed LS film by using a dry power insuffla-
tor can provide a more realistic representation of the inhalation process, even though the
use of organic solvents continues being necessary for spreading the LS layer [199]. Figure 6
presents sketches of three commonly used approaches for the study of particles with LS
models, as well as examples of the differences in the surface pressure-area per molecule
isotherms obtained using different preparation procedures.

Figure 6. Sketches representing the three different approaches used for incorporating particles into
LS models layers based on DPPC, and the differences in the surface pressure-area per molecule
isotherm obtained depending on the procedure used for preparing the mixed layers. Adapted from
Miguel-Diez et al. [206], with permission from Elsevier, Copyright 2019.

The above discussion considers the study of the interaction of particles with spread
monolayers of LS models obtained by mixing different raw materials in an organic solvent.
However, a very different situation emerges when commercial LS formulations are used as
models. These are commonly supplied as saline aqueous dispersions of LS components
as vesicles and micelles of lipids associated with LS proteins. Therefore, the use of these
types of formulations require the preparation of interfacial films by the direct adsorption
of the LS components from the bulk dispersion to the aqueous solution/vapor interface.
This requires depositing the particles on the interfacial film by injection into the aqueous
subphase after the formation of the interfacial layer (hydrophilic particles) or by spreading
through the airside onto the formed layer (hydrophobic particles). On the other side,
hydrophilic particles can also be premixed with the LS dispersion before forming the
interfacial film. The latter leads to the co-adsorption of LS molecules and particles at the
liquid/vapor interface [210]. It should be stressed that commercial LS formulation can also
be extracted in an organic solvent, and then applied by spreading at a pristine/water vapor
interface [211].

It is true that most of the studies using LS models for exploring the impact of particles
in the respiratory mechanics present a situation that appears very far from what happens
when the pollutants are inhaled. However, these studies are very useful for gaining an
important understanding of the most fundamental physico-chemical bases of the interaction
of inhaled pollutants and LS films, and their potential harmful effects [59,65,66].
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6. How Do the Particle Physico-Chemical Properties Affect Their Interaction with
LS Layers?

Once particles are deposited on the LS layer, their specific physico-chemical proper-
ties define the particle-LS interactions, and their consequences. Furthermore, it is very
important to control the particle dose that interacts with the LS film because in most
cases the harmful effects associated with inhaled particles present a strong dose depen-
dence [70,193,212–214]. It should be noted that in general, particles’ affects to the respiratory
function are at two different levels: (i) LS biological function and (ii) LS metabolism [7].
Therefore, a deep understanding of the impact of particles on the physico-chemical prop-
erties of LS layers requires examination of the specific characteristics of the probed parti-
cles [65,128]. Figure 7 summarized the potential impact of particles with different physico-
chemical properties in the interfacial properties of layers formed by LS models.

 
Figure 7. Schematic representation of the effect of different types of particles in the interfacial
organization of LS layers, and the surface pressure-area per molecule isotherms. Reprinted from
Arick et al. [65], with permission from Elsevier, Copyright 2015.

6.1. Interaction of Particles and Lung Surfactant Films: A Matter of Size

Particle size is a very important parameter controlling the interaction of particles with
cells, affecting particle uptake. Furthermore, particle size affects their cytotoxicity and the
induction of inflammatory response [215,216]. Therefore, it may be expected that size can
also influence the interaction between inhaled pollutants and the LS film.
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Dwidedi et al. [57] studied the interaction of hydrophobic poly(organosiloxane) par-
ticles with two different sizes (12 and 136 nm) with two LS models, and found that the
smallest particles do not induce any significant modification of the phase behavior of DPPC
layers, even though the morphology of the Lc domains undergoes a slight change. However,
when the incorporation of the biggest particles was considered, the lifting-off of the surface-
pressure isotherm was shifted to lower values of the compression degree, and the DPPC
film undergoes a strong modification of its phase behavior. The situation changes when
1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) and the SP-C were used together
with DPPC as model LS. In this case, it was again found that the smaller the particle size the
smaller the modification of the phase behavior. However, the incorporation of big particles
(diameter 136 nm) induces a strong modification of the interfacial phase behavior of the
LS model. These modifications were found to be stronger at the highest surface pressures
(above 35–40 mN/m), which is critical for the normal physiological function of the LS
film, and in particular for the remodeling of the composition of the interfacial, inhibiting
the incorporation of vesicles from the adjacent fluid phase to the interface. Furthermore,
particles with a diameter of 136 nm lead to a fluidization of the interfacial film, i.e., reduce
the elasticity of the LS film, independently of the model used. This may be explained
considering that particle incorporation leads to a disruption of the lateral packing of the
LS film, modifying the cohesion between the molecules in the monolayer. This results
from the complexity of the interaction balance governing the interfacial packing, which
includes different contributions, e.g., steric hindrance, excluded area effects, and other
type of interactions [200]. This leads to a strong influence of the particle size and their
concentration in the performance of LS film [118,119,133,179].

The effect of the particle size in the biophysical properties of LS films is strongly
dependent on the specific chemistry of the probed particles. This is clear considering the
existence of some studies in which the effect of particles is rather independent of their size,
and emerges only dependent on the particle nature [173,178,217], whereas in other cases,
size emerges as the main aspect governing the impact of particles with LS films.

Orsi et al. [178] reported that the modification of the phase behavior, lateral packing of
the molecules at the interface and interfacial dynamics of DPPC films upon the incorpora-
tion of particles with size in the range 9–60 nm emerged rather independent of the specific
particle size. Furthermore, the incorporation of particles into the DPPC films hindered the
formation of condensed phase, leading to an interfacial organization that was reminiscent
of what is expected for Pickering emulsions (2D Pickering emulsion-like structure) in which
particles decorated with DPPC molecules are distributed around ordered domains of DPPC.
This organization results in a reduction of the line tension of the domains in relation to
that which is found for pure DPPC, and consequently their growth is hindered, i.e., the
formation of domains with smaller size is found [179] in agreement with the molecular
dynamic simulations by Curtis et al. [217]. Figure 8 presents a schematic representation of
the structure emerging from the incorporation of hydrophilic particles into DPPC films.

Contrary to what was reported for the incorporation of hydrophilic silicon dioxide
particles, Ku et al. [218] found that the incorporation of gelatin particles into DPPC mono-
layers leads to a modification of the interfacial behavior of the lipid in such a way that
the resultant emerges strongly dependent on the specific dimensions of the incorporated
particles. Furthermore, it was found that the largest particles (in this case with an average
diameter around 236 nm) present the strongest interaction with the LS model layer altering
both the surface pressure-area per molecule and the surface potential-area per molecule
isotherms, and the reduction of particle dimensions weakens such interaction. Particle
incorporation into DPPC pushes the phase behavior to more expanded states, making the
rearrangement of lipid molecules at the fluid interface difficult.

196



Coatings 2022, 12, 277

 
Figure 8. Sketch showing the interfacial organization of interfacial films of DPPC upon the incorpora-
tion of hydrophilic silicon dioxide and experimental image of such organization obtained by epifluo-
rescence microscopy. Reprinted from Orsi et al. [178], with permission under Open access CC BY 4.0
license, https://creativecommons.org/licenses/by/4.0/ (2015) (accessed on 20 December 2021).

The above discussion evidences clearly that the influence of the size on the impact
of particles in the physico-chemical properties of LS model is far from clear, and the
current framework is controversial. An additional contribution to this controversy emerges
from the study by Kodama et al. [219] in which the interaction of particles with different
dimensions with a commercial LS formulation (Survanta) was explored. They found that
only very small particles (average diameter about 20 nm) drive a significant modification
of the interfacial phase behavior of the LS model. The multiple scenarios found for the
interaction of particles and LS models can be understood considering that the effect of
particles is dependent on a complex interplay of different factors, including the types of
particles and LS model as well as the specific interfacial behavior of the model used.

It should be noted that together with particle size, there are physical parameters
related to the particles, e.g., total surface area and specific surface area, chemical nature,
and surface charge, that influence their impact on the behavior of LS layers. This is
better understood considering that the alteration of LS behavior as a result of the particle
incorporation emerges from two different directions: (i) particle aggregation in the LS
layers and (ii) specific particle-LS interactions [219]. This perspective agrees with the results
found when the interaction of particles in vivo is analyzed. The association of particles with
LS films is strongly correlated to the specific nature of the interactions occurring within
the system, and the ability of particles to be coated for an LS corona [220]. On the other
side, the aggregation plays a very important role in the deposition of particles along the
respiratory tract, as well as on the interaction with LS and clearance mechanism. It should
be noted that together with the size, there are many other physico-chemical parameters of
the particles modulating their interactions with LS [7,66].

6.2. Role of Particle Surface Charge and Wettability on Their Interactions with Lung
Surfactant Films

The ability of particles to interact with biological structures is strongly dependent on
the particle surface charge and their hydrophilic-lipophilic balance, i.e., wettability. This is
understood considering that both parameters present a very critical role in how particles
are incorporated within biological interfaces and interact with biomolecules, affecting
metabolic pathways of the LS and their biophysical function [65,143,221]. In particular, it
has been found that charged polystyrene particles lead to a stronger inflammatory response
in lung than neutral ones [222], and hence it may be expected that electrostatic interactions
present a prominent role in the modification of the respiratory physiology [200,212,223].
This can be ascribed to the higher strength of electrostatic interactions in relation to other
forces [224].
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The incorporation of negatively charged hydrophilic silicon dioxide particles into
DPPC monolayers can occur through their electrostatic interaction with the ammonium
terminal group of the lipid, allowing a modification of the dipolar moment of the DPPC
molecules at the interface which in turn modifies its ability for reorienting at the wa-
ter/vapor interface and the molecular packing. This hinders the formation of ordered
phases, and reduces the rigidity of the film. On the other side, hydrophilic silicon parti-
cles undergo an effective clearance from the interface at the highest values of the surface
pressure, suggesting the formation of a lipid corona on the particle surface [136]. Similar
conclusions were found by Farnoud and Fiegel [55] when analyzing the interaction of
negatively charged polystyrene carboxylate with DPPC films. Furthermore, they also
reported that the incorporation of charged particles into lipid monolayers affects the size of
the compression-expansion hysteresis loop, which plays a critical role in the exchange of
material between the interface and the adjacent subphase, affecting to the compositional
remodeling of LS layers, and in turn, to its normal physiological function.

The inhibitory character of the LS function associated with its interaction with charge
particles was also evidenced by molecular dynamic simulations [225]. It is worth mention-
ing that the specific nature of the particle charge does not present a significant effect for the
interaction of monolayers formed by zwitterionic lipids such as DPPC. However, it may
be expected that the effect of the cationic and anionic particles on true LS becomes more
complex due to the presence of lipids and proteins with different positively and negatively
charged moieties.

Negatively charged polylactide particles induce a strong inhibitory effect of the be-
havior of bovine LS extract (Curosurf) as a result of the association between the particles
and the SP-B protein. Furthermore, the interaction of particles with SP-C protein also has
a very important influence in the inhibitory effect of the negatively charged polylactide
particles. However, the interaction of positively charged particles with the LS model results
in a reduced inhibitory effect which confirms the importance of the charge nature on their
inhibitory character [19,103,226]. This agrees with the different scenario found upon the
interaction of positively and negatively charged aluminum oxide, silicon dioxide, and latex
nanoparticles, with LS layers. Thus, negatively charged particles present a negligible impact
on the LS function, whereas positive charged ones lead to the formation of aggregates with
LS vesicles. This interaction, which occurs with an LS having an average negative charge,
is enhanced as the charge density of the particles is increased [208]. The different impact
of charged particles on the interfacial properties of lipid mixtures and LS formulations
containing proteins was independently demonstrated by Behyan et al. [189] in their study
about the interaction of positively and negatively charged silicon dioxide particles with
different LS models, a DPPC/POPG mixture, and an extract from calf lung (Infasurf). They
found that whereas the behavior of Infasurf was only modified by the cationic particles, that
of the natural extract was influenced by both, positively and negatively charged particles.

The particle wettability also emerges as a very important parameter influencing the
particle interaction with LS films [200]. Thus, the incorporation of hydrophobic particles
into DPPC layers modifies lateral packing of molecules at the interface and the cohesion
interactions between the lipids at the interface, which results in the inhibition of the ability
of DPPC for reducing the surface tension of the interface, and the reduction of the film
rigidity. Furthermore, hydrophobic particles do not undergo an effective clearance upon
the compression of the interface [118,133]. On the contrary, hydrophilic particles undergo
an effective clearance from the interface upon compression [200]. The above picture is in
agreement with the work by Zhang et al. [214] on the interactions of hydrophobic gold
particles and DPPC monolayers, in which the particle hydrophobicity was found to be
critical for ensuring the retention of the particles within the alveolar lining film for long
periods of time. Furthermore, the interactions of particles with the lipids result in a decrease
of the layer rigidity in accordance with the finding by Guzmán et al. [118,133]. Similar
results in relation to the retention of hydrophobic and hydrophilic particles were found
when the interaction of particles with different hydrophilicity and natural LS models was
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analyzed. The enhanced retention of the hydrophobic particles is associated with the
emergence of strong van der Waals interactions between particles and the hydrophobic tails
of the lipid molecules [57,227], which makes the modification of the monolayer organization
easy as result of the particle trapping [228].

In general, it was found that the incorporation of hydrophobic particles, e.g., hy-
drophobic montmorillonite, silicon dioxide, carbon black, or graphene oxide, into DPPC
films shifts the surface pressure-area per molecule isotherm to more expanded states as a
result of an excluded area effect induced by particles [118,129,133,229]. On the other side,
hydrophilic particles, including halloysite or bentonice, induce the opposite effect, pushing
DPPC monolayers towards more compressed states and reducing the average distance
between lipid molecules [229]. The above situation is very different to what emerges when
commercial LS formulations are used as models. In these cases, the isotherm appears
shifted to more compressed states with independence of the wetting properties of the
particles. This leads to a strong inhibition of the LS performance, which is characterized by
a worsening of the ability of LS to reduce the surface tension, and compositional remod-
eling [19,227]. However, the influence of hydrophilic and hydrophobic particles follows
very different pathways. Thus, hydrophilic particles undergo a direct penetration into
LS layers, whereas hydrophobic particles require being wrapped by LS components to be
incorporated in LS films [228,230] in agreement with the finding by Hu et al. [19]. They
combined experiments and simulations, and found that hydrophilic particles undergo a fast
translocation through the LS films during compression, whereas hydrophobic particles lead
to the formation of structural protrusion in the LS film, and hence the inhibition induced
by hydrophilic particles emerge faster than those induced for the hydrophobic one.

6.3. Impact of Particle Shape on the Interactions with LS Layers

Particle shape, and in particular shape anisotropy, emerges as a very important pa-
rameter controlling the physico-chemical properties of colloidal particles, and their ability
for self-organizing at the fluid interface [231], and hence it may be expected that it plays
a very important role in the modification of the LS performance as a result of the particle
incorporation [232]. This is clear by comparing the modifications of the phase behavior
of DPPC layers upon the incorporation of three different types of particles, two surface
inactive anisotropic clays (plate-like bentonite and halloysite nanotubes) and spherical
silicon dioxide particles. The results found that the increase of the particle anisotropy
facilitates the particle clearance upon compression [229]. However, there are no systematic
experimental studies evaluating the impact of the particle anisotropy on LS layers. How-
ever, some simulations (molecular dynamics) evidenced that the length-to-diameter aspect
ratio of the particles plays a very important role on the control of their penetration and
disturbance of LS function [233].

The influence of the particle anisotropy on the modification of LS layers was further
explored by Kondej and Sosnowski [161]. They studied how carbon particles with different
geometry (nanotubes and nanohorns) modify the performance of LS layers and found
that the increase of the surface area of the particles induces a stronger frustration in the
LS behavior. It should be stressed that most of the effect on LS behavior associated with
particle anisotropy can be ascribed to the influence of the capillary forces [234].

6.4. Does the Particle Chemistry Matter in Their Interactions with Lung Surfactant Films?

The impact of the particle chemical nature on LS performance is difficult to system-
atize [59,65], and only some general aspects will be included about the impact of particle
chemistry in LS layers. Silicon dioxide particles alter the LS performance in such a way
that it is strongly dependent on the number of SiOH groups on the particle surface. Thus,
the increase of the surface density of silanol groups leads to the emergence of silicosis and
other lung diseases associated with the inhalation of silicon dioxide particles [235]. The
importance of the chemistry of the particles in the modification of LS properties is also
found by comparing the effect of carbon black and fumed silicon dioxide in the interfacial
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properties of DPPC layers [128]. Despite the physical characteristic of the particles possibly
being very similar, the specific chemical nature of the particles governs the balance of
interactions occurring within the interface, and that consequently modifies the degree of
interfacial disruption and the aggregation of the particles at the interface.

Figure 9 presents a summary of the impact of different physico-chemical properties of
the particles in the LS function.

 

Figure 9. Impact of different physico-chemical properties of the particles in the LS performance.
General perspective of the main effects and interactions of particles upon contact with LS. Reprinted
from García-Mouton et al. [7], with permission from Elsevier, Copyright 2019.

7. Some Experimental Results of the Interaction of Particles with Interfacial Lung
Surfactant Models

The understanding of the potential harmful effects associated with the incorporation of
particles in LS layers requires a deeper analysis of the impact of particles in the tensiometric
properties and dynamic response of the interfacial films, as well as their effect on the
lateral organization and structure. Furthermore, it is also very important to evaluate the
distribution of particles between phases with different orders because it can impact on
the translocation of particles across the pulmonary fluid and the clearance processes. This
section will review the effect of different types of particles on the behavior of LS models,
paying attention mainly to realistic systems including lipids and the surface-active proteins.

The incorporation of particles, mainly those of hydrophobic nature, into LS films is
commonly associated with a partial inhibition of the LS function. This was evidenced in
the study by Valle et al. [227] where the interaction of polymer particles with LS films was
evaluated. These particles lead to a contraction of the area available for LS molecules, i.e.,
shift the isotherm to more compressed states, which significantly alter the ability for surface
tension reduction (see Figure 10a). The modification of the tensiometric properties as a
result of the incorporation of particles is also reflected in changes in the lateral organization
of the molecules at the interface as evidenced by AFM micrographs of Langmuir-Blodgett
films at different surface pressures (see Figure 10b). These images evidence that particle
incorporation makes the lateral packing of the molecules difficult, hindering the nucleation
and growth of domains containing ordered phases, which disturbs the monolayer-to-
multilayer transition. On the other side, the analysis of the AFM images also evidences a
higher tendency of particles to aggregate into LS layers as their hydrophobicity increases,
which may be a signature of the important role of hydrophobicity in the control of the
particle retention and translocation across the pulmonary fluid. Last but not least, the
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incorporation of particles increases the area of the hysteresis loop of the compression-
expansion cycles of the LS layers, which is expected to present a critical impact on the
normal function of LS (see Figure 10c). Recently, Beck-Broichsitter et al. [236] evidenced
that the inhibition of the LS activity upon particle deposition is strongly correlated to their
ability to sequester the surface-active proteins. Therefore, the shielding of the particles
to avoid the formation of an LS corona reduces their harmful effects and allows their
exploitation as carriers for inhalable drugs.

Figure 10. (a) Modification of the compression isotherms of an LS model for the compression
isotherm of an LS model. (b) AFM micrograph showing the lateral structure of Langmuir–Blodgett
films at three different surface pressures of the LS model and LS models upon the incorporation of
three different types of hydrophobic polymer particles. All 2D images are shown at a resolution of
50 μm × 50 μm and have a z-range of 5 nm. The high-pressure images are shown in 3D to capture the
topographic contrast between the particles and multilayer structures. The presence of NPs, denoted
by white arrows, increases with increasing hydrophobicity. (c) Compression–expansion cycles for
the pure LS model and LS model upon the incorporation of three different types of hydrophobic
polymer particles. Dynamic cycling was conducted under physiological temperature (37 ◦C) and
cycling speed (3 s/cycle). Reprinted from Valle et al. [227], with permission from American Chemical
Society, Copyright 2014.

The deposition of hydrophilic hydroxyapatite particles leads to similar effects than
those discussed above for hydrophobic polymer particles [69]. In addition, there is a
strong time dependent behavior in the inhibitory character of the LS function as a result
of the inhalation of hydroxyapatite particles, reaching the maximum inhibition after 7 h
of exposure. It should be noted that even though hydroxyapatite particles are effectively
cleared from LS films, they modify the lateral packing of the LS molecules at the fluid
interface by hindering the formation of condensed phase, altering the remodeling process
of the film and the reservoir formation. LS films at physiologically relevant conditions
present a morphology characterized by the presence of a homogeneously distributed fluid
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multilayer in which insertions of DPPC domains appear. This structure changes upon the
deposition of particles on the LS films, with the appearance of crystalline folds along the
direction of lateral compression, which leads to the inhibition of the LS performance.

It should be noted that the interaction of particles with LS models containing proteins
emerges very different in most of the cases to what happens for model mixtures in absence
of surface-active proteins. The role of these proteins in the formation of the LS corona
on the surface of the particles is essential for the inhibitory role of particles [236]. The
important role of the proteins is clear considering that in most cases the interaction of
hydrophilic particles, e.g., silicon dioxide, Fe3O4, or titanium dioxide, with models based
only on lipids, takes the surface pressure-area per molecule to more expanded states. This
shifting is enhanced with the increase of the particle concentration, which may be explained
considering that the interaction occurs through electrostatic particles, with the particles
being retained as granular domains within the monolayer [117,119,188,223].

The importance of the model composition is also supported by the results obtained by
Tatur and Badia [115] using a multi-technique approach (surface tension measurements,
ellipsometry, Brewster angle microscopy, and AFM of Langmuir-Schaeffer films). They
compared the effect of alkylated gold particles on the interfacial behavior of DPPC and
discovered that the particles do not alter the tensiometric properties of Survanta films, but
they lead to a strong modification to those of the DPPC layers, changing both the phase
behavior and the lateral packing of the molecules. Thus, gold nanoparticles hinder the
nucleation and growth of condensed phase domains, leading to the change of the shape of
the domains from a multilobe geometry for pristine DPPC monolayers to a circular one
in the presence of particles. This is similar to what was reported for the incorporation
of silico dioxide particles into DPPC films [179]. The different effect of gold particles on
DPPC and Survanta films can be understood by considering that their accumulation occurs
within the disorder region, and this leads to the incorporation of particles within the phase
containing the surface-active proteins. This minimizes their effect on the condensation
of ordered phases when Survanta films are considered. The above results suggest that
alkylated gold particles present a rather limited inhibition of the LS function under the
experimental conditions. However, a true biophysical interpretation of the results should
consider its effect under conditions mimicking the physiological one. This becomes very
important because Hossain et al. [237] reported the inhibition of LS function as a result of
the interaction with gold nanoparticles. These make the reduction of the surface tension
of the water/vapor interface difficult, reducing the lateral packing of LS molecules at the
interface and dragging LS molecules into the adjacent subphase

Tobacco smoke results in similar inhibition of the LS performance as particles, as was
evidenced for Survanta and Curosurf films under physiological relevant conditions [238].
Thus, the response of LS layers after exposure to tobacco smoke to consecutive compression-
expansion cycle evidences a clear reduction of the efficiency of the compositional remod-
eling process, which agrees with the reduced formation of reservoir evidenced from the
analysis of the Langmuir–Blodgett deposits. Furthermore, the tobacco smoke reduces the
ability of the LS to reduce the surface tension under compression conditions, increasing
the respiratory work. The comparison of the effect of tobacco smoke with that associated
with the vapor ejected by electronic cigarettes evidenced unexpected results [172]. On
one side, both alter the lateral packing of LS film, whereas on the other side only tobacco
smoke modifies the tensiometric properties of LS films, resulting in a premature collapse of
the layer. These differences can be understood only by considering the different chemical
nature of the vapor obtained from each type of cigarette. The influence of tobacco smoke
can be correlated to the effect of other types of hydrophobic carbonaceous particles (nan-
otubes or nanohorns), which alter the viscoelastic response of LS layers (Survanta) under
dynamic conditions, enhancing the monolayer rigidity. However, the effect of hydrophilic
carbonaceous particles is rather limited which may be explained considering their effective
clearance [161].
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The inhibition of the LS function is not only associated with particle inhalation, with the
exposure to other chemicals (trimethoxyoctylsilane, methyl 3-oxo-2-pentylcyclopentaneacetate,
and diisopentyl ether) also being associated with the emergence of acute inhalation toxicity
as was evidenced by combining interfacial science techniques and biophysical method-
ologies. It should be noted that the understanding of the potential inhalation toxicity
associated with these types of chemicals is very important because LS is the main target of
impregnation spray products [239]. The interaction of LS layers with the above products
leads to a partial inactivation of the LS function, resulting in a fluidization of the condensed
phases due to the insertion of the chemical between LS molecules which weakens the
cohesion in the layer and reduces the stability of the LS function. There are many other
chemicals, including benzalkonium chloride and cetylpyridinium chloride, that present a
strong inhibitory characteristic of the LS function. These molecules alter the lateral organi-
zation of the molecules at the water/vapor interface, affecting the ability of LS to reduce
the surface tension [240].

8. Beyond Experiments: Exploiting Computational Tools for Elucidating the
Interaction of Lung Surfactant with Inhaled Particles

The use of computational tools for the evaluation of the interaction of particles with LS
is rare due to the complexity of these types of systems, which require a strong computational
effort. However, some studies have evidenced that molecular dynamic simulations can
help the understanding of the dynamics of the composition remodeling process, and how
this is modified by the incorporation of particles [86].

Hu et al. [19] demonstrated, by using coarse-grained molecular dynamics, the dif-
ferences in the translocation pathway of hydrophilic and hydrophobic particles, which
agrees with experimental results. Thus, hydrophilic particles undergo an easy translocation
through the LS films upon compression, whereas hydrophobic particles were retained
within the LS layer. This different behavior was found to be the result of the different
abilities of particles for the binding of the surface-active material, with the binding of SP-B
being essential for the clearance of hydrophilic particles.

The interaction of hydrophobic carbonaceous particles with LS films has also been
explored by using molecular dynamics, which has shown the direct interaction of such
particles with the surfactant proteins, altering the interfacial organization of the LS film.
Furthermore, the simulations evidence that asymmetric particles are placed at the inter-
face under compression in a direction perpendicular to the monolayer [241,242], which
agrees with the experimental picture found for the interaction of graphene nanosheets
and LS model films [129,243]. On the other side, molecular dynamic simulations have
provided additional evidences on the dose-dependent inhibition of the LS performance
upon the deposition of carbonaceous particles [244], which agrees with the experimental
findings [63,118,129].

Molecular dynamic simulations were also used for confirming that particles alter the
exchange of material between the interface and the adjacent fluid subphase, which plays a
critical role in the LS functioning [164]. This agrees with the molecular dynamic simulations
by Li et al. [245] which evidenced that the transport of particles to the LS film can disrupt
the ultrastructure and fluidity of the interface, resulting in a premature alveolar collapse.

9. What Can We Learn Using Model Lung Surfactant Films?

The effect of particle incorporation into LS films is the emergence of specific depen-
dency on the specific nature of the considered particles, and the use LS model. However,
most of the studies present some general features that are relevant for extracting biophysical
relevant information. In particular, the incorporation of particles into LS films worsens the
mechanical properties of the surfactant-laden interface by hindering the reorientation and
lateral packing of the surfactant molecules at the water/vapor interface. This alters the
compositional remodeling of the interfacial layer. Furthermore, the use of model systems
evidences that the interaction of LS with particles results many times in the formation of a

203



Coatings 2022, 12, 277

surfactant corona on the particles surface, which leads to a compositional modification of
the LS, and can facilitate the translocation of the particles beyond the alveoli, resulting in
their transport along the bloodstream to different organs and tissues. Thus, the interaction
of particles with LS can alter and inhibit the LS functionality through different mechanisms.

Moreover, the formation of the surfactant corona can also modify the dynamic of
material exchange between the interfacial layer and the adjacent fluid subphase, which
alters the particle clearance during breathing. However, it is necessary to obtain a further
understanding on how specific components of LS may influence the biological alterations
induced by particles, and in particular the influence of the adsorption of surfactant proteins
on the particle fate, and the physiological function of LS.

The use of LS models allows inferring that the inhalation, and subsequent deposition
of particles on LS leads to an important alteration of the normal physiological respiratory
function. However, it is necessary to deepen knowledge of the specific effects induced by
particles with different properties (charge, wettability, chemical nature, morphology, or size)
for obtaining a suitable evaluation of the potential harmful effects associated with inhaled
pollutants. This is a very important for unraveling the possible elimination pathways of
the particles after their deposition on the LS film. Furthermore, the understanding of the
specific effects associated with particle nature is very important in the modulation of the
in vivo interaction of LS and pollutants.

In summary, the use of fluid films as LS models presents an important role in the
safety evaluation of particulate pollutants. However, there are many open questions that
require refining of some specific physico-chemical and mechanical aspects of the currently
available models.

10. Conclusions

This review analyzes some of the most relevant colloidal and interfacial approaches
exploited for the in vitro evaluation of the potential toxicity of inhaled pollutants. It is true
that the results obtained by using these types of tools are often times difficult to extrapolate
to a true biophysical situation, they are useful for a fundamental understanding of some of
the physico-chemical aspects associated with the harmful effects of particulate matter in the
LS function. In particular, the use of model based on monolayers at fluid interfaces can help
to understand how the deposition of particle leads to either inhibition, inactivation, or both,
of the LS function due to the alteration of the packing/organization of the molecules at the
interface. This hinders the formation of ordered phases, and inhibits the compositional
remodeling of LS layers at low values of the surface tensions, which reduces the LS ability
for reaching surface tension values close to zero, increasing the mechanical work associated
with breathing. However, the use of colloidal and interfacial models makes it difficult to
mimic the entire respiratory cycle and its modification by particles, thus they provide very
limited access to aerodynamic and hydrodynamic aspects of the problems which many
times are very important aspects for understanding the true effect of inhaled materials
in respiratory physiology. Despite the clear limitations associated with the use of model
systems, it is clear that these types of systems provide a general perspective of the potential
risks and hazards associated with particle inhalation. However, a complete picture of these
aspects can only be obtained by combining physico-chemical models with complementary
biophysical and medical studies.

Funding: This work was funded by MICINN (Spain) under grant PID2019-106557GB-C21 and by
the E.U. in the framework of the European Innovative Training Network-Marie Sklodowska-Curie
Action NanoPaInt (grant agreement 955612).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

204



Coatings 2022, 12, 277

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Kishor, R.; Purchase, D.; Saratale, G.D.; Saratale, R.G.; Ferreira, L.F.R.; Bilal, M.; Chandra, R.; Bharagava, R.N. Ecotoxicological
and health concerns of persistent coloring pollutants of textile industry wastewater and treatment approaches for environmental
safety. J. Environ. Chem. Eng. 2021, 9, 105012. [CrossRef]

2. WHO. How Air Pollution Is Destroying Our Health. Available online: https://www.who.int/airpollution/news-and-events/
how-air-pollution-is-destroying-our-health (accessed on 16 August 2021).

3. Miller, K.A.; Siscovick, D.S.; Sheppard, L.; Shepherd, K.; Sullivan, J.H.; Anderson, G.L.; Kaufman, J.D. Long-Term Exposure to Air
Pollution and Incidence of Cardiovascular Events in Women. N. Engl. J. Med. 2007, 356, 447–458. [CrossRef] [PubMed]

4. Brook, R.D.; Franklin, B.; Cascio, W.; Hong, Y.; Howard, G.; Lipsett, M.; Luepker, R.; Mittleman, M.; Samet, J.; Smith, S.C.; et al.
Air Pollution and Cardiovascular Disease. Circulation 2004, 109, 2655–2671. [CrossRef]

5. Pavese, G.; Alados-Arboledas, L.; Cao, J.; Satheesh, S.K. Carbonaceous Particles in the Atmosphere: Experimental and Modelling
Issues. Adv. Meteorol. 2014, 2014, 529850. [CrossRef]

6. Aili, A.; Xu, H.; Kasim, T.; Abulikemu, A. Origin and Transport Pathway of Dust Storm and Its Contribution to Particulate Air
Pollution in Northeast Edge of Taklimakan Desert, China. Atmosphere 2021, 12, 113. [CrossRef]

7. Garcia-Mouton, C.; Hidalgo, A.; Cruz, A.; Pérez-Gil, J. The Lord of the Lungs: The essential role of pulmonary surfactant upon
inhalation of nanoparticles. Eur. J. Pharm. Biopharm. 2019, 144, 230–243. [CrossRef]

8. Oberdörster, G.; Maynard, A.; Donaldson, K.; Castranova, V.; Fitzpatrick, J.; Ausman, K.; Carter, J.; Karn, B.; Kreyling, W.; Lai, D.;
et al. Principles for characterizing the potential human health effects from exposure to nanomaterials: Elements of a screening
strategy. Part. Fibre Toxicol. 2005, 2, 8. [CrossRef]

9. Chio, C.-P.; Liao, C.-M. Assessment of atmospheric ultrafine carbon particle-induced human health risk based on surface area
dosimetry. Atmos. Environ. 2008, 42, 8575–8584. [CrossRef]

10. Fan, L.; Liu, S. Respirable nano-particulate generations and their pathogenesis in mining workplaces: A review. Int. J. Coal Sci.
Technol. 2021, 8, 179–198. [CrossRef]

11. Serra, D.S.; Araujo, R.S.; Oliveira, M.L.M.; Cavalcante, F.S.A.; Leal-Cardoso, J.H. Lung injury caused by occupational exposure
to particles from the industrial combustion of cashew nut shells: A mice model. Arch. Environ. Occup. Health 2021, 76, 1–11.
[CrossRef]

12. Ghorani-Azam, A.; Riahi-Zanjani, B.; Balali-Mood, M. Effects of air pollution on human health and practical measures for
prevention in Iran. J. Res. Med. Sci. 2016, 21, 65. [CrossRef] [PubMed]

13. Peters, A.; Dockery, D.W.; Muller, J.E.; Mittleman, M.A. Increased Particulate Air Pollution and the Triggering of Myocardial
Infarction. Circulation 2001, 103, 2810–2815. [CrossRef]

14. Liu, S.-T.; Liao, C.-Y.; Kuo, C.-Y.; Kuo, H.-W. The Effects of PM2.5 from Asian Dust Storms on Emergency Room Visits for
Cardiovascular and Respiratory Diseases. Int. J. Environ. Res. Public Health 2017, 14, 428. [CrossRef] [PubMed]

15. Kendall, M.; Guntern, J.; Lockyer, N.P.; Jones, F.H.; Hutton, B.M.; Lippmann, M.; Tetley, T.D. Urban PM2.5 surface chemistry and
interactions with bronchoalveolar lavage fluid. Inhal. Toxicol. 2004, 16 (Suppl. S1), 115–129. [CrossRef] [PubMed]

16. Manojkumar, N.; Srimuruganandam, B. Investigation of on-road fine particulate matter exposure concentration and its inhalation
dosage levels in an urban area. Build. Environ. 2021, 198, 107914. [CrossRef]

17. Borghi, F.; Spinazzè, A.; Mandaglio, S.; Fanti, G.; Campagnolo, D.; Rovelli, S.; Keller, M.; Cattaneo, A.; Cavallo, D.M. Estimation
of the Inhaled Dose of Pollutants in Different Micro-Environments: A Systematic Review of the Literature. Toxics 2021, 9, 140.
[CrossRef]

18. Cao, Y.; Zhao, Q.; Geng, Y.; Li, Y.; Huang, J.; Tian, S.; Ning, P. Interfacial interaction between benzo[a]pyrene and pulmonary
surfactant: Adverse effects on lung health. Environ. Pollut. 2021, 287, 117669. [CrossRef]

19. Hu, G.; Jiao, B.; Shi, X.; Valle, R.P.; Fan, Q.; Zuo, Y.Y. Physicochemical Properties of Nanoparticles Regulate Translocation across
Pulmonary Surfactant Monolayer and Formation of Lipoprotein Corona. ACS Nano 2013, 7, 10525–10533. [CrossRef]

20. Muthusamy, S.; Peng, C.; Ng, J.C. Effects of binary mixtures of benzo[a]pyrene, arsenic, cadmium, and lead on oxidative stress
and toxicity in HepG2 cells. Chemosphere 2016, 165, 41–51. [CrossRef]

21. Widziewicz, K.; Rogula-Kozłowska, W.; Loska, K.; Kociszewska, K.; Majewski, G. Health Risk Impacts of Exposure to Airborne
Metals and Benzo(a)Pyrene during Episodes of High PM10 Concentrations in Poland. Biomed. Environ. Sci. 2018, 31, 23–36.
[CrossRef]

22. Lopez-Rodriguez, E.; Pérez-Gil, J. Structure-function relationships in pulmonary surfactant membranes: From biophysics to
therapy. Biochim. Biophys. Acta 2014, 1838, 1568–1585. [CrossRef] [PubMed]

23. Sosnowski, T.; Podgórski, A. Assessment of the Pulmonary Toxicity of Inhaled Gases and Particles with Physicochemical Methods.
Int. J. Occup. Saf. Ergon. 1999, 5, 431–447. [CrossRef] [PubMed]

24. Parra, E.; Pérez-Gil, J. Composition, structure and mechanical properties define performance of pulmonary surfactant membranes
and films. Chem. Phys. Lipids 2015, 185, 153–175. [CrossRef] [PubMed]

205



Coatings 2022, 12, 277

25. De Souza Carvalho, C.; Daum, N.; Lehr, C.M. Carrier interactions with the biological barriers of the lung: Advanced in vitro
models and challenges for pulmonary drug delivery. Adv. Drug Deliv. Rev. 2014, 75, 129–140. [CrossRef] [PubMed]

26. Kuroki, Y.; Takahashi, M.; Nishitani, C. Pulmonary collectins in innate immunity of the lung. Cell Microbiol. 2007, 9, 1871–1879.
[CrossRef] [PubMed]

27. Griese, M. Pulmonary surfactant in health and human lung diseases: State of the art. Eur. Respir. J. 1999, 13, 1455–1476. [CrossRef]
[PubMed]

28. Sosnowski, T.R. Inhaled aerosols: Their role in COVID-19 transmission, including biophysical interactions in the lungs. Curr.
Opin. Colloid Interface Sci. 2021, 54, 101451. [CrossRef]

29. Rezaei, M.; Netz, R.R. Airborne virus transmission via respiratory droplets: Effects of droplet evaporation and sedimentation.
Curr. Opin. Colloid Interface Sci. 2021, 55, 101471. [CrossRef]

30. Veldhuizen, R.A.W.; Zuo, Y.Y.; Petersen, N.O.; Lewis, J.F.; Possmayer, F. The COVID-19 pandemic: A target for surfactant therapy?
Exp. Rev. Respir. Med. 2021, 15, 597–608. [CrossRef]

31. Zuo, Y.Y.; Uspal, W.E.; Wei, T. Airborne Transmission of COVID-19: Aerosol Dispersion, Lung Deposition, and Virus-Receptor
Interactions. ACS Nano 2020, 14, 16502–16524. [CrossRef]

32. Da Silva, E.; Vogel, U.; Hougaard, K.S.; Pérez-Gil, J.; Zuo, Y.Y.; Sørli, J.B. An adverse outcome pathway for lung surfactant function
inhibition leading to decreased lung function. Curr. Res. Toxicol. 2021, 2, 225–236. [CrossRef] [PubMed]

33. Lucassen, J. Dynamic dilational properties of composite surfaces. Colloids Surf. 1992, 65, 139–149. [CrossRef]
34. Ling, X.; Mayer, A.; Yang, X.; Bournival, G.; Ata, S. Motion of Particles in a Monolayer Induced by Coalescing of a Bubble with a

Planar Air-Water Interface. Langmuir 2021, 37, 3648–3661. [CrossRef] [PubMed]
35. Noskov, B.A.; Bykov, A.G. Dilational rheology of monolayers of nano- and micropaticles at the liquid-fluid interfaces. Curr. Opin.

Colloid Interface Sci. 2018, 37, 1–12. [CrossRef]
36. Maestro, A. Tailoring the interfacial assembly of colloidal particles by engineering the mechanical properties of the interface. Curr.

Opin. Colloid Interface Sci. 2019, 39, 232–250. [CrossRef]
37. Guzmán, E.; Abelenda-Núñez, I.; Maestro, A.; Ortega, F.; Santamaria, A.; Rubio, R.G. Particle-laden fluid/fluid interfaces:

Physico-chemical foundations. J. Phys. Cond. Matter 2021, 33, 333001. [CrossRef]
38. Maestro, A.; Santini, E.; Guzmán, E. Physico-chemical foundations of particle-laden fluid interfaces. Eur. Phys. J. E 2018, 41, 97.

[CrossRef]
39. Sohail, M.; Guo, W.; Li, Z.; Xu, H.; Zhao, F.; Chen, D.; Fu, F. Nanocarrier-based Drug Delivery System for Cancer Therapeutics: A

Review of the Last Decade. Curr. Med. Chem. 2021, 28, 3753–3772. [CrossRef]
40. Radivojev, S.; Luschin-Ebengreuth, G.; Pinto, J.T.; Laggner, P.; Cavecchi, A.; Cesari, N.; Cella, M.; Melli, F.; Paudel, A.; Fröhlich, E.

Impact of simulated lung fluid components on the solubility of inhaled drugs and predicted in vivo performance. Int. J. Pharm.
2021, 606, 120893. [CrossRef]

41. Kirkpatrick, C.J.; Bonfield, W. NanoBioInterface: A multidisciplinary challenge. J. R. Soc. Interface 2010, 7, S1–S4. [CrossRef]
42. Harishchandra, R.K.; Saleem, M.; Galla, H.-J. Nanoparticle interaction with model lung surfactant monolayers. J. R. Soc. Interface

2010, 7, S15–S26. [CrossRef] [PubMed]
43. Chaudhury, A.; Debnath, K.; Bu, W.; Jana, N.R.; Basu, J.K. Penetration and preferential binding of charged nanoparticles to mixed

lipid monolayers: Interplay of lipid packing and charge density. Soft Matter 2021, 17, 1963–1974. [CrossRef] [PubMed]
44. Iannelli, R.; Bianchi, V.; Macci, C.; Peruzzi, E.; Chiellini, C.; Petroni, G.; Masciandaro, G. Assessment of pollution impact on

biological activity and structure of seabed bacterial communities in the Port of Livorno (Italy). Sci. Total Environ. 2012, 426, 56–64.
[CrossRef]

45. Wan, F.; Nylander, T.; Foged, C.; Yang, M.; Baldursdottir, S.G.; Nielsen, H.M. Qualitative and quantitative analysis of the
biophysical interaction of inhaled nanoparticles with pulmonary surfactant by using quartz crystal microbalance with dissipation
monitoring. J. Colloid Interface Sci. 2019, 545, 162–171. [CrossRef] [PubMed]

46. Halappanavar, S.; Rahman, L.; Nikota, J.; Poulsen, S.S.; Ding, Y.; Jackson, P.; Wallin, H.; Schmid, O.; Vogel, U.; Williams, A.
Ranking of nanomaterial potency to induce pathway perturbations associated with lung responses. NanoImpact 2019, 14, 100158.
[CrossRef]

47. Kadoya, C.; Ogami, A.; Morimoto, Y.; Myojo, T.; Oyabu, T.; Nishi, K.; Yamamoto, M.; Todoroki, M.; Tanaka, I. Analysis of
Bronchoalveolar Lavage Fluid Adhering to Lung Surfactant-Experiment on Intratracheal Instillation of Nickel Oxide with
Different Diameters. Ind. Health 2012, 50, 31–36. [CrossRef]

48. Kendall, M. Fine airborne urban particles (PM2.5) sequester lung surfactant and amino acids from human lung lavage. Am. J.
Physiol.-Lung Cell. Mol. Physiol. 2007, 293, L1053–L1058. [CrossRef]

49. Clifton, L.A.; Campbell, R.A.; Sebastiani, F.; Campos-Terán, J.; Gonzalez-Martinez, J.F.; Björklund, S.; Sotres, J.; Cárdenas, M.
Design and use of model membranes to study biomolecular interactions using complementary surface-sensitive techniques. Adv.
Colloid Interface Sci. 2020, 277, 102118. [CrossRef]

50. Cedervall, T.; Lynch, I.; Lindman, S.; Berggård, T.; Thulin, E.; Nilsson, H.; Dawson, K.A.; Linse, S. Understanding the nanoparticle-
protein corona using methods to quantify exchange rates and affinities of proteins for nanoparticles. Proc. Natl. Acad. Sci. USA
2007, 104, 2050–2055. [CrossRef]

51. Lundqvist, M.; Stigler, J.; Cedervall, T.; Berggård, T.; Flanagan, M.B.; Lynch, I.; Elia, G.; Dawson, K. The Evolution of the Protein
Corona around Nanoparticles: A Test Study. ACS Nano 2011, 5, 7503–7509. [CrossRef]

206



Coatings 2022, 12, 277

52. Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G.J.; Puntes, V. Time Evolution of the Nanoparticle Protein Corona. ACS Nano 2010, 4,
3623–3632. [CrossRef] [PubMed]

53. Stefaniu, C.; Brezesinski, G.; Möhwald, H. Langmuir monolayers as models to study processes at membrane surfaces. Adv. Colloid
Interface Sci. 2014, 208, 197–213. [CrossRef] [PubMed]
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