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Nothing in life is to be feared, it is only to be understood. Now is the time to

understand more, so that we may fear less.
Marie Currie, 1903.

To my parents.
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ABSTRACT

ABSTRACT

Mineral-based waste oils are a current environmental problem due to the lack of
simple methods that allow their separation from water and subsequent recycling.

This work aims to study the influence of geometry and roughness on the
wettability of printed objects obtained by FFF (Fused filament fabrication) technology, using
as polymers FOMM®-60 and HIPS (high impact polystyrene). Therefore, the objective is to
create a physical separation system for water/oil dispersions, without the use of surfactants.

Porosity and surface roughness were studied from the perspective of their
influence on the hydrophobicity of the samples and, consequently, on the separation capacity
of the constituents of oil/water emulsions. Additionally, the influence of the geometry of the
printed sample (pyramid or semi-sphere) was analyzed, as well as the chemistry of the
material used.

The specimens printed with HIPS exhibit a hydrophobic character, while those
made of FOMM®-60 are hydrophilic. In addition, the FOMM®-60 samples of pyramidal
geometry and permeable membrane with triangular infill are the components that potentially
benefit the separation process, as they have a greater interaction with oil and water, when
compared to the semi-sphere geometry and with the pyramidal geometry in HIPS.

In the future, a separation column with several layers of the printed components
with better performance should be made, to assess their real effectiveness in the process of
separating oil/water emulsions. If effective, this procedure will allow a sustainable way to

clean water.

Keywords 3D printing, Oil/water separation, Hydrophobicity,
Wettability, Geometry.
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RESUMO

RESUMO

Os 0leos residuais de base mineral sdo um problema ambiental atual devido a
falta de métodos simples que permitam a sua separacdo da agua e posterior reciclagem.

Este trabalho tem como objetivo estudar a influéncia da geometria e da
rugosidade na molhabilidade de objetos impressos obtidos pela tecnologia FFF (Fused
filament fabrication), utilizando os polimeros FOMM®-60 e HIPS (poliestireno de elevado
impacto). Deste modo, o objetivo é criar um sistema de separagdo fisica de dispersdes
agua/dleo sem a utilizacdo de surfactantes.

A porosidade e a rugosidade superficiais foram estudadas na perspectiva da sua
influéncia na hidrofobicidade das amostras e, consequentemente, na capacidade de
separacdo dos constituintes das emulsdes Oleo/agua. Adicionalmente, foi analisada a
influéncia da geometria da amostra impressa (piramide ou semiesfera), bem como da
quimica do material utilizado.

Os provetes impressos com HIPS exibem um caréter hidréfobo, enquanto os
constituidos por FOMM®-60 sdo hidroéfilos. Além disso, as amostras de FOMM®-60 de
geometria piramidal e membrana permedvel com preenchimento triangular sdo os
componentes que potencialmente beneficiam o processo de separacdo, uma vez que possuem
uma maior interacdo com o 6leo e 4gua, quando comparados com a geometria de semiesfera
e com a geometria piramidal em HIPS.

No futuro deveré ser efetuada uma coluna com varias camadas dos componentes
com melhor desempenho para aferir da sua real eficAcia no processo de separacdo das

emulsdes 6leo/agua.

Palavras  Impressdo 3D, Oleo-4gua separacdo, Hidrofobicidade,
chave: Molhabilidade, Geometria.
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INTRODUCTION

INTRODUCTION

Mineral-based waste oils are not biodegradable and can cause serious
environmental problems when not properly disposed. Approximately 42 million tons of oil
are consumed annually worldwide and generate 22 million tons of used oil and only 40% of
the lubricant is able to be reused. Usually, the process of retaining oil is impaired due to the
presence of other compounds, such as water, which can compromise the oil reuse. Also, the
use of oil as lubricant leads to its degradation and accumulation of contaminants. The
procedures of oil changing, and cleaning can also lead to an oil/water waste.

Due to environmental issues, the oil removal from waste fluids is very valuable
for the global ecosystems. Chemical processes are the most conventional approaches for
oil/water separation, relying on the use of different surfactants in order to obtain stable
emulsions. The use of these surfactants also contributes to the water pollution, demanding
for further treatment steps in order to purify the residual wastewater. This process is usually
complex and expensive and therefore not advantageous at laboratorial or industrial scale,
since it requires specific equipment and procedures to achieve significant oil/water removal
yields.

Physical oil/water separation procedures can be regarded as a greener, easier and
cheaper alternative since it is a surfactant-free system and can also reduce costs with
equipment, workers and time. These procedures are based on physical interactions between
the mixture and specific substrates and relies on hydrophobic/hydrophilic interactions and
other surface properties such as surface area, roughness and geometry.

Additive manufacturing technologies (AM), commonly known as 3D printing
technologies, can be used to design complex and specific structures, constituted by mono or
multimaterials, with potential application in oil/water separation by means of physical
procedures.

In order to overcome the current oil/water separation methods limitations, the
present work intends to study the possibility of using a 3D printing technique for the
development of complex hierarchical structures and access their effect on the wettability of

polymeric material with different levels of hydrophobicity for separation of water/oil
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dispersions. Thus, this study aims to explore the capacity of producing components, by 3D
printing, with the ability to separate oil from water.

The first chapter presents a study based on literature survey on suspensions and
separation process. Then, in the second chapter there is a summary of the project study. In
the third, the project organization, the materials used and their study, the processes for
obtaining the final object and tests for its evaluation are presented. In the fourth, the obtained
results are presented and discussed. Finally, conclusions and proposals for future studies are

presented.
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1. STATE OF THE ART

1.1. Oil/water suspension, emulsion and the
environmental problem

Oil/water suspensions or emulsions are common in industrial waste, such as food,
cosmetics, chemicals, among others (1). Both fluids are commonly used and manufactured in
in pharmaceutical, cosmetic, chemical, petroleum, food and metal processing industries (2).
Wastewater with oil content produced in those industries may result in environmental problems.
Actually, oil/water solutions can damage the sewage network, compromising the functioning
of the water treatment networks and even modify the environment’s pH and diminish the
gaseous rate exchange between water and the atmosphere. Moreover, under solar radiation
influence, the oil temperature can reach 60 °C, compromising the maintenance of microscopic
plant and animal species (3). Steel-mill, textile and chemical industries also produce oil/water
suspension as waste. The engine lubrication and cleaning stage processes are the most
problematic polluting areas regarding the industrial waste. Once in contact with water, the used
oil and the detergent (surfactant) form a non-stable dispersion. Upon reaching rivers and seas
this dispersion emerges through the water and lays on its surface, harming the environment (4).

Oil/water suspension is the combination of two liquids with little interaction with each
other. Therefore, it is poorly stable and easily separated into distinct phases. However, a stabler
and more homogenous dispersions can be obtained by the utilization of different variables such
as temperature, agitation and presence of surfactants. The resulting solution is the so-called
emulsion, where the type and chemical nature of a given surfactant plays a major role in
determining the physicochemical stability of the emulsion. In turn, emulsions are the
suspension of two immiscible liquid droplets mixed by force and stabilized by adding
surfactants. Surfactants have amphipathic molecular structure and provide high solubility. They
also display different functional groups with different affinity within the same molecule,
making it possible to stabilize the immiscible solution (5; 6).

The correct way to dispose of this combination of liquids in order to avoid
environmental damage is to separate the liquids and then recycle them individually. The most

common separation treatments of these oil wastewater composed of oil/water suspension are
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flocculation, distillation and demulsification followed by precipitation. The flocculation
process is not effective and it must be combined with different methods, which increases its
cost. The distillation and demulsification process are better choices regarding the process
consistency. In the distillation process (Figure 1.1), the oil wastewater is heated until the water
boils, as water boils before oil. The hot vapor phase goes to a condenser, where it is cooled and
condensing in another compartment. The process goes on until the components are completely
separated (7; 8). Since this is a long process, it is only for small volumes. Thus, in order to
distillate a large flux ratio, fractionation columns should be used. Hitherto, it is a too expensive
investment to treat a liquid that will be discarded (7).

Figure 1.1 — Laboratory assembly liquid-liquid extraction (7).

Figure 1.2 shows a scheme of demulsification followed by precipitation process.
The scheme represents a magnetic method of precipitation and the compound announced as
MRGO is a magnetic demulsifier for oily wastewater from oil-in-water emulsions. The image

shows a specific case, however in general the compound introduction breaks the interfacial
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barrier between oil and water. This influence leads to the destabilization of the oil droplets,

causing their coalescence. The droplets fuse and form a single layer on the top of the water (9).

e e . //""/rk e 7Q;\\‘\ I
. e A d e ——
OO ° OO % ® ® \\ /71 =
oo e oo NP 2 e 3o I m—
® % %o g °
e ®%e 4
®e% © 4 Iy
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(a) Crude Qil in (b) Add in MRGO
water emulsion powde'r.and (c) Oil droplets flocculated
.(magmfled became larger oil droplets and
|m:ge) brefak floated on the top of water
own o hase
interfacial film P
Water - Oil S
I:I phase @ droplet A MRGO & nterfacial film

Figure 1.2 — Diagram illustrating the demulsification of oil-in-water emulsion process with a MRGO
noncompound (9).

The demulsification followed by precipitation techniques use chemical agents or
need to change the state of the solvent for aqueous separation, making the techniques expensive
mostly due to the purchase of additives and high energy cost. The chemical method includes
the addition of electrolytes (coagulants) and surface-active compounds (demulsifiers), leading
to a decrease in drop charge and, as a result, phase separation due to drop coalescence. Adding
a centrifugal force with heating to this process is common since it helps to improve liquid
separation (10). An alternative is the mechanical separation process, which usually has low
energy costs and smaller water consumption when compared with the chemical method. The
microfiltration process with membranes is the mechanical separation process that stands out
due to its productivity. In this system, the operational cost is only the equipment plus electric
energy from the operation of the hydraulic pump. As heat exchangers are not necessary,
problems related to thermal pollution and overload of the effluent system are avoided (11).

As the membrane/mesh separation process requires low maintenance and it is easy
to operate, it is one of the simplest and more efficient process of separation. It works as a barrier,
restricting some elements. Porosity and flow pressure of the suspension are important to the
separation process, usually the greater the number of pores and the lower the flow the better are

the results (9). Figure 1.3 exemplifies this type of mechanical process, which depends on the
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type of mesh used and the gravitational force. When the mesh is hydrophobic, the oil is captured
by the separator, whilst it is hydrophilic, the oil is repelled. Moreover, the mesh used depends
on the component’s density, since by gravity the flow is forced through the mesh, interacting

with small substances and separating the mix (12).

Mesh
with
coating
= .
P iHwater m or
ONfwatir Fictice ‘ [ 1T Oil/water mixture o ;
- ! iad wat
or Emulsitied water 3 , Emulsified water >
—- — - ) \
) /_\\ 1—'1 /.\*.A L
A PN
) | e |
20 Fi Superoleophobic Superhydrophobic ) 5
AUA ';F mesh mesh (. E
b A y & ) Water

Superamphiphilic

Density of oil - Y i
/ \ & o

Density of oil < Water Density of oil > Water

Wet the mesh with water Wet the mesh with oi

Figure 1.3 — Mechanical separation of oil and water by microfiltration process (12).

There are two kind of membranes that might be used in the membrane/mesh
separation process: “oil-blocking” or “water-blocking” membranes, considering oil/water
mixtures. The “oil-blocking” type membrane filtration techniques separate water from oil. This
feature is provided by the membrane material superhydrophilic properties, which allow the
water phase pass through the material. This system is considered better than the “water-
blocking” process, which uses superhydrophobic and superoleophilic materials to separate oil
from water, because this process avoids the surface fouling by oil, as the density of water is
usually the higher one in the mixture. Another important characteristic is the presence of small
pore sizes in the membrane, since it improves the contact between the material and the mixture,

developing the separation process (13; 14).

6 2021



STATE OF ART

1.2. Suspension / emulsion separation process

Emulsion can be divided into two categories: polar (hydrophilic) and non-polar
(lipophilic) components, both related to what constitutes the mixture. One type of emulsion
commonly used is water in oil emulsion, wherein there are water droplets dispersed in an oil
phase. An oil in water emulsion are drops of oil in a water phase. In this last case, knowing the
properties related to the stability of the oil drops is interesting to define its separation process
(15).

Due to the small interaction between the oil drop and the water, the drops join with
each other, forming larger drops until two distinct phases of oil and water are created. This
effect is called coalescence and leads to phase separation (16). By agitation with a surfactant in
concentration above its critical micelle concentration (CMC), new oil/water surfaces are shown.
As the surfactant is directed towards the surfaces, the entire oil droplets get covered by the
surfactant. The behavior described is schematized in Figure 1.4. It is also possible to notice the
surfactant self-assembly property in the scheme, when the surfactant concentration is above the

critical concentration if the interactions are only between surfactant and water (17).

dispersion

Air
N S it S AL.L;,l,LuH‘;iiﬂ\.HV dbddeb bbbl
\! -0 B o\ X 0 o/
“d /'"\‘ /,ﬂ 4 .\gé e
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Figurel.4 — Interaction between surfactants and molecules as the critical micelle formation concentration
(CMC) is developed (17).

In case of the anionic surfactant, the oil droplets acquire negative surface charge.
As all droplets have the same charge, they repel each other, avoiding contact between them.
This scenario reduces the chances of coalescence. Nonionic surfactants have no real charges
form droplets (do not have a double electrical layer), leading to a less stable emulsion compared

with the anionic surfactant emulsions. In both cases though, if the oil droplets approach slowly,
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they repel each other, not colliding and the layered emulsions of surfactants can still coalesce.
However, when the approximation is stronger (i.e., high agitation), the droplet surfactant
molecules can move around its surface, increasing the instability of the mixture. And, it is at
this point that the action of demulsification has an effect (18).

Currently, chemical demulsification joined with air flotation is the most common
technique used by industry for the treatment of oil emulsions. This process still involves the
application of restricted chemicals followed by secondary purification, due to its contamination
potential. The method involves the inhibition of the hydrophobic emulsifying agents by the
reagent addition, allowing the water droplets to merge (19). Hence the chemicals destroy the
emulsifying agent barrier, decreasing the repulsive effects of electrical double layers to allow
oil droplets to coalesce. The air flotation method helps the droplets coalescence process because
the air bubbles increase the collision between them, bringing the drops to the surface of the
liquid (20). The results vary as the demulsifies is proper for the emulsion in treatment, the
quality of the mix between chemical and emulsion and the adequate temperature. This chemical
process declines its effectiveness with the presence of surfactants in the mixing, because they
coat the surface of oil droplets, increase the repulsive forces against the components and it gets
more complicated to break the emulsion. Other methods are combined with chemical
demulsification to break emulsion, as centrifuging or heating (21).

Besides the method described above, demulsification by mechanical means do not
entails the oil droplets disruption, but it leads to an interaction with a hydrophobic material,
capturing the oil compound. The membrane mechanical separation process has no complexity
equipment or process, once the fluid flows by gravity through membrane network pores (mesh)
and depends on the membrane material. Therefore, the interaction between the membrane and
one of the fluid components must be extremely good (22). To improve this interaction, besides
the material properties, the surface’s topography must be elaborated with different levels. Yet,
if the selected material’s mesh is superhydrophobic, unlike the hydrophobic mesh materials, a
common problem seen is the mesh’s pores obstruction due to the adhered oil and cleaning
difficulty (23). In recent works regarding emulsion filtration, it has been noticed that the
emulsion filtration success depends on the rate between the droplet and the pore diameter. When
this rate value is higher than one, the droplet deforms and shatters, weakening the filtration

process (2).
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There is also another type of separation process that involves wettability and
materials with specific properties of chemical composition and surface topography, such as
geometric structure. This process is physical and depends on the contact between the suspension
and the material. The most valuable materials to the separation process are the ones with high
wetting rate, complex surface morphology, good spheric liquid droplet formation and slide on
the hierarchically structure. This kind of technique is recent and under development. Overall, it
would be a simple separation way as it only involves a multi-structured material. However, the

production of this material is complex since it depends on many variables (24).

1.3. Suspension / emulsion separation technology by
physical processes

According to the literature survey, superhydrophobic materials provide effectively
oil/water separation, once the avoidance of water and affinity to organic liquids leads to the
absorbance of oil into the cavities of the material (25). It is vital for the separation process to
control the liquid adhesion on the surface, since the dynamic action between liquid and surface
is determined by the adhesion. This property is controlled by the surface chemistry and
roughness. Another important feature of the procedure is to select the right material (surface)
and conditions to improve the separation process. Thus, the hydrophobicity of a given material
is increased by the surface properties, depending on the surface tension and contact rate between
the water droplet and the rough surface (23; 24). A surface with high energy presents a low
contact angle (hydrophilic surface) in water, whilst a low-energy surface provides a high contact
angle (hydrophobic surface). The liquid molecules search for a low energy position to fill, with
forces (attractive and repulsive) acting in all directions. When contact angle is too elevated, the
adhesion between liquid and solid does not exist, since the liquid does not show wettability,
which promotes hydrophobicity (26; 27).

In line with these studies, the greater the roughness complexion and geometry the
wider the interaction. If the material also has hydrophobic properties, besides the expelling of
the drop of water, it will have a high oil absorption content. Furthermore, the surface roughness
influences on slipping behavior of the water droplet. The increasing of the surface roughness
leads to a completely roll off of the water drop. To evaluate a rough surface using the Wenzel
model as shown in the Equation (1.1), it is possible to justify the influence of roughness on the
solid surface wettability. The contact angle is studied by the spread of a drop of water on a
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rough surface. Since ryw is the ratio between the real and projected rough surface area, an energy

balance is performed as is shown in Equation (1.1) (28; 29).

AG = AAg (Ysp — Vsv) + AApyLycost” (1.1)

where AAy is the rough area covered by liquid, 4Ap is the projected area and 6* the
contact angle between liquid and the rough surface. By minimizing the surface energy, the

equilibrium situation is obtained:
Acos8* =1y cosf (1.2)

where 0 is the contact angle between the liquid and a solid smooth surface.

The mathematical model proves that the roughness effect increases the
hydrophobicity of hydrophobic surfaces (if 6 > 90° e 6* > 0) (29).

Wenzel's equation assumes that the drop of liquid is in full contact with the rough
surface and that the surface is chemically non-uniform. Another equation called Cassie-Baxter
is used when a material exhibits a rough, porous surface. It assumes that the drop cannot
completely reach the rough surface because of air pockets that are formed between the liquid
and the material area. This feature causes the Cassie-Baxter state to reveal a smaller wet area
and a larger contact angle value than Wenzel's. Wenzel is the most used equation and ensures
that a greater number of materials and surfaces are represented (30). Table 1.1 shows the rate
between hydrophilicity and contact angle, which varies between 0 and 180°, as well as the
respective formats referring to the wettability and spreading of the drop. The first composition
of Table 1.1 displays a situation where liquid wets the surface completely, the so-called
hydrophilic surface. In the last one, it shows the complete opposite where the drop is a perfect

sphere and thus super hydrophobic (31).
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Table 1.1- Drops diagram on solid surface with different degrees of spreadability and wettability and
their corresponding contact angle values.

Super . ) Super
Property . Hydrophilic Hydrophobic )
hydrophilic hydrophobic
Drop D . \\
g (
iagram /.»'
Contact
0 <10° 0< 90° 0> 90° 0> 150°
angle

1.4. Suspension / emulsion separation by hierarchical
roughness and surface properties

Some plants’ leaves are known to expel water droplets (exhibit superhydrophobic
surfaces) due to the presence of a hierarchical roughness (on the metric scale) on its surface,
presenting protrusions and protuberances (32). This morphology confines air at the interface
between the liquid and solid surface, attributing to it a hydrophobic effect, which is called the
Lotus Effect. An example of the mentioned topography is shown in Figure 1.5. Studies have
also shown that the insertion of micropatterns by lithography with the shape of polymers’
towers affects the values of contact angles and droplet size. This fact shows that this type of
additional topographic formation stabilizes air bags and intensifies the water droplets rejection
(31).

Figure 1.5 — SEM images of a hydrophobic plant (A) Nelumbo nucifera (lotus flower) (31).
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The scientific community gets inspired by naturally hydrophobic surfaces with
different geometries found in nature to replicate, on a laboratorial scale, material with similar
surface properties. Recent works by Yang et al. (24) shows the "Salvinia effect” (Figure 1.6(a)),
which is a behavior displayed by a leaf with a geometric shape that retains long-term air and
also fix water drops. The study shows the printing of a leaf inspired object that presents a
hierarchical architecture surface composed of eggbeater shaped hair strands coated with
nanoscopic wax crystals and hydrophilic parts along its cells. These eggbeater shaped structures
could be synthetically formed in smaller sizes than the original leaves ones by lithography. If
the contact angle is smaller than 150° it is not a super hydrophobic structure. Thus, to increase
the contact angle, coating the surface with carbon nanotube could be a good solution. The “lotus
effect” shows a large contact angle (CA =~ 161°) and a low sliding angle (2°) on the surface.
However, the “petal effect” (Figure 1.6(b)) of the eggbeater shaped surface besides showing
super-hydrophobicity (CA = 152°), also displays a strong adhesion that retain water droplets
(24).

(a) (b)

Figure 1.6 — “Salvinia effect “(a) eggbeater shaped surface morphology (b) “petal effect” of the

eggbeater shaped topography (24).

For an oil/water separation system it is important to build a hierarchical structure
with micro/nanoscale spaces to improve oil uptake and water repellency, in other words, the
material's porosity must be increased. The size of these spaces may vary between 1to 5 um and

these structures must be hydrophobic materials with free energy surface (33). Another approach
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to improve the repellency of water droplets is to control the material’s geometry, adding free
spaces/pores to the surface (i.e., cavities, mesh). The methodology that relates the contact angle

between water drop and the surface is shown in Equation (1.3).
cosf” = @scosf + (1 —@;)(—1) (1.3)

, Where 6 corresponds to the contact angle of the solid material without structures /
permeable membrane surface. os is the solid fraction of the surface area and 1-¢s is the area
fraction of the liquid/air interface. The three patterns of microstructures that suit the better to
retain air in their cavities are shown in Figure 1.7, with a top view of the cavities. Morphologies
containing towers or large protrusions tend to let water penetrate through capillarity, reducing

the hydrophobic property of the material (33; 34).

Figure 1.7 — Top view of the patterns chosen for the microstructures. The white regions correspond to

a high plane and the gray regions to a low plane. Where (a) square, (b) round e (c) hexagon.

Even though the hierarchical roughness affects the contact angle and the surface wettability,
it has not yet been completely predicted how it contributes to the development of these

features (32).
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2. WORK PROJECT

2.1. Motivation

To study the surfaces roughness and geometry effect on the water/oil systems
separation, the 3D printing (Additive manufacturing — AM) technique will be used to produce
highly complex structures with the desired properties and designs. The aim is to produce a 3D
printed device and evaluate its wettability, by analyzing the interaction of oil and water with
the surface of a hydrophobic polymeric material with complex geometry and hierarchical

surface roughness.

2.2. Material Processing - 3D Printing

3D printing is an additive manufacturing technique that creates a 3D model from a
computational model and it will be the main process technique. There are seven varieties of 3D
printing technologies: Binder Jetting, Directed Energy Deposition, Materials Extrusion,
Materials Jetting, Powder Bed Fusion, Sheet Lamination and Vat Photopolymerization (35).
Selective Laser Melting (SLM) is the most common 3D technique used and it is a promising
method in the PBF category. SLM uses the laser to fully melt the metal powder to form a
homogeneous part (36).

The main advantage of 3D printing is the creation of a unique item, allowing the
construction of a material with a complex and specific porosity and topography, which will help
the polymer wettability study and the understanding of which factors maximize or minimize
the repellency of drops of water. The method designs structures for 3D printing technology to
obtain detailed objects using Fused Filament Fabrication (FFF) (37). This technology prints by
layers, extruding a plastic filament. The 3D printing process starts with a 3D model made in a
modeling program. In this process, a thermoplastic material filament is pushed into an extruder.
The temperature of the extruder is above glass transition temperature. There is a nozzle at the

end of the equipment and the molten filament is extruded through it, driven by rollers. It is then
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placed on top of a flat printing bed or previously printed layer. The printer then builds a physical
object from the 3D model, laying down layers of material (Figure 2.1). Object production is
fast and cost-effective. The main problem of this type of 3D printing is the created object surface
finish, which usually is rough and with pour strength (38). The mechanical strength in in-plane
directions of the FFF produced part that is reduced in this type of process and cay be corrected
by printing the objects under vacuum or a possible thermal treatment after printing reduces the
part porosity and roughness. However, these are methods that turn the process very expensive
(39).

FFF head

ﬂ PCL filament

rullcr_\( 3

__ hiqueficr

temperature
control

platform ﬂ

Figure 2.1 - Schematic of FFF adapted from (40).

As an exemple, the Figure show how the molten filament flows inside and trough a
nozzle. In Figure 2.2 (a), the molten filament frictionate with the nozzle wall, stretching the
polymer chain. The nozzle inner diameter decreases, which increases the flow velocity and
streches more the filament (Figure 2.2 (b)). The molten polymer flow goes from vertical
direction to be horizontally placed, while a compression and tension from the upper and lower

sides of the polymer happens, shown in Figure 2.2 (c;d) (39).
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Figure 2.2 - Schematic diagram of (a) (b) nozzle flow and (c) (d) horizontal turn (39).

Some studies have shown the printing of hierarchical structures with small air
pockets, formed by uneven surfaces. A decrease of sliding angle and adhesive force are shown
by these studies’ objects, which results in superhydrophobic surfaces. This kind of surface may

be obtained by increasing the roughness and porosity during the printing method (41).

2.3. Materials

High Impact Polystyrene (HIPS) and FOMM®-60 were the two materials chosen to
be used on this study. The selection was made by the materials interaction with water and oil,
separately; HIPS has a hydrophobic character and FOMM®-60 a hydrophilic character. The
HIPS material is mainly assembled by polystyrene, which shows as main characteristics an
impact-resistance and an easily thermoformability. The easily thermoformability feature is
important in this study because of the high temperature of the step of extrusion in the 3-D
possessing used throughout the essay (42). The HIPS standard distilled water wettability
measurements demonstrate that the material by itself has a contact angle value of 88.2 °C £ 1.5
°C (43). The chemical structure of HIPS is shown in Figure 2.3.
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Figure 2.3 — High impact polystyrene chemical structure (44).

In turn, the FOMM®-60 material is composed by a water soluble polymer, poly
(vinyl alcohol) (PVA) and polyurethane (PU). PVA is water-soluble, hydrophilic but with
significant tensile strength and hardness (45). PU polymer is soft and hydrophobic and shows
excellent elastomeric properties and high durability (46).

After the material has been extruded by the 3-D printer and become a sample with
a particular shape, it was washed and dried in an oven for 5 h at 50 °C, which is the major
temperature used to avoid shape alteration. This process is important to make the FOMM-60
samples PVA free and as result a material with flexible and microporous features (47). This is
a relatively new material and there are no wettability measurements data available in the

literature, so far. The PVA functional structure is shown in Figure 2.4.

i
%CHZ CH CH,— %o CH=N—R—HNC—0— R%
CH3 C— 0

Figure 2.4 — Chemistry of the unit structures of (A) PVA (48) and (B) TPU (49).
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3. MATERIALS AND METHODS

3.1. Materials

High Impact Polystyrene (HIPS, melting temperature: 150 - 180 °C) was purchased
from DoWire®, Seixal, Portugal. FOMM®-60 was obtained from filament2print company

(Barcelona, Spain). All filaments are 1.75 mm in diameter.

3.2. 3D Printing

3D-printing techniques allow the printing of complex structures, it was used FFF
technique. FFF is a common 3D processing technique and provides with low cost high
application range. To start the 3D printing process, a 3D model is made in Computer Aided
Design (CAD). The stl file is processed in a slicing program where all the printing parameters
are selected. The obtained gcode file is then transferred to the printer, which will print the object
precisely based on that data. In this technique stacks fused filaments in multilayers and creates
rough surfaces, providing different size and shape of the designed structures and the printing
quality settled to print the samples varies between normal and draft quality. In this study,
samples of two distinct polymers, FOMM®-60 and HIPS, were printed. Also, two 3D
geometries were analyzed and compared, pyramidal and half sphere, both were printed in the
two qualities described. In addition, bases with different infills were also studied. The infill of
the bases ranged between 50 and 25% with triangular and hexagonal geometries. FFF printing
process shows different results from the 3D printing. The main parameters that create variations
are extruder temperature, bed temperature and printing speed, which have a high effect on the
adhesion force of the manufactured material (50). To build the HIPS and FOMM®-60 samples
the extruder temperature was 240 and 230 °C, the bed temperature was 110 and 70 °C and the

printing speed was 40 and 25 mm/s, respectively.
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3.3. Characterization Techniques
3.3.1.  Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR is useful to identify functional groups by chemical bonds. The equipment
records the molecule vibration when exposed with specific wavelengths of light. The data is
plotted by the vibration intensity (% absorbance) and frequency of light (cm™), producing a
FTIR spectrum. Different vibration intensity and frequency correspond to a unique chemical
functional group, making it possible to identify the components of a sample (51; 52).

The infrared spectra of the filaments were obtained from the FTNIR/MIR
spectrometer (PerkinElmer, Frontier model) with Attenuated Total Reflectance (ATR), an FR-
DTGS detector and a beam splitter. Each IR spectrum was obtained over the range of 500 -
4000 cm™? with a resolution of 4 cm™ and was analyzed using the SPECTRUM 10 STD

software.

3.3.2.  Thermogravimetry Analysis (TGA)

To better understand the material resulting from the 3D printing process, the TGA
method was interesting to study the thermal degradation limit. Then, TGA is a simple technique
to determine the material thermal stability (51).

TA instruments TGA Q500 V20.13 equipment was used in the analysis of the
thermal stability of the filaments. The heating rate used was 10 °C/min, as a constant nitrogen
flow and temperature range was 25 - 600 °C. The results were studied using the TA Instruments

Universal Analysis software.

3.3.3.  Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a technique used to measure the energy
transferred to or from a sample during a thermal change, such as glass transition temperature
(Tg), crystallization temperature (Tc) and melting temperature (Tm). The method analyses the
sample energy consumption or releasing as the temperature changes, during a controlled
temperature program. The energy is measured as heat and these transitions are later identified
as the heat flux rate profile, which allows the identification of polymeric materials thermal
events (53).
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TA instruments DSC Q100 V9.9 equipment was used for the sample’s thermal
characterization. The heating rate used was 10 °C/min, with a constant nitrogen flow. The
filaments temperature range was -100 to 300 °C for HIPS, -100 to 200 °C for FOMM-60. The
maximum temperature was chosen based on the TGA characterization. Thus, the maximum
temperature used in the DSC method could not be the material degradation temperature. The

results were analyzed using the TA Instruments Universal Analysis software.

3.3.4.  Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) are used to study the sample morphology.
The technique scans the samples surface with a low energy focused electron beam and the
detection of the backscattered or the secondary electrons emitted is used to create an image in
the nanometer range (54; 55).

The MERLIN™ FE-SEM was the instrument used to obtain the images of the
samples surface. The apparatus displays a double condenser system, which made it possible to
achieve surface high resolution images of 2 um. The beam currents used was of 93 pA and no
coating process was made for the evaluation of the surface. Also, the method was carried out
with the sample already printed in two different moments, with the sample dried and the other
one when they are already washed.

3.3.5.  Water-swelling test

The execution of the water-swelling tests consists in immerging the sample on a
water solution. The method helps to study the amount of water the sample may soak throughout
time, leading to the determination of the swelling rate. Moreover, after the soaking process, it
is possible to evaluate if the samples have lost any of its compounds.

The technique starts with the sample’s initial weight record (Wo), following with
the immersion of the sample in water. The sample was removed after some time immersed,
superficially dried by a tissue paper and reweighed (Ws). The water-swelling ratio was

calculated by the Equation (3.1) (56). The assays were performed in duplicate over 72 h.
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Wt_

s, = 2= Wo 1000 (3.1)
w — W 0 .

o

where Sy is the water-swelling ratio of the sample, Wy is the initial sample’s weight in grams

and W is the sample’s weight in grams after its immersion on a solution.

3.3.6. Contact angle

The wetting characterization method was done by an optical method, measuring the
angle between a droplet and the surface, from which contact angle can be calculated. Although,
the Wenzel model describes that there might exist a connection between surface roughness and
its wettability, as the roughness may affects the contact angle measurement, the contact angles
are also corrected with the factor r (26).

The first method to obtain the contact angle was a manual one. A 20 ul volume drop
was dripped onto each one of the geometric surfaces with a pipette. In this first technique the
contact angles were not corrected by the roughness factor and the pictures were made after the
drop sits for 30 s. After this, an essay was performed using 10 pl volume drop that was dripped
onto each one of the studied samples by the precision equipment (Optical Tensiometer — Teta
topography) to obtain the contact angle between the surface and the drop. At this point, the
contact angle was corrected and both values, with or without the roughness correction, were
evaluated.

In both methods all samples’ surfaces were horizontally aligned in order to evaluate the

contact angles by the software OneAttension ver. 4.0.6

3.3.7.  Slippery drop test (oil and water)

To achieve more factors related to wettability and adhesive characteristics and different
printing mold resolutions, two types of water droplet slip test were performed. The first test
consists in dropping an oil droplet repeatedly onto the surfaces with a syringe. The same
procedure was performed for water droplets. Afterwards, the second type test was performed.
This study drops volume was 5 pl of both water and oil and they were dripped onto the samples
by the precision equipment (Attension Theta with 3D Topography Module), also at separate
time. Also, their movement along the surfaces was recorded for 30s by the equipment. The

samples were aligned vertically, with its base on the support. (29).
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3.4. Printing pattern

In this study, four different rough pyramidal and half sphere samples were build
using a software. The roughness was low when the printing option was Normal 0,2 (NQ) or
high if Draft 0,4 (DQ). Also, four porous permeable membrane structures, bases, were also
designed and the infill shape was either hexagonal or triangular. The designs were uploaded to
3-D printer and the samples were build layer by layer and are shown in Tables 3.1 and 3.2.

The printer extrusion temperature, bed temperature and printing speed for the
FOMM®-60 samples were 230 °C, 70 °C and 25 mm/s, respectively. Yet, for the HIPS ones the
printer extrusion temperature, bed temperature and printing speed values were 240 °C, 110 °C

and 40 mm/s. The layer thickness adopted in all cases was 0.4 mm.

Table 3.1 — 3D printing parameters as the quality and geometry options.

Printing quality Pyramidal sample Spherical sample

NQ

DQ

Other important feature of the printed permeable membranes is the pores sizes. The
permeable membranes samples differentiate not only on the infill geometry, but also on the
infill percentage.
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Table 3.2 — Permeable membranes with different pattern and infill percentage.

Infill percentage

Triangular pattern

Hexagonal pattern

25%

50%
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4. RESULTS AND DISCUSSION

4.1. 3D samples

The geometric shaped samples were built as pyramidal and half sphere, and they
differed themselves in terms of material and roughness. The permeable membrane samples
were also made by distinct materials, but with different infill shapes and percentage (Tables
4.1 and 4.2). The materials used were HIPS and FOMM®-60, the roughness DQ and NQ and
the infill shapes were triangular and hexagonal with 50% and 25% of empty spaces. These
different types of samples were chosen to evaluate how the material and infill geometry
affect the interaction between oil and water drops and both materials.

The printing process allowed the production of different patterns with different
materials, shapes and roughness. Different roughness values were obtained varying the
height of the printing layers. The permeable membrane samples infill variation allowed the
samples to have different porosities. Thus, the roughness was another feature that influences
in the materials’ interaction with oil and water drops.

Afterward, the FOMM®-60 samples were submitted to a soaking process. The
samples stayed in water for 30 min to 1 h and were agitated by an ultrasound equipment to
remove the PVA present in the material. A change of the samples’ color and texture was
noticed at the end of the process, since they got lighter and softer. It is essential that the
samples are completely dry before further analysis, once the water may interfere in the
results. Thus, the FOMM®-60 samples were completely dried off in an oven, with a
temperature of 50 °C for 5 h. This process was essential as the PVA could compromise the

interaction results of the FOMM®-60 samples.
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Table 4.1 — Side view of HIPS 3D geometrical samples (pyramidal and half sphere) and HIPS
permeable membrane samples with 50% and 25% triangular and hexagonal infill, respectively.

Material

HIPS

Geometric Samples

Flat Samples

------------
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Table 4.2 — Side view of FOMM-60 3D geometrical samples (pyramidal and half sphere and FOMM®-
60 permeable membrane samples with 50% and 25% triangular and hexagonal infill, respectively.

Material

FOMM®-60

Geometric Samples

Flat Samples
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4.2. Chemical characterization
421. FTIR

FTIR analysis was performed to identify the chemical groups existing in the
filaments used in this work. This experiment allowed the identification of the characteristic
bands of each 3D printed structures. Figures 4.1 and 4.2 represent the infrared spectrum of

both HIPS and FOMM®-60 samples in a range of 500 — 4000 cm™, respectively.

4000 3500 3000 2500 2000 1500 1000 500
Wave length (cm-1)

Figure 4.1 — FTIR spectrum of HIPS filaments.

Figure 5.1 shows the characteristic chemical bands of HIPS located between the
1400 and 1600 cm™ and 2500 and 3500 cm™. The first band positions are attributed to the
deformation vibrational modes of the butadiene and the aromatic ring’s C=C double bonds
and the second band positions to the methyl single bond, which are the characteristic bands
present in the HIPS polymer chain (57).

The FOMM®-60 does not have a complete analysis of its chemical groups in
previous studies. Thus, the spectra of some possible polymers were used for comparison.
Figure 4.2 shows FOMM®-60 FTIR spectra before and after washing procedures (in order

to remove its PVA content). FTIR analysis was performed not only to analyze the functional
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groups of the FOMM®-60 in the samples, but also to confirm the removal of PVA after

washing procedures.

Before

— After

4000 3300 2600 1900 1200 500
Wave length (cm-1)

Figure 4.2 — FTIR spectrum of FOMM®-60 filaments before and after the soaking process, normalized

by the most intense peak of each spectrum, respectively 1734 cm™ and 0,08 cm™.

Before the soaking process, the PVA characteristic chemical bands of O-H and
C=0 were verified around 2900 and 3300 cm™and 1700 cm™, respectively. After the soaking
process, there were peaks in the same range, but with less intensity, indicating that the
washing procedure removed most of the PVA of the sample. The remain peaks of O-H in
the spectrum may indicate the presence of water, once the drying process may not remove
the water completely on the sample’s chain after the soaking process. Also, after this process,
the presence of other characteristic chemical bands may be suggested, such as NH groups
(range of 3330 cm™), —C=0 of ester groups (1700 cm™), amide Il and amide I11 (1200 and
1500 cmt), C-O—-C— (1150 cm™) and —-CN- (1100 cm™) (58; 59). The evaluation of the data
showed that the FOMM®-60 samples have unidentified chemical groups composition, due
to the complexity of the material. However, the analyses indicate that the material is a
polyurethane-based material, but the analysis cannot be confirmed with this only test.

The chemical components identification by bands is important to evaluate the
interaction between the materials and the oil and water droplets, as this interaction may
depend on the affinity among the compound’s chemical chains in contact. Hence, studies
showed that compounds that display polar groups tend to be hydrophobic, while those that
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present nonpolar groups tend to be hydrophilic (60). Both polystyrene (PE) and PU are
hydrophobic (42; 46), but the presence of other components in their chemical chain can make
them less or more hydrophilic. The PE chain is mainly made of hydrocarbon bonds, which
is very non-polar. The FOMM®-60 material exhibits PU, which has some polar and non-
polar groups along its chemical chain, in addition to bonds of unidentified compounds. Some
of these compounds display esters and amines groups, which are polar and could make the
FOMM material more hydrophilic (61).

4.2.2. Water swelling test

In order to study the behavior of the substrates in water, a water swelling capacity
test was carried out for the HIPS and FOMM®-60 printed samples. Moreover, the test was
interesting to evaluate the amount of PVA in the FOMM®-60 material composition.

The water swelling capacity test was performed during 168 h for the FOMM®-
60 material and 72 h for the HIPS material. The percentage of weight and loss in water of
the FOMM®-60 and HIPS filaments are shown in Figure 4.3. The FOMM®-60 material
underwent a fast and high mass gain, followed by a weigh stabilization, while the HIPS
materials showed a small initial mass increase, which gradually descended and got
stabilized. Both weight gains happened because of the uptake of water from the environment.
The FOMM®-60 material has about nine times greater a swelling capacity than the HIPS
material. This reveals a hydrophilic character of the material, which confirms previous
analysis.

The loss of mass recorded around 30 h of FOMM®-60 material testing was
probably due to the removal of the PVA integrated in the material by dissolution mechanism.
This process is observed due to the high diffusion rate of the hydrophilic PVA into water
and promotes pores formation in the material matrix due to the material exit. The subsequent
retention of water by the material indicates the presence of hydrophilic chemical groups,
besides the PVA, giving the material a “sponge” characteristic. This feature implies that the
FOMM®-60 material will probably interact better with drops of water then oil ones. So,
during a separation process, the material will tend to draw water out of the suspension, not

oil.
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The swelling measurements also allowed to quantify the amount of PVA in the
FOMM®-60 material. The determination was made by the comparison of weights and the
samples were weighted before the process started (Wo = 0,90g). After the sample has been
soaked in water, it was dried in an oven at 50 °C for 5 h and reweighted (W= 0,77g). The
PVA content in the material calculated was 15% and the swelling ratio was 79,2% +- 0,01%.
The small mass increase observed in the HIPS water swelling test showed that the samples
have some hydrophilic chemical groups, which due to their chemical affinity with water,
form a molecular bond between the substrates by diffusion process. Besides, when
comparing the HIPS with the FOMM®-60 samples water swelling capacity, the HIPS
materials have a more hydrophobic behavior, whereas the FOMM®-60 samples have a
hydrophilic one. This FOMM®-60 behavior may be displayed due to the polar chemical
chains observed during the FTIR test.
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Figure 4.3 — The water uptake capacity of the FOMM®-60 and HIPS printed samples.
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4.3. Thermal analysis

The thermal stability of the materials used in this study was evaluated by TGA
technic. The thermogravimetric (TGA) and its derivatives (DTA) profiles are shown in
Figures 4.4 and 4.5.

The TGA analysis identifies in how many stages the thermal decomposition of
the material occurs when performed with the DTG graph analysis. A previous study showed
that the HIPS thermal deterioration takes effect in a single stage between 350 and 500 °C.
The degradation of HIPS in the present analysis follows the pattern described, with the same
single stage of degradation between 370 and 485°C. The DTG profile shows that the reaction

occurs in a single step and within a narrow temperature range close to 440°C (62).
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Figure 4.4 — Thermogravimetric and TGA derivative (DTG) profiles of HIPS.
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Figure 4.5 — Thermogravimetric (TGA) and TGA derivative (DTG) profiles of FOMM?®-60.
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No previous study was found as comparison for the FOMM®-60 results obtained.
The material exhibited two stages of degradation, the first between 250 and 325 °C and the
second between 375 and 425 °C. The DTG profile represents two reactions: the first at 330°C
that occurs slowly and followed by another at 415°C, which is quicker. The Figure 4.5 can
be related to the urethane thermogravimetric profile, as the decomposition of the urethane
bond starts at about 220°C and forms primary amine or secondary amine and carbon dioxide.
Another common behavior of urethane is weight loss around 400 °C due to degradation of
the remaining structure segments, which can also be seen in the Figure 4.5 (63). As the
extrusion of both materials took place at a temperature lower than 250 °C, the material
processing in the 3D printer did not have influence in the thermal stability of both HIPS and
FOMM®-60. The main thermal characteristics of the HIPS and FOMM®-60 filaments were
studied by DSC (Figures 4.6 and 4.7). The midpoints between the beginning and shift spots
of the transition temperature were chosen as the glass transition temperature (Tg) values.

For the HIPS filaments, a single thermal event was identified as the T4 of about
96°C, which fits the range of temperatures already described in a prior study (64). The DSC
analyses in addition to the TGA, FTIR and water swelling tests showed that the HIPS
material evaluated in the current study is the same as previous studies, making the researches

comparable.

Marina Oliva 31



3D PRINTED STRUCTURES WITH TUNABLE WETTABILITIES

02

004

0.4+

Heat Flow (Wig)

-08 T
-100

"0 400 %0 2000 250 300
Temperature (°C)

'8_

Figure 4.6 — DSC thermograms for HIPS sample with exothermal events oriented up.

FOMM®-60 materials thermal properties were compared among the different
steps (FOMM®-60 as a filament, as a printed object and washed printed object) obtained
through the study by DSC. The Figure 4.7 represents the DSC thermograms for FOMM®-60
washed samples analyses. Three thermal events were identified as endothermic valleys for
this filament. The first glass transition temperature (T41) was about -30 °C and the second
glass transition temperature (Tg2), about 5 °C. The last endothermic event represents the
melting temperature (Tm), of about 120 °C. Other DSC measurements were taken for the
FOMM®-60 as a filament and as a printed object and they can be seen in Appendix A, the

figures comparison shows that the material's extrusion changes its thermal characteristics,
even if there are no material degradation.
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Figure 4.7 -DSC thermograms for FOMM®-60 sample with exothermal events oriented up.

There were no prior studies to compare FOMM®-60 data of this work with. Thus,
the DSC thermograms for FOMM®-60 were compared as the polyurethane ones, once by
studying the FTIR of the FOMM®-60 samples it was identified that the material could be
composed of classic polyurethane. Yet, it was considered that PVA was not part of the
polymer chain, once it was previously washed off.

Polyols are commonly used to form the polyurethane and its —OH-terminated
compound display a poor thermal stability. Previous studies showed that polyurethanes have
glass transition (Tg) temperatures between -40 and 34 °C. The purest the polyurethane is the
lower is the temperature of its thermal events (T4 around -40 °C). The incorporation of
functional groups to the polyol chain may change the value of Tg, once it interacts with other
chains producing melting peaks. Therefore, the base polymer is important to define the
polymeric chain thermal stability. Flexible chains, such as those of PPO (poly 2,6-dimethyI-
1,4-phenylene oxide), widely used to form polyurethane, contribute to small molecular
motions better than the aromatic lignin, decreasing the Ty rate. Thus, depending on the base
polymer, the polyurethane present in FOMM®-60 may have a higher or smaller Tg and Trm
values (58; 65; 66; 67; 68). As the Tq and T values related to the endothermic events of the
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sample are different from pure polyurethane thermal properties shown by previous studies,
it indicates that the analyzed FOMM®-60 is a copolymerized material. However,
complementary studies must be carried out to complete and improve the analyses of the
material.

In order to compare the results with previous studies, the TGA, DSC, FTIR and
water swelling tests were used as an attempt to identify the FOMM®-60 components to
predict the material interaction with oil and water. Although the tests carried out so far have
shown a trend in the behavior of the material and some of its chemical chains, they have not

revealed what it is actually made of.

4.4. Morphological analysis

The morphology of the FOMM®-60 sample was studied to verify if the soaking
process had fulfilled the PVA extraction by the samples surface visualization. The
comparison between the FOMM®-60 SEM analysis of the printed samples and the washed
printed samples (Figure 4.8) revealed changes in the morphology of the material. Relating
the SEM study to those of FTR and water swelling capacity, probably the higher porosity
seen was created by the PVA leaching from the FOMM®-60 matrix. The pore formation
enounces that there was removal of material (PVA) in these spots. This is a recurrent
behaviour of FOMM®-60 materials and the great benefit of using this type of material is its
low price associated with a material that can have its properties easily changed after the PVA
removal process (69). Another factor evidenced by SEM analysis is that the porosity and
roughness of the material increased after the polymer removal process. The PVA had a
softening feature in the analyzed material.
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Figure 4.8 - SEM micrographs of FOMM®-60 samples after and before washing procedures.

4.5. Wetting of the printed samples

45.1. Geometrical samples

45.1.1. Preliminary studies

A prior study was developed with the geometrical samples, with the aim to
understand how the samples’ geometry, material and roughness would interfere on its
interaction with drops of water and oil separately. All sample’s surfaces were aligned with
the horizontal (Figure 4.9) to allow the right measurement of the contact angles and the
droplets were dripped with a pipette.

Figures 4.10 and 4.11 show how the contact angle of each sample varies as the
drop's content is changed. The data analysis revealed that the roughness effect controlled by
the print quality did not show a significant effect on the contact angles obtained (ANOVA,
P > 0.05). However, comparing the chemical nature of both materials (FOMM®-60 and

HIPS) in the same geometry and roughness, the chemical nature has a significant effect on
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the contact angles (ANOVA, P < 0.05). Therefore, in the ensuing analysis, only samples
with DQ roughness were printed and analyzed, since there was no noticeable change when

using a different roughness.

A 'B

Figure 4.9— Sample’s interaction with a drop of water during the contact angle test. A) Pyramidal
HIPS DQ sample B) Half sphere HIPS DQ sample.

This observation may be justified based on a previous study that show that the
substrate roughness must be too small to interfere in the contact angle between its surface
and the droplet. It is the case of Zhang et al. (32), whose roughness comparison shows that
the presence of nanostructures results in a substantial increase in the contact angle, while the
presence of microstructures does not lead to any difference in the contact angle value

The geometry effect of the printed samples has had a significant influence on the
obtained contact angles for water and oil. (ANOVA, P<0.05). For this reason, this study
focused on repeatedly changing sample geometry and material during droplet contact angle
measurement to assess wettability and the interaction among substrates. A likely reason for
this behavior is that the droplets were easily captured by the surface grooves when the
geometry was pyramidal, even been drained by it, as the droplets have more contact with the

hierarchical surface when the sample display this type of geometry (29).
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Figure 4.10 — Pyramidal samples contact angle measurement with water (=, ®) and oil (" ;" ,) as the
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Figure 4.11 — Contact angle measurement with water and oil as the drop’s content in pyramidal (M)

and half sphere (*,M) samples, respectively.
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45.1.2. Wettability analyses

This study evaluates the influence of the material surface and geometry on
contact angle and wettability by dripping drops onto each one of the studied pyramidal and
half sphere samples surfaces to obtain the contact angles, using instead of a pipette, an
Optical Tensiometer — Teta topography equipment.

The first step of contact angle analyses carried out is shown in Figures 4.12 and
4.13. The comparison between the contact angle values revels that the material used is
significantly relevant to interfere in the interaction between the samples surface and the
water and oil drop (ANOVA, P < 0.05). Yet, if the sample is made of FOMM®-60 material
and the drop content is oil, the sample’s geometry is also significantly relevant to interfere
in this interaction (ANOVA, P < 0.05). The other scenarios evaluated have no significant
interference of the material or geometry in the measurement of the contact angle (ANOVA,
P > 0.05). Among them, there are the effect of geometry and material for water droplets.
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Figure 4.12 — Effect of geometry and chemical nature of printed samples on contact angles in water.

Pyramidal (") and half sphere () geometry, respectively.

The second step of contact angle analyses considers the Wenzel's model, which

predicts that all materials display some level of roughness that affects the surfaces wettability
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and therefore the final contact angle value. According to this theory, it is necessary to correct
the value obtained by the parameter rw, which is the roughness ratio between the real and the
ideal solid surface zone (rw = 1 if it is a smooth surface and > 1 if it is rough). While the
equipment performs the analysis of the topography and contact angle, it obtains a 3D
roughness parameter and r is calculated from this parameter (70).
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Figure 4.13 — Effect of geometry and chemical nature of printed samples on contact angles in oil.
Pyramidal (™) and half sphere (M) geometry, respectively.

The values of the apparent contact angles (6*) of the samples when in contact
with water drops are shown in Figure 4.14 and were determined using the Equation (1.2).
The contact angle with roughness correction is only valid for samples in which the water
droplets remain stable on the surface. Therefore, hydrophobic surfaces. Among the analyzed
cases, only samples with HIPS material in contact with water drops can have the contact
angle corrected, since samples with FOMM®-60 material, when in contact with water drops,
absorb them. Both materials tend to absorb oil drops over time, so the contact angles between
these surfaces and oil drops are considered unstable and cannot be corrected.
The data analysis indicates that neither the material or geometry exchange is
significantly relevant to interfere in the interaction between the samples surface and the
water drop (ANOVA, P > 0.05). Also, for the FOMM®-60 samples, the geometry has

significant influence in the contact angle values obtained (ANOVA, P <0.05).
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Figure 4.14 — Contact angle with correct fator r measurement with water as the drop’s content in
pyramidal (") and half sphere (¥) samples, respectively.

The material and geometry features show a divergent relevance regarding the
contact angle between samples surfaces and water drops in both first and second steps
analysis. However, in both steps the interaction HIPS material with water led to the same
conclusion: the geometry is not relevant for obtaining the contact angle values.

Besides the FOMM®-60 is a hydrophobic material, the difference that would
make it less hydrophobic than the HIPS material is due to polar chemical chains present in
its composition. Furthermore, comparing samples with pyramidal and square geometry, the
pyramidal increases the energy state of the surface, and thus the repellency of water droplets
(the contact angle between the droplet and the surface) (71). The pyramidal geometry in the
FOMM®-60 increases the energy state of the surface, since it leads to a bigger droplet
repellency (more hydrophobic), overcoming the influence of the polar groups present in the
FOMM®-60 material. As for HIPS, there is no significant difference as the material is
already very hydrophobic.

Tables 4.3 and 4.4 show the contact angle values (with and without correction),
the correction factor r and the roughness parameters (Sa, Sq). The proximity of Sa and Sq
values among the samples is remarkable, excluding the pyramidal FOMM®-60 sample,

whose parameters extrapolate the study midline observed. Once the roughness is almost
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established as a standard with 3D printing, using a correction factor would not be appropriate
in this circumstance. Thus, instead of correcting it, the factor r could lead to an error in the
final value of the contact angle. Therefore, the contact angle values considered correct for
the study were those obtained without the correction factor r in step one, although the
analysis of the result lead to the same conclusion.

Table 4.3 — Water drop and surface Contact Angle Mean (CAm), standard deviation (S), Contact
Angle Mean (CAm) with corrector factor and standard deviation (S) with corrector factor r, the
corrector factor r and the roughness parameter (Sa and Sq).

Material Shape CAm S CAm S factor Sa Sq
(factorr) | (factorr) r
HIPS Pyramidal 121,0 8,2 96,2 6,4 3,4 24,2 33,1
HIPS Half sphere 132,0 14,1 94,4 2,5 5,0 31,1 37,1
FOMM®-60| Pyramidal 76,1 25,7 - - - 42,3 48,7
FOMM®-60| Half sphere 63,5 3,4 - - - 31,9 | 38,8

Table 4.4- Oil drop and surface Contact Angle Mean (CAm), standard deviation (S), and the
roughness parameter (Sa and Sq).

Material | Shape CAm S Sa Sq
HIPS Pyramidal 23,6 3,3 29,1 36,0
HIPS Half sphere 19,9 0,4 25,6 30,5

FOMM®-60| Pyramidal 52,3 10,7 26,3 31,0
FOMM®-60| Half sphere 41,0 1,8 30,1 37,7

Even though it is not used for the analysis of the significance of the interaction
between surface and droplet, Tables 4.3 and 4.4 associated with Table 4.5 and 4.6 are
valuable to understand the samples hydrophobicity. Considering this, the HIPS samples

exhibit a more hydrophobic character and the FOMM®-60 a more hydrophilic one.
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Table 4.5 —Shape of water dropped on pyramidal and half sphere FOMM®-60 and HIPS samples.

Sample's geometry
Material Pyramidal | Half sphere
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Table 4.6- Shape of oil dropped on pyramidal and half sphere FOMM®-60 and HIPS samples.

Sample's geometry
Material Pyramidal Half sphere

i

HIPS

FOMM®-60

45.1.3. Slippery test analyses

The slippery test was performed in order to better understand the samples’
wettability and the dropper’s adhesive characteristics in different geometries. These
interactions are shown in Tables 4.7 and 4.8.

For both HIPS and FOMM®-60 samples, chemical nature affected the water

droplets slip, regardless of geometry. The printed FOMM®-60 samples absorb quickly the
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drops that reach the surface. What happens due to the molecule's polar bonds. Meanwhile,
the printed HIPS samples repel instantly and grabs this drop. Very non-polar hydrocarbon
bonds are responsible for this repellency behavior, as frictional forces prevent the fully
repelled droplet from rolling down. However, a larger volume of water dropleton the HIPS
surface overcome this force, leading to the droplet roll off.

The oil drops spread off the HIPS samples surface easily. There is also a
tendency of the oil dropped to spread along the FOMM®-60 samples, but slower. This fact
is observed since both materials have a good interaction with oil, though the FOMM®-60
material has a hydrophilic character, due to the presence of polar chemical chains and non-
polar mentioned above, the material is less hydrophilic than the HIPS one. Thus, instead of

repelling the solution, the material provides its spreadability along the surface.

Table 4.7—- Shape of water dropped during the slippery test on pyramidal and half sphere FOMM®-60
and HIPS samples.

Sample's geometry
Material Pyramidal Half sphere

FOMM®-60

HIPS
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Table 4.8- Shape of oil dropped during the slippery test on pyramidal and half sphere FOMM®-60 and

HIPS samples.
Sample's geometry
Material Pyramidal Half sphere
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45.2. Permeable membrane samples

In the literature reviews most of the promising studies are on suspension
separation process carried out using membranes, so the relationship between the surface of
porous HIPS and FOMM®-60 membranes and oil and water were also explored. In this
study, it was evaluated how the infill and material switch of these membranes can be relevant
to the oil and water separation process. The 50% infill samples were compared by the infill
shape (triangular and hexagonal), material (HIPS and FOMM®-60) and the way the drop
interacts with the sample in three different moments: before the drop, the exact moment
when the drop touches the material and a minute after the drop (Table 4.9).

HIPS samples with 50% of both triangular and hexagonal infill displayed the
same behavior once in contact with drops of water. The drop got located above the sample’s

pores and did not fade away over time or get through the membrane, showing the
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hydrophobicity of the HIPS material. The interaction between oil drop and samples is high
in both geometries, as the drop spreads quickly along the infill and inside the pores. Another
feature that allows the characterization of the HIPS material as oleophilic is the low
appearance of liquid on the samples, which induces its absorption by the material. However,
besides the samples that were in contact with oil drops exhibit similar performance, the
triangular infill geometry allows greater dissipation of liquid than the hexagonal one. Thus,
the geometry influences the interaction of the material with the oily liquid.

The FOMM®-60 samples with 50% of both triangular and hexagonal infill
displayed a similar behavior once in contact with drops of water, as the drop fades slowly
inside the pore. However, the drop dissipates more along the sample if the infill geometry is
triangular. Another changing characteristic is the size of the wet area of the triangular
geometry material throughout time, which is bigger than the hexagonal one. The same
samples after getting in contact with oil droplets present a rapid dissipation lengthways to
infill and inside the pore. The triangular shape infill pore gets emptier as time goes by, which
shows that this kind of shape allows more absorption of the oil than the hexagonal one.

The HIPS and FOMM®-60 samples with 25% of both triangular and hexagonal
infill presented pores too large compared to the liquid drop volume used during the test,
considering a drop volume of 10u. This feature made the content pass through the mesh, not
allowing the material to interact with it. However, for a larger droplet volume, the same

effect that the 50% infill has for the smaller volume droplets is observed.
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Table 4.9- Interaction between HIPS and FOMM®-60 samples with 50% of triangular and hexagonal
infill and drops of water and oil at the moments: before the drop, the exact moment when the drop
touches the material and a minute after the drops.
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Oil droplets presented a rapid dissipation lengthways to infill and inside the
pores. The triangular shape infill pores get emptier as time goes by, showing that this kind
of shape allows more absorption of the oil than the hexagonal one.

This study may be compared with Morgan and Gordon (72) study, which shows
that the geometry of rocks as well as the pore size affect the permeability of oil/water
suspensions. Meanwhile, another study may be also interesting to understand the hypothesis
raised in the present work that the analyzed mesh triangular pore dispersed and retained the
oil better than the hexagonal one. Klemm, Otto, et al (73) study analyzed a fog collector with
pores. It basically focuses on hydrophilic material switch and its interaction with the water.
The most used fog collector model around the world is the Raschel mesh, for being the one
that best captures water from the environment, retaining it inside. The pores of a Raschel

mesh are membranes with a triangular and 50% or higher infill (74).
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CONCLUSIONS AND FUTURE WORK

The goal of this study was to verify the possibility of using the 3D printing
technique to manufacture objects that separate oil and water from a mixture of both. This
separation depends on the wettability of the surface by oil and water drops and it is evaluated
by the contact angles. The greater the interaction, the greater the probability of separation.
Simultaneously, the hypothesis of using different polymeric materials was also studied.

Thus, samples were printed with two different polymeric materials (HIPS and
FOMM®-60). Other parameters were also studied: printing quality (DQ e NQ),
geometry/shape (pyramidal, half sphere and permeable membrane) and porosity (triangular
and hexagonal infill and 25% e 50% density). The influence of these parameters on the
contact angle values was evaluated. The main conclusions of the work developed here are
summarized in the following points:

« Stable materials with different chemical natures, geometry and roughness
could be obtained by 3D printing;

« The roughness effect controlled by the print quality did not have any
influence in the contact angle values;

» The chemistry of the polymers affects the interaction between the surface and
water and oil droplets. Also, the geometry effect of FOMM®-60 materials is relevant to the
interaction between the surface and oil droplets;

« The HIPS samples exhibit a more hydrophobic character and the FOMM®-
60 a more hydrophilic one, when comparing both materials. However, FOMM®-60 samples
interaction (contact angle values) with both oil and water are similar;

» The slippering test shows that both oil and water roll off drops depends on
the sample geometry, material and drop volume;

» The permeable membrane samples wettability test shows that the assay with
water drops revels a bigger repelling interaction between droplet and surface. However,
triangular 50% infill permeable membrane dispersed the oil and then retained it slowly and
better than the hexagonal one. This oil retaining has a bigger volume for the HIPS material

than the FOMM®-60. The geometry of the HIPS samples only interferes in the interaction
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between surface and oil drop. Also, the water drops are absorbed slowly inside the FOMM®-
60 permeable membrane pore. However, the oil drop dissipates better along the FOMM®-
60 sample if the infill geometry is triangular;

» The samples with the greatest separating oil and water potential are the
pyramidal FOMM®-60 and triangular 50% FOMM-60 permeable membrane, as they display
parameters that are relevant to improve the wettability of the materials and the separation
process.

Considering the obtained results, it would be interesting to evaluate some
subsequent studies proposals. One of them is aimed to create a system that would improve
the permeable membrane and 3D samples individual capacity to separate oil and water. This
system is illustrated in Scheme 1. It would include an agitated alimentation of an oil/water
suspension pumped through a tube, that would reach a disposal made by an association
between the 3D and flat samples. The table exemplifies the distribution of the samples on
side and top view. The displays emphasize that it must have a change in the position of both

samples along disposal scheme.

P

3D Sample
|I «—— Permeable membrane

Scheme 1 — Separation process scheme with detailed distribution and position of samples and mesh on
the separation disposal.

Some methods are indicated to evaluate the separating capacity of the system.

Among them, it would be interesting to test physical mixtures of oil/water in different mass
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proportions, (i.e., 75:25 50:50 and 25:75) and analyse the process with different oil/water

flow rates, once it is controlled by a peristaltic pump.

Scheme 2 — Separation disposal distribution and position of samples and mesh on side and top view.

System Pyramidal sample Spheric sample

Side view =

Top view

The flow rate could be obtained from Cycles of water harvesting effect. The
technique analyses how hydrophobic is the studied structure, by heating it after each
separation step in order to evaporate the water and burnout the oil. This process evaluates

the presence or absence of water in the sample after the mixture flow passes through it.
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APPENDIX A - DSC ANALYSES RESULTS FOR
FOMM®-60 FILAMENTS

The DSC characteristic curve analysis of the FOMM®-60 sample for filament before
3D printing and after printing is shown in Figures Al and A2. The comparison shows
that the material's extrusion changes its thermal characteristics, even if there are no

material degradation. In both analyses there are of PVA in the analyzed material.
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Figure Al — DSC of FOMM®-60 filament before 3D printing and washing by heat flow and increase of
temperature, with exothermic peaks and endothermic valleys.
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Figure A2 — DSC of FOMM®-60 filament after 3D printing and before washing by heat flow and
increase of temperature, with exothermic peaks and endothermic valleys.
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