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This thesis work mainly concerned about the study of physical phenomena of oil-water
separation using superhydrophilic material. For this purpose, photocatalytic materials
were used due to their excellent superhydrophilic nature. Oil water separation has
attracted the interest of many researchers from different fields due to its importance for
industrial application and environmental issue such as waste water treatment and oil
spills. In this work, superhydrophilic-superoleophobic mesh has been applied as an
effective gravity driven oil-water separator having high separation efficiency, 98.4 ±
0.6%. Such mesh was fabricated using single step spray deposition of metal oxides such
as TiO2, ZnO, and WO3 nanoparticle dispersion on stainless steel mesh. This preparation
method allowed us to investigate in detail and study the physical phenomena which
govern the oil-water separation without dealing with delicate surface texturing process.
We modeled the mechanism of oil-water separation through an approximation of the
intrusion

pressure.

We

found

that

the

superhydrophilicity

and

underwater

superoleophobicity were essential but not sufficient for oil water separation application.
The presence of adsorbed water on the surface of the mesh and capillary bridge of water
are found to be the determining factors for the oil water separation.
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ملخص الرسالة
االسم الكامل  :محمد صبحى سعدهللا
عنوان الرسالة :إنتاج ودراسة تبلل أغشيه رقيقه من أكاسيد المعادن ذات تحفيز ضوئي وإستخدامها لفصل الزيت
عن الماء

التخصص :فيزياء
تاريخ الدرجة العلمية :مايو 4102

هذه األطروحه العلميه تهدف بشكل أساسي إلى دراسة الظواهر الفيزيائية لفصل الزيت عن الماء
باستخدام مواد ذات قابليه عاليه للماء .لهذا الغرض ،استخدمت مواد لها خاصية التحفيز الضوئي نظرا
ألن قابليتها للماء عاليه وممتازه  .إن فصل الماء عن الزيت قد جذب اهتمام العديد من الباحثين من
مختلف المجاالت نظرا ألهميته في التطبيقات الصناعية والمشاكل البيئية مثل معالجة مياه الصرف
الصحي وتسرب النفط .في هذه الدراسه ،تم توظيف شبكة من -مواد ذات قابليه عاليه للماء وأخرى ذات
رفض كبير للماء -كفاصل للماء عن الزيت بشكل فعال والذي يمتلك كفاءة فصل عالية.٪1.0 ± 4..2 ,
هذه الشبكة تم تصنيعها باستخدام تقنية ترسيب الرذاذ بخطوة واحدة من أكاسيد المعادن مثل التيتانيا،
أكسيد الزنك ،وأكسيد التنجستن ذات الجسيمات المتناهية الصغر(نانويه) على شبكة من الفوالذ المقاوم
للصدأ .إن طريقة التحضير هذه تسمح لنا بفحص ودراسة الظواهر الفيزيائية التي تحكم فصل الزيت
عن الماء بالتفصيل ودون التعامل مع عملية التركيب السطحي الدقيق .لقد قمنا بعمل نموذج أوتمثيل
آللية فصل الماء عن الزيت من خالل تقريب ضغط اإلسترساب .وجدنا أن القابليه العاليه والرفض
الكبير للماء ضرورية لكنها غير كافية لتطبيق فصل الماء عن الزيت .إن وجود الماء على سطح الشبكه
والجسرالدقيق من الماء يشكالن العوامل المحددة لفصل الزيت عن الماء.
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1 CHAPTER 1

INTRODUCTION
Wetting phenomena have been studied extensively due to numerous application in
industrial and environmental applications. Surfaces having extreme wettability such as
superhydrophilic (water-loving) or superhydrophobic (water-hating) surfaces are of
interest to many research groups due to the richness of the physics behind the interfacial
phenomena and the promising applications. In this thesis, we harnessed superhydrophilic
surfaces for oil-water separation application.

1.1

Challenge in the Treatment of Oil-Water Mixture

Petrochemical industries and environmental protection agencies encounter challenges in
the science and technology of oil water separation, because an enormous amount of oil
easily gets blended into the water and the water bodies during the production processes,
by accidents and by human activities. The oil drilling companies inject a large amount of
water into oil wells to recover maximum amount of oil from the reservoirs, and this
leads to the production of huge quantity of oil mixed water (produced water) reaching the
production wells [1,2]. In early days, this produced water was disposed in large
evaporation ponds, which is now deemed environmentally unacceptable, as the produced
water is considered as industrial waste. Moreover, with the growing scarcity of water
globally, the oil producers are now bound to recycle this produced water [3,4].
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In addition, oil spills have become a dangerous environmental issue. Every year millions
of barrels of crude oil and refined petroleum products are intentionally and accidentally
spilled into the seas and oceans by tankers, offshore platforms, drilling rigs, oil cargo
ships and of course by wars and sabotage [5], causing extensive damage to marine
ecosystem. In addition, the cleaning up of the oil spill is quite laborious, costly, time
consuming and depends on many factors like nature of oil, temperature, weather and
geographical location etc. Development of an effective and reliable oil water separation
method is essential to meet the ecological, economical, and industrial needs and
challenges.

1.1.1 Conventional Oil-Water Separation Methods
Many oil-water separation methods such as air flotation, bioremediation, skimming,
centrifuging and dispersing have been developed using combined physical, chemical, and
biological approaches. Certain mechanical processes are often needed to assist the
process of the oil-water separation [6]. These methods have been widely used for
industrial application as well as for oil spill cleanup to prevent further environmental
damage. In some extreme cases, controlled burning were applied for removing oil from
the body of water.
One of the most prominent method for removing oil from oil-water mixture is oil
skimming. The system consists of a large tank for containing oil-water mixture, engines,
rotational belt for collecting the oil, trimmer for removing the adsorbed oil from the belt
and oil container for collecting the separated oil. This system works by taking advantage
of the stickiness of the oil and the oil-wettable nature of the belt as an oil collector. Oil
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from the mixture will be adsorbed by the belt and conveyed to the trimmer. The oil will
then be removed by the trimmer and transfered to the oil collector [6].
Another useful technique is gravity separation method which works by stabilizing the oilwater mixture by resting the mixture undisturbed. Oil-water mixture will settle if it is
given enough time. This method can be applied for larger quantity of oil-water mixture.
In fact, it needs very large volume for the separation process since oil-water mixture
normally needs some time to settle down. The more viscous the oil, the longer it needs to
settle down. The separating process harnessing the difference of the specific gravity
between oil and water so that oil will be accumulated on top for the collecting
mechanism. The system is also equipped with mechanism which allows passive
sedimentation of the other contaminants, producing much cleaner water to come out from
the outlet [6].
Similarly to the gravity separation process, dissolved air flotation method is also used for
oil-water separation and wastewater treatment in general. Using this method, not only oil
but also suspended water pollutants such as solids and debris will be brought to the
surface for further removal mechanism. In the treatment process, micro air bubbles are
sprayed inside the wastewater basin. These micro bubbles will then adheres with the
pollutants and increase the buoyant force of the pollutants so that it rises to the surface of
water. The floating pollutants then can be removed easily by skimming mechanism [6].
Those oil-water separation methods have been widely used as industrial processes.
However, because these methods require long separation process, high power
consumption and large area of deployment, considerable amount of cost is needed for
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developing this facility. In addition, the risk of oil fouling may reduce the separation
efficiency and increase the cost for the maintenance. Another drawback is the flaw in the
separation performance. Some amount of water is often found in the oil phase after the
separation which is dangerous since even small amount of water can lead to engine
failure in combustion process [7]. Therefore, smart, cost effective and excellent
performance oil-water separation method is needed to satisfy the need for the waste water
treatment in industry and for oil spill cleanup.

1.1.2 Oil-Water Separation Based on the Surface Wettability of Material
Since oil-water mixture is an interfacial phenomenon, an effective method for the
separation can be approached by studying the interfacial properties of a matter. By using
a material which has preferential wetting, i.e. the material which is wettable by either oil
or water phase and non-wettable by the other, one can remove one phase from the
mixture and leave the other. Such method can be accomplished using so called
hydrophobic-oleophilic materials. This type of materials is wettable by oil but nonwettable by water. Two separation methods can be applied by using this type of material;
that is, oil adsorbing and oil filtering method. This type of material is relatively easy to
prepare, by reducing the solid surface energy of the material through some surface
modification such that the surface energy of the material is smaller than the surface
tension of water (wv ~ 72 dyne/m) but larger than the surface tension of oil ( ov ~ 30
dyne/m) [8-12].
Hydrophobic-oleophilic materials are available in nature in form of rubber, kapok,
milkweed, cotton and wool [13]. These materials have been proposed as effective media
for oil removal without further modification [14-16]. Synthetic materials are also widely
4

used as this purpose. For example, silica aerogel can be used for an excellent oil
adsorbent due to its oloephilicity and its very large surface area. It was reported that silica
aerogel can adsorb oil as much as 237 times of its weigh [17,18]. Using surface
modifications to increase the hydrophobicity, inexpensive materials such as polyurethane
foam and filter paper can also be used as oil adsorbents [19]. The biggest limitation of
this method is that it can only remove limited amount of oil. After adsorbing a certain
amount of oil phase, the surface will saturate and the adsorbing performance significantly
decreased. If the cleaning or recycling mechanism is not available, the materials become
secondary pollutant and need further treatment. This is also a great disadvantage if the
fabrication of the material is costly.
A more clever method is using this type of material for oil filtration by applying it to
porous material such as fabric or mesh. This filtration method allows oil phase to pass
through the filter and retains water phase at the same time. Feng et al. firstly reported the
use of polytetrafluoroethylene (PTFE) or Teflon coating on stainless steel mesh for oil
water separation [11]. Later, Wang et al. used electrochemical deposition to deposit
copper nanoparticle on copper mesh to create superhydrophobic-superoleophilic surface
for oil water separation [12]. However, this type of separation process is prone to fail
since the specific gravity of the oil is generally smaller than that of the water. In this case,
water phase tend to accumulate in the lower position and form a column of water during
the separation process and block the oil phase from permeating to the other face of the
filter. This method is more difficult to be implemented in industrial application.
Another oil water separation method which involve preferential wetting is using
hydrophilic-oleophobic material. This type of material has the opposite wetting properties
5

of the material discussed earlier. By applying this material on porous material, such as
stainless steel mesh, one can achieve gravity driven oil-water separation where water will
be permeated through the mesh while the oil will be retained on the other face of the
mesh. Since the material is wettable by water, the water permeation through the mesh
comes naturally without any assistance from external forces. However, this type of
material is very rare and difficult to prepare [20]. Theoretically, this type of surface
cannot be achieved just by lowering the surface energy of the materials. Usually, this type
of material is a superomniphobic material (nonwettable by any type of liquid) which can
respond to external trigger such as electric field, temperature, humidity, and the pH of the
environment [21-23]. This type of material opens new gate of controllable oil-water
separation.

1.1.3 Capillarity Based Gravity Driven Oil-Water Separation Using
Superhydrophilic and Underwater Superoleophobic Materials
Both filtration methods, i.e. using hydrophobic-oleophilic mesh and hydrophilicoleophobic mesh, work by taking advantages of the nature of two different capillary
forces between the liquids and solid surface. The direction of the capillary force of
wetting liquid phase is pointing downward, which is in the opposite direction for that of
the non-wetting liquid phase as illustrated in Figure 1-1. Therefore, the wetting liquid
phase tends to permeate through the mesh, while the other tends to be retained and sitting
on the mesh. Because the simplicity yet super effective oil-water separation method,
many research groups have been trying to develop a surface having superoleophobicsuperhydrophilic property. However, due to the difficulty of preparing this type of
material, researchers look for the new possibility of harnessing superomniphilic (wettable
6

by any type of liquid) material as an alternative for the application of oil-water
separation.

Figure 1- 1. Illustration of the direction of the capillary force for (a) wetting liquid and (b) non-wetting liquid.

Lie Jiang discovered the new option of selecting material for gravity driven oil-water
separation after observing the wetting behavior of fish scale [24]. He pointed out that fish
scale is superomniphilic in air but when it is immersed in water it becomes an extreme oil
repellent (underwater superoleophobic surfaces). He also discovered that the secret of this
extreme underwater oil repellency is the surface structure of the fish scale which display
double scale roughness i.e. micro and nano scale. The trapped water within its roughness
create solid-liquid composite interface which is repulsive to oil. Later, he prepared
hydrogel coated stainless steel mesh, which is superhydrophilic and superoleophobic in
water, for oil water separation [25]. The prepared mesh can selectively separate water
from oil-water mixture effectively. Much research has been conducted to harness this
behavior for oil-water separation application [26-31]. The outcomes were very successful
and show high performance and high separation efficiency.
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1.2

The Need for This Research

The first report discussing superhydrophilic-underwater superoleophobic surfaces for oilwater separation was presented in 2011 [32]. Since then, various preparation methods
such as layer-by-layer coating, polymerization, sol gel method, hydrothermal process,
direct oxidation, and chemical vapor deposition, have been employed, and various
material such as hydrogel, silicate, TiO2, silica gel, zeolite, and ZnO, have been tried [2631] to achieve superhydrophilic surface which is also having an extreme underwater oil
repellency. However, most of the preparation methods often require long and multiple
processes, delicate sample preparation, exotic materials and chemicals and extreme
condition. Also, most of the current research only focused on what materials and what
preparation methods can be used to fabricate the surfaces for this application, while the
mechanism and the prediction are poorly discussed. Therefore, study of factors which
govern the separation of oil and water using this type of surface need to be carried out to
help us have better understanding on the oil water separation process.
We employed the spray deposition of nanoparticle dispersions technique to fabricate the
surfaces for capillary based gravity driven oil-water separation. Spray deposition
technique was chosen because of its simplicity for preparing hierarchical surface for
special wettability application [33,34]. The morphology of the surfaces was characterized
and the wettability of the films was studied. The results of this research inform us about
the general requirements for the capillarity based gravity driven oil water separation. This
information also leads us to know what the best method and what attempts are required
for fabricating surfaces for oil-water separation application.
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1.3

Objectives

The main objective of this thesis is to study the wetting properties of metal oxide
photocatalyst films prepared using spray deposition technique and apply the films for oilwater separation application. The objectives can be divided to several parts as the
following:
1. To fabricate, characterize, and study the wetting properties of the metal oxide
photocatalyst films prepared by spray deposition technique.
2. To apply the films for oil water separation.
3. To study the physics and identify the important factor and general requirements of the
separating medium.
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2 CHAPTER 2

LITERATURE REVIEW
The main purpose of this chapter is to review the theory related to this research including
some fundamental concepts. Most of the discussion is related to the physics of fluids and
fluid statics. In addition, photocatalysis process and the relation of this research is also
discussed.

2.1

Liquid Contact Angle and Wetting Phenomena on Solids

2.1.1 Surface Tension and Surface Energy
In the physics of solids, the molecules on the surface have higher energy than the
molecules in the bulk of materials. Every molecule inside the bulk is connected with the
neighborhood molecules through molecular interaction such as metallic bonding, ionic
bonding, and covalent bonding. However, the molecules at the surface of solids are bond
with fewer molecules than that of inside the bulk. As a consequence, the molecules at the
surface have higher potential energy. This additional energy is called surface energy ()
and is measured in energy per unit area (J/m2). In liquids, the term of surface energy is
usually called surface tension which has unit of force per unit length (N/m). The total
energy (Wtot) of a system with interface is defined as surface energy times the surface
area of the system, as in equation (1). Any system tends to achieve the state where the
total energy is minimal. For example, undisturbed water droplet tends to have spherical
shape when it is airborne (neglecting the effect of gravity) since sphere has the lowest
surface area for a given volume.
10

𝑊tot = 𝛾 × 𝐴tot

(1)

The effect of the surface tension can also be noticed in the rise of liquid surface in
capillary tube. The origin of surface tension is intermolecular attractive forces inside the
liquid. The attractive force may come from Van der Waal’s force, hydrogen bonding, and
or electrostatic force and cumulatively become cohesion force. The surface tension is
defined as the work associated with the increasing surface area. Since the force created
from surface tension depends on the contact line while the weight force depend on the
volume of liquid, we can compare the effect of the weight force with the capillary force
as the following:

𝐹𝛾 𝐿
1
~ 3= 2
𝐹𝑔 𝐿
𝐿
The important observation can be made here is that when the length scale is sufficiently
small, the effect of surface tension is much greater than the effect of gravity. On the other
hand, when the length scale is large, the effect of surface tension is negligible. Therefore,
in narrow tube, water can rise up in absence of external pressure until the height where
the weight force and the capillary force are balanced. A characteristic length or
dimension of liquid beyond which the effect of gravity become dominant is called
capillary length, . It is defined as  = √𝛾/𝜌𝑔 where  and g is liquid density and
gravitational acceleration respectively. The value of  for water is 2.7 mm.

2.1.2 Wetting
Solid liquid interfacial phenomena are often called wetting. Study of wetting is important
in many disciplines including physics, surface science, microfluidics devices, physical
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chemistry, and biomimetics. Some of the applications of the study of wetting phenomena
are superhydrophobic surfaces, superhydrophilic surfaces, self-cleaning surfaces, and so
on.
Fundamentally, wetting phenomena is determined by liquid surface tension and solid
surface energy as well as interfacial energy of solid and liquid. The wettability of solid by
a probe liquid is usually observed by measuring the contact angle, from which solid
surface energy may be examined. The contact angle represents three lines of forces which
can be explained using Young’s contact angle equation, as given in equation (2), where

sv, lv, and sl are solid surface energy, liquid surface tension and solid-liquid interfacial
tension respectively. Even though the surface tension is a scalar quantity, the force
caused by it is a vector quantity which has direction parallel or tangential to the interface
[35].

lv
Vapor
Liquid



sv

sl

Solid

Figure 2- 1. Wetting phenomena and contact angle formation.

cos 𝜃 =

𝛾𝑠𝑣 − 𝛾sl
𝛾𝑙𝑣

(2)

The solid surfaces can be categorized by mean of the contact angle of liquid. Surfaces
which have water contact angle, water, larger than 90 are called hydrophobic surfaces.
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Surfaces which have water smaller than 90 are called hydrophilic surfaces.
Superhydrophobic surfaces are surfaces which have water larger than 150, while
surperhydophilic surfaces are surfaces which have water smaller than 5. Similarly,
oleophobic and oleophilic surfaces are characterized using the same range of oil contact
angle on the solid surface, oil, with that of for water [36].

2.1.3 Contact Angle from Thermodynamic Point of View

Wsphere > Wcap

Alv

Wtot = lv . Asphere
Asl

Figure 2- 2. Water droplet change shape when in contact with solid by minimizing the total energy of the system.

Young’s equation of contact angle can be derived by analyzing the total energy of the
system. Water droplet tends to have spherical shape as it corresponds to the state where
the total energy is minimal. Upon contact with solid, water droplet will create solid liquid
interface and become a spherical cap if, and only if, the total energy can be reduced, as in
13

Figure 2-2, where Alv and Asl are surface area of liquid vapor interface and surface area of
solid liquid interface respectively. The new total energy of the system now can be
expressed as in equation (3) where wa is the work of adhesion.

𝑊𝑡𝑜𝑡 = 𝛾𝑙𝑣 (𝐴𝑠𝑙 + 𝐴𝑙𝑣 ) − 𝑤𝑎 𝐴𝑠𝑙

(3)

Work of adhesion is the amount of energy required to separate liquid and solid in vapor
medium. The work of adhesion can be calculated as the difference of solid liquid
interfacial energy and the surface energies created by separation process, as expressed in
equation (4).

𝑤𝑎 = 𝛾𝑠𝑣 + 𝛾𝑙𝑣 − 𝛾𝑠𝑙

(4)

By substituting (4) to (3) one can define the new total energy in term of surface energy
and the surface area of the system as in (5).

𝑊𝑡𝑜𝑡 = 𝛾𝑙𝑣 (𝐴𝑠𝑙 + 𝐴𝑙𝑣 ) − (𝛾𝑠𝑣 + 𝛾𝑙𝑣 − 𝛾𝑠𝑙 )𝐴𝑠𝑙
𝑊𝑡𝑜𝑡 = (𝛾𝑙𝑣 𝐴𝑠𝑙 + 𝛾𝑙𝑣 𝐴𝑙𝑣 ) − (𝛾𝑠𝑣 𝐴𝑠𝑙 + 𝛾𝑙𝑣 𝐴𝑠𝑙 − 𝛾𝑠𝑙 𝐴𝑠𝑙 )
𝑊𝑡𝑜𝑡 = 𝛾𝑙𝑣 𝐴𝑙𝑣 − (𝛾𝑠𝑣 − 𝛾𝑠𝑙 )𝐴𝑠𝑙

(5)

The equilibrium shape of the system is achieved when the surface energy is minimum by
minimizing surface area.

0 = 𝑑𝑊𝑡𝑜𝑡 = 𝛾𝑙𝑣 𝑑𝐴𝑙𝑣 − (𝛾𝑠𝑣 − 𝛾𝑠𝑙 )𝑑𝐴𝑠𝑙
𝛾𝑙𝑣 𝑑𝐴𝑙𝑣 = (𝛾𝑠𝑣 − 𝛾𝑠𝑙 )𝑑𝐴𝑠𝑙
𝑑𝐴𝑙𝑣 (𝛾𝑠𝑣 − 𝛾𝑠𝑙 )
=
𝑑𝐴𝑠𝑙
𝛾𝑙𝑣
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(6)

Geometrically, dAl/dAsl is equal to cos  as illustrated in Figure 2-4. Thus by substituting
dAl/dAsl with cos , one can obtain the Young’s contact angle equation as in equation (2)
[38,39].

dAlv



dAsl
𝑑𝐴𝑠𝑙 cos 𝜃 = 𝑑𝐴𝑙𝑣
cos 𝜃 =

𝑑𝐴𝑙𝑣
𝑑𝐴𝑠𝑙

Figure 2- 3. Geometrical representation of dAlv/dAsl.

2.1.4 Young-Laplace Equation and the Applications
Another effect of the surface tension is the presence of meniscus of liquid surface in the
container such as capillary tube. The meniscus happens due to the presence of pressure
difference across the surface. By reviewing the definition of the surface tension, the
pressure difference across the surface can be calculated using Young-Laplace equation as
the following

∆𝑃 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 = 𝛾 (

1
1
+ )
𝑅1 𝑅2

(7)
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where Pin and Pout are the pressure inside and outside the curvature, while R1 and R2 are
the principal radius of curvatures. For spherical shape, R1 = R2. Therefore, the pressure
difference can be written as P = 2/R.
Consider a liquid in capillary tube having contact angle  as shown in Figure 2-4. The
interface can consist of the wetting phase (such as water) and the non-wetting phase (such
as air or oil). By analyzing the geometry, we can deduct that the pressure difference
across the surface is

∆𝑃 =

4𝛾 cos 𝛼
𝐷

(8)



𝑅 cos 𝛼 =
𝑅=
∆𝑃 =

𝐷
2

𝐷
2 cos 𝛼

2𝛾 4𝛾 cos 𝛼
=
𝑅
𝐷

Figure 2- 4. The shape of liquid-air interface in capillary tube.

where  and D are wetting angle and the diameter of the capillary tube. For most cases,
the contact angle of the non-wetting phase, , is of interest. Knowing the fact that

, and cos  = -cos , we can rewrite the equation (8) as the following equation.
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∆𝑃 = −

4𝛾 cos 𝜃
𝐷

(9)

Note that  here is the interfacial tension between two phase, i.e. oil and water, or air and
water. Equation (9) is known as the Washburn equation which is normally used to
determine the average pore size of a porous material in mercury porosimetry. This
porosimetry works by characterizing the external pressure needed by mercury to intrude
the pores of the material [37]. Since the surface tension of mercury is 480 dyne/cm in
room temperature and the average contact angle  of mercury is 140 for most of solid
surfaces, the pore size of material is determined as D = 1450 kPa/Pint (m) [37]. Pint here
is the applied pressure needed by mercury to penetrate the pores of the sample. It is also
called the intrusion pressure.

2.1.5 The Effect of Surface Roughness on the Wettability of Surface
The contact angle of rough surfaces can be explained by using Wenzel’s model and
Cassie-Baxter’s model. Wenzel pointed out that surface structure may modify the wetting
property of solids. Surface roughness is characterized as the ratio of the true area of the
rough surface to its projection, and can be denoted as r = Areal/Aapparent. The value of r is
always greater than 1 (r >1). Wenzel’s contact angle equation is expressed in equation
(10).

𝑐𝑜𝑠 𝜃𝑊 = 𝑟 𝑐𝑜𝑠 𝜃

(10)

Figure 2-5 illustrates the Wenzel’s model and the calculation of the roughness factor, r
[40,41]. As the consequence of the value of r the change of the contact angle, W,
depends on the initial contact angle on smooth surface, . If  is greater than 90, then  W
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will be enhanced. On the other hand, if  is smaller than 90, then the W will be
diminished [40,41].

Areal
Aapparent
𝑟=

W

𝑎 + 𝑏 + 2𝑐
𝑎+𝑏

c
a b

Figure 2- 5. Wenzel’s model and the calculation of roughness factor r.

Later, Cassie and Baxter viewed rough surface as flat surface but consists of different
materials of composites, that is solid and vapor, and can be characterized by their own
surface energies with respective material fraction fi on the surface with fi = 1. Therefore,
the contact angle can be defined as cos 𝜃CB = ∑𝑛𝑖 𝑓𝑖 cos 𝜃𝑖 . By realizing that the vapor
phase is non-wetting phase ( = 2) one can obtain the final form of Cassie-Baxter’s
contact angle equation, as expressed in equation (11) [40,41].
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Trapped
vapor

Liquid

𝑓𝑠 =

𝑎
𝑎+𝑏

𝑓𝑣 =

𝑏
𝑎+𝑏

𝑓𝑠 + 𝑓𝑣 = 1
a b

Solid

Figure 2- 6. Cassie-Baxter’s model and the calculation of fraction of solid and vapor.

cos 𝜃𝐶𝐵 = 𝑓𝑠 cos 𝜃 + 𝑓𝑣 cos 2𝜋
𝑐𝑜𝑠 𝜃𝐶𝐵 = 𝑓𝑠 cos 𝜃 − 𝑓𝑣
cos 𝜃𝐶𝐵 = 𝑓𝑠 cos 𝜃 + 𝑓𝑠 − 1

(11)

Here, fs and fv are fraction of solid and fraction of vapor respectively. Figure 2-6
illustrates the Cassie-Baxter’s model and the calculation of fs. When there is no trapped
air, fs is equal to r in Wenzel model. Realizing this, roughness factor rf, defiined as the
ratio of the real area of fs to its projected area, can be included for more precise
approximation. The value of rf is equal to 1 when the surface in contact with liquid is flat
such as in Figure 2-6. Figure 2-7 shows the example of the calculation of rf and fs in
Cassie-Baxter model when the fs is not a flat area.
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R

𝑟𝑓 =

2𝑅𝛼
2𝑅 sin 𝛼

𝑓𝑠 =

2𝑅 sin 𝛼
2𝑅 + 𝐷

D

Figure 2- 7. Cassie-Baxter model for non-flat fraction of solid in contact with liquid.

Thus, the Cassie-Baxter equation can be rewritten as equation (12) [40,41].

cos 𝜃𝐶𝐵 = 𝑟𝑓 𝑓𝑠 cos 𝜃 + 𝑓𝑠 − 1

(12)

Although both Cassie-Baxter and Wenzel equation can explain the high contact angle on
rough surfaces, they have one principle difference which can be characterized by the
sliding angle (SA) of water droplet. SA is the elevation angle where a droplet start
moving due to inbalanced of the resultant of forces. In Cassie-Baxter state, droplet tends
to have very low SA, which is normally smaller than 5, due to very small contact area
between liquid and solid. The famous example of this state is water droplet on lotus leaf
[42]. On the other hand, in Wenzel state, droplet tends to have very high SA, larger than
45, due to larger contact area between liquid and solid. This phenomena is called
pinning as the droplet is still adhered to the surface even for high elevation angle. This
type of surface also presence in nature such as on the petal of rose [43].
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2.1.6 Wetting in Liquid Medium
In this thesis work, we are interested in the contact angle of two immiscible liquids, such
as oil and water. In this case, the Young contact angle equation needs to be adjusted.
Figure 2-8 shows the contact line of oil-water, solid-water, and solid-oil interfaces. Thus,
the Young contact angle equation can be written as

cos 𝜃𝑜𝑤 =

𝛾𝑠𝑤 − 𝛾so
𝛾𝑜𝑤

(13)

where ow is the contact angle of oil in water, while sw, so, and ow are solid-water, solidoil, oil-water interfacial tension respectively.

so
Oil

ow

sw

ow

Water

Figure 2- 8. Oil droplet on solid surface in water environment.

Normally, ow can be measured experimentally using typical method to measure surface
tension such as Wilhelmy plate method or sessile drop method tensiometer [44,45].
Unfortunately, sw and so are inaccessible through experiment. However, ow can be
estimated if contact angle of water in vapor, wv, and contact angle of oil in vapor, ov, on
the same solid surface are known [46].
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cos 𝜃𝑤𝑣 =

𝛾𝑠𝑣 − 𝛾sw
𝛾𝑤𝑣

𝛾sw = 𝛾𝑠𝑣 − 𝛾𝑤𝑣 cos 𝜃𝑤𝑣
cos 𝜃𝑜𝑣 =

(14)

𝛾𝑠𝑣 − 𝛾so
𝛾𝑜𝑣

𝛾s𝑜 = 𝛾𝑠𝑣 − 𝛾𝑜𝑣 cos 𝜃𝑜𝑣

(15)

Here, wv and ov here are water surface tension and oil surface tension respectively. By
substituting (14) and (15) to (13) we can solve for cos ow as shown in (16) [46,47].

cos 𝜃𝑜𝑤 =

𝛾𝑜𝑣 cos 𝜃𝑜𝑣 − 𝛾𝑤𝑣 cos 𝜃𝑤𝑣
𝛾𝑜𝑤

(16)

The observation we can make in equation (16) is that the bigger the value of wv cos wv,
the bigger the value of ow. This means that the more hydrophilic the surface the higher
oil repellency underwater [47]. Based on this argument, superhydrophilic material must
be chosen for the application of oil water separation.
If the environment in Figure 2-8 is reversed such that water is the testing probe and oil
become the medium, one can also estimate the contact angle of water in oil wo. By using
the same approach as in equation (16), one can get the expression of wo as given in
equation (17).

cos 𝜃𝑤𝑜 =

𝛾𝑤𝑣 cos 𝜃𝑤𝑣 − 𝛾𝑜𝑣 cos 𝜃𝑜𝑣
𝛾𝑜𝑤

(17)
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2.2

Photocatalytic Processs and Superhydrophilicity

Photocatalysis is an accelerated process of chemical reaction under light irradiation in the
presence of photo-active material as a catalyst. TiO2 is an important photocatalyst
material which has a lot of industrial applications. For instance, the photoinduced
enhanced process can be used for degradation of organic pollutants, reduction of heavy
metals, water splitting for hydrogen production, and conversion of chemical compounds
[48-51]. There are two types of photochemical reaction on TiO 2 surface under UV
irradiation. The first one is the photo-induced redox reaction of adsorbed substances, and
the second one is photo-induced superhydrophilicity [52]. The first reaction is due to
charge separation on TiO2 surface under UV irradiation as shown in equation (18).

TiO2 + ℎ𝑣 → 𝑒 − + ℎ+

(18)

Most of the applications of photocatalytic process such as removal of organic and
inorganic pollutants are achieved by incorporating this reaction. The second reaction is
superhydrophilicity of TiO2 surface under UV irradiation. Figure 2-9 shows the change in
contact angle of TiO2 surface under the exposure of UV irradiation [52].
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Figure 2- 9. The change of water contact angle on TiO2 surface versus time (a) under UV irradiation and (b)
after dark storage [52].

This phenomenon is still being studied and under debate for two hypotheses. The first
hypothesis suggests that the superhydrophilicity is induced by decomposition of adsorbed
organic contaminants when TiO2 surface is irradiated with UV light [53]. The second
hypothesis suggests that superhydrophilicity is the consequence of the lattice oxygen
defects created by UV irradiation by releasing oxygen [54]. The defects are then filled
with hydroxyl group (OH) which then promotes the superhydrophilicity. Many important
applications have been developed out of this phenomenon such as water harvesting net
and fog free surface [55,56].
Recent study indicates that the photocatalytic organic degradation is more prominent in
the contribution of the switching of wetting behavior of TiO2 [57]. TiO2 films were
fabricated using spin coating of TiO2 nanoparticle dispersion. The prepared sample was
superhydrophilic in air and in oil environment. The films were then silanized [58] to
reduce the surface energy of the sample, resulting in TiO2 based superhydrophobic
surface which has contact angle of water, wv, as large as 153, and sliding angle smaller
than 5. The sample was then irradiated by UV when a water was droplet sitting on top of

24

it. Dramatic decrease in the wv happened after 5 minutes when the water droplet wet the
sample completely, as shown in Figure 2-10. A similar experiment was performed under
oil environment but there was no noticeable change in the wv even after 20 minutes of
UV irradiation. Supposedly the absence of O2 and H2O molecules in oil prevented the
photocatalytic activity to take place [57].

UV
irradiation

Figure 2- 10. Photo-induced wettability switching of superhydrophilic TiO2 surface.
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3 CHAPTER 3

EXPERIMENTAL SETUP AND CHARACTERIZATION

3.1

Films Fabrication

The materials used in this thesis work are commercially available photocatalyst materials.
Tianium dioxide (TiO2) anatase < 25 nm, zinc oxide (ZnO) < 100 nm, and tungsten oxide
(WO3) < 100 nm were purchased from Sigma Aldrich ®. The materials were deposited
on stainless steel meshes, glass slides substrate and silicon wafer subtrates using spray
deposition of nanoparticle dispersion. Nanoparticle form of these materials is necessary
for spray deposition since the nozzle of the spray gun used is smaller than 1 mm. We
found that a stable dispersion cannot be made using material with grain size larger than
100 m. In addition, the use of nanoparticle helps on texturing the substrate and obtain
larger surface area. Stainless steel meshes with pore size of 50, 102, 152 and 254 m
were purchased from TWP Inc. The samples prepared on glass slides were used for
wettability study, while the sample prepared on stainless steel meshes were used for oil
water separation test.
The films fabrication started by preparing the nanoparticle dispersions in tetrahydrofuran
(THF). The dispersions were prepared and tested in three different concentrations to find
the best concentration to be used in this work. We mixed 0.05 g, 0.10 g and 0.15 g of the
nanoparticle in 10 ml of THF to obtain dispersion with concentration of 5 mg/ml, 10
mg/ml and 15 mg/ml. The mixtures were then sonicated for 1 hour to create stable
dispersion for the spray coating. THF is an organic solvent which has low viscosity and
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low surface tension. These properties are required to obtain optimum condition for spray
deposition technique. Different solvents, such as ethanol, isopropyl alcohol, acetone,
methanol, and water, were examined but only THF, isopropyl alcohol and deionized (DI)
water showed stable dispersion after sonication process. In the end, THF was chosen
because it has low boiling point (Tb = 66 C) which is preferable for spray coating
process as it make the solvent evaporate readily after the deposition process.
Upon deposition, the substrates were cleaned by rinsing with acetone, isopropyl alcohol
and DI water. The substrates were then dried using an air blower until all the remaining
water evaporated. The deposition process was done inside a fume hood as illustrated in
Figure 3-1. Figure 3-2 is the pictorial view of the components for the spray coating setup.
The spray gun (McMaster Carr) with nozzle diameter of 0.75 mm was used for the spray
coating with the nitrogen pressure of 170 kPa. The distance between nozzle and substrate
was fixed at 20 cm and the diameter of the sprayed area was 7 to 10 cm. 10 ml of the
dispersion was used to coat each face of a substrate. The stainless steel mesh substrates
were sprayed on both faces while for glass slides only one face was sprayed. After
deposition process, the samples were annealed in air at 550 C for 2 hours. This step is
required to increase the robustness of the films attached to the substrates.
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Figure 3- 1. Experimental setup of the spray deposition system.

Figure 3- 2. Photograph of the components of the spray gun.
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3.2

Sample Characterizations

After annealing process, the samples underwent several characterization analysis to study
the properties of the samples. The film structure and the surface morphology are
characterized using X-ray diffractometer (XRD) and scanning electron microscope
(SEM). The wetting properties of the samples are characterized using a goniometer.

3.2.1 X-Ray Diffraction (XRD) Analysis
The XRD was performed using Bruker D8-40kv/ 40Ma X-ray diffractometer. This
analysis was performed to characterize the crystalline structure of the films after
undergone annealing process. This equipment is located in Material Science Laboratory,
Department of Mechanical Engineering, King Fahd University of Petroleum and
Minerals. This equipment is shown in Figure 3-3.

Figure 3- 3. X-ray diffractometer Bruker D8-40kv/ 40Ma.
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3.2.2 Scanning Electron Microscopy (SEM)
The SEM analysis was performed to observe the surface morphology of the samples. The
scanning electron micrographs were recorded using Jeol JSM-6610LV, under 15 kV
operating voltage. This equipment is located in Material Science Laboratory, Department
of Mechanical Engineering, King Fahd University of Petroleum and Minerals. This
equipment is shown in Figure 3-4. Field emission scanning electron microscope
(FESEM), TESCAN ultra high resolution, was also used for the same analysis. This
equipment is located in Center of Excellence in Nanotechnology (CENT), King Fahd
University of Petroleum and Minerals.

Figure 3- 4. Scanning Electron Microscope Jeol JSM-6610LV.
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3.2.3 Contact Angle Measurements
The contact angle measurements were performed to characterize the wettability of the
samples. The samples were measured in air environment and in liquid (oil and water)
environment as illustrated in Figure 3-5. The liquid probes for the measurement in air are
DI water and hexadecane. DI water was also used as liquid probe for contact angle
measurement in oil environment while the hexadecane was used as the medium. On the
contrary, hexadecane was also used as liquid probe for contact angle measurement in
water environment. Various oils were also tested in water environment to observe the oil
repellency of the samples. The contact angle measurement was performed using
Goniometer Kruss Easy Drop DSA20X. This equipment is located in Thin Film
Laboratory (Building 28), Center of Excellence in Nanotechnology (CENT), King Fahd
University of Petroleum and Minerals.
(a)

(b)
Air

Air

DI water

Hexadecane

Sample

Sample

(c)

(d)

Hexadecane
Sample
DI water

Hexadecane

Sample

DI water

Figure 3- 5. Different cases of contact angle measurement of the samples. (a) water in air, (b) oil in air, (c) water
in oil, (d) oil in water.
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Figure 3- 6. Goniometer Kruss Easy Drop DSA20X.

3.3

Oil-Water Separation Experiment

The setup for oil-water separation was locally designed and fabricated. It consists of two
pieces of Pyrex tube having diameter 1.7 cm attached to a customized Teflon coupling
capable of holding the mesh between the two tubes. The oil resistant O rings were used to
prevent oil leaks from the coupling. The tested mesh was wetted with water before
inserting it in the oil-water separation module. The oil-water separation setup is
illustrated in Figure 3-7.
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Figure 3- 7. Illustration and photograph of the components of the oil-water separation experiment.
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4 CHAPTER 4

RESULTS AND DISCUSSION
This chapter discusses about the experimental results obtained in this thesis. Surface
morphology and structure, wetting properties and oil-water separation performance of
TiO2, ZnO and WO3 films are discussed here in detail. Eventually, the mechanism of the
oil-water separation is studied by modelling the intrusion pressure and comparing with
the experimental results.

4.1

TiO2 Films

Generally metals, alloys, metal oxides, and the oxides of semiconductors exhibit
superhydrophilicity due to their large surface energies. TiO 2, ZnO and WO3 are
photocatalytic

materials

and

therefore

it

is

expected

to

have

excellent

superhydrophilicity, which is of interest for the application of oil-water separation. In this
work, we chose nano TiO2 anatase as a benchmark because this material is stable,
inexpensive, photocatalytic, in addition to its remarkable superhydrophilicity [48].
Several parameters, such as the optimum dispersion concentration and the annealing
temperature were investigated by analyzing the experimental results of the synthetized
films which will be elaborated in the subsequent discussion. The performance of the other
materials (ZnO and WO3) were compared to that of TiO2.

4.1.1 Optimum Dispersion Concentration
It is important to determine the appropriate amount of material need to be used in order to
know the sufficient amount of the material for the coating process. Three different
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dispersion concentration were used for the spray deposition, namely 5 mg/ml, 10 mg/ml
and 15 mg/ml of TiO2 nanoparticle all of them in 10 ml of THF. The optimum dispersion
concentration was determined by characterizing the surface morphology of the samples
as well as the wettability of the samples in four cases, which is water in air, oil in air,
water in oil and oil in water. The desired sample is the sample that is well coated by the
nanoparticle. Also, it has to be superhydrophilic in air and superoleophobic in water.
Figure 4-1 is the SEM image of the uncoated stainless steel mesh while Figure 4-2 to 4-7
are the SEM images of the samples prepared with different dispersion concentration. The
stainless steel mesh used in this analysis is Dutch woven mesh type stainless steel with
the pore size of 80 m, and wire diameter of 0.3810 m (TWP Inc. part number:
024X110T0100W48T).

Figure 4- 1. SEM image of the uncoated mesh at 100 times magnification.
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Figure 4- 2. SEM image of TiO2 coated mesh (5 mg/ml) at 100 times magnification.

Figure 4- 3. SEM image of TiO2 coated mesh (5 mg/ml) at 1500 times magnification.
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Figure 4- 4. SEM image of TiO2 coated mesh (10 mg/ml) at 100 times magnification.

Figure 4- 5. SEM image of TiO2 coated mesh (10 mg/ml) at 1500 times magnification.
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Figure 4- 6. SEM image of TiO2 coated mesh (15 mg/ml) at 100 times magnification.

Figure 4- 7. SEM image of TiO2 coated mesh (15 mg/ml) at 1500 times magnification.
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From the SEM images, we can see that TiO2 nanoparticle are dispersed over the whole
surface. However, the sample prepared with 5 mg/ml of TiO2 dispersion shows some
uncoated parts leaving the stainless steel surface exposed. On the contrary, the sample
prepared with 15 mg/ml of TiO2 dispersion seems excessively thick where the stainless
steel surface is over-coated with the nanoparticle. The sample prepared with 10 mg/ml of
TiO2 dispersion have medium thickness of the coating yet most of the stainless steel is
well coated with the nanoparticle. Knowing this result, 10 mg/ml of nanoparticle
dispersion in 10 ml of THF was chosen as the optimum dispersion concentration for the
spray deposition.

4.1.2 Effect of Annealing Temperature
Annealing process is an important step in the films fabrication using spray deposition of
nanoparticle dispersion. This step increases the robustness of the films such that the
nanoparticle is well attached to the stainless steel substrate. The films were prepared in
glass slide substrates using the dispersion of 0.10 g of TiO 2 nanoparticle in 10 ml THF.
The samples were annealed at 550 C and 1100 C for 2 hours. The SEM images of the
samples are depicted in Figure 4-8 to Figure 4-11.
Figure 4-8 and 4-9 are the sample which was annealed at 550 C for 2 hours. There is no
appreciable change in the surface structure of the films with the one which is not
annealed. However, the robustness has greatly improved. The robustness test was carried
out by putting the samples in ultrasonic bath for 10 minutes. The film on the sample
which was not annealed was completely removed during this process. On the contrary,
the film on the annealed sample was still intact after the sonication process.
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Figure 4- 8. SEM image of TiO2 (10 mg/ml) coated mesh annealed at 550 C at 12.5k times magnification.

Figure 4- 9. SEM image of TiO2 (10 mg/ml) coated mesh annealed at 550 C at 25.0k times magnification.
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Figure 4- 10. SEM image of TiO2 (10 mg/ml) coated mesh annealed at 1100 C at 11k times magnification.

Figure 4- 11. SEM image of TiO2 (10 mg/ml) coated mesh annealed at 1100 C at 41k times magnification.
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Figure 4-10 and 4-11 are the samples which were annealed at 1100 C for 2 hours.
Dramatic change occurred in this sample. The initial powder-like structure was changed
into bar-like formation. The high temperature of annealing process made the TiO2
nanoparticle rearrange its crystalline structure. XRD analysis was carried out in order to
observe the crystalline structure of the sample which are not annealed, annealed at 550 C
and annealed at 1100 C. The XRD 2 pattern is shown in Figure 4-12.
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R
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A
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Figure 4- 12. XRD 2 patterns from TiO2 nanopowder, TiO2 film calcined at 550 C and 1100 C.

The samples which were annealed at 1100 oC are then characterized as rutile phase of
TiO2 while the samples which were annealed at 550 oC are still in anatase form. TiO2
anatase is a metastable state and has larger surface area than that of rutile. Thus, by
giving it enough energy, TiO2 anatase tends to transform into rutile form to minimize
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surface area [59]. The impact of this transformation is not only reducing the surface
roughness of the TiO2 films but also weakens the photocatalytic property of TiO2
nanoparticles which is undesired in this work [59]. Thus, annealing treatment at 550 oC is
more preferable.

4.1.3 Wettability of TiO2 Films
The wetting properties of TiO2 films were studied by measuring the contact angle using
goniometer. The contact angles were measured in 4 different conditions, which is water
in air, oil in air, water in oil and oil in water. The oil used was hexadecane (HD). The
experimental data is shown in Table 4-1 and depicted in Figure 4-13.
Table 4- 1. Contact angle measurement of TiO2 films.

Dispersion
concentration
( mg/ml)
5
10
15

Air

Air

Water

SD

0
0
0

0
0
0

wa ()

HD

HD

SD

0
0
0

0
0
0

oa ()
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Water

Water

SD

38.7
29.3
33.7

4.5
3.8
4.9

wo ()

HD

SD

163.5
162.8
167.9

2.0
1.5
2.2

ow ()

(a)

(b)

(c)

(d)

Figure 4- 13. Contact angle measurement of TiO2 films (a) water in air, (b) oil in air, (c) water in oil, (d) oil in
water.

We observed that the TiO2 films prepared by spray deposition using three different
dispersion concentration are superomniphobic in air as showing 0 value of contact angle
for wa and oa. Also, it is superoleophobic in water as shown in Figure 4-13 (d). Since
the value of wa and oa are known, we can calculate the theoretical value of wo and ow
using equation (16) and (17). The comparison of the experimental value and the
theoretical value of wo and ow is shown in Table 4-2 and Figure 4-14. The wa, oa and

ow used in the calculation is obtained from the reference [45]. We can see that the
experimental value and the theoretical value in a pretty good agreement. The higher
experimental value than the predicted value of wo is expected as the oil droplet is in
Cassie state, i.e. the water is trapped in the porous surface of the TiO2 film. The low
value of wa and wo is convincing that the TiO2 films have strong affinity toward water
molecules and thus encourages the oil droplet to be in Cassie state where water is trapped
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in the porous of the surface. This was also confirmed by the sliding angle (SA)
measurement which resulting (SA < 2) as shown in Figure 4-15.
Table 4- 2. The comparison of experimental and theoretical value of the contact angle measurement on TiO 2
films

Contact Angle Measurement
Theoretical
Experimental
SD

Water in oil
32.1
29.3
3.8

Oil in water
147.9
165.0
2.2

Contact Angle (deg)

180
150

Experimental
Theoretical

120
90

60
30

0
Water in oil

Oil in water

Figure 4- 14. The comparison of experimental and theoretical value of the contact angle measurement on TiO 2
films
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SA < 2

Droplet
movement

Figure 4- 15. Sliding angle of oil droplet on TiO 2 films in water environment.

The measurement of ow for different type of oils was also conducted to calculate the
average value of ow for most oils. From the experimental result (Figure 4-16) we found
the value of oil contact angle in water is as big as ow = 162.9 ± 6.3. In summary, the
fabricated TiO2 films are oil repellent for most of the oil underwater. This type of wetting
property is considered as an important factor for the application of oil-water separation.
Having this wetting property, the risk of oil fouling will be greatly reduced as the oil
phase will barely be in contact with the coated surface.
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Contact Angle (deg)

180

1. Hexane
2. Octane
3. Dodecane

170

4. Cyclohexane
5. Hexadecane
6. Benzene

160
150
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130
1

2

3

4

5

6

Figure 4- 16. The underwater contact angle measurement of various oils on TiO 2 films.

Further to see the effect of the TiO2 coating, we carried out the typical contact angle and
sliding angle measurement to characterize the wetting properties of TiO 2 coated glass
surfaces and uncoated stainless steel substrates (annealed and unannealed). Figure 4-17
point (1-3) shows the ow for TiO2 coated glass surface, unannealed stainless steel, and
the one annealed at 550 C. For all the three cases the ow were more than 150 and the
values are very close to one another. The result of the contact angle measurements
indicate that these surfaces are superoleophobic and the difference among themselves in
terms of their oil wettability can be understood by measuring their oil in water sliding
angle, which are also depicted in Figure 4-17. For TiO2 coated on glass, the oil droplet
starts sliding at 1.7, and the same for the annealed stainless steel is more than 3.
However, for the case of unannealed stainless steel, the sliding angle was not observed.
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stainless steel

(1)
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(3)

Figure 4- 17. Underwater contact angle and sliding angle measurement of oil on various samples.

From these contact angle and sliding angle measurements, it is quite evident that the
annealed stainless steel mesh exhibits underwater superoleophobicity. It will be clear
from the subsequent discussions, that the underwater oil repellency of stainless steel
mesh is just a prerequisite, but is not sufficient for a stainless steel mesh to be a good
filtering medium for oil-water separation. Also from these results, it is quite obvious that
the TiO2 coated on the glass surface has a strong affinity toward water molecules. Even
when the oil is in contact with TiO2 surface, a small volume of water can easily replace
the oil in the porous surface of the coating, resulting in zero contact angle of water in oil
as shown in Figure 4-13 (c). This result is quite important because the water needs to be
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channeled through the mesh while retaining the oil in the process of oil-water separation
using TiO2 coated stainless steel mesh.
Prior to the actual application and study of oil-water separation using TiO2 coated mesh,
we carried out oil in water contact angle ow measurements of different alkanes for TiO2
coated and uncoated stainless steel mesh. Figure 4-18 compares the ow of five different
oils on the TiO2 coated and uncoated stainless steel mesh and it is evident that the TiO 2
coating significantly improves the oil repellency of the SS mesh invariably for all the oil
samples under study. Also the sliding angle for the TiO 2 coated mesh is very small while
for the uncoated mesh, the sliding angle was not observed even when tilted at 30 as
depicted in Figure 4-19.
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Figure 4- 18. The comparison of the contact angle on TiO 2 coated mesh with the uncoated mesh.
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(a) Uncoated mesh

(b) TiO2 coated mesh

SA = n/a

SA = 1.7 ± 0.6

Figure 4- 19. The underwater sliding angle measurement of oil on (a) uncoated mesh and (b) TiO 2 coated mesh.
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4.1.4 Oil-Water Separation Test
To understand the mechanism of oil-water separation, it is important to start the test using
a mesh which has simpler geometry than the Dutch woven mesh. Simple woven mesh
was chosen since it has relatively simple geometry and good homogeneity and
periodicity. Simple woven stainless steel mesh with various micro scale pore sizes and
wire diameters are commercially available. Figure 4-20 and Figure 4-21 show the
uncoated mesh with 254 m pore size. The TiO2 coated mesh is shown in Figure 4-22
and 4-23. Figure 4-24 shows the cross sectional view of TiO2 film on silicon substrate.
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Figure 4- 20. The SEM image of the uncoated stainless steel mesh with pore size of 254 m at 200 times
magnification.
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Figure 4- 21. The SEM image of the uncoated stainless steel mesh with pore size of 254 m at 1000 times
magnification.
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Figure 4- 22. The SEM image of the TiO2 coated stainless steel mesh with pore size of 254 m at 200 times
magnification.
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Figure 4- 23. The SEM image of the TiO2 coated stainless steel mesh with pore size of 254 m at 25k times
magnification.
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Figure 4- 24. Cross sectional image of the TiO2 films.

As shown in Figure 4-20 and 4-21, the surface of the uncoated mesh is relatively smooth.
Although macroscopically the color darkens after annealing, microscopically there is no
appreciable difference compared to the surface morphology of the uncoated mesh. Figure
4-22 shows that the stainless steel mesh has been coated with TiO2 nanoparticle. Higher
magnification is shown in Figure 4-23, revealing the microscale and nanoscale surface
roughness of the film. This double scale roughness is an important property for surface
with special wettability. To approximate the thickness of the films, a cross sectional
image of the film was taken and measured, as depicted in Figure 4-24. The thickness of
the film is measured at 2 to 3 m.
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In order to see the effect of TiO2 coating, we tested uncoated mesh and TiO2 coated mesh
for oil water separation. Pictorial view of the oil-water separation system developed
locally for this study is shown in Figure 4-25, along with the SEM images of coated and
uncoated stainless steel meshes of pore size 104 micron. The oil water mixture is poured
on the top glass tube, and the permeate (water) is collected in a beaker underneath the
bottom tube and the oil stays on the top glass tube. The oil-water separation efficiency
was calculated using the formula shown in equation (19).

𝐸𝑓𝑓 = (1 −

𝐶𝑝
) × 100%
𝐶𝑜

(19)

where Co and Cp are the volume/volume ratios (v/v) of the original oil-water mixture and
the filtered permeate respectively. Co and Cp were determined by measuring the volume
ratio of oil with respect to the mixture (oil and water).
We first used annealed uncoated stainless steel mesh in between the glass tubes and
found that both the oil and water permeated through the mesh as exhibited in Figure 4-25
(a). On the other hand, when TiO2 coated stainless steel mesh was used in between, the
water in the oil-water mixture permeated through the coated mesh leaving the oil in the
top glass tube as shown in Figure 4-25 (b).
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(a) Annealed uncoated mesh

(b) TiO2 coated mesh

100 m

100 m

Oil

Water

Oil and water

Figure 4- 25. Oil-water separation experiment using (a) uncoated mesh and (b) TiO2 coated mesh.
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Although underwater superoleophobicity is an important factor for the oil-water
separation process, it is quite obvious from our experiment that it is not the only factor
that governs the oil-water separation while surface roughness also plays a pivotal role. As
discussed earlier in the context of Figure 4-17 point (3), superoleophobicity can be
achieved simply by annealing of stainless steel. In fact, cleaned glass slides also possess
superhydrophilicity and underwater oil repellency [47]. However, as it can be seen from
Figure 4-25 (a), superhydrophilicity and underwater oil repellency alone are not the
sufficient condition for oil water separation. Simple annealed stainless steel mesh failed
in the oil-water separation as demonstrated in this work. On the other hand, the TiO 2
coated meshes of same pore sizes (50 micron and 102 micron), showed more than 98%
efficiency in oil-water separation.
From the SEM image of Figure 4-23, it is quite obvious that compared to the smooth
annealed stainless steel surface, TiO2 coated mesh shows micro and nanoscale roughness.
This surface roughness is another favorable factor for oil-water separation due to
increased underwater oil repellency. Smooth superhydrophilic surface like annealed
stainless steel tend to be in contact with water, leaving only a small area for the oil
droplets, leading to high oil repellency. By introducing a roughness to the surface,
superhydrophilic material can trap water within the roughness. In addition, the strong
affinity of TiO2 towards water molecules can create an adsorbed water layer such that the
oil droplet is not at all in contact with the surface. This is also confirmed by the low
values of sliding angle, exhibited by TiO2 coated glass and TiO2 coated stainless steel
mesh.
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Since the TiO2 surface is also wettable by oil in air, the TiO2 coated mesh must be wetted
by water before using it for oil-water separation process so that water layer can be
adsorbed by TiO2 surface. The presence of adsorbed water layer on TiO 2 surface is an
important factor for oil-water separation. The adsorbed water layer on the TiO 2 surface
plays two different roles in oil-water separation: First, it prevents oil droplets to be in
contact with the mesh during the separation process. Second, this layer provides paths for
the water droplets from the oil-water mixture to flow to the opposite side of the coated
mesh. These conditions for the oil-water separation cannot be met by annealed stainless
steel mesh due to its smooth surface texture and weaker affinity toward water molecule.

4.1.5 Measuring the Oil-Water Separation Efficiency
The oil water separation experiment was performed on simple woven meshes with
various pore sizes to test the pore size dependence of the oil-water separation. The
meshes used have the pore size of 50, 102, 152 and 254 m. The SEM images of these
meshes are shown in Figure 4-26 to Figure 4-29.
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Figure 4- 26. The SEM image of TiO2 coated mesh with the pore size of 254 m.
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Figure 4- 27. The SEM image of TiO2 coated mesh with the pore size of 152 m.

Figure 4- 28. The SEM image of TiO2 coated mesh with the pore size of 102 m.
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Figure 4- 29. The SEM image of TiO2 coated mesh with the pore size of 50 m.

In this oil-water separation system, we used TiO2 coated stainless steel meshes of four
different pore sizes and tested for three different oil samples. The oil-water separation
efficiencies of all the 12 combinations of oils and pore sizes are shown in Figure 4-30.
From Figure 4-30, it is clear that the TiO2 coated stainless steel mesh of 50 micron and
104 micron achieved at around 99% oil-water separation efficiency and a very small
traces of oil was found in the permeate (water). However, the TiO 2 coated stainless steel
meshes of higher pore size shows poor oil-water separation efficiency.
It is clear from this study that a simple spray deposition of nanoparticle dispersion on
stainless steel mesh substrates, (contrary to the cumbersome coating procedures) can be
applied very well for the oil-water separation. Viscous oil like hexadecane and relatively
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less viscous oil like cyclohexane were tested for oil-water separation efficiencies. We

Separation Efficiency (%)

found that the separation performance is independent of the viscosity of the oil.

100
80
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Octane
Cyclohexane
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50

100

150

250

Pore Size (m)
Figure 4- 30. The separation efficiency of TiO2 coated mesh with different pore sizes.
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4.2

ZnO Films

The ZnO films were fabricated using the same method as that of the TiO 2 films. The
dispersion concentration used for this study was 10 mg/ml which is produced by mixing
0.10 g of ZnO nanoparticle with 10 ml of THF. The dispersion was then used to coat
glass slide substrates, stainless steel mesh substrates, and silicon wafer substrates. The
samples were then annealed at 550 for 2 hours. The result of the characterization of the
sample is compared with that of the TiO2 films.

4.2.1 Wettability of ZnO films
The wettability of ZnO films was characterized using the same method as explained
earlier. We found that the ZnO films have different wetting behavior than that of the TiO2
films. Table 4-3 shows the contact angle measurement of ZnO films prepared with
different dispersion concentrations in 4 conditions.
Table 4- 3. Contact angle measurement of ZnO films

Dispersion
concentration
( mg/ml)
5
10
15

Air
Water
wa ()
13.4
16.6
6.2

Air
SD
3.4
3.7
0.6

HD
oa ()
9.7
0
0

HD
SD
1.3
0
0
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Water
wo ()
67.3
50.7
51.3

Water
SD
4.0
3.6
2.2

HD
ow ()
153.4
169.0
167.0

SD
2.2
2.1
2.2

(a)

(b)

(c)

(d)

Figure 4- 31. Contact angle measurement of ZnO films (a) water in air, (b) oil in air, (c) water in oil, (d) oil in
water.

The wetting property of ZnO films is slightly different than that of TiO2 films. In Figure
4-31 we can see that the value of wa is not 0 like in TiO2 films. Also, the value of wo is
much higher than that of in TiO2 films. These two facts suggest that TiO2 films have
better hydrophilicity than ZnO films. We also observed that the value of ow is
comparable with that of in TiO2. This high value of ow indicates that the ZnO films have
potential for oil-water separation application. The comparison of the wetting properties
between TiO2 films and ZnO films is provided in Figure 4-32.
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Contact Angle (deg)

180
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ZnO

TiO2
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30

0
Water in air

Oil in air

Water in oil Oil in Water

Figure 4- 32. The comparison of the contact angle of ZnO films with TiO2 films.

4.2.2 Surface Morphology of ZnO films
The surface morphology of the films was characterized using SEM. Figure 4-33 to Figure
4-35 show the surface morphology of ZnO film deposited on stainless steel mesh
substrate. Figure 4-36 shows the cross sectional view of the films deposited on silicon
wafer substrates. The ZnO films seem to have finer surface morphology, better particle
distribution and less clustered agglomeration than the TiO2 films.
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Figure 4- 33. The SEM image of ZnO coated mesh with the pore size of 102 m at 200 times magnification.

Figure 4- 34. The SEM image of ZnO coated mesh with the pore size of 102 m at 500 times magnification.
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Figure 4- 35. The SEM image of ZnO coated mesh with the pore size of 102 m at 1000 times magnification.

Figure 4- 36. Cross sectional view of ZnO film.
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4.2.3 Oil Water Separation Test
The oil water separation test was also carried out using the ZnO coated mesh with
different pore sizes. In this experiment, only octane and cyclohexane were being tested.
The result was rather different than the test for TiO 2 coated mesh. While the maximum
pore size in TiO2 coated mesh for performing oil-water separation was observed at 104
m, the maximum pore size for ZnO coated mesh was only at 50 m. The experimental

Separation Efficiency (%)

result is depicted in Figure 4-37.
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Figure 4- 37. The separation efficiency of ZnO coated mesh with different pore sizes.
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4.3

WO3 Films

The WO3 films were fabricated using spray deposition of nanoparticle dispersion. Based
on the optimum experimental parameters found in the fabrication of TiO 2 films, the WO3
films were fabricated using 10 mg/ml of the dispersion of nano WO 3 in THF. The
substrates used are stainless steel mesh, glass slides, and silicon wafer substrates. The
annealing temperature was 550 C set for 2 hours. The samples were then characterized
and compared with the results for TiO2 films.

4.3.1 The Wettability of WO3 Films
Goniometric measurement was performed to assess the wettability of the WO 3 films.
Table 4-4 shows the results of the contact angle measurement of WO 3 films prepared
using there different dispersion concentrations. 10 mg/ml was taken to be the optimum
dispersion concentration since it has excellent superhydrophilicity and underwater oil
repellency. Also, higher dispersion concentration did make better results for the surface
wettability. From the result shown in Figure 4-38 and Figure 4-39, we can see that the
value of wo for WO3 films is lower than TiO2 films while the value of ow of the two
films are comparable. These facts suggest that the WO3 films is more hydrophilic than
the TiO2 films. This result make WO3 favorable since for the oil-water separation
application, material which has better hydrophilicity is more desired [26].
Table 4- 4. The contact angle measurement of WO3 films.

Dispersion
concentration
( mg/ml)
5
10
15

Air

Air

Water

SD

18.2
0
0

0.9
0
0

wa ()

HD

HD

SD

15.7
0
0

3.5
0
0

oa ()
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Water

Water

SD

57.7
16.4
15.3

3.7
2.1
2.3

wo ()

HD

SD

153.2
163.6
164.7

2.3
2.1
2.3

ow ()

(a)

(b)

(c)

(d)

Figure 4- 38. Contact angle measurement of WO3 films (a) water in air, (b) oil in air, (c) water in oil, (d) oil in
water.
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Figure 4- 39. The comparison of the contact angle of WO3 films with TiO2 films.
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4.3.2 Surface Morphology of WO3 Films
The surface morphology of the WO3 films was investigated under SEM. Figure 4-40 and
Figure 4-41 show the surface morphology of WO3 film deposited on stainless steel mesh
substrate. Figure 4-42 shows the cross sectional view of the films deposited on silicon
wafer substrates. The nanoparticles look uniformly distributed to the whole surface of the
substrate with thickness of 1 to 2 micron.

Figure 4- 40. The SEM image of WO3 coated mesh with the pore size of 102 m at 200 times magnification.
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Figure 4- 41. The SEM image of WO3 coated mesh with the pore size of 102 m at 500 times magnification.
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Figure 4- 42. Cross sectional view of WO3 film

4.3.3 Oil Water Separation Test
Oil-water separation experiment was carried out to examine the performance of WO 3
coated mesh for separating water phase from the oil-water mixture. The WO3 coated
mesh seems to have better performance in the oil-water separation as compared with
TiO2 coated mesh and ZnO coated mesh. The maximum pore size can work for oil water
separation is 152 m which is bigger than that of using TiO2 and ZnO films. The
separation efficiency for pore size lower than 152 m was higher than 98%. For the pore
size as large as 254 m, the separation failed and both oil phase and water phase are
channeled to the opposite face of the coated mesh and accumulated in the beaker. From
this result, we conclude that, compared to TiO2 and ZnO, WO3 is the best material for oilwater separation application.
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Figure 4- 43. The separation efficiency of WO3 films with different pore sizes.

4.4

The Intrusion Pressure

We observed in Figure 4-30, 4-37, and 4-43 that the oil-water separation did not yield a
desirable result when the pore size of the stainless steel mesh is more than 102 micron for
TiO2 coated mesh. However, if the oil was carefully placed on top of the coated mesh, it
can withstand the pressure of the oil column as shown in Figure 4-44. At a certain height,
hmax, the oil starts flowing down and penetrating the TiO2 coated mesh. The intrusion
pressure can be determined by calculating the maximum hydrostatic pressure which can
be sustained by the mesh. It can be defined as Pint = ghmax where  is the density of oil.
When the hydrostatic pressure is below the intrusion pressure, i.e. after h < hmax, we
expected that the oil will stop flowing. Curiously, once the oil starts flowing, it will keep
flowing until most of the oil phase is transferred to the other side of the coated mesh.
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Hexadecane

hmax

Figure 4- 44. The intrusion pressure measurement of TiO 2 coated mesh with pore size of 254 m.

The intrusion pressure can be approximated theoretically using equation (5) where the 
and  now are ow and ow since the interface is between oil and water, and D is the pore
size of the coated mesh. The use of ow and ow here is because of the formation of
capillary bridge (water-film) during the wetting process before the intrusion pressure
measurement was initiated. This capillary bridge is illustrated in Figure 4-45 (a). The
presence of the capillary bridge provide similar interface such as in Figure 2-1 except that
the non-wetting phase is oil phase. Thus, equation (5) can be re written in equation (20).

𝑃𝑖𝑛𝑡 = −

4𝛾𝑜𝑤 cos 𝜃𝑜𝑤
𝐷

(20)
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This approximation has limitation since the geometry taken into account in equation (20)
is circular or a tube as shown in Figure 2-1. However, several observation can be made
using this equation. Firstly, the magnitude of the intrusion pressure is pore size
dependent. The smaller the pore size is, the higher the magnitude of the intrusion
pressure. This observation match with experimental result since when the pore size of the
mesh used is bigger, the separation is more prone to failure. If the intrusion pressure is
small, the separation may fail as the impact force of the mixture fluctuates during the
separation process.
Secondly, as long as the ow is larger than /2, the intrusion pressure will always be
positive. The intrusion pressure is actually the pressure difference between water phase
and the oil phase, Pint = P = Pwater – Poil. Thus, if the value of Pint is positive, then the
pressure of water phase is greater than the pressure of the oil phase, so that oil cannot
flow through the pore of the mesh unless an external pressure is applied to overcome the
pressure difference. On the contrary, if the value of Pint is negative, oil will channel
through the mesh even without the aid of external pressure.
Thirdly, equation (20) works if and only if the interface is between oil and water so that

ow and ow are used. This can also be proven otherwise. In the measurement of the
intrusion pressure, oil phase will flow through the coated mesh when hmax is reached. This
fact indicates that the interface within the pore of the mesh has changed.
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(a)

Water-film (capillary bridge)

Adsorbed water

D
R

Stainless steel wire
(b)

ow

Nanoparticles

Oil

D
R

(c)

Applied pressure

Figure 4- 45. Illustration of the interface within the pore of the mesh.

Figure 4-45 shows the illustration of the interface within the pore of the mesh. Figure 445 (a) is when the oil phase is absence in the interface i.e. before the oil was added to the
mesh. Figure 4-45 (b) is when the oil was added to the mesh. The oil water interface is
formed with the contact angle ow is formed. When the external pressure is introduced,
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the oil phase is squeezed and approaching the bottom line of the water film. If the applied
pressure is higher than the intrusion pressure, the water film will break and the new
interface will be formed, which is oil water and vapor interface. One then can examine
the new contact angle formed using Young’s equation of contact angle, as in equation
(21), by imagining oil droplet sitting on water in air environment.

cos 𝜃 =

𝛾𝑤𝑣 − 𝛾ow
𝛾𝑜𝑣

(21)

Since the value of wv is generally larger than ow in most of the case, the value of the
newly formed contact angle  is positive. As the consequence, the intrusion pressure will
be negative. This is why the oil can flow through the coated mesh after the hmax is reached
and keep flowing even after h is lower than hmax.
The formation of the capillary of water-film between the wires of the mesh is quite
normal, because the pore size of the mesh is much smaller than the capillary length of
water [60,61]. This water-film is found to be one of the most important factors that
govern the oil-water separation. Failing to form the capillary bridge, oil water interface
will not be formed and equation (20) cannot be applied. With this view, it is important to
select porous substrate where robust capillary bridge can be formed and can sustain high
external pressure.
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4.5

Modeling the Oil-Water Separation Mechanism

In this work, oil-water separation medium was achieved by modifying surface wettability
such that the surface is more wettable by water than by oil. Figure 4-45 (a) illustrates the
complete set of the separating medium. It consists of porous substrate coated with
superhydrophilic material and water film attached between the pores. The water film has
role as a barrier to prevent the oil from penetrating the mesh. When the oil phase comes
in contact with the coated mesh, it will be sustained by the capillary force of oil in which
the direction is the opposite of the weight force. On the other hand, when water phase
comes, it will be diffused with the water layer and transferred to the other phase of the
mesh. In summary, the oil water separation can take place because of the difference in the
direction of the capillary forces for oil and water.
The intrusion pressure can be deducted from the force balance in vertical axis, Fy = 0, at
the interface. The forces involved here are the force from external pressure FP and the
force from the interfacial tension, F. These forces can be written as
𝐹𝑃 = ∆𝑃 × 𝐴

(22)

𝐹𝛾 = −𝐿𝛾𝑜𝑤 cos 𝜃𝑜𝑤

(23)

−𝐿𝛾𝑜𝑤 cos 𝜃𝑜𝑤
𝐴

(24)

∆𝑃 =

where A and L here are the surface area and the contact line of the interface. The value of
A and L depends on the shape or geometry of the pore. By equating (22) and (23), we
then can write the expression of the intrusion pressure as in equation (24). Table 4-5
shows the expression of the intrusion pressure for some basic shapes.
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Table 4- 5. The expression of the intrusion pressure of pores with different shapes.

Shape of the pore
Square

Intrusion pressure
−

D
Rectangle

4𝛾𝑜𝑤 cos 𝜃𝑜𝑤
𝐷

a
1 1
−2𝛾𝑜𝑤 cos 𝜃𝑜𝑤 ( + )
𝑎 𝑏

b
Circle

−

D

4𝛾𝑜𝑤 cos 𝜃𝑜𝑤
𝐷

Equilateral
−

D

4√3
𝛾 cos 𝜃𝑜𝑤
𝐷 𝑜𝑤

Isosceles
−

a

(2𝑎 + 𝑏)
𝛾 cos 𝜃𝑜𝑤
𝑏(𝑎2 − 𝑏2 ) 𝑜𝑤

b

Rather complex geometry is exhibited in the simple woven mesh used in this thesis work.
We can approximate the shape of the pore using stack of bars parallel at same level but
perpendicular at the other as shown in Figure 4-46.
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(a)

(b)

(c)
Contact line
Interfacial area

Oil phase

ow

D
l

Water phase
D
Figure 4- 46. Modeling the interface in the mesh using stack of bars.

From Figure 4-46 we can see that A = Dl and L = 2l. Substituting these value to equation
(24), we obtain the expression of the intrusion pressure for this model, which is shown in
equation (25) [56].
∆𝑃 = −

2𝛾𝑜𝑤 cos 𝜃𝑜𝑤
𝐷

(25)

Better approximation can be performed using stack of cylinders instead of stack of bars.
This model is illustrated in Figure 4-47.
(a)

(b)

ow
R




D

Figure 4- 47. Modeling the interface of the mesh using stack of cylinders.

The illustration for the contact area is the same with the one in Figure 4-46 (b). From
Figure 4-47 we can see that the contact line, L = 2l. However, the contact area now is A =
83

lD* where D* is defined as D* = D + 2(RR sin ()). Since sin () = sin ,
therefore, the contact area can be simplified as A = l(D + 2R(1-sin )). Knowing this fact,
we can re-derive F and FP as in equation (26) and (27).
𝐹𝑃 = ∆𝑃 × 𝑙(𝐷 + 2𝑅(1 − sin 𝛼)

(26)

𝐹𝛾 = −2𝑙 𝛾𝑜𝑤 sin 𝛽

(27)

In equation (27), sin  is used in order to obtain the vertical component of the force
caused by the interfacial tension, ow. Here,  defined as  = ow-. By replacing  with
(ow-) and equating FP and F, the intrusion pressure can be expressed as in equation
(28).

∆𝑃 = −

2 𝛾𝑜𝑤 sin(𝜃𝑜𝑤 − 𝛼 )
(𝐷 + 2𝑅(1 − sin 𝛼)

(28)

All of the parameters in equation (28) are known except for , which is the angle where
the oil-water interface take place. The angle  is angle formed between the contact line
and the lowest part of the mesh wire under the influence of the applied pressure. As the
applied pressure increases, the value of  decreases. When there is no applied pressure,
P = 0, then  =  = ow and  = 0 so that the interface will look like in Figure 4-44 (b).
The intrusion pressure is overcome when P is maximum, which also correspond to

max. Thus by finding maxima of P with respect to , the expression of max can be
determined [23].
𝑑(∆𝑃)
2 𝛾𝑜𝑤 ((𝐷 + 2𝑅) cos(𝜃𝑜𝑤 − 𝛼𝑚𝑎𝑥 ) − 2𝑅 sin 𝜃𝑜𝑤 )
=−
=0
𝑑𝛼
(𝐷 + 2𝑅(1 − sin 𝛼𝑚𝑎𝑥 )2
((𝐷 + 2𝑅) cos(𝜃𝑜𝑤 − 𝛼𝑚𝑎𝑥 ) − 2𝑅 sin 𝜃𝑜𝑤 ) = 0
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cos(𝜃𝑜𝑤 − 𝛼𝑚𝑎𝑥 ) =

2𝑅 sin 𝜃𝑜𝑤
(𝐷 + 2𝑅)

𝛼𝑚𝑎𝑥 = 𝜃𝑜𝑤 − 𝑐𝑜𝑠 −1 (

2𝑅 sin 𝜃𝑜𝑤
)
(𝐷 + 2𝑅)

(29)

Then, the intrusion pressure in equation (28) can be written as

𝑃𝑖𝑛𝑡 = −

2 𝛾𝑜𝑤 sin(𝜃𝑜𝑤 − 𝛼𝑚𝑎𝑥 )
(𝐷 + 2𝑅(1 − sin 𝛼𝑚𝑎𝑥 )

(30)

where max is given in equation (28).
As shown in equation (29), the value of  depends on ow. Equation (29) can be used to
understand the mechanism of the oil-water separation. Figure 4-48 shows the plot of max
versus ow.
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Figure 4- 48. The value of max for different value of ow.
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From Figure 4-48, we can see that when ow is over 150, the oil droplet needs to be
squeezed to the pore until  < 90 in order to overcome the intrusion pressure. On the
other hand, if the liquid has ow = 0, it will immediately flow to the other face of the
mesh in order to satisfy the interfacial line.
Figure 4-49 to 4-51 are the comparison of the experimental value with the calculated
value of the intrusion pressure versus ow/D for TiO2, ZnO, and WO3 coated meshes
respectively. The measured value was determined by measuring the maximum
hydrostatic pressure discussed earlier and the calculated value was obtained using
equation (30). From these graphs, we can see that the experimental data is statistically in
agreement with the calculated value. This result is important for selecting of correct the
pore size of the mesh for oil-water separation. It is clear from equation (30) that the
intrusion pressure is inversely proportional to the pore size, D. If the intrusion pressure is
small, the separation may fail as the impact force of the mixture fluctuates during the
separation process.
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Figure 4- 49. The intrusion pressure of TiO2 coated mesh with different pore sizes.
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Figure 4- 50. The intrusion pressure of ZnO coated mesh with different pore sizes.
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Figure 4- 51. The intrusion pressure of WO3 coated mesh with different pore sizes.
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5 CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1

Conclusion

We demonstrated the fabrication of the metal oxides films using spray deposition of
nanoparticle dispersions. The nanoparticle used are well known photocatalytic materials
such as TiO2, ZnO and WO3. The optimum dispersion concentration is 10 mg/ml
prepared by mixing 0.10 g of nanoparticle in 10 ml of THF. The optimum annealing
temperature is 550 C for 2 hours. The wettability of the TiO2 and WO3 films are
superhydrophilic in air and oil, superoleophilic in air and superoleophobic in water. In oil
environment, WO3 films have better hydrophilicity than TiO2 films. From the
measurement of contact angle in air and in oil environment ZnO films are less
hydrophilic than the other materials.
The films were applied for oil water separation with the average separation efficiency of
98.4 ± 0.6 % at the pore size of 50 m. The maximum pore size can be used for oil water
separation are different for different materials. For TiO 2 coated mesh, the maximum pore
size can be applied is 102 m, while for ZnO is 50 m and for WO3 is 152 m. In this
regard, further investigation need to be carried out to find out the reason for the
difference of the applicable pore size for particular material. Presumably it is due to the
difference in the wetting properties of the material. The more hydrophilic the material,
the more robust the mesh will be for the oil-water separation.
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It was revealed from this work that the oil-water separation works basically by harnessing
the difference of the direction of the capillary forces of water phase and oil phase.
Superhydrophilicity and underwater superoleophobicity are necessary but not sufficient
criteria for oil water separation. Trapped water layer in the surface roughness plays
important role for preventing the oil phase for intruding the materials. The presence of
robust capillary bridge (water film) in porosity of the mesh is also essential for oil water
separation. The capillary bridge acts like a semi permeable membrane which allows
water phase to diffuse and permeates through the mesh and at the same time completely
blocking the flow of the oil phase.

5.2

Future Work

Gravity driven oil-water separation using superhydrophilic-underwater superoleophobic
mesh is considered as a new technology. To the best of our knowledge, we reported for
the first time of the use of simple spray deposition of nanoparticle dispesion technique for
this particular application. Also, there is no such report discussing about the utilization of
WO3 for oil-water separation application. Further work is needed to explore more about
this research area. The main advancement needed for this work are listed as the
following.
1. Scaling up the oil-water separation system into an oil-water separator device for
larger volume of the mixture.
2. The use of advanced setup which can be employed to measure high value of the
intrusion pressure
3. The use of different mesh types rather than simple woven mesh and also different
superhydrophilic materials which have not been tested such as F2O3, and Al2O3.
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