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ABSTRACT

Purpose: Investigate the hydrophobic, superhydrophobic and hydrophilic properties of
Alumina (Al;O5) and Magnesium (Mg) nanoparticles.

Design/methodology/approach: This research was conducted by SEM-EDX analysis
of Magnesium and Alumina nanoparticles, observation of gas bubbles when droplets of
water contact with membrane surfaces, measurement of surface roughness and detection
of Hydrogen gas production using Gas Chromatography. There are eleven compositions
(Al;O5:Mg) membranes used in this study, namely: (0:100; 10:90; 20:80; 30:70; 40:60; 50:50;
60:40; 70:30; 80:20; 90:10; and 100:0).

Findings: Successfully found an alloy membrane between Alumina (Al;O5) and Magnesium
(Mg) nanoparticles in the composition of Mg:Al,04 (0:100%) having Hydrophobic properties;
Mg:Al, O, (50:50%) has Superhydrophobic properties and Mg:Al, O, (100:0%) has hydrophilic
properties. Three conditions occur when H,O droplets come in contact with the membrane
layer, namely: hydrophobic conditions when the trapped gas pressure is smaller than the
droplet pressure. Superhydrophobic conditions when the trapped gas pressure is equal to
the droplet pressure. Hydrophilic conditions occur when the trapped gas pressure is greater
than the droplet pressure.

Research limitations/implications: This research is limited to the hydrophobic nature
of Nano Alumina (Al;O4) and Magnesium (Mg) membrane particles.

Practical implications: Superhydrophobic properties are very suitable to be applied to
membranes that are useful for destiny.

Originality/value: The novelty of this study is to find the right mixture of nanoparticles
of Alumina and Magnesium in a composition that is capable of creating hydrophobic,
superhydrophobic and hydrophilic properties.

Keywords: Hydrophobic, Superhydrophobic, Hydrophilic, SEM-EDX, Gas bubbles,
Nanoparticles, Membranes
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PROPERTIES

1. Introduction

Wetting is the ability of liquids to maintain contact with
solid surfaces, which results from intermolecular
interactions when the two are combined. The contact angle
formed when dripping liquid onto the surface of a solid/
membrane is very closely related to the hydrophobicity of a
material. The degree of hydrophobicity of a material is
determined by the balance between adhesive strength and
cohesive  strength. Hydrophobicity occurs due to
collaboration between three phases of material, namely:
gas, liquid, and solid. The hydrophobicity process of
material is now the centre of attention in nanotechnology
and the study of nano-science is due to the growing
development of nano-material research.

The main parameter of hydrophobicity of a material is
the static contact angle, which is defined as the angle
formed between a liquid and a solid. The contact angle
depends on several factors, such as surface energy, surface
roughness, and cleanliness [1-6]. If the liquid wets the
surface i1s called a hydrophilic surface, the static contact
angle value is 0=0=90°, whereas if the liquid does not wet
the surface is called a hydrophobic surface, the value of the
contact angle is 90°<0=180°.

The hydrophobicity of material is also indicated by the
value of the contact angle, hysteresis contact angle, and
shear angle. The contact angle (0) is the angle formed by a

tangent to the liquid in the contact line and a line through
the base of the liquid drops. According to [7-10] the profile
of water drops and contact angles () that occur in materials
classified into 4 are: superhydrophilic (0 = 0), hydrophilic
(0<90), hydrophobic (90°<0<120°), ultrahydrophobic
{1207<0<150°) and superhydrophobic (0>1507).

The hydrophobic nature of a material is its ability to
reject water (water repellent) [11], self-cleaning [12] and
its ability to reduce barriers [13,14]. Various kinds of
superhydrophobic surfaces have been produced at the
laboratory scale and some have even been produced
commercially [15-17]. Such as medical equipment that is
hemocompatibility [18], waterproof textile [19], membrane
distillation [7], Self lubrication material [20], and as a
corrosion protection material [21].

Based on previous research there are several models on
L.hc hydrophobic nature of a material, namely:

a) Young model (Fig. 1)
The application of this equation is for flat, smooth

and homo geneous surfaces [22,23]:

Cos 0 = (ysy—ys) (1
YLv

where:

vyt liquid-vapour interface tension,
vsr: liquid-solid interface tension,
vsyv: vapour-solid interface stress.

gas phase

Liguid phase

0
¥se ¥sa

Solid phase

Fig. 1. Young model of droplet droplets on a flat, smooth surface and homogeneous
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b) The Wenzel model (Fig. 2a)
Surface roughness (r) contributes significantly to
wetting behaviour on solid, rough and homogeneous
surfaces.

Cos 0, =rCos@ (2)

The roughness factor (r) is a dimensionless
parameter which is always greater than 1. Based on the
Wenzel equation, if 0<a/2 then 0r<0 and if 0>m/2 then
Or<0. Therefore, in the Wenzel model, roughness can
increase surface hydrophilicity that is initially wetted.
Whereas on surfaces that are not initially wetted,
roughness can make surfaces increasingly less wet,
which causes an increase in their hydrophobicity [24].
Usually, water droplets tend to stick to surfaces that
follow the wetting of the Wenzel model and will roll
easily on surfaces that follow the Cassie and Baxter
models [13,25-27].

¢) Cassie-Baxter model
surfaces, Fig. 2b)

If fis the fractional area of the liquid in contact with
solids, (/ - f) is the fractional area of air, with 0 = 180°
for air.

(model for heterogeneous

CosO, = ficos; + frcos6; (3)

The contact angle on a heterogeneous (porous)
surface decreases with an increase in the wetted surface
area (f).

Cosf, = fcosB+f—1 4)

The phenomenon of gas trapped on the surface of
taro leaves (Colocasia esculenta) has been investigated
[28]. This research succeeded in uncovering the
existence of hydrogen gas bubbles formed in the

a) b)

Gas trapped
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superhydrophobic process, this hydrogen gas is trapped
in the nano surface gap of the leaf. The mechanism of
the occurrence of hydrogen gas is the reaction between
the elements contained in the leaf surface with droplet
H,O which is assisted by the surface energy of the
superhydrophobic process. Based on this research
shows the occurrence of superhydrophobic properties
can be described chemically and physically. The
chemical mechanism explains how the gas bubbles are
trapped while the physical process, explains the super-
hydrophobic nature according to the Cassie-Baxter
model.

2. Material and method

2.1. Material

The materials used are nano-Magnesium particles (red
arrows) with grain size: (800 nm), made in US Research
Nano-materials, Inc. (the USA). Alumina nanoparticles
(white arrows), size: (52.45 nm), brand: Merck, made in
Germany. To reduce the amount of gas formed the
percentage of Mg is varied by adding nano-Alumina
particles in the following ratios (in %): (0:100, 10:90,
20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20, 90:10 and
100:0). The function of nano-Alumina particles is to
provide a roughness effect on the surface and to vary the
Mg content of the membrane.

Preparation of membrane manufacture by mixing the
percentage of Mg and Al,Os; by with the comparison. Then
the mixture of particles is put in a closed container and
shaken until it is mixed homogeneously. After homogeneous
sprinkling on the adhesive tape to form a membrane layer
like Figure 3.

Fig. 2. a) Wenzel model (without trapped air), b) Cassie-Baxter model (with trapped air)

Physical and chemical mechanisms of hydrophobicity of nanoparticle membranes (Mg+Al-0z)
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Fig. 3. Membrane samples in composition: (a) Mg membrane: 0%, (b) Mg membrane: 50% and (¢) Mg membrane: 100%
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Fig. 4. Cassie-Baxter model on membranes Magnesium (Mg) and Alumina (Al>Os)

Mixed Magnesium (Mg) and Alumina (Al,O5)
membranes have surface roughness at the nanoscale that
causes trapped gas (Fig. 4). Then the nano-Magnesium
particles are able to react with droplet H>O to produce
Hydrogen. This has been proven by the gas chromate-
graphy test results shown in Figure 5. This hydrogen
volume can be increased by increasing the Mg presentation
(0-100%) so that the optimum Cassie-Baxter model is
achieved. The process of the reaction between Mg (s) and
H,0 follows the reaction equation as follows:

Mg(s) + 2H,0 - Mg(OH), + H, (5)

2.2. Research procedure
Detection of hydrogen gas

Figure 5, shows the sample gas reaction between water
droplets (H,O) with the membrane surface examined by

Research paper ,

gas chromatography apparently containing hydrogen gas
that 1s 3.831% (3831 ppm). The results of the visualization
of the reaction between H;O and magnesium particles are
shown in Figure 10 (e). The process of collecting hydrogen
gas 1s carried out by reacting hydrogen gas with Aqua in a
closed container then taking the reaction results are placed
in a vacuum tube. Gas samples in a vacuum tube are then
tested using gas chromatography.

Measurement of droplet volume and contact angle

Droplet volume measurements are performed as shown
in Figure 6, using a tool (7), droplet volume is varied from
I to 5 ml. The droplet contact angle measurements were
made with a microscope position (2) as shown in Figure 6.
The results of the image are displayed on a notebook (1),
then with software measurement the droplet contact angle
measurements (6).

&’ahyudi. R. Subagyo, F Gapsari
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Fig. 5. Gas chromatography test results in the reaction between Magnesium particles and H,O
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Fig. 6. Droplet measurement and image capture techniques with a digital microscope

Observation of hydrogen gas bubbles

Droplet volume measurements are performed as in
Figure 6, using a device (7), the droplet volume varied
(1-5 ml) dripped on the membrane (8). Taking pictures
vertically on the droplet when contact is made with the
position of the microscope (3) as in Figure 6. The results
of the image are displayed on a notebook (1), then with the
J-image software displayed on an mm scale.

Surface roughness measurement
Surface roughness analysis software: Gwyddion
version: 2.54 released on August 27, 2019. The results of

Physical and chemical mechanisms of hydrophobicity of nanoparticle membranes (Mg+Al-0z)

the measurement of roughness and 3-D analysis on the
membrane surface are shown in Figures 8b), 9b) and 10b)
and 8d), 9d) and 10d).

Calculation of Mg fractions on membranes (Al,O; + Mg)

To adjust the number of Mg fractions of Figure 3b (red
arrows) inside the Alumina layer Figure 3b (white arrows)
is done by varying the amount of Mg/mm” in the Alumina
area. Nano-Alumina and Magnesium particles are weighed
according to their percentage: (0:100 mg 10:90 mg,
20:80 mg, 30:70 mg, 40:60 mg, 50:50 mg, 60:40 mg,
70:30 mg, 80:20 mg, 90:10 mg and 100:0 mg).
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3. Results and discussion

Figure 7, shows that there are three regions that are
formed when the Magnesium percentage is varied
(0-100%), namely: Hydrophobic region (blue ellipse
sign), Superhidrophobic (black ellipse sign) and
Hydrophilic (green ellipse sign). Figure 7, shows an
interesting thing when the volume of trapped gas
increases with increasing Mg fraction. Hydrophobic
nature occurs when the layer at a concentration of 100%
Alumina due to the trapped gas is constant is only caused
by the effect of surface roughness. Magnesium condition
of 50% is able to show superhydrophobic nature, this is
due to the increased trapped gas volume and reaching the
optimum point. At the percentage of Magnesium 100%,
the opposite happens when the mixed membrane turns to
hydrophilic due to the amouf of gas volume that
continues to increase so that the surface tension is getting

weaker and the carrying capacity of the droplet above is
getting weaker too.

~ 180 ﬂ)/ Superhydrophobic
4 e if,
$ 150 8 %ie i ﬁ
= B e L
% IZQ:' g o
=
30 , =
E 3 Hydrophilic
2 g : : - -
0 10 20 30 40 50 60 70 80 9 100
Magnesium Fraction (%)
Fig. 7. Graph of the relationship between the Mg fraction

and the droplet contact angle
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Fig. 8. Observation results on the hydrophobic membrane: a) Membrane surface SEM results, b.d) Measurement of
roughness and 3-D, c) analysis contact angle contact with a droplet, e) Observation of bubbles with a digital microscope
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The hydrophobic process is shown in Figure 8, the
contact angle test results show the hydrophobic nature of
Alumina (Al,O;) with 90° contact angles as shown in
Figure 8c. Observations on the surface of the Alumina
layer when droplet contact showed no appearance of
bubbles as shown in Figure 8e. This shows that the gas
trapped in the nano-gap in Figure 8b.d does not exceed its
capacity so that bubbles do not appear when observed
using a digital microscope. This is supported by the results
of surface roughness measurements that show a low level
of roughness so that the surface tension created is low, the
constant buoyancy force of the trapped gas is weaker than
the compressive force of the thin film droplet so that the
gas sinks at the bottom of the grooves.

The superhydrophobic process occurs at an Alumina:
Mg concentration (50:50%) SEM test results are shown in

Volume 96 « Issue 2 « October 2018

Figure 9a. The droplet contact angle test shows super-
hydrophobic nature where the contact angle of the droplet
reaches 166° The superhydrophobic nature of the mixed
membrane is supported by surface roughness as shown in
Figure 9b. The surface observations show a high level of
roughness with sharp peaks of nanoparticles followed by
valleys stretching along the mixed membrane. Gas is trapped
in valleys that fill the entire space optimally, nano peaks are
very sharp to support the droplet that is above it, creating
very high surface tension. This is what influences the super-
hydrophobic nature of the mixed membrane. The difference
with Alumina membranes is the presence of additional
Hydrogen gas which is formed and accumulated in nano
valleys which amplifies the pressure. The optimal pressure
occurs in the composition of Mg: 50% which can increase
the hydrophobic nature to become superhydrophobic.

Surface roughness
Mg: 50 %

‘Wverage roughness, |
54 v om

Test conlact angle

Super hydrophobic

Al:Os: Mg (50:50% )

FH
SUNITII0D G AN
WEIGUAME Ay 1 |

Fig. 9. Observation results in superhydrophobic membranes: a) Membrane surface SEM results, b,d) Measurement of
roughness and 3-D, c) analysis Contact Angle contact with a droplet, ¢) Observation of bubbles with a digital microscope
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Increasing the amount of Mg (50-100%) gives the effect
of decreasing the contact angle as shown in Figure 10c this
is caused by the Hydrogen gas bubbles that appear like
Figure 10e when the droplet is in contact with the
membrane. The appearance of bubbles on the surface of the
Mg membrane: 100% is caused by the capacity of the
hydrogen gas which continues to increase along with the
reaction of Mg with H,O so that the space of grooves space
of Figure 10b is fully filled pressing the surface of the thin
membrane droplet so that bubbles form outside the grooves
as shown in Figure 10e. When the membrane surface is
filled with bubbles the peaks of nanoparticles (circular
marks) in Figure 10b are closed causing the effect of
concentrated surfe't tension on the peaks of nanoparticles
to weaken so that the contact angle of the droplet decreases
as shown in Figure 10c.

3.1. Physical models based on gas pressure
trapped on the membrane surface

When H,O droplets come in contact with Magnesium,
Alumina and mixed membranes (Magnesium + Alumina)
which have roughness on their surface, the gas is trapped.
This is caused by the surface tension of the liquid (y) which
resembles a thin mel.rane covering the grooves on its
surface. The stress on the droplet when in contact with the
surface is formulated as follows (Fig. 11):

__ Downward pressure(Fl)

Droplet diameter(d) ©)
Equation (6), can also be written as follows:
Fl=y.d (N

Sarface ronghaes
Myt

Avorage roughress
0513542 ree

Tea contat angle

on
Tana wpa e wagm arejais
L LT TS

Fig. 10. Observation results on Hydrophilic membrane: (a). Membrane surface SEM results (b, d). Measurement
of roughness and 3-D (c). Analysis Contact Angle contact with a droplet (e). Observation of bubbles with a digital

microscope
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Hidrofilik

Fig. 11. a) Hydrophobic conditions, b) Superhydrophobic condition, ¢) Hydrophilic condition

Gases trapped in surface roughness like Figure 11, have
an upward buoyancy force (Buoyancy) following the
equation as follows:

Fyas 1= Pps . A (8)

where,
Gas = gas pressure, N/ mz,
A = droplet cross-sectional area, m-.
The equilibrium of forces from equations (7) and (8) are:

Gas trapped force = droplet compressive force.

From the equation above shows there are three
conditions that occur when droplets come in contact with
membranes, namely:

a) Hydrophobic conditions when the trapped gas pressure
is smaller than the droplet pressure (F-gas T <F |), this
causes the trapped gas has not been maximized in
supporting the hydrophobicity of the membrane as
shown in Figure 11a.

b) The superhydrophobic condition when gas pressure
is trapped equally to droplet pressure (F-gas T =F |).
In this condition, there is a force balance between the
droplet compressive force and the upward gas force,
this causes the grooves to be filled with gas and the

Physical and chemical mechanisms of hydrophobicity of nanoparticle membranes (Mg+Al-0z)

droplet is directly above the pointed peaks of the
membrane particles as shown in Figure 11b.

¢) Hydrophilic conditions occur when the pressure of the
trapped gas is greater than the downward pressure
droplet (Fgas> F |). This causes the gas bubbles to
exceed the capacity of the grooves and cover the sharp
peaks of the membrane particles so that the surface
tension of the droplet decreases and turns into
hydrophilic as shown in Figure 11c.

3.2. The physical model is based
on the Cassie-Baxter equation

The emergence of Hydrogen and Air-gas trapped in
grooves as shown in Figure 12. This trapped gas follows
the Cassie-Baxter interface which plays a role in
superhydrophobic properties. Surface roughness is a non-
dimensional factor (R;) and the surface area ratio is the
ratio between (solid-liquid surface area/flat surface area),
so the contact angle values are formulated as follows:

dAps _ AspdApa

dAr = Ap dAs Rp cos B (9)

cosB =

Surface roughness (Rf) on a micro/nano-meter scale
reinforces the hydrophobicity of the membrane. A hydro-
phobic membrane surface will become more hydrophobic
when it's surface roughness increases. Whereas the surface
of the hydrophilic membrane becomes more hydrophilic
if the surface roughness increases [24-26].
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Fig. 12. Physical mechanism model based on the Cassie-Baxter equation: a) Hydrophobic, b) Superhydrophobic and
¢) Hydrophilic

For surfaces consisting of two fractions like Figure 12, a. Gas model (Air), when H;O droplet comes in contact
the first fraction with the solid-liquid fraction area (f;) with with Alumina membrane due to surface roughness,
contact angle 0, and the second fraction with the liquid-gas it causes gas to get trapped. The hydrophobicity of this
fraction area (f;) with contact angle 0, the contact angle membrane does not increase because the amount of the
equation is : trapped gas fraction remains unchanged as shown in

Figure 12a.
Cos B = f; cos®; + 1, cos B, (10) b. Gas model (Air + Hydrogen), when droplet H,O comes
in contact with the membrane (Mg + Alumina)
In the case of a membrane interface consisting of a solid- the reaction produces Hydrogen gas whose volume
liquid fraction (f;=fy, ©,= 0,) and a liquid-gas fraction continues to increase as shown in Figure 12b.
(fi= fig= 1- f5. Cos O,= -1), by combining equation (9) The hydrogen gas fraction continues to increase until
and (10) produces the equation: lifting the droplet upward reaches superhydrophobic
properties.
CosB = Ryfg cos0p — 1+ fg (11) c. Gas model (Hydrogen) when H,O droplet comes in

contact with the membrane, the reaction results in
excessive hydrogen gas fraction resulting in the gas
impulse being trapped so strongly that the bubbles grow
outside the grooves and damage its hydrophobicity as
shown in Figure 12c.

To determine the effect of the liquid-gas fraction,
substitution (fg =1 = fi5) so that it becomes:

CosB =Rs(1 —fg)cosB,—1+1

—fig
= (Rf—Rf.fLG) cos Bp—1 +1
- fig i
=R;c0s By —R;.fig.cos B, —1 +1 4. Conclusions
—fig
Cos® = Rycos By — fq(RecosB, + 1) (12) a) Hydrophobic properties occur when membranes at
Alumina concentrations: 100% this is caused by gases
The results of physical mechanism models show that trapped under constant conditions. The condition of
the hydrophobicity of a membrane is very dependent on: Magnesium 50% is able to show superhydrophobic
the value of surface roughness (Ry), the liquid-gas fraction nature, this is caused by the volume of trapped gas
(fig) and the ratio between liquid-gas/solid-liquid contact which increases and reaches its optimum point. At the
(cos By). Specifically, in the liquid-gas fraction (fi ) there percentage of Magnesium 100%, the opposite occurs
are three models when we add to the pressure of trapped when the membrane turns to hydrophilic due to the
gas namely: amount of gas volume that continues to increase so that

m Research paper , g’ahyudi‘ R. Subagyo, F Gapsari




the surface tension is weakening and the carrying

capacity of the droplets above is also weakening.

b) There are three conditions that occur when droplets
come in contact with the membrane layer, namely:

¢  Hydrophobic conditions when the trapped gas pressure
is smaller than the droplet pressure (F-gas T <F | ), this
causes the trapped gas has not been maximized in
supporting the hydrophobicity of the membrane.

e Superhydrophobic conditions when trapped gas
pressure equals droplet pressure (F-gas T =F [). In
this condition there is a force balance between the
droplet compressive force and the upward gas force,
this causes the grooves to be filled with gas and the
droplet is directly above the pointed peaks of the
membrane particles.

e Hydrophilic conditions occur when the pressure of
the trapped gas is greater than the downward
pressure droplet (F-gas> F |). This causes the gas
bubbles to exceed the capacity of the grooves and
cover the sharp peaks of the membrane particles so
that the surface tension of the droplet decreases and
turns into hydrophilic.

¢) A physical model based on the Cassie-Baxter equation:

e (Gas (Air) model, when H,O droplet contact with the
membrane results in air being trapped. The
hydrophobicity of this membrane does not increase
because the amount of air fraction is trapped
constantly.

e Gas model (Air + Hydrogen), when droplet H,O
comes in contact with the membrane (Mg + Alumina)
the reaction produces Hydrogen gas whose volume
continues to increase. The hydrogen gas fraction
continues to increase until lifting the droplet upward
reaches superhydrophobic properties.

e (Gas (Hydrogen) model when H,O droplet comes
in contact with the membrane, the reaction results
in excessive hydrogen gas fraction resulting in the
gas impulse being trapped so strongly that the
bubbles grow outside the grooves and damage its
hydrophobicity.
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