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ABSTRACT

In nature,superhydrophobicity is ass@ted with a number of possible evolutionary benefits
that may be bestowed upon an organism, ranging from the prevention of encumbrance by water
droplets, selicleaning and removal of particulates and potential pathogers,even to
antimicrobial activity Superhydrophobicity is a surface related property, where droplets of
water easily roHoff without stickicking or weting the surface and can be achieved through
hierarchical textured and low surface tension materials.

The interest in this kind of behiawur comes from the possibility of exploiting superhydrophobic
surfaces for many applications in different field (medical devices, infrastructures, fabrics,
transports, etc.). In this PhD project (granted by Procter & Gamble), superhydrophobic surfaces
were chosen as possible solutioiha compan§ problemrelated to the difficuit in emptying

of plastic dispensers containing viscous liquid products. Therefore, a possible solution was to
render the plastic surface superhydrophobic to reduce the draglpriiheasyemptying of

the dispensers. We developed a new type of particles that can impart a superhydrophobic
behaviour to the applied substrate. Janus wrinkled sjktgarticles combine all the aspects

that are necessary to achieve superhydrophabfaces: enabling formation of hierarchical
roughness and low surface tension (without using any fluorinated molecule, not allowed in the
dispensers manufacturing). Such particles were applied to substrates {foashiog and dip

coating methods, and thrgh a camera we monitored the behaviour of different water solutions
on particles coating§uperhydrophobic surfaces haaen obtained possessing high values of
water contact angle and very low values of contact angle hysté28siand roltoff angle
values(1.8°), which are close to zero. These results have been interpreted based on the multiple
scales of hierarchical roughness that has been constructed by deposition of the particles.

This thesis is divided in five chapters. In chapter 1, superhydboghoand how nature and

man exploit this surface property are described so as methods to achieve such behaviour. Then,
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the easyemptying issue is discussed and the use of Janus wrinkled-galiqaarticles as
possible solution is motivated.

Chapter 2 ollects the theoretical backgrounds of this multidisciplinary project. Indeed,
production of Janus wrinkled siliggel particles involve different techniques and methods from
different branche®f science Superhydrophobicity is described from a theorétomant of

view: models and parameters that characterize the wettability of sunfdlcesgardgo liquids

are reported. Sadel method is briefly described, paying attention to the mesoporous particles
formation mechanism. In the end, Pickering emul$ammation, necessary for Janus particles
production, is described.

In chapter 3, all the synthetic procedures are reported. The chapter is divided in paragraphs that
reflects the multstep synthetic procedure. First the synthesis of wrinkled gjktparticles,

then the formation of colloidosomes by Pickering emulsification of wrinkled particles, wax and
water. Subsequently, the surface functionalization for obtaining Janus wrinkled particles. The
characterization techniques are described in chaptegdther with the apparatus used in this
work and the sample preparations related to such characterization techniques. We used
microscopic techniques as SEM, TEM and AFM for monitoring the strisctfrparticles

(SEM, TEM), the hierarchical roughnesstibé coatings (SEM, AFM) and the Janus nature of
the particles (TEM). DLS and Zeta potential measurements were used for monitoring particles
size and stability, especially in surfactant dispersions, necessary for Pickering emulsion
preparation. ATR and XP&8lowed evaluating the presence of functional groups (ATR, XPS)
after each functionalization.

Chapter 5 collects all the results of Janus wrinkled sgelaparticles: from the particles
synthesis, to colloidosomes formation through Pickering emuldieir, functionalization and

the particles application as coating on different substrates. In the end, the wettability properties
results are reported to verify the excellence of this approach achieving superhydrophobic

behaviour by Janus wrinkled siliggel particles coatings.
10
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1. SUPERHYDROPHOBIC SURFACES

1.1 INTRODUCTION

In this chapter, definition and properties of superbptiobic surfaces are defined. Then the
state of the art regards the processes needed to obtain high slippery behaviour, characterizing
superhydrophobicity, and related applications are elucidated.

Successively, we propose a new type of process realizing superhydrophobic surfaces that
should solve an everyday common problem: the easy empty of plastic dispensers. Indeed,
cosmetic productsr liquid soaps contained in plastic bottles are quite viscous and sticky. When
the container is almost empty a quite amount of the product sticks onto the internal plastic

surface, remaining inside the dispenser, which is thrown away together witloduetst

1.2 SUPERHYDROPHOBICITY

In this Section definition and properties of superhnggphobic surfaces are briefly defined. For
further details about describing models, that correlate the surfaces parameters (surface tension
and morphology) with liquid ettability parameters (contact angle, contact angle hysteresis and

roll-off angle), se&ection2.2

1.2.1 DEFINITIONS AND PARAMETERS DEFINING WETTABILITY
When a droplets of liquits laid on a surface, the profile of the droplets forms with the surface
plane an angle between the licugdrface interface plane and the tangent plane of the droplets

at the solidiquid-gas point, called contact angle (Figure 1.1).
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Fig. 1.1. Picture of a liquid droplet on a solid surface. In red, contact angle is underlined.

When water has a good affinity with the surface, the contact angle value is less than 90°. In this
case, the surface is considered hydrophilic. If the wettability or the affinity of the liquid with
the surface lows, the liquid disligéhe surface and éhcontact area reduces and consequently
the contact angle increases. When water forms contact angle more than 90° the surface is
considered hydrophobic. At first glance, contact angle can be used as a directly measurable

parameter for evaluating the wetilélp or the affinity of liquids to the surfaces.

Fig. 1.2. Picture of a droplet moving onto an inclined surface (left) and the same picture

showing the advancing and receding contact angles in red (right).

Achieving high slippery behaviour is possiladely realizing surfaces that exhibit with liquid
high contact angle values. An example of high repellence against water is showed by

13



superhydrophobic surfaces. Superhydrophobicity is a surface related behaviour that manifests
particular effects on wateraplets in contact with the surface. Indeed, the droplets very easily
roll-off from the superhydrophobic surfaces even at small inclination of the surface and very
unlikely stick on such surfaces.

This behaviour depends both on the contact angle, thisuelly more than 150°, and on the
hysteresis of the contact angle. The latter parameter depends on the-Igyufdcedhesion
energy, and is defined as the difference of the contact angle measured during sliding or rolling
off from the surface, or rathethe difference between downhill or advancing contact angle and
the uphill or receding contact angle (figure 1.2). Superhydrophobic surfaces exhibit with water
low hysteresis contact angle value, usually less than 5°, that together with high contact angle

values cause an easy rolling off from the surface.

1.2.2 SUPERHYDROPHOBICITY IN NATURE

In nature,surfaces possdgg high repellencgo the waterhave something incommon:
hierarchical roughnesbg. a surface with more than one length scale of textorssisting of a

finer length scale texture on an underlying coarser length scale of texture.

In figure 1.3 is reported some pictures of lotus leafs with microscopic details of the surface.
The leaes are covered by ten microns bumps (convex cell pamda)pletely covered by
hundreds nanometers pillars (epicuticular wax crystals). The bumps at microns scale and the
finer roughness made of the pillars, together with the low surface tension of the wax covering
the surface, achieve superhydrophobicity. Taeame of the hierarchical texture enables the
leaf to obtain seltleaning properties. Or rather, dust particles on the surface are entrapped in
the droplets of water during rolling off, carrying away the dust and perfectly cleaning the

surface. The cleamg mechanism is illustrated in figure 1.4.
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Fig. 1.3. Lotus leaf picture (a), and selfcleaning behaviour shown during raining (b) that
completely clean the leaf surface (c). Micrographs of surface morphological details at
different magnifications are depicted (d,e,f) showing the cell papilla (e) and epicuticular

wax crystal (). [1].

===
\\._L

Fig. 1.4. Liquid droplet passing onto dust particles (green cross, blue circle and red
triangle) on a normal surface (left) and a superhydrophobic surface (right). In the latter,

Particles adhere at the droplet surface during roing off and carrying them away.

15



Nature takes advantage of hierarchical low surface texture achieving superhydrophobicity in

many situation: arb act er i al pr oper [2]i skde abdities of doree insactg 6 s Wi r
on water (water strider etd3,4], waterrepellent of featherfs], anttadhesion properties of

some skirbreathingarthropodg6,7].

Researches about biospired superhydrophobic surfaces are spread in the past decades, to

mimic the interesting properties that nature achieved in hundreds of years.

1.2.3 PROCESSESS: SURFACE PATTERING AND MODIFICATION

Herewith, the common processes involving formation of superhydrophobic and superolephobic
surfaces (high slippery behaviour of apolar liquids) are discussed.

In past few decades, an increasing interest in the hierarchical surfaadacturingto achieve
superhydrophobic and superomniphobic surface is raised. The possible processes can be
divided in differem categories.

If the formation ofhierarchical texture is realized by adding material on shdace the
processes involveechngues that spreadhaterias that organizeéhenselves in a hierarchical
textured layerUsually these techniques areraying[8,9], dip-coating[10i 12], spirnrcoating
[13,14], plasma sprayinfll5], gas aggregation cluster techniqué], thermal oxidatiorj17],
electrdydrodynamicg18i 22], etc. Usually such materials added on top of the substrate are
not sufficient to achieve superhydrophobicity because sometimes theestension is not low
enough. Therefore, a further step as a chemical modification is needed.

A different approach is removing material from the surface. During the removing process the
technique createthe hierarchical demandestructures, i.e.lithography [23i 25], solvent
extraction[26], chemical etching27]; in other casg like plasmaetching[28i 30], material
removing and surface chemistry modification hapgiemultaneouslyo build the hierarchical

texture and reduce the solghs surface tension.
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Usually formation of superhydrophobic surfaces is a rstéip procedure that involves more

than one approach listed above. For instance, lithography and etching can be used together to
produce masks for creagtemplate for feature replication of omniphobic polymer membranes
[31]. Xu et al. produced a transparent superhydrophobic coating by spreading polystyrene and
silica sol onto a glass substrate by-gel dip-coating, then, afteannealing of the polymer part

a volcanealike structure is formed on top of the glass subq4Baie

1.24 MECHANICAL RESISTENT AND SELF-HEALING SURFACES

The main concern about superhydrophobic is the lack of mechanical resistance of the rough
structure. Indeed, because of the structure full oskp@nd resntrants, superhydrophobic
surfaces are usually fragile. Therefore, in the past years an important objective during
production of high slippery surfaces is the durability in term of mechanical resistance. The
difficulty in achieving this goal deends on the performance of the slippery surface: the higher
the amount of pores and-eatrants the higher the contact angle but the weaker is the surface
resistance to mechanical stresses.

Recently, many researchers tried to obtain surfaces with higheltamical resistance. Zhang

et al. obtained superhydrophobic behaviour on an elastic polydimethylsiloxane support, that
can tolerate continuous impact of water droplets and knife scratches without modifying its
superhydrophobicity{33]. Chen et al. produced a mechanical resistant superhydrophobic
surface on paper, glass, metallic and polymeric supports by spraying an adhesive layer and then
a nanoparticles dispersion on the substrates. Mechanical abrasies agdl knife scratches

tests on the supports do not change the superhydrophobic propédiiessolovin et al.
produced a abrasion resistanfl km of cycle)coating made of a polymer binder and
1H,1H,2H,2Hheptadecafluorodecyl polyhedral oligomeric silsesquioxdRePOSS) as

hydrophobic fillerby spraying blends of the two compoun@. Sheng et al produced a

17



electrospun waterproof membrane made of polyacrylonitrile and hydsa@phanoparticles
that resist to abrasion te$&2].

Another approach to improve durability of superhydrophobic sasfés to introduce within the
surface material low surface tension molecules in order to impattealihg properties. In
fact, any surface, no matter how durablesusceptiblg¢o physical (and chemical) damages.
During the damage, the low surface gyemolecules preferentiallgnigrate to the solighir
interface restoring superhydrophobic behaviour.

Wu et al prepared an abrasion durable andhssfable superhydrophobic cotton fabric. The
slippery behavioucan survive aftethousands of abrasiondgs, anduperhydrophobicity can
be restored by simply stream ironii@%]. Liu et al usegbholydopaminaganocapsules containing
octadecylaminenoleculedo impart superhydrophobicity tabrics When thesurfacefabric is
destroyed by physical damagasd lose its liqud repellency, octadecylamine migrate the

surface and restosiperhydrophobicit{36].

1.2.5 APPLICATIONS

Anti-sticking, water slippery behaviour and selkanng propertyare features thanature
exploited in different situations, as we saw in shisectiorl.2.2. Researchers all around the
world are findinga way to exploit the interesting features of superhydrophobic surfaces for
different applications.

A straightforward application for superhydrophobic surfaces is the production -@leatiing
glass[10] (automobile and aircrafts windshields, camera lenses, touch screens, solar panels,
etc.)[37] and fabric436].

Very interesting is the application of superhydrophobic coatings in the infrastructures field,
such as building materialmarbles and sandstan¢hey can provide protection from
envirormental pollution and acid raj88]. The coatings can be used fattiaicing purposefor

roads and power lines inold countriesprovidingeconomic and safety benefj&9].
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As these surfaceare water resistant, hence thalgo resist theandoring andgrowth of
microorganisms on them. Thus thainti-fouling and antbacterialproperties[40] are also
expected to be remarkableor instance, if applied to medical dexd¢bey can reduce infections
and contaminations risj&l]. Theycanbe aplied as protective coatings on surfaces exposed
to sea water, because otherwise theteasilycovered by algae and other marioganisms
[42]. Superhydrophobic surfaces can be usedigrareactors and microfluidic devic¢43]

and for drag reductiof#4], and in many othields: highdensity integrated circuit production
[45], oil water separatiofi34], water collectiof6], waterproofbreathable membran¢22],

andso on.

1.3 EMPTYING PLASTIC DISPENSER ISSUE

In thissectiorwe present an everyday life problem faced to everyone: the emptying of dispenser
from liquid products. Therefore, we are interested to form a layer that impart to the dispensers
plastic surfacewperhydrophobic properties that help the liquid to flow without stickarthe

surfaceand hencehelping the emptying of the dispenser.

1.3.1 WHERE IS THE PROBLEM?

Products such as cosmetics, body lotions, shower gels, shampoos and detergents are sold
commonly in plastic bottles and dispensers to the customers. Once the bottles containing the
liquid is almost run out, the product inside it flow out the bottle neck more haodiparedo

that incase of a full bottle. In an almesimpty dispenser, the mtoct should flow from the

bottom until the neck of the bottle, and because of the viscosity of the products (shampoo is
usually three thousand times more viscous than water), the liquid takes some time to flow out
the bottle. Moreover, the adhesion to piastic surface of the bottle extremely increases the

time needed to completely empty the dispenser.
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The customer needs to wait some time before the right amount of products comes out, leaving
the bottle upside down and wait for the gravity action thagbrthe liquid from the bottom to

the tap at the neck. Waiting some time is quite annoying, fortunately there are some solution
that can speed up this emptying process. For instance, the customer can energetically shake the
bottle like maracas helping tineotion of the liquid. Another solution is to add water to reduce

the viscosity and facilitate the emptying. Nevertheless, the concentration of the species in the
product changeonce the water is added, because of the dilution effect. Moreover, if the
products is oHbasel, the addition of water is not always a suitable solution. The last chance to
get the whole product Atrappedo inside the
toothpaste and other very viscous products), is cutting therdisp with gair ofscissos and
manuallytake outthe product from the inside.

All these tricks to fully empty a dispenser and completely use the prodddiypthe customer

are quite annoying and sometimes the customer is lazy enough to just thchspéreser away
together with a nomegligible amount of product. Such consumer goods are commonly harmful
for the environment.

A possible solution to this problem that does not involve the action of the customer (as shaking
or dilution with water) is modyfing the internal plastic surface of the dispenser to help the

liquid easyemptyingonly by the action of gravity force

1.3.2 SOLUTION: IMPART SUPERHYDROPHOBIC PROPERTIES

The idea proposed in this PhD work to solve this company problem, related to yhe eas
emptyng of liquids products contained in plastic dispensers, was a surface modification of
plastic substrates imparting superhydrophobic behaviour to enhance the slippery behaviour of
water solutionsAs show in thesubsectiorl.2.2 and better explaiddrom a theoretical point

of view in theSection2.2, in orderto impart superhydrophobic properties to the surface we

need to form a hierarchical low surface tension texture.
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Janus Wrinkled Silicgel Particles (JWSP) have been chosen as surface maddifiepart

superhydrophobic properties to the plastic surface.

1.3.3 JANUS WRINKLED SILICA -GEL PARTICLES
The choice of this type of particle comes from the need to build a hierardhicaliee on the

plastic surface.

—————i 100 nm

Fig. 1.5. TEM (left) and SEM (right) micrographs of wrinkled silica-gel particles.

Wrinkled silicagel particleqfigure 1.5)are synthesized for two reason
1. Wrinkled structure enables to achieve a nanometer level roughness, necessary for the
hierarchical architecture.
2. Silica-gel particks are easily synthesizable, and surface modifications can be done by
using different type of silanes that enable grafting of several type of functional groups.
Janus particles were named after Rmnan god Janus, the doubéee god of beginning and
endng, doorsand gatesOne of the first persons to realize the potential of such particles was
de Gennes who addressed this class of particles in his Nobel lecture [47]994&nus particles
are characterized by t wlemidafpaopeeiés (figuretligdands f f er en
particlespossess the tendency to saetsemblyf48]. In this PhD project, after the synthesis of
wrinkled silicagel particles, we partially funcnalized the particles in a Janus way for

producing particles with one hydrophilic part and the other side hydrophobic. The tendency to
21



form aggregates has the advantage to increase the roughness of the surface, in a hierarchical
manner, once the partislare applied on it. In figure 1.7 an example of hierarchical structure

obtained by JWSPs is reported.

Fig. 16. Janus god image, and on the left some Janus particles architectures: (a) spheres,

(b and c) cylinders and (e and d) disks.

1.3.4 JANUS WRINKLED SILICA -GEL PARTICLES SYNTHETIC PROCEDURE

Wrinkled silicagel particles are synthesized by following the procedure of Moor49]al

Then to asymmetrical functionalize the particles we need to protect one face of the wrinkled
particles, while the otli@ne is exposed to the reaction agent. For the reason, wrinkled particles
were locked at the surface of wax micrometer spheres by exploiting the behaviour of Pickering
emulsiong[13,48,50,51] So as better explained in the paragraph 2.4, Pickering emulsion are
characterized by a dispersed phase stabilize by particles staying atvitlageoiinterface. Once

the emulsion is cooled down, the pelgs are serdburied into the solidified wax. In this way

wax protects one face of wrinkle particles, and subsequently, according to the Jiang et al
procedurg13] a vapour silane agent can be used to asymmetrically modify thpratected

face of the particles whalthe buried part remains unaltered. The silane agent makes the exposed
face hydrophobigvhile the other stays hydrophilic. Such hydrophiligdrophobic JWSPs were

spread onto a glass surface to test their wettability properties. Subsequently, a further
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functionalization of the hydrophilic side of the JWSPs was explored. Pclgratted JWSPs
were synthesizetb increase the adhesion of the applied particles layer onto a polypropylene

substrate. In the figure8a scheme of preparation steps for the padiproduction is depicted.
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Fig. 1.7. Hierarchical structure formed by deposition of cluster of JWSPs, blue and green
zones are characterized by different chemical physical behaviour. the multilevel hierarchy
is on micron level for clusters, hundreds ohanomter for particles size and nanometers

for the wrinkles of the silica-gel particles.

1.4 CONCLUSION

In this chapter, superhydrophobic behaviour was discuasppeaing to hold the solution to
several problemeelated to different field: from constrtion to medical devices, from research
issues to company related problems.

Applying superhydrophobic coating to plastic surfaces can solve the annoying issue- of easy
emptyng of plastic container, that is the aim of this PhD project. In order to hérildate

the emptying, we thought to synthetize and apply Janus wrinkledgéigaarticles onto plastic
substrate.

The synthetic procedure was briefly described andsisudsed in detail in chapter 3.
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Fig. 18. Pathway for the production of JWSPs. The first step involves the surface
functionalization on wax for production of hydrophilic-hydrophobic JWSPs (blue and
yellow particles). The grafting of the polymer chains involves the last step of the process,

forming polymer grafted JWSPs (red and yellow particles).
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