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Preface

The express purpose of this book series, Advances in Contact Angle,
Wettability and Adhesion, is to provide a continuous state-of-the-art criti-
cal look at the current knowledge and latest developments in the arena of
contact angle, wettability and adhesion.

Some historical facts related to the primordial study and evolution of
contact angles and wetting phenomena were described in the Preface to
Volume 1. Here I would like to supplement that information by mentioning
some other significant milestones in the same vein. First, it is interesting
to note that the titans of science like Einstein, Schrédinger and Bohr—all
Nobel Laureates—evinced keen interest in capillarity (related to contact
angle) and devoted part of their research to this topic. Next, the discovery
of electrocapillarity, which in essence signifies manipulation/modulation
of wettability (contact angle) by application of electric field, is attributed to
the seminal and trailblazing work of Gabriel Lippmann (Nobel Laureate for
Physics 1908) as part of his Ph.D. thesis. Electrowetting (EW) or modern
electrowetting EWOD (electrowetting on dielectric) was developed from
the phenomenon of electrocapillarity investigated in detail by Lippmann.
So Gabriel Lippmann can aptly be called the father of electrowetting. Since
the discovery of electrocapillarity, the ability to manipulate properties at
the phase boundary by applied electric field has been vigorously pursued.
The high tempo of research in EW stems from the fact that EWOD can
be employed for a broad range of applications involving manipulations
of liquids and requiring miniaturization of system size and improving
its effectiveness. Lab-on-a-chip is a prime example of the application of
EWOD. Lab-on-a-chip has been used in biomedical and analytical devices.
Next, the work of the College de France, Paris, a world-renowned research
school headed by Pierre-Gilles de Gennes (Nobel Laureate in Physics
1991), deserves special mention for its tremendous contribution towards
understanding and explaining wetting phenomena (dynamics of wetting).
Therefore, one can see that five Nobel Laureates have contributed to and
brought glamour to the fascinating field of contact angles and wetting
phenomena.



xvi PREFACE

These days there is an overwhelming interest in biomimetics. According
to Wikipedia, biomimetics or biomimicry is the imitation of the models,
systems and elements of Nature for the purpose of solving complex human
problems. Nature is a great teacher and the old adage, “Nature does not
waste time in making frivolous or useless things,” is dead true; in this con-
text, the lotus leaf is a classic paradigm. Even a cursory look at the literature
will evince that currently there is a proliferation of research activity in all
facets/ramifications of contact angles and wetting phenomena, and all sig-
nals indicate that this accelerated pace will be maintained.

The 17 research and review chapters comprising this book are divided
into three parts — Part 1: Fundamental and General Aspects; Part 2:
Wettability Modification; and Part 3: Surface Free Energy and Adhesion.
The topics covered include: wetting of solid walls and spontaneous capil-
lary flow; “ordered water monolayer that does not completely wet water” at
room temperaure; Cheerios effect and its control by contact angle modu-
lation; mathematical analysis of contact angle hysteresis; computational
analysis of wetting and application to self-cleaning mechanisms; bubble
adhesion to superhydrophilic surfaces; relationship between the roughness
and oleophilicity of surfaces; liquid repellent amorphous carbon nanopar-
ticle networks; mechanical durability of liquid repellent surfaces; super-
hydrophobic and superoleophobic biobased materials; laser ablation to
render stainless steel superhydrophobic; RF plasma treatment of Neptune
grass (Posidonia oceanica) to achieve superhydrophilic surfaces; combined
photochemical and laser surface modifications to achieve liquid repellent
textile surfaces; modification of paper/cellulose to control liquid wetting
and adhesion; surface free energy of superhydrophobic materials; role of
surface free energy in pharmaceutical tablet strength; and why test inks
cannot tell the whole truth about surface free energy of solids.

As for this volume, it is essentially based on the written accounts of
papers presented at the Ninth International Symposium on Contact Angle,
Wettability and Adhesion held at Lehigh University, Bethlehem, PA, on
June 16-18, 2014, under the auspices of MST Conferences. It should be
recorded for posterity that all manuscripts submitted for this book were
rigorously peer reviewed, suitably revised (some twice or thrice) and prop-
erly edited before inclusion in this book. As a matter of fact, some manu-
scripts are not included as they did not pass muster. So this book is not a
mere collection of unreviewed and unedited papers, rather it represents
articles which have passed rigorous peer scrutiny. Concomitantly, these
articles are of archival value and their standard is as high as any journal or
even higher than many journals.



PREFACE xvii

It is quite manifest from the topics covered that the 17 chapters written
by top-notch researchers which comprise this book address many aspects
and ramifications of contact angles and wettability. The book provides a
commentary on the current research being actively pursued in this domain
and summarizes the research results of many active researchers in this field.
Yours truly hopes that anyone wishing to stay abreast of the latest develop-
ments and prospects within the purview of contact angle, wettability and
adhesion will find this book of great interest and value. In essence, Volume
2 supplements the information consolidated in its predecessor, Volume 1.
In closing, I hope the information presented in this volume will spur fur-
ther research and will serve as the provenance for new ideas. As we learn
more about the wettability behavior of surfaces, new and exciting applica-
tion vistas will emerge. All signals indicate that the high tempo of research
in this field will continue unabated.

Now it is my pleasant duty to thank all those who contributed in many
different ways in bringing this book to fruition. First and foremost, I am
beholden to the authors for their enthusiasm, cooperation and contribu-
tion, without which this book would not have seen the light of day. Second,
I would like to profusely thank the reviewers for their time and efforts in
providing invaluable comments and suggestions which definitely improved
the quality of articles included in this book. The comments from peers are
a prerequisite for maintaining the highest standards of any publication.
Last, but not least, my sincere appreciation goes to Martin Scrivener, pub-
lisher, for his unwavering support of this project and for giving this book
a body form.

Kash Mittal

P.O. Box 1280

Hopewell Jct., NY 12533
E-mail: ushaRmittal@gmail.com
May 28, 2015
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Wetting of Solid Walls and Spontaneous
Capillary Flow

Jean Berthier"* and Kenneth A. Brakke?

!CEA-LETI, CEA/University Grenoble-Alpes, Department of Technology for Life
Sciences and Health Care, Grenoble, France
*Department of Mathematics, Susquehanna University, Selinsgrove, PA, USA

Abstract

Spontaneous capillary flows are of great importance in space and biophysics. In
space, the gravitational forces are negligible and capillary forces govern liquid
motion. In modern biotechnology, the scale of fluidic systems is so small that
gravity can be neglected in comparison to capillary forces. In this chapter, we first
derive the condition for onset of spontaneous capillary flow in open or confined
microchannels; then we present an analysis of the dynamics of the capillary flow
that generalizes the Lucas-Washburn-Rideal law to channels of arbitrary section.
Finally, we illustrate the theoretical approach by considering the case of suspended
capillary microflows.

Keywords: Spontaneous capillary flow (SCF), Gibbs free energy,
Lucas-Washburn-Rideal (LWR) law, suspended microflows

1.1 Introduction: Capillary Flows and Contact
Angles

At the macroscale, capillary forces seldom have a noticeable effect on
physical phenomena. The reason is that their magnitude is much smaller
than that of the usual macroscopic forces, such as gravity. However, in two
cases capillary forces may become important: in space where gravity is

*Corresponding author: jean.berthier@cea.fr

K.L. Mittal (ed.) Advances in Contact Angle, Wettabilty and Adhesion Volume 2, (3-45)
© 2015 Scrivener Publishing LLC



4  ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

negligible, and at the micro and nano-scale. In this chapter, we focus on
the role and effect of capillarity at the microscale for microflows. More
specifically, the relation between the wetting of the walls and the capillary
flow is investigated, first from a static or quasi-static point of view, and then
from a dynamic point of view.

Biotechnology, biology and medicine are domains where capillarity is
now widely used. Let us recall that in all these domains, the concepts of
point-of-care (POC) and home care are of increasing interest [1-5]. These
systems allow for self-testing and telemedicine. Three main types of tests
are targeted: first, the search for metabolites—such as cholesterol, glucose,
and thyroid hormones; second, the search for viral load—such as viruses
and bacteria; and third, blood monitoring—such as the measure of INR
(international normalized ratio), coagulation time, prothrombin (PR)
time, or blood cell counts. Monitoring at home or at the doctor’s office
is an important improvement for the patient: frequent testing, immedi-
ate response, no visit to the hospital, and monitoring by telemedicine or
directly by the doctor. Such systems must be low-cost, easily portable, sen-
sitive, and robust.

In these domains where biological and chemical targets are transported
by liquids, capillary actuation of liquids does not require bulky pumps or
syringes, or any auxiliary energy sources. The energy source for the flow is
the surface energy of the microchannel walls. On the other hand, conven-
tional forced flow laboratory systems require the help of bulky equipment,
which is expensive and not portable.

By definition, a spontaneous capillary flow (SCF) occurs when a liquid
volume is moved spontaneously by the effect of capillary forces—without
the help of auxiliary devices such as pumps or syringes. Capillary systems
can be either confined or open, i.e. the liquid moves inside a closed chan-
nel or in a channel partially open to the air. On the other hand, compos-
ite channels—sometimes partly open or with apertures—are increasingly
used, and spontaneous capillary flow is a convenient method to move liq-
uids in such geometries. Some examples of SCF are shown in Figure 1.1.

In this chapter, we first investigate the conditions for spontaneous cap-
illary flow in open or confined microchannels, composite or not, and we
show that a generalized Cassie angle governs the onset of SCF [6]. Then
we present the dynamics of the capillary flow with a generalized Lucas-
Washburn-Rideal expression for the flow velocity and travel distance [7-9].
Finally, we focus on the particular effect of precursor capillary filaments—
sometimes called Concus-Finn filaments [10,11]—that sometimes exist in
sharp corners, depending on the wettability of the walls.
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(a) (b) (c) (d)

(e) (9)

Figure 1.1 Different examples of spontaneous capillary flows (SCF) in open-surface
microchannels (channels etched in silicon and coated by an SiO, layer): (a) serial SCF;
(b) parallel SCF; (c) parallel channels; (d) winding channels crossing wells; (e) filling of
a cylindrical cavity; (f) capillary filaments in a cylindrical well; (g) capillary filaments in
corners. Photographs by N. Villard, D. Gosselin and J. Berthier (CEA-Leti).

1.2 A General Condition for Spontaneous Capillary
Flow (SCF)

In this section, we analyze the conditions for the onset of SCE, i.e. the equi-
librium state that is the limit for a capillary flow. Any change in these condi-
tions results either in an advancing SCE, or in the receding of the liquid in
the channel. We shall see that SCF depends on the wetting angle of the liquid
with the walls, and on the geometry of the channel. Geometry has a profound
influence on the channel’s ability to allow for a capillary flow. Geometries
facilitating the establishment of capillary flows in confined or open channels
have been experimentally and numerically investigated [12-20].

From a theoretical standpoint, a first approach valid for confined or
open channels with a single wall contact angle (uniform surface energy)
has been recently proposed [21]. Later a general condition for SCF in con-
fined or open microchannels, composite or not, was established based on
the Gibbs free energy expression [6,22]. It is this latter condition—the
most general—that we present next.

Let us consider the general case of a channel of uniform cross section,
with a boundary with the surrounding air, and composite walls of differ-
ent nature as sketched in Figure 1.2. We show that the condition for SCF
onset is simply that the generalized Cassie angle for the composite surface
be smaller than 90°. Let us recall that the generalized Cassie angle 6* is the
average contact angle defined in the appropriate way, i.e.
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cosé’*:Z(ficos@ ) (1.1)
i

where the 6, are the Young contact angles with each component i, and
the f, are the areal fraction of each component i in a cross section of the
flow (Figure 1.2). The free interface with air is denoted by the index F.

1.2.1 Theoretical Condition

Our starting point is the Gibbs thermodynamic equation [22]
dG=>Y y.dA,—pdV -SdT, (1.2)

where G is the Gibbs free energy, A, the liquid contact areas with the different
boundary materials, y,the liquid interface tensions with the different bound-
ary materials, V the liquid volume, p the liquid pressure, S the entropy and
T the temperature. Generally in biotechnology (except for the very special
cases where heating is used, such as for polymerase chain reaction PCR), the
temperature is kept constant and the last term of (1.2) vanishes. Assuming
a constant temperature, we consider the two following cases: first, the liquid
volume is constant, as for a drop with negligible or slow evaporation, and
second, an increasing volume of liquid. In the first case, (1.2) reduces to

dG =77 dA, (1.3)

The equilibrium position of the droplet is obtained by finding the mini-
mum of the Gibbs free energy. In this case, the minimization of the Gibbs
free energy is equivalent to the minimization of the liquid surface area.

Figure 1.2 Cross section of a partly open composite microchannel: the lengths w,
stand for the wetted perimeters and w, for free perimeter. The areal fractions are

ﬂzw/[Zwk +WFJ and szwF/[ZWk +WFJ.
k k
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The second case—that of an SCF—is different: the volume of liquid is
not constant in the system (dV # 0), and the system evolves in the direction
of lower energy. Hence

Y 5idA; - pdV <0, (1.4)

The morphology of the free surface is such that it evolves to reduce the
Gibbs free energy G. For simplicity, we first consider a uniform channel
with a single contact angle and open to the air. The liquid (L) then has con-
tact with solid (S) and air (G) as sketched in Figure 1.3.

Let us first investigate the upstream conditions. The upstream condition
is most of the time given by the pressure condition of a reservoir of liquid.
If we suppose that the reservoir is sufficiently large, as did Bruus [23], then
the upstream pressure is constant and approximately equal to the atmo-
spheric pressure (zero pressure difference), and the mean curvature of its
free surface is small and nearly constant.

SCF occurs as long as the pressure at the flow front is smaller than that
of the reservoir (p~0), i.e., recalling that pressure may be regarded as the
rate of change of energy with respect to volume,

Z;/l—<0 (1.5)

where the index i scans all the surfaces A, (with surface tension y, of the
liquid). Equation (1.5) can be written in the form

dASG dAg; dA, .
E = + <0 1.6
J/’ dV /5 av L av 716 av ’ (16)

dA,=-dA

SG

Figure 1.3 Sketch of the liquid front advancing along the solid surface by capillarity.



8 ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

Considering that any change in A, is made at the expense of A, , and
using Young’s equation ;; cos?= yg; — )51, (1.6) becomes
dA, . dAg,

< cosl , (1.7)
dv dv

where 0 is the Young contact angle. In other words, SCF occurs when

dA, .

<cosd. (1.8)
SL

If we denote by w, the wetted perimeter, i.e. the length of the contact line
between the solid and the liquid in a cross section, and w, the free perim-
eter, i.e. the length of the front not in contact with the walls in the same
cross section, (1.8) yields the condition [21]

w
—£ <cosd. (1.9)
Wg

Condition (1.9) is a universal criterion for SCE which is very simple to
use and is confirmed by numerical and experimental results.

Now consider the general case of composite, non-homogeneous chan-
nel walls, as in Figure 1.2. The condition (1.6) becomes

dA. dA ; dAg; dA, .
i B 2Ly 2l g 28 20, (1.10
Zyl dV g(ySG,l dV ySL,l dV yLG dV ( )

Again, using Young’s law, and keeping in mind that any change in A, | is
made at the expense of A .. we derive

dA, .\ dA
—cos —3LL |4 Z7LG < 1.11
Z( T } v - (110

where the angles 6, are the Young contact angles with each solid. Because
(1.11) is valid for any dV, we obtain the general formula

2(_C05§i dASL,i)+dALG <0, (1.12)

i
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Real surface

Figure 1.4 Sketch of the real surface and the w line.

Even if the real surfaces A are not flat surfaces, there is no loss of gener-
ality in writing

dAg; ; =dxw, (1.13)

where dx is an infinitesimal progression of the liquid front along the axial
direction of the channel (Figure 1.3). This property just stems from the fact
that the capillary force is identical along any contour traced by the triple
line (Figure 1.4). Indeed,

J}/cos 0i.dl = J-ycos bi. di‘ (1.14)

real surface

Assuming the channel is long compared to its width, the deformation
of the free surface near the tip of the flow does not affect substantially the
surface energy. Hence the surface in the “open” part of the cross section
can be considered of constant shape independently of position along the
channel. Then we can approximate

dA, . =dxwp. (1.15)

A discussion about this hypothesis will be given later in the text. It will
be shown that the hypothesis underlying (1.15) is nearly always satisfied,
except when the contact angle is very small. Upon substitution of (1.13)
and (1.15) in (1.12) we obtain

2(—“’34 Wi)+WF<O' (1.16)

i
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Relation (1.16) can be rewritten as

W,
Z cosl — +cos7zﬁ>0, (1.17)
L L

i
where L= z W; +Wp. By analogy, upon introduction of the generalized

Cassie angle 0* defined by
cosﬂ*:Z(ficosﬂi ) (1.18)

where the f, are the fractional areas of each component (fl =w,/L, fF =w,/
L,), and using the convention that the contact angle with air is 180°, equa-
tion (1.18) reduces to the condition

cos* >0 (1.19)

or

1

&* = arc cos(Z(cosﬂi ﬁ)) < %Z (1.20)

We find that the condition for SCF in a composite channel is simply that
the generalized Cassie angle is smaller than 90°, i.e. the Cassie angle must
be less than 71/2. It is straightforward to see that the relation (1.20) reduces
to the usual criterion for confined homogeneous channels.

1.2.2 Comparison Between Theory and Numerical Approach

In this section, we present a numerical approach based on the Surface
Evolver numerical program [24]. Note that the Surface Evolver does not
describe the dynamics of the motion, but iteratively relocates the interface
to lower the energy. In the case of SCE no equilibrium location exists, but
we can still use Evolver to predict the direction of motion in SCF (but not
the precise velocity of the motion).

In fact, Surface Evolver calculates the “static” shape of the advancing
interface, which depends on the geometry and contact angles with the
walls. This shape corresponds to a Laplace pressure. Assuming that the
upstream condition is zero pressure (large reservoir), if the front end of
the flow has a negative Laplace pressure, the flow will continue; if it has
a zero curvature, the flow is stopped, if it has a positive Laplace pressure,
the flow will recede. On one hand, at the onset of SCEF, the velocities are
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theoretically zero, and a static approach is valid. On the other hand, the
quasi-static approach is not far from reality during the liquid progression
in the channel since the capillary number is small. Indeed, the capillary
number Ca, expressed by

Vi
VY

Ca (1.21)

where V is the average liquid velocity, p the dynamic viscosity of the
liquid and y the surface tension, characterizes the ratio between the vis-
cous and the capillary forces. In the case of the aqueous solutions we have
used here, g ~ 0.001-0.1 Pa.s, y ~ 0.030-0.072 N/m and V~ 1-5 mm/s (from
measurements), thus Ca ~ 1- 107> - 2.1072. Hence the surface tension forces
are predominant in this problem.

Moreover, the interface relaxation time, characterized by the Tomotika
time, is very small. Let us recall that the Tomotika time—or capillary
time— noted 7, is the time taken by a distorted liquid-air interface to
regain its equilibrium shape against the action of the viscosity [25-28]. It is
given by the ratio

w
Z.capillary = Ia_ ' (1.22)

At the microscale, using our typical numerical values, we obtain
Toupitiary ~ 107 — 107 seconds. The capillary time is much smaller than the
time taken by the flow to fill even a small distance of the channel. In sum-
mary, even if the quasi-static approach does not account for the dynamics,
it produces plausible results because the capillary number is much smaller
than unity and the Tomotika time much smaller than the flow time scale in
the channel. Hence Evolver produces a realistic succession of steady-state
location of the interface, but does not account for the flow velocity.

SCF in two different types of composite channels is investigated: first a
confined, rectangular microchannel, and second two different geometries of
“open” channels, i.e. channels having a boundary with the surrounding air.

1.2.2.1 Composite Confined Channel

Let us start with the SCF in a confined rectangular microchannel of dimen-
sions 250 x 150 um with three different solid walls: the top plate has a
contact angle of 45° with the liquid while the bottom plate has a contact
angle of 120° and the vertical walls a contact angle of 100° (Figure 1.5a).
Substitution in (1.18) shows that cos 6*~ 0.02, or 6%~ 89.2°. Using Evolver
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we find that it is the onset of SCE. A comparison between Evolver results
and the theoretical formula is shown in Figure 1.5b for varying top and
bottom contact angles.

1.2.2.2  Composite Open Channel

Open channels with virtual walls have appeared recently in the literature.
In such geometries, the liquid is partly in contact with the surrounding
air, and partly in contact with different solid walls. Some open channels
are simply rails, i.e. a channel wall with air gaps on both sides [29]. Other
open channels are more complex, such as open rectangular U-grooves with
circular apertures in the bottom plate [30].

In the geometry used by Satoh and colleagues [29], two parallel, hori-
zontal plates—the rails—are used to guide the SCF; the capillary flow is

125
K 120 o Theory
Side wall cover plate % 115 - Evolver
=
~ 110
v
En 105
N < 100 N
. Marker 95
Side wall Bottom wall 4 50 60 70 80
@) (b) Angle 1 [degrees]

Figure 1.5 (a) SCF in a confined microchannel with three different solid walls (bottom,
cover and side walls). Yellow lines are just markers to gauge the motion of the interface;
some walls have been removed for visualization. (b) Comparison between theoretical
criterion (green curve) and Evolver (red curve) for SCF onset in the case of a rectangular
channel with three different contact angles with the liquid. Angles 1 and 2 are,
respectively, the top and bottom plate contact angles.
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Figure 1.6 (a) SCF onset in a two-rail situation; (b) Comparison between theoretical
criterion and Evolver for SCE. Angles 1 and 2 are, respectively, the bottom and top plate
contact angles.
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Figure 1.7 (a)Composite cylindrical channel; (b) comparison between theoretical
criterion and Evolver for SCF onset in the case of the composite cylinder.

triggered by electrowetting, i.e. the contact angle with the bottom rail is
adjusted by a proper level of the electric potential in the electrodes embed-
ded in the rail. The width of the rails is 60 um and the vertical gap 20 um.
The contact angle with the top plate is 100°, and we find with Evolver that
the actuated contact angle with the bottom plate for SCF onset should be
31° (Figure 1.6a). Substitution of these values in (1.18) produces the value
0"~ 89.5°. A more detailed comparison is shown in Figure 1.6b, where the
SCF onset has been plotted versus the two contact angles with the solid
walls. The discrepancy between the two curves—theoretical and numeri-
cal—is less than a few degrees.

Finally, we investigate the case of a partly open cylinder, with two
different wall materials (Figure 1.7a). The radius of the cylinder is 200
um and the width of the opening is 280 um. Using contact angles of 66°
and 80° with the walls, we find 6%~ 90°. Again, the value predicted by
(1.18) corresponds to the SCF onset found with Evolver. A more detailed
comparison is shown in Figure 1.7b, where the SCF onset has been plot-
ted versus the two contact angles with the solid walls. The discrepancy
between the two curves—theoretical and Evolver—is again less than a
few degrees.

1.2.3 Discussion

Let us come back to the assumption used for equation (1.15): dA, .~ dx w,.
This assumption is linked to a planar top interface and seems to fail when
this top interface is distorted. In the following we consider an example
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=»

Figure 1.8 SCF between three parallel, square rods. Left: front view of the advancing
liquid; middle and right: perspective views of the advancing SCF: The liquid (in green) is
advancing, guided by the three rods.

where the top interface is not planar and assess the effect of the distortion
on the SCF condition. It is concluded that relation (1.15) has a very wide
range of validity.

Consider first the case of three parallel square rods shown in
Figure 1.8. When the rods are close enough to each other, SCF occurs
even for moderate contact angles (when the rods touch, a theoretical
contact angle of 90° is sufficient to obtain SCF). When the rods are at
a larger distance, small contact angles are needed to establish SCF. The
inter-rod distance corresponding to the onset of SCF has been plotted
versus the contact angles in Figure 1.9. The discrepancy between the two
curves—theoretical and Evolver—is small for contact angles larger than
30°. Below this value, the relative discrepancy (relative distance between
the two curves) is of the order of 5%. The approximation (1.15) can be
considered valid.

1.2.4 Conclusion

Composite channels with walls of different nature, and sometimes with
virtual walls, i.e. open boundaries, are increasingly used in modern
biotechnology. In such designs, capillarity is used to move the liquid
through the system. In particular, spontaneous capillary flow (SCF) is
especially interesting since it does not require any pressure to move the
liquid.

In order to be able to correctly design such systems, the ability to predict
the occurrence of SCF is a necessity. A criterion for the establishment of
SCF in such composite channels has been derived. This criterion is very
simple: the corresponding generalized Cassie angle must be smaller than
90°. For confined microchannels, the result is straightforward, since the
capillary line force is the product of the surface tension and the cosine of
the contact angle. It is interesting to see that the result is also valid for open
channels where the boundary of the liquid flow directly contacts the sur-
rounding air.
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Figure 1.9 Comparison between theoretical criterion and Evolver for SCF onset in the
case of three parallel rods. The agreement between the two approaches is good for contact
angles larger than 30° and a little less accurate for contact angles smaller than 30°.

1.3 The Dynamics of SCF

For applications in medicine and biotechnology, it is of utmost importance
to determine the sample liquid velocities in capillary systems. Especially it
is essential to know if sufficiently high velocities can be reached in micro
and nanochannels. It is also of importance to know if a system can be
totally filled by the sample liquid in a reasonable time span (Figure 1.10).

In this section, the dynamics of spontaneous capillary flows in open or
confined microchannels, composite or not, are investigated.

1.3.1 Open and Confined Systems

As we have seen previously, capillary microsystems can be confined or
open, i.e. the liquid moves inside a closed channel or in a channel open to
the air. Many different geometries of capillary channels exist (Figure 1.11).
Of course, the most usual are those whose microfabrication is the easiest,
such as rectangular and trapezoidal confined channels and open channels
such as rectangular U and triangular V-grooves.

1.3.2 The Lucas-Washburn-Rideal (LWR) Law for Confined
Cylindrical Channels

The study of the dynamics of capillary flows started as early as the 1910s with
the developments made by Bell, Cameron, Lucas, Washburn and Rideal



16 ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

Inlet port Outlet port Inlet port
(a) (b)

Figure 1.10 (a) capillary flow of red-dyed water in a suspended microchannel (no top
cover and no bottom plate); (b) capillary flow of green-dyed water in a rectangular
U-shaped microchannel. The channels are etched in PMMA (poly (methyl methacrylate))
in case (a) and COC (cyclic olefin copolymer) in case (b) in all cases, w= 300 pm,
h=1000um. The PMMA channel is 35 cm long and is filled in less than 100 seconds, and
the COC channel is 60 cm long and is filled in less than 220 seconds. Photographs by N.
Villard, D. Gosselin and J. Berthier (CEA-Leti).

m @) (5)

(2) (3)
Cylindrical Ellipsoidal Rectangular Polygonal Trapezoidal
channel channel channel channel channel
@
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Rectangular V-groove Trapezoidal Suspended Multi Multi
U-groove channel channel U-groove  V-groove

(b)

Figure 1.11 Different morphologies of capillary channels. (a) confined (closed) channels.
(b) open channels.

[7-9] for cylindrical channels. In general, at the scale of microsystems,
inertia is negligible. Indeed, the Reynolds number is usually small. Let us
recall that the Reynolds number Re is the ratio of the inertial forces to the
viscous forces, R =Vwlv, where V is the velocity, w a characteristic geo-
metric scale and v the kinematic viscosity of the liquid. Then a closed-form
expression for the travel distance—the distance between channel entrance
and the front meniscus of the liquid at a given time—can be derived. This
expression is now commonly called the Lucas-Washburn-Rideal (LWR)
law

ycos IRt
zZ= |————— (1.23)

2u
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where R is the channel radius, y the dynamic viscosity of the liquid, y the
surface tension, z the travel distance and ¢ the time.

The reasoning behind (1.23) is straightforward: let us consider the two
forces acting on the liquid, i.e. the capillary force F_ and the drag force
F, . If the inertial force is negligible, the motion is determined by the bal-
ance between these two forces, and using a Poiseuille flow profile for the
calculation of the drag force, one can write

Ep =27nRycost=F,  =8ruzV (1.24)

rag

Upon substitution of V = dz/dt, and integration, one obtains (23). This
expression, valid for a cylinder, has been frequently used for other shapes of
channels by replacing the radius R by the hydraulic radius R . The hydrau-
lic radius is the half of the hydraulic diameter that is defined D;; =4S /p
where S, is the cross-sectional area, and p the perimeter. In our case, the
hydraulic diameter is simply defined by

=4°C, (1.25)

where S_is the cross-sectional surface area and w is the wetted perimeter
of the cross section. However, the use of the hydraulic diameter introduces
a bias if the channel is not circular, as we shall see in the following section.

1.3.3 Generalization of the Lucas-Washburn-Rideal Law to
Composite, Confined Microchannels of Arbitrary Cross
Section

In this section, the general expression for the determination of the veloci-
ties of spontaneous capillary flows in composite, confined microchannels
of arbitrary shapes is presented. This expression generalizes the conven-
tional Lucas-Washburn-Rideal model, which is valid for cylindrical chan-
nels. It will be shown that the use of an equivalent hydraulic diameter in
the Lucas-Washburn-Rideal model introduces a bias when the shape of the
channel cross section differs notably from a circle.

1.3.3.1 'Theory

Let us consider a confined composite channel of uniform cross section, of
arbitrary shape, composed of different walls, i.e. walls of different surface
energies, as depicted in Figure 1.12.
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Figure 1.12 Sketch of a composite microchannel with 6 different solid surfaces.

It has been shown that the capillary force is

E, =7, wcosd, (1.26)

i=ln

where y is the surface tension between the liquid and air, and w, and 0 are,
respectively, the wetted perimeters and dynamic contact angles in a cross
section of the channel—which comprises # different wall surfaces. If we
denote by f, the fraction of the wetted perimeter related to the wall i

w.
fi=—t, (1.27)
L
where L is the cross-sectional perimeter, and using the Cassie notation

cost = Z fi cos 4, relation (1.26) can be recast as:
i=Ln

C

Fap =;/Lcoséf, (1.28)

From a dynamic standpoint, the velocity of the capillary flow can be
determined using the balance between capillary forces and drag force with
walls. The drag force is

degzjrds= erl z(t)z?Lz(t), (1.29)
s r

where 7 is the local wall friction, S the wetted surface between the origin
and the front end of the liquid flow, I' the wetted contour of the cross sec-

tion, 7 the averaged wall friction, i.e. ?:(1/ L )I le, and z the distance of

r
the interface from inlet, which depends on the time t. The force balance on
the liquid flow is then
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d(mV)
dt :Eap_Fdrag’

(1.30)

where m is the (increasing) mass of the liquid in the channel, m = pz (¢)S,
and V the average velocity. The mass of liquid being proportional to the
penetration distance z, (1.30) can be written in the form

psc(zil—‘t/+vz):;/Lcos§—?Lz(t), (1.31)

where S_is the cross-sectional area and p the density of the liquid. The
Reynolds number of the liquid being small, the flow is fully laminar. The
friction 7 then depends on the geometry of the channel and on the average
velocity V. Locally, the wall friction is

ov. uV
==, 1.32
ﬂay g (1.32)

where A is a local friction length and p the coordinate perpendicular to the
wall. A sketch of the friction length A is shown in Figure 1.13.

Conceptually, the friction can be averaged over a whole wetted cross
section,

: (1.33)
1 1,01
where 5= ZJ‘ ;dl is by definition the average friction length. Note that

the derivation of (1.33) assumes a constant value of the viscosity, which
occurs only for Newtonian liquids. The case of non-Newtonian liquids is

Figure 1.13 (a) Sketch of the local friction length A between two parallel plates and
(b) of the different friction lengths in a channel cross section.
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more complex and is not treated here; in fact, the dynamics of capillary
flows of non-Newtonian liquids is still in its infancy. Using the relation

dz
v=9%, (1.34)
dt

and substituting in (1.31) yields the differential equation

1d°z

‘2 dr’

—7Lcosf— Z'LZ( ) (1.35)

Substituting (1.33) in (1.35) yields

1d°2% L dz*
=yLcost —y—— 1.36
S =pyLcost/ —u YR (1.36)

Most of the time in capillary microsystems, inertia can be neglected
because the Reynolds number is small, i.e.

Re=Vw/r<0(1), (1.37)

where w is a characteristic dimension of the channel, v the kinematic
viscosity, and O(1) means “order of 1”. Hence, the left hand side term in
(1.36) is most of the time negligible. In fact, equation (1.36) is a differential
equation in z% denoting A = //L/(Zips ) and B=yLcost /(pSC), and
using the intermediate variables Z=2z* and U=dZ/dt, equation (1.36) can be
integrated twice and we find

z’ :%I:Bt+C(l—e_At):|, (1.38)

where C=B/A. Note that (1.38) implies an infinite velocity at z = 0, because
dz/dt =V ~ C/z at t=0. In reality, there is a very small time lapse before flow
establishment, and (1.38) is not valid for z = 0. Note also that the value of A
is usually high, because of the term S at the denominator, and the second
term on the right side of (1.38) is negligible, after the time t> 2/A.

Neglecting inertia, a closed-form expression for the travel distance z is
then



WETTING OF SOLID WALLS AND SPONTANEOUS CAPILLARY FLow 21

z:\/g‘/cosf\/ﬁ, (1.39)

The travel distance varies as the square root of the time, in agreement
with the Lucas-Washburn-Rideal (LWR) model for capillary flows inside
cylinders [7-9]. The liquid velocity can be readily derived from (1.39)

V= Z,/coséf 2% (1.40)

Vi

In this form, the liquid velocity is the product of the square root of a
“physical” velocity ,/y/ « —related to the physical properties of the materi-

als—the square root of a “geometrical” velocity \lz/ 2t , and the cosine of
the generalized Cassie angle cos& = f; cosd] .

On the other hand, because dz ex]laonent d Z?/dt=2zV, relation (1.38)

immediately produces a relation between the velocity and the travel
distance,
]/Z 1
V=—-cost/ —. (1.41)
Y z

Relation (1.41) can be transformed to (1.42) by multiplying both sides
in (1.41) by L and dividing by the cross-sectional area S

w, cos b,
Lz yLcosd y;)’n b
#5 V= - S . (1.42)

Cc Cc

We observe that the right hand side is the capillary force F, = divided
by the cross-sectional area S, i.e. the Laplace pressure at the advancing
interface. Hence we obtain the formula

Lcos &' Lz -
=7 o as V=RV, (1.43)

[

AP
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In the case of confined channels, relation (1.43) is just the translation
of the usual pressure drop over a distance z for forced laminar flows to the
case of capillary flows,

AP=R,V=R,zV, (1.44)

where Ry is the hydraulic resistance per unit length. Note that the hydrau-
lic resistance R, that we use here is the ratio of the pressure drop to the
average liquid velocity R, = AP/V; some authors consider the ratio of the
pressure drop to the volumic flow rate. The definitions are nearly identi-
cal; they just differ by a constant, which is the channel cross section. The
resistance Ry is the same in (1.43) and (1.44): in both cases, the laminar
flow obeys the same Stokes equation, which is the fundamental basis for
formula (1.44) [31,32]. The difference pertains to the boundary conditions:
forced microflows usually have a pressure or a flow rate imposed at the
back end of the flow, except in the case of aspiration, while capillary flows
are driven by capillary forces at the front end of the flow.

An interesting application of the formula (1.43) is the direct deduction
of the average friction length A—and consequently the capillary velocity—
when the hydraulic resistance Ry is known, according to

L
jéH Sc'

A=u (1.45)

The friction length A can be related to the hydraulic diameter D, =
4S8 /L. Substitution of the expression for the hydraulic diameter (1.25) in
(1.45) yields

4
éHDH.

A=u (1.46)

Let us recall that tables for such resistances as a function of the shape and
dimensions of the channels have been reported in the literature for many
different confined channels [28,33-36]. In the following section, we deduce
velocity expressions for different usual geometrical shapes of the channel
cross section. We then propose a simple method to determine the capillary
velocity in an arbitrary cross section channel. Finally, we investigate the
conditions for obtaining large velocities in capillary-based systems.
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1.3.3.2  Expression for the Capillary Velocity

Consider first the case of confined cylindrical channels. This was the first
configuration studied. Lucas, Washburn and Rideal gave a non-inertial
solution as early as 1921 [7-9]. In (1.46), the value of A can be deter-
mined by con51der1ng the value of the hydraulic resistance per unit length
RH =8 /I/ R? , the wetted perimeter P, =2 7R, and the cross-sectional sur-
face area S, = 7R’ and using (1.45). One obtains / = R/ 4. After substitut-
ing this value in (1.39), it is easily seen that relation (1.39) produces exactly
the LWR equation.

The method can be extended to the different shapes reported in the lit-
erature. We just indicate in Table 1.1 the values of / for a few geometries
[28,33-36].

Tables for laminar pressure drops are often expressed as a function of
the Poiseuille number Po [34]

fRe 10PD;
po=l—=-2""H
4  puodz 2V’ (1.47)

where Re is the Reynolds number and f the Fanning coeflicient. Relation
(1.47) can be cast in the form

- Re
AP:RHzV:(ﬂf JzV, (1.48)

where AP is the pressure drop in the length z in the channel. In this form,
we see that the average friction length given by relation (1.46) is related to
the hydraulic diameter by

8D,
fRe’

A=

(1.49)

Table 1.2, taken from [34], shows some expressions for the Poiseuille
number together with the friction length. Using Tables 1.1 and 1.2, the
travel distances and flow velocities can be easily determined. For a con-
fined channel with a single contact angle, relation (1.39) yields

D
224\/%,/ cosl/ /f_lfet’ (1.50)
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Table 1.1 Values of the average friction length for different geometries.

21n(1/5)+ & -1

ln(l/ 5)

Cross Section Hydraulic Cross-Sectional Average
Resistance Area S and Friction
(Per Unit Length) Wetted Length, /4
Perimeter Py,
~ 8 _ p2 _ R
R, = _/2‘ S, =7zR =5
R p, =27R
a. 4w 1 Sc=hw 5 _fa@w+h)
) pw=2(w+h) 2
- o
1
&=—
q(e) =7
bd
——c¢tanh| —
. (zJ
< 283u S, = a? o
RH = 2 J =
a p,, =4a 7.1
Y S.=a*/\3 S__a
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Table 1.2 Values of the average friction length ; for different geometries, using
the Poiseuille number [32].

Cross Section fRe Hydraulic Average
Diameter, D, Friction_
Length, /
Dy =2R s R
64 4
96 6
h<<w
DH =a Z = i
7.1
56.92
a _ a
V3 1543
120
2013
Dy = a3 = 4
4.33
60
bla 2b(a3+b) | 4=Dy [6.96
DH Ry — 7 _
4 55.66 J(a+b33) 4= Dy /6.0
2 55.22 A=Dy[7.07
1 56.60 il
A=Dy; /7.85
0.562.77 u/
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and relation (1.40) yields

(1.51)

= Z\/cosﬂ Dy .
' ZJ; (FRe)t

Expressions (1.50) and (1.51) easily produce the travel distance
and velocity as a function of time in capillary channels, as long as the
Poiseuille number is known. On the one hand, the hydraulic diameter is
easy to obtain from the value of the cross-sectional area and the wetted
perimeter. On the other hand, the values of the Poiseuille numbers for
complicated geometries not described in the literature can be obtained
either by experimentation or by numerical methods, such as finite ele-
ment models [37].

Note that LWR expression (1.23)—in which the radius R is replaced by
the hydraulic radius—is often used in the literature to calculate the travel
distance. The difference in the travel distances obtained by this method
and those obtained with expression (1.50) is

Az:\/%ﬂlcos 19\/; /1;1;: —J?TH
=\/Z cos ¢ 16DHt (I—J&)
V2 \/ fRe 64

For “regular” shapes, such as squares or hexagons, or even some tra-
pezes, the value of f Re is close to 64 (Table 1.2). However, for “irregular”
shapes, such as slender rectangles, or triangles, a systematic error is made.
This systematic relative error E is

(1.52)

Az
V4

1 |fRe
6

E= . (1.53)

For the values fRe = {57, 60, 64, 96, 120}, respectively corresponding to
square, hexagonal, circular, rectangular and triangular shapes, the relative
errors are E={6%, 3%, 0%, 22%, 37%}. The error is large for very irregular
shapes.
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1.3.3.3 Magnitude of Capillary Velocities

Obtaining sufficiently high velocities is a major issue for capillary systems.
It is essential to reach sufficiently high velocities in order to fill a capillary
system in a short time span. Also, high velocities are useful for the dissolu-
tion, mixing and dispersion of dried or lyophilized reagents often used in
capillary devices.

In Figure 1.14, the travel distances and liquid velocities for water (u=1 cP,
y =72mN/m) have been plotted for 6 channels of the same cross-sectional
area (SC=O.O314 mm?), but different shapes: circle, square, hexagon, equi-
lateral triangle, slender rectangles of aspect ratio w/h=10 and 50. In all
cases, the dynamic advancing contact angle is 45°. The velocity expression
(1.51) derived in the preceding section shows that relatively high velocities
can be obtained, of the order of 3 to 7 mm/s—which is very high for micro-
systems—and that large travel distances (~200-300 mm) can be achieved
in less than one minute.

It appears from Figure 1.14, that the highest velocities are obtained for
channel shapes close to a circle, whereas angular and/or elongated shapes
correspond to smaller velocities. Concave shapes are more detrimental to
capillary velocity. This result is consistent with the observations already
made by Zimmermann et al. [15] and Safavieh and Juncker [38], who
used constricted channels as flow resistances to reduce the capillary flow
velocity (Figure 1.15).

300 T T T T T
250 - _
E 200 41 =
£
£ E
E 150 - ‘?
£ K
& 100 13
50 |- i
0 ] ] ] ] 1 0 1 1 1 I I
0O 20 40 60 80 100 120 0 20 40 60 80 100
(@) Time [s] (b) Time [s]

Figure 1.14 (a) Travel distance vs. time for 6 different channel shapes; (b) velocity vs.
time for 6 different channel shapes.
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Small cross-sectional
area

V\

Main capillary channel

(@) (b)

Figure 1.15 View from top: two types of flow resistors, from [15,38]. The main channel
is interrupted by a section of very small width. In (a) the narrow section is short and
produces a small hydraulic resistance, while in (b) the long, narrow section produces a
high hydraulic resistance.

In their case, the cross section is decreased by a reduction of the channel
width, the etch depth being unchanged. According to Table 1.2, the value
of the friction length for the nominal square channels is 4, = w, /7.1, and
inside the rectangular constricted channels the friction length is £ = wle.
The friction length is then reduced by / / 4 =0.8 (w/ WO). The length of
the constricted channel also contributes to the flow resistance (difference
between A and B in Figure 1.15). On the other hand, high values of the
velocity are achieved by etching a channel of dimensions w=h, according
to Figure 1.14.

1.3.4 Experimental Results for Confined Channels

It was remarked above that equation (1.50) satisfies the Washburn kinet-
ics for cylindrical channels. Let us consider now rectangular cross section
channels.

1.3.4.1 Rectangular Channels

We consider first the results obtained by Han and coworkers [39] for nano-
channels of approximately rectangular cross section, and coated by a SiO,
layer (Figure 1.16a). The nanochannels are 900 nm wide with three differ-
ent depths: 27, 50 and 73 nm. Four different liquids were used: water, a 40%
ethanol solution, pure ethanol, and isopropanol. The physical properties of
the liquids are tabulated in the literature [40]. In all cases the Washburn
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Figure 1.16 (a) View of the horizontal slot (d = 50 nm, w = 900 nm) [39]; reprinted with
permission © Elsevier, 2006. (b) Comparison between experimental results (dots) and
model (50) for the travel distance as a function of the square root of time for the four
liquids (red-isopropanol, orange-40% ethanol, green-ethanol, and violet-water) in the

50 nm deep channel. (c) travel distances vs. square root of time for ethanol in the three
channels (27 nm, 50 nm and 73 nm).

kinetics is obeyed, i.e. the travel distance is proportional to the square root
of time.

In their approach the authors directly use the Washburn formula for a
cylindrical tube, replacing the radius by the hydraulic radius, and calculate
the dynamic contact angle by fitting the curves. It can be observed that
this approach with the hydraulic radius yields different contact angles for
ethanol—respectively 46, 50 and 55°—in the three channels of different
depths—respectively 27, 50 and 73 nm. The reason for the change in con-
tact angle with the change in depth is unclear. The same approach can be
repeated using relation (1.50), and using the distance 4. One obtains the
results plotted in Figure 1.16b and c. The dynamic contact angle for etha-
nol is nearly identical in the three cases (43°, 44° and 44° for the 27, 50 and
73 nm depth channels).

As Han and coworkers observed, no change in the advancing contact
angle was found with the velocity decrease during the capillary flow. The
plots of the travel distance as function of the square root of time are lin-
ear with a very small standard deviation. This is in agreement with the
observations of Sobolev and colleagues for nanocapillaries [41]. It is also
consistent with the investigations of Hamraoui and colleagues [42], who
obtained the following expression for the dynamic contact angle:

;/(cos 4, — cos ﬂ) = pV", (1.54)

where 6 and 0 are, respectively, the static and dynamic contact angles,
B a coeflicient of the order of 0.1 to 0.4 and # a coefficient of the order of 1.
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Joos and colleagues [43] have proposed a similar expression. In the con-
figurations examined here the flow velocity is less than a few millimeter
per second—except at the very beginning of the flow—and the dynamic
contact angle is equal to the static contact angle.

1.3.4.2  Trapezoidal Channel

We now relate experiments performed in a winding trapezoidal channel
(Figure 1.17). The channel was formed by hot roll embossing of a plastic
(PMMA) substrate. The substrate was then treated with O, plasma in order
to obtain a hydrophilic surface. The channel was covered by a plastic film.
The shape of the channel is close to a trapezoid with slightly concave sides,
due to the roll embossing (Figure 1.17). The dimensions of the cross sec-
tion are a=400 pm, b=800 pum, h~110 pm. The corresponding hydraulic
diameter is then D, ~93 um. Water dyed with yellow food coloring was
introduced with a pipette in an inlet port (large cylindrical well). The
static contact angle of the liquid on the surface was measured with a Kriiss
device, with a value 28°. The contact angle with the cover film was 120°.
Due to the glycol contained in the food coloring, the liquid had a viscosity
of 3.5 cP, and a surface tension of 42 mN/m. A finite element model was
set up to determine the hydraulic resistance of the trapezoidal channel. A
Poiseuille number of Po=14.25 was found, corresponding to fRe=57. This
value is consistent with the values in Table 1.2 (bottom row).
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Figure 1.17 Comparison between experiments (green dots) and present model
(continuous orange line) for a trapezoidal channel. Left: travel distance as a function of
time. Right: travel distance as a function of the square root of time. The photo represents
a view of the liquid (yellow tinted water) flowing in the winding channel. The \/7 law fits
well the experiments, with the constant value of the static contact angle.
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Photographs of the channel were taken every 5 seconds. A compari-
son between the experimental results and the present model is shown in
Figure 1.17. We observe that the \/7 law fits well the experiments, with the
constant value of the static contact angle. A small overshoot is observed
but it is not significant. It is within the error margin of the uncertainties of
measurement of the surface tension, viscosity and contact angle.

1.3.4.3 Conclusion

In this section, the capillary velocities in confined, composite channels
of arbitrary shapes were investigated. Closed-form expressions for the
travel distances and velocities have been worked out, showing respectively
dependencies as \/7‘ and \/1/_1‘ , in agreement with the Lucas-Washburn-
Rideal approach. It is shown that, for any geometry and composite wall, the
square of the capillary velocity is the product of a “physical” velocity and a
“geometrical” velocity. Moreover, the coeflicient appearing in the formula
is the cosine of the generalized Cassie angle.

It is also shown that the conventional Lucas-Washburn-Rideal expres-
sion is only valid for cylindrical ducts and that the use of an equivalent
hydraulic diameter, as is sometimes done in the literature, introduces a
systematic bias when the shape of the channel cross section differs notably
from a circle.

No change in the dynamic contact angle is observed during the velocity
decrease of the capillary flow. This observation is related to the small capil-
lary and Reynolds numbers associated to an inertialess flow. In fact, using
the expression for the dynamic contact angle, it is shown that the dynamic
contact angle is nearly equal to the static contact angle.

Nevertheless, there are two restrictions to the present developments:
First, the liquids have been chosen to have a Newtonian behavior, with a
constant viscosity during the flow. The non-Newtonian aspect is still to be
investigated since biological liquids often have a shear-thinning behavior,
and their viscosity increases with the decrease of the velocity in the capil-
lary channel. Second, capillary filaments may form in sharp corners, as was
shown by Concus and Finn [10], and their entrainment effect on the bulk
of the flow is still unknown.

1.3.5 Capillary Flow in Open Microchannels: The Example of
Suspended Microflows

Amongst the systems based on capillarity, open systems—i.e. micro-
flows with a free surface—are of increasing interest because of their great
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accessibility, robustness, functionality, inexpensive fabrication and versa-
tility. However, the physics of open capillary flows is complicated because
of the free, deformable interface with air. A formulation equivalent to the
generalized Lucas-Washburn-Rideal expression for confined capillary
flows is still to be found.

Let us take the example of a subcategory of open microflows called
“suspended microflows” which has recently emerged. By definition, a sus-
pended microflow is a flow that uses surface tension to fill and maintain
the liquid in microscale structures devoid of a ceiling and floor. A sketch
of a typical suspended channel between parallel, vertical walls is shown
in Figure 1.18a. A suspended channel drilled through a PMMA plate is
shown in Figure 1.18b, and different configurations of suspended flows are
shown in Figures 1.18¢, d and e.

So far there have been only a few publications on suspended microfluid-
ics [28,45,46]. Below we examine the case of a spontaneous capillary flow
in suspended microchannels with parallel, vertical walls. First, we theoreti-
cally derive the conditions for SCF onset using an approach based on the
Gibbs free energy [4]. Next, we verify the onset of SCF using the Surface
Evolver numerical program. The dynamics of the liquid motion is then
analyzed, using analytical arguments based on a force balance between the

* 4
Inlet port  Outletyport

() (d) (e)

Figure 1.18 (a) Sketch of a suspended microflow between two parallel, vertical
walls; (b) photographs of a suspended channel drilled in a PMMA plate (w=300 pm,
h=1000um); (c) Evolver view of a suspended flow between parallel, vertical walls; (d)
Evolver calculation of a suspended capillary flow in a winding channel; (e) Evolver
calculation of a capillary flow blocked by a hole in the bottom plate. Photographs by
N. Villard and D. Gosselin (CEA-Leti).
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capillary forces—which drive the flow—and viscous friction at the walls,
which resists the motion of the liquid. Experiments using tinted aque-
ous solutions of alginate confirm the feasibility of capillary motion even
over large distances. Even very viscous liquids can be moved in suspended
channels if the capillary forces are sufficient: a suspended channel longer
than 37 cm can be filled with diluted or whole blood, or with viscous poly-
meric alginate solutions.

1.3.5.1.  Gravity and Suspended Microflows

In this section, we first analyze the conditions for SCF in a suspended
channel with vertical walls. In our analysis, gravity is neglected because
the dimension of the device—here the distance between the vertical walls,
denoted w—is smaller than the capillary length, i.e.

)
w<l= |2
g (1.55)

For water, the capillary length is [=2.7 mm. It can be shown by using the
Surface Evolver that if the distance between the two walls is less than the cap-
illary length, gravity has a negligible effect. Figure 1.19 shows there would be
anoticeable downward deformation of the free bottom interface for horizon-
tal distances w larger than 3 mm. In the following, we only consider channel
widths smaller than 500 pm, far below the limit determined in (1.55).

1.3.5.2  Condition for SCF

Spontaneous capillary flow results when the energy reduction from wet-
ting walls outweighs the energy increase from extending the free surface.
Using Gibbs’ thermodynamic equation, it has been shown that the general

Deformation due to gravity

Figure 1.19 Bottom interface of a suspended flow deformed by gravity for w=3 mm.
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condition for SCF in composite systems is that the generalized Cassie angle
must be less than 90° [4], as stated by relation (1.18). Let us recall that, for
open microflows, the virtual contact angle with air is 180°.

In the case where the walls are composed of a single material (with the
same functionalization), relation (1.9) yields

w
—£ <cosd, (1.56)
w

where w,, W are, respectively, the free—in contact with air—and wet-
ted—in contact with wall—perimeters in a cross section of the channel
[21]. If we consider a suspended channel with vertical, parallel walls, such
as the one drawn in Figure 1.18a, where d is the distance between the walls
and h the height of the walls, the condition for the onset of SCF is then

%<cosﬂ, (1.57)

or

d< arc cos(%). (1.58)

The domain of suspended SCF is plotted in Figure 1.20a. It is delimited
by the line corresponding to relation (1.57).

Note that if the channel aspect ratio e=d/h goes to zero, a contact angle
approaching 90° can theoretically be sufficient for SCF (we shall see later
that in such case the velocity of the flow is extremely small). On the other
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Figure 1.20 (a) SCF domain, and relation between the contact angle and the aspect ratio
d/h according to (1.57). The red dots are the results obtained with the Surface Evolver;
(b) whole-blood suspended microflow calculated with Surface Evolver; (c) experiments
performed with blood (the interface has been visualized with a yellow line).
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hand, when the aspect ratio increases to 1 (d=h) the contact angle must be
zero to ensure a SCF (again, in this particular case we shall demonstrate
that the velocity of the flow is extremely small). If the aspect ratio is larger
than 1 (d>h) no SCF can be observed. For an aspect ratio of 1/3, the maxi-
mum contact angle that allows for SCF is approximately 70°.

1.3.5.3  Quasi-static Approach

The SCF onset can be checked by using the Surface Evolver [24]. A discus-
sion of the possibilities of Evolver concerning the modeling of the capillary
flow has already been presented above, in section 1.2.2. As an example,
Figures 1.20b and ¢ show a comparison of a Surface Evolver calculation
and an experimental result using whole blood.

We can use the Surface Evolver to study the SCF onset in the geometry
of two parallel vertical walls. In the calculation, the inlet pressure is the
atmospheric pressure, which can be obtained by a sufficiently large reser-
voir (Figure 1.18b). It is the low Laplace pressure—smaller than the inlet
pressure—at the tip of the liquid segment that drives the flow. Figure 1.21
shows a SCF calculation corresponding to the conditions d=40 yum, h=50
um, d/h=0.8, 6=20°, y=72 mN/m.

Using Evolver, starting from a geometrical configuration where SCF
occurs, we can increase the contact angle to reach the limit where the flow
does not progress anymore. The limit of SCF is then obtained for a given
aspect ratio. The domain for suspended SCF is plotted in Figure 1.20a. The
two limits—theoretical and numerical—are very similar.

(b)

Figure 1.21 SCEF for suspended microflow predicted by Evolver (d=40 pm, h=50 pum,
d/h=0.8, 6=20°)
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1.3.5.4 Dynamic Approach

Even if there are good arguments for the validity of the quasi-static Evolver
approach concerning the interface shape, it cannot predict the value of the
velocity of the flow. A dynamic approach is required to predict the flow
velocity.

Let us first start from Newton’s law, already stated in (1.30),

d (m V)
7 = Fcap - Fdrag ' (1'59)

Assuming that the advancing contact angle is close to the Young contact
angle, the capillary force is given by

E.p =w;/cosﬂ—wa=2]/(hcosﬂ—d), (1.60)

where w = 2h is the wetted perimeter in a cross section. On the other hand,
assuming a uniform Poiseuille flow between the vertical walls, such as
depicted in Figure 1.22, the wall drag force is approximately

E z6ﬂ%Z(t)w =12ﬂgz(t)V(t), (L.61)

rag

where V(t) is the average velocity at location z(#). Substitution of relations
(1.60) and (1.61) into equation (1.59) yields

pSC(ZGZ_‘t/_i_VZ):z;/(hcosﬂ—d)—IZ,agz(t)V. (1.62)

Established flow Tran.s,ien;‘zone
Poiseuille quadratic profile atinterface

'
v

du v
T = u§=6ua

Figure 1.22 Sketch of the top view of the suspended channel: with the exception of the
front end of the flow near the interface where the flow is not established, the velocity
profile is close to the Poiseuille quadratic profile.
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Using the relations

dz

V -
dt (1.63)
S ~dh

we finally obtain the differential equation

d*z? N 124 dz? 4y(cos€—d/h)
ar*  pd* dt pd

=0, (1.64)

Equation (1.64) is a differential equation in z% denoting A = 124 / (ﬂ dz)
andB=4y ( cosJ—d/ h) / (,ﬂd), and using the intermediate variables Z=2z
and U=dZ/dt, equation (1.64) can be integrated twice and we find

2 =%|:Bt+C(1—e_At):|, (1.65)

where C=B/A. Note that (1.65) implies an infinite velocity at z = 0,
because dz/dt =V ~ C/z at t=0. In reality, there is a very small time lapse
before flow establishment, and (1.65) is not valid for z = 0. Note also that
the value of A is usually high, because of the term d?, and the second term
on the right side of (1.65) is negligible, after the time > 2/A.

Neglecting inertia, a closed-form expression for the travel distance z is
then

7% = Et. (1.66)

A

Replacing A and B in (1.66), the travel distance z is

d (cosO-d/h
z=\/y os /)J?. (1.67)

3u

The velocity of the flow is readily deduced from (1.67)

rd (cos 0— d/h) 1
V= -
\/ - ,/t . (1.68)
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Expression (1.68) shows the same dependency with time as the well-
known Washburn-Lucas-Rideal model for capillary flows inside cylin-
drical tubes. Note that the term cos#—d/h must be positive in order to
obtain a SCF, in agreement with the theoretical condition (1.57).

Finally, the relation between the velocity V and the distance z is obtained
by elimination of the time between relations (1.67) and (1.68):

. :7d (cosﬂ— d/h)

—1 . (1.69)
6u z
The velocity V decreases as 1/z. Note that the model predicts that the
velocity of the flow decreases but the liquid never stops moving as long as
the contact angle satisfies the SCF relation (1.57).
Relation (1.69) can be cast in the general form proposed by Rye et al. for
spontaneous capillary flows in V-grooves [18]:

v h Z_hl:e (cosﬂ—e)]

V:—— =
/[Z geom /[[Z 6

(1.70)
where the geometrical function F | ~depends on the contact angle and
on the suspended channel aspect ratio e=d/h.

A comparison between the complete (differential) analytical model
(Equation 1.65) which includes inertia and the simplified inertialess
expression (equation 1.67) is shown in Figure 1.23a. The two expressions
are nearly indistinguishable. This was expected since the flow Reynolds
number is small, of the order of 1. Considering the velocity to be V~0.01
m/s, one finds a value of the Reynolds number Re~3.

1.3.5.5 Channel Characteristics for Maximum Velocities

It is interesting to obtain an approximation for the highest velocities that
can be obtained in such suspended devices. Relation (1.68) shows that the
velocity in a suspended channel is a function of the width d and the height
h of the channel. Assuming a constant thickness of the plate, i.e. / is con-
stant, we search for the aspect ratio and contact angle that will provide the
maximum velocities. The maximum velocity is obtained by writing

aV

—=0
57 =0 (1.71)
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Figure 1.23 (a) Penetration distance as a function of time for the cases of three different
aqueous liquids with different viscosities and surface tensions (violet, blue and green
tinted water with different food coloring concentration). (b) Plot of the locus of the
maximum velocities as a function of the contact angle 6 and the aspect ratio e; the red
dotted line, locus of the maximum velocities, corresponds to the relation e =1/2 cosf, and
the absolute maximum of the velocities is obtained for 6 = 0 (cosf = 1) and e = 1/2. The
red continuous line e = cosf corresponds to the limit of the SCF. The green curves are
contour plots of the velocity V. The minimum velocities are obtained in the vicinity of the
lines e = cosf and e = 0, where the velocity vanishes.

Substitution of (1.70) in (1.71) yields the relation

d_cosﬂ.

h 2

(1.72)

Hence, the aspect ratio e=d/h providing the highest velocity is half the
aspect ratio corresponding to SCF onset—determined by relation (1.57).
Upon substitution of (1.72) in (1.68), we obtain the expression for the max-
imum velocity in a suspended channel of thickness / :

v _cos yh\/I
max = 5 122\t (1.73)

The maximum velocity is proportional to the cosine of the contact
angle, and to the square root of the channel height. Keeping in mind that
relation (1.73) is valid if the channel aspect ratio e satisfies (1.72), the
maximum velocity increases by increasing the dimensions of the channel
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Figure 1.24 (a) and (b) 1wt % alginate spontaneous capillary flow in a suspended
winding channel (contact angle ~30°); in (a) the liquid starts its motion, while in (b) the
liquid interface continues its motion further down in the channel; (c) comparison of

the flow kinetics between theory and experiments for three liquids: alginate solution is
plotted in orange, two SCFs of whole blood, with two different contact angles after recent
(15 minutes) or ancient (two hours) O, plasma treatment, are respectively plotted in
violet and red. Photographs by N. Villard and J. Berthier.

(width and height) by the same factor, until the limit where gravity effects
become non-negligible (d ~ 1 mm). Relation (1.73) can be cast in a non-

dimensional form
cos & h
a3\ u Nt

showing that the maximum velocity is the product of the square root of a

“physical” velocity \/7/7 and of a “geometrical” velocity \/Tﬁ . The locus
of the maximum velocities is plotted in Figure 1.23b as a function of the
aspect ratio and the contact angle.

Typically, we have the following values: h=1 mm, d=300 pm, 6 =20°,
p~1-5cP, and y ~ 10-70 mN/m. An approximation of the maximum veloc-
ity is 15\/1/—1‘ >V > 6\/1/_t mm/s. Assuming that the flow is established
in less than one second, velocities of the order of a few millimeters per
second can be obtained in such suspended channels.

1.3.5.6  Biological Liquids

Liquids used in biology and medicine have a complex rheology. They are
usually more viscous than pure water and they frequently are non-Newto-
nian. This is for example the case of alginate solutions that are commonly
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used in cell encapsulation [47] and of whole blood [48-51]. This is also
often the case in food-processing engineering [52]. Even if these liquids
are much more viscous than water, they can be moved by capillarity. Figure
1.24 shows the spontaneous capillary flow of a 1% alginate solution in the
winding, suspended device of Figure 1.18b.

We observe that these liquids obey the square root law at the beginning
of the motion, but after a while the experimental points are located below
the square root law curve. A fit with the square root law—in the region
where the fit is valid—produces the values y = 29 mN/m and p=4.0 10
Pa.s for whole blood, and y = 62 mN/m and y=7.0 10~ Pa.s for the diluted
alginate solution.

The behavior at later times may be explained by the shear-thinning rhe-
ology of the two liquids: as predicted by (1.69), the velocity of the capillary
flow decreases with the penetration distance, consequently the shear-rate
decreases and the viscosity increases. Hence a coupling is established
between viscosity and velocity, leading to the reduction of the velocity of
the capillary motion.

From a physical standpoint, at small velocities, the polymeric chains
of the alginate have a random orientation, increasing the viscosity, while
under a sufficient shear they align with the flow, and the viscosity is
reduced. Different laws exist for the viscosity of alginate solutions; the
Carreau-Yasuda law is often used to describe the viscosity of semi-dilute
alginate solutions. Similarly, at small velocities, red blood cells form stacks
that considerably increase the viscosity. These stacks are dispersed at suf-
ficiently high velocity. Usually blood viscosity is modeled by Casson’s law,
and an asymptotic value of 4.0 10~ Pa.s for the viscosity is obtained when
the cells are dispersed.

Note that in the case of non-Newtonian liquids, the deceleration of the
liquid progressing in the channel has the effect to increase the viscosity,
resulting in an increased deceleration of the liquid. In the present chapter,
this feedback of the viscosity on the velocity is not presented, for the mere
reason that it is presently a subject of investigation.

1.4 Conclusion

The general condition for spontaneous capillary flow onset has been pre-
sented in this chapter; it shows that SCF occurs when both geometrical and
wetting conditions are met. In the case of composite channels, capillary
flow may take place even if some of the walls are not hydrophilic, under the
conditions that the other walls counterbalance their hydrophobicity. In the
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case of open-surface geometry, i.e. open microflows, the air behaves like a
superhydrophobic medium, with a contact angle of 180°. Again, spontane-
ous capillary flow is observed if some of the walls exert a sufficient capillary
force.

The dynamics of capillary flow in confined channels, is now well known
in the case of composite walls. In the case of a cylindrical channel, the
Lucas-Washburn-Rideal (LWR) expression produces the relation between
the travel distance or velocity with the time. But using an equivalent hydrau-
lic diameter for describing the motion in an arbitrary cross section channel
introduces a bias, which is important if the cross-section differs notably
from the circle. An expression generalizing the LWR expression has been
derived, which details the dynamics of the capillary flow under the condi-
tion that inertia is negligible, which is often the case at the microscale. In
such a case, the advancing contact angle has been found to be constant,
and close to the static value.

The dynamics of open-surface capillary microflows is still a subject of
investigations. The difficulty is linked to the open boundary that intro-
duces a surface tension force that opposes the motion, but does not provide
wall friction. Finding the velocity profile in a cross section is the main task
to determine the dynamics of the flow.

Two challenges are remaining: the first one pertains to the capillary flow
of non-Newtonian liquids, which are frequent in biology, biotechnology
and medicine. The expression for the wall friction in complicated geom-
etries of such flows is difficult and requires numerical modeling and/or
experiments. The second challenge is the study of dynamics of the capillary
filaments that sometimes occur in corners, ahead of the flow. Their impli-
cation in the dynamics of the bulk flow is still to be determined.
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Abstract

Viewed macroscopically at room temperature, water always completely wets
other water due to the formation of hydrogen bonds. In 2009, based on molecular
dynamics simulations, we predicted the phenomenon of a liquid water droplet
on a water monolayer, which has been termed as “ordered water monolayer that
does not completely wet water” at room temperature. Recently, this room temper-
ature phenomenon has been observed on many real surfaces in numerical simula-
tions or experiments by research groups worldwide. In this review, we summarize
the recent advances in the understanding of this wetting behavior, including the
underlying mechanisms and the possible applications.

Keywords: Ordered water monolayer, room temperature, molecular dynamics
simulations, hydrogen bonds, hydrophobicity/hydrophilicity, ethanol molecules

2.1 Introduction

The interfacial water [1-10], which is usually regarded as the key in under-
standing various processes, such as solvation process of particles/molecules
in water [11-16], adsorption/desorption at surfaces [17-22], electro-
chemical reactions [23,24], protein stability and folding [25], molecular
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self-assembly [26], rearrangement of immunodeficiency virus [27], the
nano- toxicity of aggregated gases [28], graphene [29,30] or Al ions [31],
and even the asymmetrical diffusion of solvated particles [32], has drawn
extensive attention. The molecular structure and dynamics of these inter-
facial water molecules are usually different from those in the bulk water.
Recently, ordered water structures confined to one or two dimensions have
been found and extensively studied by experimental or theoretical meth-
ods. In one-dimensional systems, such as the nano-channels of nanotubes
[33-41] and aquaporins [42], the water molecules were found to form a
single-file structure due to the connecting of hydrogen bonds among water
molecules. The permeation of water molecules across the channels showed
novel behaviors, such as extra-high permeability rate [43,44], excellent on-
off gating behavior in response to the external mechanical and electrical
signals and noises [35,45]. On two-dimensional (2D) solid surfaces, the
room temperature ordered structure of interfacial water was first found on
the mica surface [46] in 1995 by Hu et al. Subsequent works [47] by simu-
lations showed that the ordered structures of interfacial water on the mica
surface formed a 2D hydrogen-bonded network matching with the mica
lattice, and there was no dangling OH bond in the first contact layer on the
mica surface. More interestingly, ordered water has been found near the
biological molecules, such as the antifreeze protein [48], where the ordered
water may affect the dynamics of the freezing process.

It has been realized that this novel ordered water affects various sur-
face properties, such as the surface electrochemical property, catalysis,
surface corrosion, surface wetting behavior and surface friction, etc. In
2005, at extremely low temperatures, Kimmel et al. [49] experimentally
found hydrophobic-like ice monolayers on metal Pt(111) surfaces, and
attributed this to no dangling OH bonds existing in the ice monolayer.
Like the superconductor or the Bose-Einstein condensate, the physical
results obtained at cryogenic temperature could usually not be transferred
directly to room temperature due to the larger thermal fluctuations at
the room temperature. Analogously, the hydrophobic-like ice monolayer
observed at cryogenic temperature cannot be extended to room tempera-
ture since the thermal fluctuations will break the H-bond networks and
provide more opportunities to form hydrogen bonds between the mono-
layer and water molecules above the monolayer. This thus makes the water
monolayer at room temperature more hydrophilic and accounts for the
room temperature behavior that when water contacts water monolayer,
it will spread out and finally both mix together due to the formation of
hydrogen bonds. However, in 2009, based on molecular dynamics simula-
tions, we predicted a clear liquid water droplet on the water monolayer
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[50-55], termed as “ordered water monolayer that does not completely
wet water” at room temperature. Clearly, this room temperature wetting
behavior is much more important and applicable in many scientific fields,
since liquid water is essential for various processes, particularly many bio-
logical activities. It should be noted that in contrast to the previous studies
of no dangling OH bonds in the ordered water monolayer on mica sur-
face [47,56] at room temperature and on Pt (111) surface at very low tem-
perature [49], we predicted that there remained a considerable number of
dangling OH bonds in the room temperature water monolayer. Recently,
several experimental or simulation works have observed the phenom-
enon ‘ordered water monolayer that does not completely wet water” on
real solid surfaces at room temperature, suggesting the generality of this
wetting behavior. In this review, we summarize these advances on the
understanding of the wetting phenomenon mentioned above and discuss
the possible applications related to this phenomenon. The review is orga-
nized as follows. In sections 2.2 and 2.3, we have presented the underlying
mechanism of the peculiar phenomenon with a stable liquid water droplet
on water monolayer, and the effect of defects on the ordered water. The
thermal property of the ordered water is discussed in section 2.4. In sec-
tion 2.5, we discuss the recent simulation or experimental observations for
the phenomenon “ordered water monolayer that does not completely wet
water” observed on real solid surfaces at room temperature. In section 2.6,
we have presented the similar phenomenon of an ethanol droplet on an
ethanol monolayer at room temperature. A short discussion on the pos-
sible applications of this phenomenon “ordered water monolayer that does
not completely wet water” is presented in section 2.7. In the last section,
we make a short summary.

2.2 “Ordered Water Monolayer that Does Not
Completely Wet Water” at Room Temperature

In Figure 2.1(a), based on molecular dynamics simulations, we have pre-
sented our prediction of the liquid water droplet on a water monolayer with
a thickness of 0.4 nm, termed as “ordered water monolayer that does not
completely wet water” on a model surface at room temperature [50-55]. In
Figure 2.1(b), we have shown the theoretical model surface with a planar
hexagonal structure. The two-dimensional structure of the surface contains
positive and negative charges g in certain positions while the surface in
total is neutral. This surface charge or dipole distribution is similar to exist-
ing surfaces, such as InSb(110), suggesting both unrecognized possibilities
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associated with existing materials and potential for new materials that pos-
sess this property.

In the simulations, as charge g increases from 0 e to 0.5 e, the water
molecules gradually spread over the surfaces. However, when g > 0.5e, we
found that the water molecules began to assemble in a water droplet on
top of a water monolayer. We have calculated the contact angles of liquid
water droplets as a function of the charge g and the results are shown in
Figure 2.2. Clearly, as charge g increases, the contact angle of the drop-
lets increases, contrary to our common sense that the contact angle should
decrease as the surface charge g increases.

To account for this phenomenon, we have calculated the average num-
ber of hydrogen bonds (H-bonds) formed by each water molecule in the

(a) (b)

Figure 2.1 (a) A stable water droplet on a water monolayer on a model solid surface. (b)
Structure of the model solid surface. Red and blue spheres represent the atoms of the solid
with positive and negative charges, respectively, while the green spheres represent neutral
solid atoms (reprinted from ref. 50, Copyright 2009 American Physical Society).
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Figure 2.2 Relationship between the cosine values of the contact angle 6 and the charge

value q. An exponential function cosf = 3.5*exp(-g/0.38) was fitted to the data (black line)
(reprinted from ref. 50, Copyright 2009 American Physical Society).
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monolayer under the droplet connecting with its neighboring water mol-
ecules in the same layer, namely, within-monolayer H-bonds, and the
average number of hydrogen bonds formed by each water molecule in the
monolayer connecting with the water molecules above this monolayer,
namely, between-droplet-monolayer H-bonds. As shown in Figure 2.3, as g
becomes larger, the number of within-monolayer H-bonds increases, which
in return reduces the number of between-droplet-monolayer H-bonds.
Note that the former is always larger than the latter, and the sum of the two
slowly decreases and finally reaches a constant 2.9. Thus, we have found
a competition occurring for H-bond formation between within-mono-
layer H-bonds and between-droplet-monolayer H-bonds. This decrease of
H-bond number between the monolayer and water droplet greatly reduces
the water-water attraction between water monolayer and the contacting
water above, and thus results in the unexpected phenomenon termed
“ordered water monolayer that does not completely wet water” at room
temperature. The number of H-bonds per water molecule in the mono-
layer outside the droplet, namely, outside-droplet-monolayer H-bonds, is
almost constant at 2.6, which is considerably smaller than the total value
of 2.9 H-bonds per water molecule for g > 0.8e in the monolayer under
the droplet. This result suggests that there are at least 0.3 free positions at
which H bonds can form for each water molecule in the monolayer outside
the droplet. We have also performed numerical simulations of solid surface
covered with a monolayer of ice at T = 135 K, conditions under which the
crystalline hydrophobic-like ice monolayer formed on a Pt(111) surface.
We have found that the number of H-bonds per water molecule is 2.9 if
surface charge g = 0.3 e, which is ~0.3 larger than the number of H-bonds
per water molecule in the monolayer outside the droplet when g > 0.6e
at room temperature. However, this value of 2.9 equals the total H-bonds
per water molecule when g > 0.8e at room temperature in the monolayer
under the droplet (see Figure 2.3). These results imply that there may be
no dangling OH bonds in the ice monolayer at this cryogenic temperature.
However, dangling OH bonds still exist in this ordered water monolayer at
room temperature.

We have also found that the surface charge or dipoles arrangement is
important for the formation of the 2D ordered water structure as well
as the water droplet on the water monolayer. Figure 2.4(a) displays a
snapshot of the water structures together with the H-bonds (in green
lines) in the monolayer outside the droplet for g = 1.0 e. To describe the
ordered water structures, a parameter ¢ is defined as the angle between
the projection onto the x-y plane of a water molecule dipole orientation
and a crystallographic direction. As shown in Figure 2.4(b), when ¢ is
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Figure 2.3 Relationship between the number of H-bonds formed by each water molecule
of the monolayer under the droplet with other neighboring water molecules in the

same monolayer (solid squares), and the H-bonds formed by each water molecule of

the monolayer under the droplet with the water molecules above the monolayer (solid

red circles corresponding to the right axis), and charge value g. The sum of the two is
represented by empty squares. The average number of H-bonds formed by each water
molecule of the water monolayer outside the droplet is represented by black solid triangles
(reprinted from ref. 50, Copyright 2009 American Physical Society).

sufficiently large (1.0 e), the three peaks at ¢ = 0°, 120° and 240° of prob-
ability distribution with angle ¢ are found. These three peaks show the
clearly hexagonal ordered water structure (see Figure 2.4(a)). When q is
as small as 0.5 e, the peaks cannot be clearly seen. Correspondingly, the
droplet on the monolayer cannot be observed. Only when g is equal or
larger than 0.6 e, water droplets on water monolayers appear and there
are three clear dipole orientation preferences for the water molecules
in monolayer with three peaks at ¢ = 0°, 120° and 240°. Thus, we have
found that there is a tight relationship between the ordered/disordered
water structures and appearance/disappearance of the water droplet
on the monolayer. Although the heights of the distribution associated
with the monolayer under the droplet are lower than the heights for the
monolayer outside the droplet, the water molecules in the monolayer
under the droplet still retain a good 2D ordered hexagonal structure
when g is large. In addition, the solid surface structures are critical for
the formation of ordered water structures. To study the effect of solid
surface structures on the surface water structures, we have adjusted the
neighboring atom bond length [ from 0.142 nm to 0.17 nm. We have
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Figure 2.4 (a)Top view of water molecules in the monolayer on the solid surface with
regular 2D ordered hexagons. The H-bonds formed between neighboring water molecules
are labeled with green lines and the pink arrow represents the direction we used as the
crystallographic direction to compute the angle ¢. (b) Probability distribution of the angle
¢. Black empty squares and magenta circles correspond to the case when g = 0.5 e and

q = 0.6 e, respectively, with a bond length = 0.142 nm. We use red triangles and blue stars
to represent the water monolayer outside the droplet and the monolayer molecules under
the droplet, respectively, for ¢ = 1.0 e and [ = 0.142 nm. Solid squares represent the case
for a larger neighboring bond length [ = 0.17 nm with g = 1.0 e (reprinted from ref. 50,
Copyright 2009 American Physical Society).

found that there is no clear peak in the probability distribution of angle
¢, although g has quite a large value of 1.0 e when / = 0.17 nm. In this
case, there is no clear water droplet above the monolayer. If I decreases
to 0.12 nm, neither the water droplets nor the ordered water monolayer
can be seen. Clearly, the solid surface structure, i.e., the bond parameter
I, plays an important role in the formation of the ordered water mono-
layer, resulting in the emergence of the water droplet on this monolayer.
In 2013, Zhu et al. [57] also showed that the lattice structure played
an important role in surface microscopic wetting, where an unexpected
non-monotonic relationship between the water contact angle and sur-
face lattice constant was found.

To gain a deeper understanding of the ordered water monolayer, we have
calculated the relaxation dynamics of the H-bonds in the ordered water
monolayer under the water droplet. Again, we focus on the hydrogen bonds
formed within the monolayer under the droplet, namely, within-mono-
layer H-bonds, and hydrogen bonds formed between the droplet and the
monolayer under the water droplet, namely, between-droplet-monolayer
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H-bonds. The relaxation time of hydrogen bonds is characterized by the
hydrogen bond autocorrelation function [58,59]

_< h(0)h(t) >

, (2.1)
< h(0)h(0) >

C(t)

where h(t) = 1 if the tagged water pair is continuously hydrogen bonded
from time 0 to time ¢, and h(t) = 0 otherwise. C(t) describes the probability
of a pair of water molecules being hydrogen bonded at time ¢ = 0 and con-
tinuously hydrogen bonded at time ¢.

Figure 2.5(a) shows the autocorrelation function of within-monolayer
H-bonds (black lines) and between-droplet-monolayer H-bonds (red
line) when g = 0.6 e, 0.8 e and 1.0 e. The autocorrelation function decays
exponentially with time. Through fitting the data of the autocorrelation
function by a double exponential decay function [60] at the time inter-
val [0.5 ps, 15 ps], we can obtain the relaxation time of hydrogen bonds
using the larger 7. In Figure 2.5(b), the results of the relaxation time of
within-monolayer H-bonds (black lines) and between-droplet-monolayer
H bonds (red lines) are presented. With the increase of charge g, the stabil-
ity of water molecules near the surface is enhanced, thus relaxation times
of both within-monolayer H-bonds and between-droplet-monolayer
H-bonds increase. However, it should be noted that the relaxation time
of the former is always 2-3 times of the latter. This larger relaxation time
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Figure 2.5 (a) Hydrogen bond autocorrelation function C() when g = 0.6 e (solid lines),
0.8 e (dashed lines) and 1.0 e (dotted lines) for within-monolayer H-bonds (black line)
and between-monolayer-droplet H-bonds (red line). (b) Average relaxation time T of
within-monolayer H-bonds (black line) and between-monolayer-droplet H-bonds (red
line) vs. g.
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of hydrogen bonds within the monolayer is mainly attributed to the fact
that the water molecules in the monolayer prefer to form hydrogen bonds
with the water molecules in the monolayer, rather than between mono-
layer and the water molecule above. This is quite consistent with the larger
number of hydrogen bonds formed within the monolayer compared to the
number of hydrogen bonds formed between water monolayer and droplet
as shown in Figure 2.3.

2.3 Effect of Surface Point Defects on the Ordered
Water Monolayer

We have shown that the well-defined charge distribution of the solid sur-
face is responsible for the phenomenon “ordered water monolayer that
does not completely wet water” in the previous section. However, when
practical materials are fabricated, defects always exist [61]. Defects usu-
ally have an essential impact on the properties of materials, such as opti-
cal absorption [62], photocatalysis [63], ice growth [64] and wettability
[65]. Here, we consider the impact of point defects on the ordered water
structures and the wetting phenomenon. We have systematically varied the
surface defect ratio from 1% to 30% for g = 1.0 e and / = 0.142 nm. Here
the defects are created by randomly eliminating a dipole pair from the
hexagons on the solid surface, and still maintaining the charge neutrality
over the entire surface. The snapshots of simulations are shown in Figures.
2.6(a) through (d). The water monolayer on the solid surface is gradually
covered by the water molecules of the irregularly-shaped droplet above this
monolayer when the defect ratio increases. Considering that the profiles
of the water droplets are irregular, we have defined a parameter termed
as coverage ratio [51] to characterize the behavior of a water droplet on
a defect-covered surface rather than the contact angle due to the fact that
contact angle is unsuitable for characterizing the hydrophobicity of a sur-
face with defects. This coverage ratio is defined as the ratio of the number
of water molecules of the second layer that cover the water monolayer to
the number of water molecules in the water monolayer. As shown in Figure
2.6(e), the coverage ratio increases as the defect ratio increases, indicat-
ing that the hydrophobicity of the water monolayer decreases. This can be
attributed to the fact that the presence of surface defects greatly affects and
disrupts the stability of the ordered water monolayer. As shown in Figure
2.6(f), the water monolayer becomes disordered when the defect ratio is
high, and the water monolayer becomes more hydrophilic compared to a
surface without any surface defect.
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Figure 2.6 Top view snapshots of water droplet profiles on a solid surface with various
defect ratios (a) 1%, (b) 10%, (c) 20%, (d) 30%, respectively, for g = 1.0 e and I = 0.142 nm.
(e) Relationship between the surface defect ratio and the coverage ratio for g = 1.0 eand
=0.142 nm. (f) Probability distribution of the angle ¢ under different surface defect ratios
from 1% to 30% (reprinted from ref. 51 Copyright 2011, American Chemical Society).

2.4 Thermal Properties of Ordered Water Monolayer

The ordered structure of the water monolayer is the key in understanding
the phenomenon “ordered water monolayer that does not completely wet
water” at room temperature. Then the question arises: Is the ordered water
similar to ice or liquid water? Based on the thermal analysis method, we
investigated the thermal property of the ordered water and found that this
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ordered water is similar to ice, rather than the liquid water. To measure the
thermal conductivity of the monolayer water, we built a steady tempera-
ture gradient [66] for the water monolayer on the solid surface as shown
in Figure 2.7(a). We first performed at least 1 ns relaxation time to ther-
malize the monolayer water to a given temperature of 300 K. In this case,
the stable ordered water monolayer with hexagonal pattern is equilibrated.
Next, we performed the thermal conduction process on the basis of the
Muller-Plathe algorithm, which is also termed as a reverse non-equilib-
rium molecular dynamics (RNEMD) algorithm [67]. The water monolayer
has been divided into 100 slabs. Here, we set the first and the last slab as
heat sinks while the middle slab as the heat source. The hottest water mol-
ecules in the first heat sink exchange their velocities with the coldest water
molecules in the heat source. This finally results in a symmetric tempera-
ture profile, which is computed by averaging events in a time interval (here
for instance 100 ps):

2
2 .
T.(slab) = 3 ZPL (2.2)

kp ; 2m

where T (slab) represents the temperature of the ith slab, N, represents the
number of water molecules in this slab, k, represents the Boltzmann con-
stant and p, represents the momentum of the jth atom in this slab and m is
the mass of atom.

After a steady temperature gradient is established with the heat flux
running from the heat source to the heat sink, we can calculate the thermal
conductivity k using the Fourier’s law as:

J/(W*H)
K=

(2.3)
2dT/dL

where ] represents the heat flux transferred between the heat source and
heat sink, W represents the width of the monolayer water, H represents the
height of the monolayer water, dT'/ dL represents the temperature gradient
corresponding to the heat flux.

As shown in Figure 2.7(b) and Figure 2.7(c), we have found that the
thermal conductivity of the monolayer water is close to that of ice (2.2 W/
mK) rather than the liquid water, for a charge range from 0.6 to 1.0 e at
room temperature. The higher thermal conductivity is always observed in
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a zig-zag direction, which clearly shows that the thermal conduction pro-
cess is chirality-dependent.

In order to further investigate the thermal property of ordered
water monolayer, we investigated excitation propagation in the ordered
water monolayer as shown in Figure 2.7(d) and the kinetic energy

heat sink heat source heat sink
(a)
32+ . 32r —— armchair
—m— armchair
- —O— zig-zag
S 24l —O— zig-zag < 28F
E £
. £
v : w 24r
081
2.0 i 1 1 1 1 1 1 1
1 2 3 0 100 200 300
Charge, g (e) Temperature, T (K)
(b) (©)
Excitation 120
80
40
40 80 120
(d) (@)

Figure 2.7 (a) Setup of thermal conduction process on the monolayer water with the
heat source in the center and heat sink on the edge. (b, ¢) Thermal conductivity of the
monolayer water k with respect to charge q and temperature T on the substrates. (d, e)
Kinetic energy excitation propagation in the ordered water monolayer and kinetic energy
transportation density at t = 24 ps. The center of the monolayer water marked by red
arrow is excited. The outer edge of the excitation is marked by a dotted line (reprinted
from ref. 66, Copyright 2013 IOP).
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transportation density at t = 24 ps is shown in Figure 2.7(e). We found
a roughly hexagonal pattern in the monolayer water appearing at the
outer edge of the transportation density. Therefore, the transport thermal
energy is anisotropic in the water monolayer. This is consistent with the
chirality-dependent thermal conductivity observed in Figure 2.7(b) and
Figure 2.7(c).

2.5 Simulation or Experimental Observations on
the Phenomenon of Water Droplets on Water
Monolayers on Real Solid Surfaces at Room
Temperature

Besides our prediction of the phenomenon of water droplets on water
monolayers, there are more observations on real surfaces to support the
existence of this phenomenon at room temperature. Recently, several sim-
ulation or experimental works have observed the phenomenon of water
droplets on water monolayers on some real solid surfaces. All of these
results provide solid evidence that this room temperature wetting phe-
nomenon generally exists in the nature.

In 2011, Rotenberg et al. [68] found that the talc surface is hydrophobic
at high humidity while it is hydrophilic at low humidity using molecu-
lar dynamics simulations. More interestingly, the phenomenon of a water
droplet coexisting with a water monolayer appears on the surface once
the polarity of the modified talc surface becomes large enough (see Figure
2.8(a)). They have proposed that the competition between adhesion (water-
surface interactions) and cohesion (water-water interactions) should be
responsible for this phenomenon. They have found that water molecules in
the monolayer tend to form hydrogen bonds with the solid surface rather
than with the water molecules above the monolayer. Later, Phan et al. [69]
observed the phenomenon of a water droplet on a water monolayer on
hydroxylated Al O, surfaces (see Figure 2.8(b)) and hydroxylated SiO, (see
Figure 2.8(c)) utilizing molecular dynamics simulations. They found that
the water molecules in the first monolayer were strongly influenced by the
—-OH implanted on the solid surface. They argued that the phenomenon
was attributed to the fewer hydrogen bonds formed between the water
monolayer and the droplet above this monolayer. In 2013, Limmer et al.
[23] performed simulation of water molecules on Pt(100) and Pt(111) sur-
faces at room temperature. They also refined the phenomenon of a water
droplet on a water monolayer on the Pt(100) surface (see Figure 2.8(d)).
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Figure 2.8 Simulation or experimental observations for the phenomenon of water
droplets on water monolayers observed on real solid surfaces at room temperature. (a) talc
surface (Reprinted with permission from J. Am. Chem. Soc. 133, 20521 (2011), Copyright
2011 American Chemical Society), (b) ALLO, and (c) SiO, (Reprinted with permission
from J. Phys. Chem. C 116, 15962 (2012), Copyright 2012 American Chemical Society),
(d) Pt(100) surface (Reprinted with permission from Proc. Natl. Acad. Sci. USA 110,
4200-4205 (2013), Copyright 2013 National Academy of Sciences), (e) sapphire surface
(Reprinted with permission from Adv. Colloid Interface Sci. 157, 61-74 (2010), Copyright
2010 Elsevier), (f) self-assembled monolayer (SAM) surface with a -COOH terminal
(Reprinted with permission from Soft Matter 7, 5309-5318 (2011), Copyright 2011 RSC),
(g) titania surface (Reprinted with permission from Proc. Natl. Acad. Sci. USA 111,

5784 (2014), Copyright 2014 National Academy of Sciences), and (h) BSA(bovine serum
albumin)-Na,CO, membrane (reprinted from Sci. Rep. 3, 3505 (2013), Copyright 2013,
Nature Publishing Group).

However, it should be noted that the water molecules with a square lattice
in this monolayer preferred to form about four hydrogen bonds with four
neighboring molecules, which is different from our model that each water
molecule of the hexagonal lattice prefers to form three hydrogen bonds
with three neighbors [50-53]. In addition, their results showed that this
phenomenon could not be observed on the Pt(111) surface.

For a comparison between these simulation results, we have analyzed
the distribution density of adsorption sites on the talc surface, hydroxyl-
ated SiO,, hydroxylated AL O,, Pt(100) and our model surface, which are
42nm7,4.5nm>, 15.0 nm2and 12.6 nm~and 9.5 nmrespectively. Even
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though there are different distribution densities of adsorption sites, the
phenomenon of “ordered water monolayer that does not completely wet
water” still can be observed on various surfaces, which may inspire more
similar investigations.

Besides the simulations, Liitzenkirchen et al. [70] experimentally found
an ice-like configuration of water molecules, which was distinct from liq-
uid water, on the sapphire c-plane surface (see Figure 2.8(e)). They further
inferred that this water monolayer might show unexpected hydrophobic-
ity to some extent. Furthermore, James et al. [71,72] experimentally found
the phenomenon of small water droplets coexisting with a dense and con-
tinuous water monolayer of only 5.7 A in thickness spreading all over the
self-assembled monolayer (SAM) surface with a -COOH terminal. Finally,
the larger drops formed due to the assembly of small drops (see Figure
2.8(f)). They argued that their finding may be attributed to the structure
of the ordered water layer, which reduced the possibility of hydrogen bond
formation between water molecules in the monolayer and the water mol-
ecules above this monolayer. Interestingly, similarly to our simulations of
the irregular [51] (non-circular) water droplets on surfaces with surface
defects, James et al. [71,72] also found numerous irregularly shaped water
droplets on their SAM surfaces with a -COOH terminal using AFM tech-
niques. Lee et al. [73] experimentally observed superwetting under light
illumination on the titania surfaces. Their results based on molecular
dynamics simulations clearly showed that such superwetting phenomenon
was attributed to the mechanism termed as “water wets water” However,
they found that when there was only 1 or 2 monolayers of water on the
titania surfaces, the phenomenon of a clear nano-droplet on the 1 or 2
water monolayers was observed (see Figure 2.8(g)). In 2013, Wang et al.
[74] experimentally found the phenomenon of nanoscale water droplet on
the solid-like water nanofilm (see Figure 2.8(h)) on BSA (bovine serum
albumin) -Na,CO, membrane when the imaging base was sealed at a low
RH (15-25%) at room temperature. They attributed this phenomenon to
the fact that there were very few hydrogen bonds existing between the first
ordered water layer and the droplet above.

2.6 “Ordered Ethanol Monolayer that does not
Completely Wet Ethanol” at Room Temperature

Unlike the water molecule, the ethanol molecule can be regarded as
amphiphilic, with one hydrophobic nonpolar tail -CH,CH,, and a polar
head —~OH that can form hydrogen bonds. This may give rise to more
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complex adsorption behavior of ethanol molecules than that of water mol-
ecules when they adsorb on polar solid surfaces. However, very recently,
based on molecular dynamics simulations, we have predicted a similar phe-
nomenon at room temperature “ordered ethanol monolayer that does not
completely wet ethanol” on polar solid surfaces [75]. As shown in Figure
2.9(a), highly polar surfaces with positive and negative charges of the same
magnitude q with the dipole length in the range from 0.162 nm to 0.282
nm are designed and then ethanol molecules in a cuboid shape are placed
on the solid surfaces. Our simulation results show that when [ = 0.202 nm
or 0.162 nm, only ethanol droplets with contact angles of 39° or 75° appear
on the solid surfaces, respectively. When / = 0.242 nm or / = 0.282 nm, an
ethanol monolayer almost covers the entire solid surface; however, to our
surprise, an ethanol droplet with the same contact angle of 71° forms on
the ordered ethanol monolayer (see Figure 2.9(b)). This phenomenon is
similar to the room temperature phenomenon of “ordered water mono-
layer does not completely wet water” [50-55] as described in section 2.2.
To further understand the phenomenon, we have plotted the probabil-
ity distributions of the C atom in the ~CH, group and O atom in the -OH
group of the ethanol molecules on the surfaces versus the z axis for vari-
ous dipole length values. The results are shown in Figure 2.9(c). When I =
0.242 nm or / = 0.282 nm, the same peaks at z = 0.25 nm in the O atom dis-
tribution profile of ~-OH and the same peaks at z = 0.45 nm in the C atom
distribution profile of ~-CH, are observed. The distance between these two
peaks is 0.2 nm, which is close to the distance (0.24 nm) between the O
atom of —~OH and the C atom of ~CH,. Clearly, there is upright orienta-
tion of ethanol molecules in the monolayer forming with the -OH group
pointing towards the solid surface (see also lower part of Figure 2.9(b)).
Similar orientation of ethanol molecules have been found on the calcite
surfaces by Wu et al [76]. Interestingly, we have found that the second
peak of the C atom of ~CH, appears close to the first peak (see the insert
of Figure 2.9(c)), which indicates that a face-to-face orientation of methyl
group is formed between the ethanol monolayer and ethanol molecules
above the monolayer. This upright structure and orientation of ethanol
molecules in the monolayer make it impossible to form hydrogen bonds
between the ordered ethanol monolayer and ethanol molecules above the
monolayer and lead to the phenomenon of an ethanol droplet on an etha-
nol monolayer. When / = 0.162 nm or 0.202 nm, a peak at z = 0.3 nm in
the C atom distribution profile of -CH, and a peak at z = 0.45 nm in the
O atom distribution profile of ~-OH are observed. This indicates that the
ethanol molecules in the first layer lie parallel to the solid surfaces, which
is consistent with the results shown in the upper part of Figure 2.9(b).
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This is attributed to the steric exclusion effect when the charge dipole
length is very short, which prevents the -OH head from attaching to the
surface charges. In this case, weak van der Waals interactions dominate
the surface-ethanol interactions because the surface-ethanol electrostatic
interactions can be neglected.

We have also calculated the distributions of the number of hydrogen
bonds for different orientations of ethanol molecules in the first layer as
shown in Figure 2.9(d). Here, we focus on the number of hydrogen bonds
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Figure 2.9 (a) Structure of model surface. The red and yellow spheres represent the

atoms on the solid surface with positive charges and negative charges, respectively. (b)
Side view snapshot of the flat (I = 0.162 nm) and upright (I = 0.282 nm) orientations of
ethanol molecules and wetting phenomenon. (c) Probability distributions of the -CH, and
—OH groups of the ethanol molecules versus the z axis for various / values. (d) Average
number of hydrogen bonds formed between ethanol molecules and between ethanol
molecules and the surfaces for various [ values with g = 1.0 e. Black solid squares, open
blue triangles, and red solid circles correspond to the number of hydrogen bonds formed
between surface and ethanol molecules in the monolayer (surface-monolayer H-bonds),
between ethanol molecules in the monolayer (intra-monolayer H-bonds), and between
ethanol molecules in the monolayer and the droplet (monolayer-droplet H-bonds),
respectively.
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formed between the surface and the ethanol monolayer, namely, surface-
monolayer H-bonds, hydrogen bonds formed between the ethanol mol-
ecules in the monolayer, namely, intra-monolayer H-bonds, and hydrogen
bonds formed between the molecules in the monolayer and the droplet,
namely, surface-monolayer H-bonds. When [ = 0.242 nm or 0.282 nm,
the three values are 1, 0, and 0, respectively. This is in consistent with the
upright orientation of ethanol molecules in the monolayer with the -OH
groups buried beneath the monolayer, which excludes the possibility of
forming hydrogen bonds between the ethanol molecules in the mono-
layer and ethanol molecules in contact with the monolayer, as well as the
hydrogen bonds formed between the neighboring ethanol molecules in the
monolayer. When [ = 0.162 nm, the average number of hydrogen bonds
formed between the monolayer and the droplet molecules, and between
the neighboring ethanol molecules in the monolayer are 1.1 and 0.63,
respectively, while when [ = 0.202 nm, the average number of hydrogen
bonds formed between the monolayer and the droplet molecules, and
between the neighboring ethanol molecules in the monolayer are 0.45 and
0.97, respectively. However, no hydrogen bonds formed between the solid
surface and the ethanol molecules in both cases.

We have analyzed the difference between the similar wetting phenom-
enon of water and ethanol molecules on the surfaces. The first difference
is that a hexagonal hydrogen bonding network is induced by the elaborate
binding of both surface positive and negative charges while the ordered
ethanol monolayer is mainly induced by the surface negative charges. The
second difference is that there are still hydrogen bonds formed between
water monolayer and water droplet, while no hydrogen bonds are formed
between ethanol monolayer molecules and ethanol droplet. However, both
phenomena highlight the roles of matching/mismatching effect between
surface lattice structures and adsorbed molecules in the surface wettability.

2.7 Discussion

Despite several experimental evidences [70-74], we note that a direct
experimental demonstration of the ordered water is still lacking at room
temperature, which may be attributed to the lack of the resolution accuracy
in current techniques. Even the previous works that directly observed the
water droplets coexisting with water monolayer on the SAM surface with a
terminal ~-COOH [71] and the water droplet on the BSA surface [74], there
is still lack of consistent theoretical work. Very recently, the coexistence of
water monolayer and a small water droplet was observed in simulations
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[77] on the SAM surface with the terminal -COOH studied by James et
al. [71]. We also note that no direct evidence of the phenomenon “ordered
ethanol monolayer that does not completely wet ethanol” is present on any
real solid surfaces as far as we know.

Solid surfaces with especially ordered water monolayers may have
broad applications in physical, environmental and biological systems.
For example, this kind of material may be expected in the applications of
anti-fouling surfaces that can prevent the non-specific protein adsorption
[52], the friction reduction on the super-hydrophilic materials [78] and
the artificial precipitation technologies [79]. In addition, the ordered water
has also been found near the biological antifreeze protein molecules [48],
which may affect the dynamics of the freezing process and even the diffu-
sion behavior of these biological molecules. Considering that talc, SiO,,
and AIZO3 are the key constituents of the soil and rocks, the mechanism we
revealed here may have important implications in soil moisture retention,
oil prospecting, and mining of the shale. Moreover, the ordered water on
the Pt metal and TiO, may be of great importance in understanding the
processes of surface electrochemistry, surface catalysis, self-cleaning sur-
faces, air and water purification systems.

2.8 Summary

In this review, we have summarized the recent advances in the phenom-
enon “ordered water monolayer that does not completely wet water” at
room temperature. In contrast to observations of “no dangling OH bonds”
in the hydrophobic-like water monolayer at cryogenic temperatures, we
have found that there remain a considerable number of dangling OH
bonds in the ordered water monolayer at room temperature. The key to
this room temperature behavior is the ordered water structure induced by
the appropriate charge quantity and distribution of solid surfaces, which
provides strong and appropriate Coulomb interactions that counteract the
effects of thermal fluctuations. Such ordered water with hexagonal hydro-
gen bond network reduces the possibility of the formation of the hydrogen
bonds and the corresponding interactions between the monolayer and the
water molecule above, thus resulting in the phenomenon “ordered water
monolayer that does not completely wet water”. Thermal dynamics analy-
sis has shown that this ordered water monolayer is similar to ice rather
than liquid water. We have also found that the charge quantity, surface unit
cell size and the surface defects all have great effects on the water molecu-
lar behaviors in the monolayer. More interestingly, several simulation or
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experimental works have observed the room temperature phenomenon
“ordered water monolayer that does not completely wet water” on some
real solid surfaces, which provide rather solid evidence that the wetting
phenomenon may generally exist in nature. Very recently, similar phenom-
enon of “ordered ethanol monolayer that does not completely wet ethanol”
has been observed based on molecular dynamics simulations. However, a
direct experimental evidence for this novel phenomenon of ethanol mol-
ecules at room temperature is still called for. These works provide a new
perspective to understand the microscopic wetting behavior, which greatly
depends particularly on the adsorbed molecular structures and orienta-
tions due to the interactions between surface and small molecules (water
or amphiphilic ethanol molecules). More importantly, this coexistence of
the hydrophilicity at a molecular level of water or ethanol monolayer and
the macroscopic hydrophobicity, like with clear water or ethanol droplets,
enriches the new concept of “molecular-scale hydrophilicity” we have pro-
posed [80].
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Abstract

This paper reviews theoretical models of the Cheerios effect for four different
physical configurations (between two infinite vertical plates, between two vertical
cylinders, between two spherical particles, and between a spherical particle and a
vertical wall). The Cheerios effect is also generally known as lateral capillary force.
A common understanding of the Cheerios effect is that the capillary forces between
two vertical walls and between two vertical cylinders are attractive when they have
similar wettability (hydrophilic-hydrophilic or hydrophobic-hydrophobic) and is
repulsive when they have opposite wettability (hydrophilic-hydrophobic) and are
not very close to each other. However, this statement is not applicable for the con-
figurations with floating objects (i.e., between two floating spheres and between a
sphere and a vertical wall). Additional parameters (for example, the size and the
density of floating objects) are crucially important to determine the lateral capil-
lary force. The effect of the floating object density is emphasized in the latter two
configurations. The theoretical predictions of the lateral capillary force agree well
with experimental results for large separation between the objects. However, there
exists discrepancy for small separation, which could be caused by the increasing
nonlinear effect as the two objects come close. In the last part of this paper, we
introduce electrowetting-on-dielectric (EWOD) to control the Cheerios effect.
By simply turning on/oft the EWOD electrode, the contact angle on the plate is
modulated. As a result, the capillary force between the plate and the floating object
can be reversed in a controlled manner.
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3.1 Introduction

The Cheerios effect is an everyday phenomenon named after observa-
tions of cereal flakes floating in milk tending to aggregate and stick to the
sidewall of the bowl [1,2]. This phenomenon is not restricted to cereal
flakes only. In fact, most small floating objects (even bubbles and foams
in Figure 3.1(a)) have a tendency to move away from or toward the side-
wall depending on the surface hydrophobicity and other properties. In the
presence of the floating objects, the air-liquid interface is distorted from its
original shape, which generates a lateral force enabling the floating objects
to move. Surprisingly, some water-dwelling creatures harness this phenom-
enon to climb up the inclined meniscus forming at the water bank [3,4].
By using only typical propulsion methods such as sliding their limbs, these
creatures are unable to climb the slippery meniscus [5]. Instead, these small
animals have developed special tricks where they change their posture and
distort the adjacent interfaces to generate a lateral force. In Figure 3.1(b),
for example, the waterlily leaf beetle simply bends its back and distorts
the adjacent interfaces to climb the slippery meniscus [4]. In addition, the
Cheerios effect governs a variety of interaction behaviors between floating
objects in the processes of 2-dimentional array or monolayer self-assembly
on the fluid-fluid interface [6-8].

Current studies have been performed to understand this phenomenon
in different configurations. Four common physical configurations are
interactions between (1) two infinite vertical walls, (2) two vertical cir-
cular cylinders, (3) two spheres, and (4) a sphere and a vertical wall. The
Cheerios effect is also generally known as lateral capillary force. A sim-
ple and common understanding in these configurations is that attraction
or repulsion solely depends on the surface wetting property [8-11]. For
example, objects with similar wettability (i.e., both interacting objects are

== <N am __

(b)

Figure 3.1 Examples of Cheerios effect. (a) Bubbles migrate to the sidewall [1]; and (b) A
waterlily leaf beetle climbs the inclined air-water interface by arching its back [4].
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hydrophobic or hydrophilic) attract each other; otherwise, they repel away.
However, this understanding is true for the case where two infinite vertical
walls or vertical cylinders are not very close to each other. It may not be true
for other configurations, such as interaction between a floating object and
a vertical wall or between two floating objects. Vella and Mahadevan [1]
challenged this theory with a simple experiment. By maintaining a similar
surface wettability of two floating objects but changing the weight of one
object, it was shown that the force between the objects could be reversed.
To better understand the Cheerios effect in these configurations, many
theoretical models have been reported. One of the simplest model may be
for the configuration between two infinite vertical walls [1,12]. Since the
walls are infinitely wide and high, the calculation is relatively simple with
no vertical forces considered. When two vertical cylinders are submerged
into a liquid, a 3-dimentional model is needed to describe the contact
line on the cylinders. Using the Young-Laplace equation and the matched
asymptotic expansions [13], Kralchevsky et al. [14] obtained an asymptotic
solution for the capillary force. The solution reduces to a simple expression
when the separation distance is large. In this model, the vertical force bal-
ance is not required either. When two spherical objects are floating at the
interface, the vertical force balance becomes important. Although the con-
tact angle is fixed, the running slope angle (the angle between the interface
near the spheres and horizontal plane, which is critical to calculating the
lateral force) can be different depending on the contact line position. Once
the contact line position is determined from the vertical force balance, the
calculation of the capillary force using the Nicolson superposition approxi-
mation is quite similar to that in case of the two vertical cylinders [14-16].
Direct measurements of the lateral capillary force between vertical cyl-
inders and between spheres agree well with theory [17,18]. A theoretical
model for the capillary interaction between a single spherical particle float-
ing in the vicinity of an infinite vertical wall (which is the closest model
to many Cheerios effect observations) was also developed [19]. The real
interaction can be considered equivalent to the interaction between the
particle and its mirror image with respect to the wall. This theory was par-
tially verified by measuring the equilibrium position of the floating particle
[20]. Moreover, Mansfield et al. [21] studied mutual attraction or repul-
sion of 2-dimentional strips. Some researchers [16,22,23] studied the con-
figuration of horizontally floating two infinite cylinders where the vertical
force balance becomes important to determine the contact line around the
cylinder surfaces, although the capillary interaction can be described by a
2-dimensional model. The interaction between small floating horizontal
cylinders with a finite length was also investigated [24]. Kralchevsky and
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Nagayama [25,26] reviewed the latter three configurations (between two
vertical cylinders, between two spherical particles, and between a spherical
particle and a vertical wall) but did not extensively discuss the parameters
that can affect the lateral capillary force.

In this article, theoretical models for the capillary interactions (Cheerios
effect) in the four configurations of (1) two infinite vertical walls, (2) two
vertical cylinders, (3) two floating spheres, and (4) a floating sphere and
a vertical wall are reviewed. In particular, we added our numerical cal-
culations for the case of two cylinders at small separation and compare
them with an asymptotic solution and experimental data. For the third
and fourth configurations, we have a particular interest in the effect of the
density. A theoretical analysis reveals that when the vertical force balance
comes into play, it is not safe to conclude that objects with similar surface
wettability (hydrophilic-hydrophilic or hydrophobic-hydrophobic) attract
while objects with the opposite surface wettability repel. In addition, we
will introduce an on-demand controlling method for Cheerios effect in
which the electrowetting-on-dielectric (EWOD) principle is used to alter
wettability. The contact angle on the wall is controlled by applying a DC
voltage, resulting in modulation of Cheerios effect. Finally, we will con-
clude this article with a summary and outlook on Cheerios effect.

3.2 Theoretical Models

The Cheerios effect is due to the horizontal component of the capillary
force generated by the interface distortion. In order to find the horizontal
component, the shape of the air-liquid interface deformed by objects or
walls needs to be determined. Let £ be a function describing the shape
(vertical position) of the interface:

z=4x, ). (3.1)

The interface shape obeys the Young-Laplace equation:

Vi Vue = ar

1+|VH‘;212 ag (32)

d d

where V| = a—ex + a—ey is the two-dimensional gradient operator, AP is
x y

the pressure difference across the air-liquid interface, and ¢ the air-liquid

interfacial tension. For a small interfacial slope
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|VH¢12 <1, (3.3)

Eqn. (3.2) can be linearized to yield [27]
A
Vi¢= —i Ee=g’s (3.4)

where the density difference is Ap = p, — p_= p, and q'=L =\olpg is
the characteristic capillary length. Here, subscripts I and a denote liquid
and air. For the air-water interface at room temperature, L. is about 2.7 mm.

Once the interface shape is determined from Eqn. (3.4) along with the
boundary conditions, the capillary force can be calculated by integrating
the interfacial tension along the contact line and the hydrostatic pressure
on the object:

F=F? 4+ F® (3.5)

where

F9 = gSadl, P = —gSPds. (3.6)
L L

3.2.1 Model for Two Infinite Vertical Plates

Figure 3.2 illustrates the configuration of two infinite vertical plates at the
air-liquid interface [1,12]. The plate thickness is neglected for simplic-
ity. The presence of the plates distorts the air-liquid interface. The plates
have contact angles 6, and 6, and are apart in a horizontal distance L. The
three regions divided by the two plates are labeled as i = 1, 2, and 3. Note
that the liquid in the three regions is connected. Equation (3.4) can be
simplified to a 2-dimensional equation [1]

d2
d—f =q°¢ (3.7)
X
A general solution of Eqn. (3.7) is:
¢ (x) = Aie"/Lc + Bl.e_X/Lf. (3.8)

In regions 1 and 3, the interface level as x = * 0 is 0, i.e.,

¢ (=e0) = G(e0) = 0. (3.9)
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Plate 2

Plate 1
\\

Liquid

(3.10)

1
Figure 3.2 Configuration of two infinite vertical plates partially submerged in liquid [1].
The contact angles on the two plates are 6, and 0,. The separation distance between the

The boundary conditions at the plate walls are given by the contact

two plates is L.
angles as

51(0) =cotd), f;(L) =—cotd,.

Combining Eqns. (3.8), (3,9) and (3,10), one can obtain the interface
profiles in regions 1 and 3 as
&\(x)=L, cotge™'™, (3.11)
(3.12)

(3.13)

&(x) =L, cot etk

In region 2, the boundary conditions at the walls are
(3.14)

&0)=—cotd, ¢&(L)=cotd,
+cot 4, coshi
LC

which give an interface profile between the two plates as:
L-x

c

cot 4, cosh
sinh L
L

LC

&(x)=
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Due to the same contact angles on both sides of each plate, the horizon-
tal components of the interface force on both sides of the plate cancel out
(F = 0). So the horizontal force is caused by only the hydrostatic pressure
difference across the plate. The horizontal force acting on each plate can be
calculated according to Eqn. (3.6) by integrating the hydrostatic pressure
on the plate [1,11]. For example, the force on the left plate in Figure 3.2 is
given as:

4(0)

¢(0) %0
Fo= ] ngrdy=[7 pgydy = L0V
(3.15)

~ e[ 60 - 507

By substituting Eqns. (3.11) and (3.14) into (3.15), one has the horizon-
tal force as:

2
L
(cot o, coshL— + cot (92)

Cc

* 2
sinh? [L]
LC

—cot 4l (316)

Figure 3.3 shows the calculated interface profiles and horizontal force
when both plates are hydrophilic or hydrophobic. In Figure 3.3(a), both plates
are hydrophilic with contact angles ¢, and 0, (0, < 90° and 0, < 90°). The
air-liquid interface (liquid level) in region 2 is higher than that at infinity (x
— t ), ie, h, > 0. The liquid weight in region 2 is balanced by the upward
vertical component of the capillary force at the contact line. This phenom-
enon is commonly known as capillary action or capillarity. Using the Young-
Laplace equation, one can easily find that the liquid pressure P between the
plates is smaller than the atmospheric pressure P, . In region 2, the liquid sur-
face is higher (h,(0) > h,(0) and h,(L) > h,(L)) and the pressure is smaller
(P < P), so the plates are pushed toward each other (attract each other). In
Figure 3.3(b), on the contrary, the interface in region 2 is lower than the zero
level (h, < 0) when both plates are hydrophobic (6, > 90° and 0, > 90°). The
cavity between the plates creates an upward buoyancy-like force that is bal-
anced by the downward vertical component of the capillary force at the con-
tact line. Similarly to the hydrophilic case in region 2, can be obtained from
the Young-Laplace equation. Since the liquid level in region 2 is lower (h,(0) <
h,(0)and h(L) < h,(L)) and the pressure in regions 1 and 3 is greater than P (P
> P ), the two plates also attract each other. Figure 3.3(c) shows the horizontal
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Figure 3.3 Two vertical plates with similar wettability. (a) Interface profiles near two
hydrophilic plates; and (b) two hydrophobic plates. (c) Horizontal component of the
dimensionless force between the plates vs. separation (6,= 45° and 6, = 60°). In (a) and
(b), the thick solid lines represent the plates; the black dashed line denotes the liquid level
at infinity; and the thin solid lines denote the air-liquid interface.

force vs. the separation for the plates with similar wettability, which is calcu-
lated from Eqn. (3.16). Positive means repulsive while negative means attrac-
tive. No matter what the separation distance is, the force is always attractive.
In particular, it increases quickly as the two plates come closer.

For the plates with opposite wettability (i.e., one plate is hydrophilic and
the other is hydrophobic), the force behavior is much more complicated.
Figure 3.4(a) shows the interface profiles for 6, < 90°, 0, >90° and 0, + 0,
< 180° when the two plates are a moderate distance apart. The left contact
line in region 2 is a little lower than the contact line in region 1 (h, (0) <
h, (0)) but the right contact line is higher than the contact line in region
3 (h(L) > h,(L)). One can easily find that P, > P, and P,, > P . On the left
plate, in the small vertical gap between h (0) and h,(0), P, is smaller than
P . This generates a net force toward the left. Similarly on the right plate,
P, is larger than P_such that a net force toward the right is generated. As
a result, the two plates repel each other. When two plates become very
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close (Figure 3.4(b)), the interface in region 2 becomes much higher (h,(0)
> h,(0) and h,(L) > h,(L)). The two plates push each other because the
pressures in regions 1 and 3 are larger than the pressure between the plates
(P> P,). Note that when the two plates have opposite wettability and 0, +
0, > 180°, the interface in region 2 will be lowered. This results in repul-
sion at a large separation and attraction at a small separation. Figure 3.4(c)
is the force curve for the plates with opposite wettability (0, < 90°, 0, >
90° and 0 + 0, # 180°). In the large separation, the force is repulsive and
small. It increases as the separation L decreases. Once the repulsive force
reaches a peak, it decreases rapidly and becomes attractive when the dis-
tance becomes very small. There exists a zero force point at L = L, which
depends on the contact angles on the two plates.

0, + 0,=180° is a special case where the middle point of the interface in
region 2 always stays at the zero level no matter how close the two plates are
(Figure 3.5(a)). Because the pressure in region 2 is always greater than that

10 T T 10 T T T T
P, Air L P Air |
5k ',;,y1 , . 5 P, 2
—_ a — %
1 -) 1S ___-/ Pa
£ O—==--1 \P//_ E 0 =
N 2d N
5L Liquid | 5L Liquid |
_10 1 1 _10 1 1 1 1
-10 -5 0 5 10 15 -10 -5 0 5 10
(@) x (mm) (b) x (mm)
0.2 T T T T
0.1
S of
-0.11
-0.2
(0

Figure 3.4 Two vertical plates with opposite surface wettability and 6, + 6, = 180°.
Interface profiles for (a) a moderate separation; and (b) a small separation between

the plates; (c) horizontal component of the dimensionless force between the plates vs.
separation (6, = 45° and 6, = 120°). In (a) and (b), the thick solid lines represent the
plates; the black dashed line indicates the liquid level at infinity; and the thin solid lines
denote the air-liquid interface.
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Figure 3.5 Two vertical plates with opposite surface wettability and 6 + 6, = 180°.

(a) Interface profile; (b) horizontal component of the dimensionless force vs. separation
(6, =45° and 6, = 135°). In (a), the thick solid lines represent the plates; the black dashed
line indicates the liquid level at infinity; and the thin solid lines denote the air-liquid
interface.

in regions 1 and 3 (P, > P, for the left plate and P, > P, for the right plate),
the plates always repel each other (Figure 3.5(b)). The repulsive force is
small when the two plates are far apart. It increases as the separation L
becomes smaller. However, it does not change the sign of the force even
when L approaches zero. In summary, two infinite plates attract each other
when both of them are hydrophilic or hydrophobic, while they repel each
other when the surface wettability is opposite and the distance between
plates is not very small.

3.2.2 Model of Two Vertical Cylinders

When two cylinders are submerged into liquid, as shown in Figure 3.6(a),
Eqn. (3.4) can be written as

d?&  d?
ﬁ:ﬁ:qu’ (3.17)

Due to the capillary interaction between the cylinders, the contact lines
on the cylinders are not horizontal. Otherwise, no horizontal force could
be generated because the integrals in Eqn. (3.6) would be zero. The cap-
illary force calculation can be performed in the following two regimes
divided based on the separation distance between the cylinders: small or
moderate separation and large separation.
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Figure 3.6 (a) Configuration of two vertical cylinders partially submerged in liquid [14];
(b) Bipolar coordinates on plane xy [13].

3.2.2.1 Cylinders Spaced at a Small or Moderate Separation

The geometry of the system suggests to use the bipolar coordinates (z, w, z)
([13], Figure 3.6(b)):

sinh 7 sinw
X=g———, y=a———, (3.18)
cosh r—cosw cosh 7—cosw
where
2_2 2_2 2
a =s -1, =85, -1,. (3.19)

In the bipolar coordinates, Eqn. (3.17) is converted to

e 0¢
07 9’

(coshz—cosw)z( ]: (@) d50) (320

Note that 7 is mathematically defined in Eqn. (3.18), though it is not
easy to show it graphically in Figure 3.6. Since only the interface profiles
on the cylinder surfaces are required to calculate the lateral capillary force,
one can only look for a solution of Eqn. (3.20) in the region close to the
cylinders with ignoring the far field.

When two cylinders are spaced at a small or moderate distance
((qa)* < 1), the following mathematical description is valid [14]:

(cosh r—cosa))2 > (qa)z. (3.21)
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Now Eqn. (3.20) reduces to
I, ¢
07 9’

On the cylinder surfaces, the boundary conditions in the bipolar coor-
dinates can be expressed as [13]

=0. (3.22)

od] a .

—= - siny;,

ks — cosh 7—cosw —

J¢] a . (3.23)
—= -———— | sing,.

ar| _. coshz—cosw| _,

7
where w, is the slope angle. For the vertical cylinders, v, equals 5— 7 )

which is positive when 0, < 90° and is negative when ¢, > 90°. One can
obtain a solution of Eqn. (3.22) with Eqn. (3.23) in the form of Fourier
series [14]:

é(r,a)) =C,+Q, ln(2cosh r—2cosa))

+z:=lC,(f) coshn[r—(—l)i ri:Icosnw, i=12(3.24)

where

Co=(Q ~Q,)A~(Q +Q,)In(y,qa) (3.25)

o 1s1nhn 71 r)

A - =7
Z” 1ns1nhn(rl+rz) (20
Q, =rsiny, (3.27)

| ~Q,) (-1) sinhne,

C,(j) _ 2(Qz Ql) ( ) SINRAT; , Lj=12i# j,n=12,3,---. (3.28)

n sinhn(z +7,)

In Eqn. (3.25) the Euler-Mascheroni constant is y, = 1.781... [28].

As shown in Figure 3.7 [14], let z = {(¢p) be the vertical position of the
contact line on the cylinder surface, where ¢ is the azimuthal angle on the
xy plane. The position vector to the contact line is

R(gﬂ) =1,cospe, +1,sinpe + 5(¢)ez. (3.29)
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Figure 3.7 Contact line on the left cylinder when the separation between the two
cylinders is small [14]. The second cylinder is located on the right (not shown).

In the bipolar coordinates, 7 is constant on the cylinder surface. w and
¢ are related as

sing

tanw = . 3.30
ri/(sl+52)—cos;ﬂ (3.30)
The line element along the contact line is
dR
dl= ydp, where y= ‘—‘ = (3.31)
dy

The unit vector tangential to the contact line is described as

t LdR 1( r.singe -+t cospe +d5e)
=T = 7h x T T %) 3.32
zdp Yo dy (332

the unit vector normal to the cylinder surface is

n = cosype_+sin pe,, (3.33)

and the unit vector b that is normal to the nt plane can be defined as

b=txn. (3.34)
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The vector form of surface tension g, which is placed on the bn plane,
can be written as

c= a'(sin w.b+cos g//in), (3.35)

Then, the horizontal surface tension is
1dé .
g,=6-€ = 0| Ccospcosy, ————singsiny, |. (3.36)
xdy
Substituting Eqn. (3.36) into Eqn. (3.6), one can derive

J ﬂd T
F;E ) = —Zasingyijd—gysin¢d¢+ 20cosg4j1cos¢d¢. (3.37)
0 ¢ 0

A numerical calculation shows that for small cylinders ((gr,)* < 1), the
second integral on the right-hand side of Eqn. (3.37) is much smaller than
the first integral [14]. By substituting Eqn. (3.24) into Eqn. (3.37), one may
obtain F” for the small or moderate separation. The force due to hydro-
static pressure F'” also needs to be calculated in order to obtain the total
horizontal force. The hydrostatic pressure is given as

P=P, - pgé. (3.38)

where P is the atmospheric pressure. Substituting Eqn. (3.38) into
Eqn. (3.6), one can obtain

F? = —ﬂlgn-ffz (p)cospdyp. (3.39)
0

Finally, the horizontal force between two vertical cylinders can be
expressed as:

td
F = —Zasin;yiJ‘—fsin pdy
0 47

+20cos g//iJ.;(cos ¢d¢—pwgrij52 (¢)cospdp.  (3.40)
0 0

Kralchevsky et al. [14] compared the contributions of both hydrostatic
pressure and surface tension, and concluded that for small cylinders ((gr)*
< 1), the ratio below is small:
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(P) ; (o)
F 7 /FE” <1 (3.41)

3.2.2.2 Cylinders spaced at a large separation

When two cylinders are apart at a large separation, the capillary interac-
tion between the two cylinders is weak. One can assume that the interface
on the cylinder surface is modeled by a linear equation and is a superposi-
tion of the interfaces distorted by the two isolated cylinders [15]:

F=q+6, (3.42)

When a single cylinder is isolated and submerged into liquid, the inter-
face profile can be obtained by solving Eqn. (3.4), which yields a modified
Bessel function in the cylindrical coordinates as

& =QK,(qr). (3.43)

where K is the modified Bessel function of zeroth order and r is the dis-
tance from the cylinder axis. When r = r, fio denotes the contact line on the
cylinder surface. When the two cylinders are far from each other,

a>r; and s; > 1. (3.44)
Thus,
L
slz52=s=5. (3.45)

So the interface profile on a single cylinder surface (for example, for
cylinder 2) is

& =G+ QK (2‘1") > (3.46)

where ¢ is the elevation of the contact line on cylinder 2 for the infinite
separation distance and r the distance from the axis of cylinder 1. On the
cylinder surface, one can derive

Z—f =2qnr, siny K, (qu)sin @. (3.47)
@

By substituting Eqn. (3.47) into Eqn. (3.40) and neglecting F'”’, an
expression for F,f”) for small cylinders ((gr)* < 1) can be obtained as [16]:

F. = F\” = 2709QQ,K,(2gs) . (3.48)
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Figures 3.8 and 3.9 show comparisons between experimental results
[17] and numerical calculations based on Eqns. (3.24), (3.40) and (3.48).
As capillary interactions between the two hydrophilic cylinders partially
submerged into water are shown in Figure 3.8, the numerical calculation
from Eqn. (3.48) fits perfectly at the large separation, and deviates as the
separation decreases. The results from Eqns. (3.24) and (3.40), which are
obtained with the assumption of small separation distances, fit better when
the two cylinders are close to each other. In Figure 3.8(b), however, when
the two cylinders are in an 8x10~> M sodium dodecyl sulfate (SDS) solution
O = 36.8 mN/m, and p,, . = 1.01 g/cm’), Eqn. (3.48) works only for the
large separation and Eqns. (3.24) and (3.40) do not fit very well. Velev et al.
suggested that this large deviation with the 8 X 10 M SDS solution may
be caused by a nonlinear effect associated with the dimensionless radii gr,
which are larger than those in pure water [17].

Figure 3.9 shows force-separation curves for the two cylinders having
opposite wettability (0, = 0° and 0, = 99°). Eqn. (3.48) agrees well with
the experimental data for the large separation. Velev et al. found that the
measured horizontal force decreases at the small separation and predicted
that the force might change from repulsion to attraction at a much smaller
separation [17]. However, Eqn. (3.48) does not change sign at any separa-
tion because it uses a linear approximation and neglects the contact line
elevation caused by the capillary interaction between the cylinders. The

_m-- - il
2 } 3 - |
st K Attraction Attraction
—10+
o J
“9 0t wo 15k
¥ ¥
—20k
15 F ——Eqn. (3.24) and (3.40) [14] —— Eqgn. (3.24) and (3.40) [14]
---- Eqn. (3.48) [16] _25L ---- Eqn. (3.48) [16]
= Exp. ([17]) = Exp. ([17])
=20 L L L 1 -30 1 1 1 )
0 1 2 3 4 0 1 2 3 4
@ L/L. (b) /L,

Figure 3.8 Comparison of theoretical predictions with experimental data for the
dimensionless horizontal force between two vertical cylinders. Both cylinders are
hydrophilic (a) Both cylinders are partially submerged in water; (b) Both cylinders
are partially submerged in an 8 X 102 M SDS solution. The dash-dot lines show the
lower limit for possible separation between the cylinder centers. (0, = 6, = 0°, r, = 370
um, r, =315um, o, =72.4 mN/m, p =1.0 g/cm?, O = 36.8 mN/m, and Psps =
1.01 g/cm?)

water water
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Figure 3.9 Comparison of theoretical predictions and experimental data for the
horizontal force between two vertical cylinders partially submerged in water. The

two cylinders have the opposite wettability. The dash-dot line shows the lower limit for
possible separation between the cylinder centers. (0, = 0°, 0,=99°,r, = 370 um, r, =
315um,0 =724 mN/m).

ter

numerical calculation using Eqns. (3.24) and (3.40) fairly predicts the
capillary force at small separation. Furthermore, the calculation predicts
that the force direction is reversed when the two cylinders come very close
to each other.

Comparing Figure 3.8 with Figure 3.3(c) and Figure 3.9 with
Figure 3.4(c), one finds that the overall trends for the vertical walls model
and vertical cylinders model are very similar: objects with similar wet-
tability (hydrophilic-hydrophilic or hydrophobic-hydrophobic) attract
each other; objects with opposite wettability repel each other at large sep-
aration but attract at small or moderate separation. Similar to the results
shown in Figure 3.5(b), the numerical calculation shows that when 0, +
0, = 180° the force between the two cylinders is always repulsive and does

2
not change its direction no matter how close the two cylinders are.

3.2.3 Model of Two Floating Spherical Particles

Consider two small spherical particles with radii of R, and R, floating at
the air-liquid interface ([14], Figure 3.10(a)). The radii of the contact lines
on the particle surfaces are r, and r,. Similar to the aforementioned two-
cylinder model, F;P) / F;”) is small for small spheres ((qR)*> < 1), so F;P )
can be neglected. If two spherical particles generate the same contact line
shape as the cylinders do, the horizontal forces generated by the spherical
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Figure 3.10 (a) Configuration of two small spherical particles floating at the interfaces
[14]; (b) The two fictitious cylinders generate the same interface profiles [14].

particles will equal those generated by the cylinders because F!” depends
solely on the interface shape close to the cylinders.

In this case, we can imagine that the two spherical particles are replaced
by two vertical fictitious cylinders with radii r, and r, ([14], Figure 3.8(b)).
As shown in the two-cylinder model, the contact lines are not horizontal.
The inclination of the contact line is significant when the two cylinders
are close to each other, even though it becomes small at large separation,
because the contact lines have a large room to move vertically. However,
the inclination of the contact lines for small spherical particles would not
be large since it is restricted by the size and curvature of the particles. One
can infer that Eqn. (3.48), which is used to calculate the capillary force
between the cylinders at large separation, is suitable for calculating the
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horizontal force between the two floating spherical particles in the entire
range of separation distance, as follows:

F. = -2709Q,Q,K,(2gs). (3.49)

Kralchevsky et al. [14] also proved from the energy method that Eqn.
(3.49) is valid for calculating the horizontal force between the two floating
spherical particles. Since r, is always positive, the sign of capillary charge Q,
depends solely on . If both particles have the same sign of y, the lateral
capillary force between the two floating spheres is attractive; otherwise, the
force is repulsive.

Since the contact line moves on the curved surface of the sphere, either
r, or y, is not constant. In order to calculate the capillary charge Q, in
Eqn. (3.49), one needs to use the vertical force balance. Because the incli-
nation of the contact line is not significant, the contact line can be assumed
horizontal to obtain geometric relations. The volume of the lower part of
the sphere immersed in liquid is

V¥ =7’ (R —b,/3). (3.50)
where b, is the height of the submerged part in liquid. R and b, are related as

b, —R.

?:cos(;//ﬂrﬁi). (3.51)

i

Using 8, = y, + 0,and substituting Eqn. (3.51) into Eqn. (3.50) yields
; 1
Vl(’) = gﬂRf’ (2+3cosﬁ; —cos3,b;). (3.52)

The radius of the contact line can be expressed as

r=b (2R ~b,). (3.53)

According to the vertical force balance, the vertical component of
capillary force at the contact line is counterbalanced by the gravitational
force, i.e.,

F;i) = 27or, siny; . (3.54)

The gravitational force can be expressed as [29]

B =g (n=n VO (o= 2 )V (2= p)arih ], 3.59)
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where p. is the particle density, V" the volume of the non-submerged part
of the sphere, and h, the contact line elevation with respect to the interface
level at infinity (x—=oo). The relation for the sphere volume is:

_ . N4
Vl(z) + be’) -y = E,ZR? ) (3.56)

1

Because p, > p , Eqn. (3.54) and Eqn. (3.55) can be combined and trans-
formed to yield

2

Q, =rsiny, = q—[\/l(i) — DiV(i) — 7z7;.2hi ] (3.57)
27

where the density correlation D, is defined as

P~ Pa

PV

D, = (3.58)

For the small particles ((qR)* < 1), the term ﬂ‘rizhi in Eqn. (57) is small
compared to V"’ and D,V", 50 it can be neglected. By substituting Eqns.
(3.52) and (3.56) into Eqn. (3.57), Eqn. (3.57) can be further expressed as

qu-3
Q = 61 (2—4Di+3cosﬁi—cos3,5i). (3.59)

Due to extremely small weight (note that the particle weight is propor-
tional to the cube of radius), the interface deformation with small particles
is very small. Kralchevsky and Nagayama [26] estimated that particles with
radius less than 10 pm cannot deform the interface and, as a result, do not
generate any horizontal force, i.e., , is small and . = 0.. Eqn. (3.59) finally
becomes

253
R
Q = 1 61 (2—4Di +3cos &, —cos’ ‘2) (3.60)

Combining Eqn. (3.48) with Eqn. (3.60), the horizontal capillary force
vs. distance between particles can be calculated. Experimental measure-
ments agree well with this calculation [18,30].

In Eqn. (3.60), the contact angle 0, the particle radius R, and the density
correlation D, are the parameters to determine the lateral capillary force.
Here, D, is more important than R, because it may affect both magnitude
and sign of the capillary force while R, changes only the magnitude. When
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the contact angle and size of particles are fixed, Q, may change its sign
depending on the particle density. This leads to a direction change in the
horizontal force F. Figure 3.11 shows the force vs. separation for three
pairs of spherical particles with different density combinations. The parti-
cle size and the contact angle are kept constant in calculation (R, = 100 pum,
0. = 60°). The solid line (p, = p, = 2 g/cm’) and dash-dot line (p, = p, =
0.5 g/cm?®) show attraction between the two identical particles. However,
between a heavy particle and a light particle (p, = 2 g/cm® and p, = 0.5
g/cm?), the force becomes repulsive due to the opposite signs of capillary
charges.

3.2.4 Model of Floating Spherical Particle and Vertical Wall

The last configuration for Cheerios effect in this article is a spherical par-
ticle with capillary charge Q floating in vicinity of an infinite vertical wall.
In order to find the horizontal capillary force between the wall and particle,
one may consider a simple case where the contact angle at the wall is fixed
at 0 =90° i.e., the boundary condition is

&(0)=0 (3.61)

Due to the zero slope at the wall, the mirror image method can be used
to find the capillary force: the second identical particle (mirror image)
floats at the distance 2s from the original one ([19], Figure 3.12(a)). In

10"
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0.5t
0
Z 05}
w '
=is — p=p,=2g/cm’
sk | T p,=2g/cm?, p,=0.5 g/cm?
N p=p,= 0.5 g/cm3
2 L L : ' :
0 0.5 1 15 2

UL,

Figure 3.11 Force vs. separation for three pairs of spherical particles with

different densities. The particle sizes and contact angles are kept constant in calculation
(R, =R, =100 um, 0, = 0, = 60°). The dash-dot line shows the lower limit of possible
separation between the centers of the particles.
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(b)

Figure 3.12 Capillary image force between the floating particle and its image [19]. (a)
Fixed contact angle at the wall (0, = 2); (b) Fixed contact line at the wall (£, (0)=0).

case the vertical wall is removed in Figure 3.12(a), the interface should not
change. Since the two particles (real and imaginary) are identical, the cap-
illary charges of the two particles are also equal to each other (Q, = Q, = Q).
As derived in the two-particle model, the capillary force between these two
particles is attractive:

F, = —27qu2K1 (2qs) . (3.62)

The capillary charge Q can be calculated by Eqn. (3.57). Since the inter-
face elevation caused by the wall is zero and the elevation caused by the
floating particle is negligibly small, the term 7r.’h, can be ignored. In addi-
tion, ¥/ is small due to the small size and weight of the particle. As a result,
Eqn. (3.57) can be reduced to Eqn. (3.60).

One may ask if the capillary force can become repulsive for the wall-
particle interaction. When the boundary condition becomes

&(0)=0, (3.63)

which means the contact line at the wall is pinned to the zero elevation,
the force becomes repulsive. In practice, this boundary condition can be
realized when the contact line is attached to the edge of a vertical plate
or to the boundary between hydrophilic and hydrophobic regions on the
surface of the wall [19]. Using the symmetry, one can imagine that the



CHEERIOS EFFECT AND 1TS CONTROL BY CONTACT ANGLE MODULATION 95

second particle (image) with the opposite capillary charge (Q, =-Q,= Q)
is located at the distance 2s from the original one (Figure 3.12(b)). Similar
to the previous case, the interface should not change when the vertical wall
is removed. The capillary force becomes repulsive:

F = 27ZO'qQ2K1(2qS). (3.64)

The above two cases are rare and special in reality, which are simply
described by ‘Capillary Image Force’ [19]. The above method cannot be
directly used for general and realistic conditions where the contact angle is
not fixed just to 90° but can be any angle over a wide range and the contact
line is positioned to an arbitrary elevation.

The following discussion shows how to find solutions for more general
boundary conditions: (1) fixed contact angle at the arbitrary value and (2)
fixed contact line at the arbitrary position. Since the current scope is lim-
ited to the small interface slope, the Young-Laplace equation can be linear-
ized (Eqn. (3.4)). For the inclined interface, one can seek a superposed
solution:

F=4+4, (3.65)

where £ is the deformation of interface created by the particle when 0 =
90° or £,(0) = 0 and ¢, is the deformation of interface formed near the wall
in the absence of the floating particle.

For the fixed contact angle at the wall, the boundary conditions are:

&(0)=0, &(0)= —tany,. (3.66)
Similarly, the boundary conditions for the fixed contact line at the wall are
&(0)=0, ¢&(0)=H. (3.67)

Then the interfaces formed by the wall without the floating particle can
be expressed as:

S (x)= q_ltang//le_qx (Fixed contact angle); (3.68)
&(x)=He ™ (Fixed contact line). (3.69)

We can use the concept of the fictitious cylinder with the radius r, that
is submerged in liquid (Figure 3.13). The angle y between the centerline
of the cylinder and the z axis is the local slope angle of the wall. We can
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Figure 3.13 Configuration of the spherical particle and vertical wall [19]. The particle can
be modeled and analyzed using the fictitious cylinder.

introduce a new coordinate system (x’, ), z’) where the 2" axis coincides
with the cylinder axis:

(A 1 .

e, =cosype —sinye,;
[ .

e, =ey; (3.70)
,_ .

e, =cosye, +sinye,.

Assume that the contact line on the cylinder surface is parallel to the x’
axis. Similarly to the deriving procedure from Eqn. (3.29) to Eqn. (3.36),
one can obtain ¢ _in the (X', y’, Z') system as [19]:

[ ( 1 dfo ! . ) 1 . ! ]
g, = gl cosy| cospcosy, ————singsiny, |——siny siny,
x dy X

(3.71)
where v, is the slope angle around the particle in the (x, y’, 2’) coordinate.
Substituting Eqn. (3.71) into Eqn. (3.6), one obtains

Fx(a) = =270t siny, siny
s jzdé) : T
—20siny, d—¢sm¢d¢+Zacosgycosgyzj,(coswdw. (3.72)
0 0

The last term in Eqn. (3.72) is negligible for large separation [19]. Eqn.
(3.72) becomes
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d
F;EJ) ~ =271, sin y, sin y — 27sin szd_g251n¢d¢' (3.73)
0

For a small interface elevation,

L __dg
siny = tany = —d—
X

(3.74)

X=S

Substituting Eqns. (3.68) and (3.69) into Eqn. (3.74), sin y in Eqn. (3.73)
becomes

siny/ = tan gﬂle_qs (Fixed contact angle); (3.75)
siny = qH e *  (Fixed contact line). (3.76)

To estimate the horizontal force due to the hydrostatic pressure F."’, one
can use the approximation [19]

dh
(o) =hy + d—szr2 cosp (3.77)

and substitute it into Eqn. (3.39) to obtain

EP = 7zo‘(qr2 )2 h, %

X

(3.78)

We still need to find fo, which is the interface deformation created by
the floating particle when the imaginary particle floats at 2s separation.
Eventually, this information allows finding the contact line elevation h,
and the total capillary force after substituting h, into Eqns. (3.73) and
(3.78). r, and sin y, are also required for finding the total horizontal
force.

3.2.4.1 Fixed Contact Angle at the Wall

If the elevation of the contact line is zero at the wall, Eqn. (3.60) is valid to
calculate the capillary charge Q. For the typical inclined interface near the
wall, however, the elevation of the contact line on the particle &, is no lon-
ger small. The term mfhz cannot be neglected. Eqn. (3.57) can be used to
calculate the capillary charge Q of the particle. The elevation of the contact
line on the particle surface h, can be given as:

h,=q 'tanye ™ +h,, (3.79)



98 ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

where h, is the mean elevation of the contact line for a single particle float-
ing at the flat air-liquid interface:

1
hy,y =——¢ dl. 3.80
v I (.50

2C2

For the two particles with capillary charges Q, and Q,, Eqn. (3.24)
is used to compute the interface deformation close to the particles for
small or moderate inter-particle separation ((qa)’ < 1). By setting Q, =
Q, in Eqn. (3.24) and using the relations of the bipolar coordinates, one
obtains [19]

;”()i”(w):Q2|:ln 2 iin 2 )} (3.81)

.91, 7,2qa> | (s —1,Cos@W

where superscript ‘in’ denotes the solution in the inner region (close to the
particle, (ga)* < 1). Substituting Eqn. (3.81) into Eqn. (3.80) yields

hzo"”zQz[ln 2 2 } (3.82)
v, 7a(s+a)

For the large inter-particle separation ((qa)*>> 1), the superposition and
approximation [15] are used to derive the interface shape for the two iden-
tical particles, i.e.,

& (@)= Q[ Ky (qd, )+ Ky (ady) ], (3.83)

where d_is the horizontal distance from the center of the right particle
and d, denotes the horizontal distance from the center of the left particle.
Because the modified Bessel function can be written as
2
K,y(x)=In—, (3.84)
J/ex

the inner asymptote (a — 0) of Eqn. (3.83) for small x is

in 2 2
out ) < 1 +1 ) 3.85
(&) =, [ Yad " ad } (38

By substituting Eqn. (3.83) into Eqn. (3.80), one can derive
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h,“ =h_+ 2gs =Q,In—
20 200 Q2 ( q ) 2 ]/equ (3.86)

By comparing Eqn. (3.81) with Eqn. (3.85), one obtains a compound
expression for ¢ :

S$—1,Ccosw

2002
& =h + QK (LJ (3.87)

Similarly, the compound expression for 4, can be obtained by compar-
ing Eqns. (3.82) and (3.86):

hyy =h,., + QK (2q (5 + a)) . (3.88)
Then, h2 becomes:
h2 — q‘ltangyle_qS + th +Q,K, (Zq (s + a)) . (3.89)

From Eqn. (3.57), one can calculate the capillary charge of particle Q, as

2

Q, = %[(3132 ~b, )b, ~4D,R,* =317, |. (3.90)

Combining Eqns. (3.73), (3.75), (3.78), (3.87), (3.89), and (3.90), one
can obtain the horizontal force for the fixed contact angle as [19]

F = —EJ[ZquzKI (2gs)+2Q, tanpe * + q(rztan e ® )2:| . (3.91)

3.2.4.2 Fixed Contact Line at the Wall

Similarly to the fixed contact angle at the wall, when the contact line is
fixed to an arbitrary position at the wall,

h, = He™® +hy; hy, :—gﬁgodz (3.92)
7T G,

For the small separation ((qa)* < 1), by setting Q, = —Q,, Eqn. (3.24)
becomes

&M (@)=Q,%(w), (3.93)
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where

. o 1 -
5 (w)=17+ ZZ—tanhnrze "2 cosnaw (3.94)

n=1

Similarly to Eqn. (3.81), we can rewrite Eqn. (3.93) in the form [19]:

i 2 2

&"()=Q,[In—-In——|. (3.95)
74" V.qr.e’
Substituting Eqn. (3.95) into Eqn. (3.92), one obtains
hzom = szz*’ (3.96)
where
=1 +2§‘le_2'"2 tanhnz (3.97)
2 2 5 2. .

Equation (3.96) can be rewritten in the form [19]

" = Q| In—— —tn—>— |. (399)
Jan yane®

When the inter-particle separation is large ((qa)’ > 1), again by using
the superposition approximation [15], one obtains

&M (@) = hy, —Q,K, (2gs). (3.99)
From Eqn. (3.92), one derives
hy™ =h,. —Q,K, (2gs). (3.100)

Similarly to the fixed contact angle, we can compare Eqn. (3.95) with
Eqn. (3.99) to obtain

& =h,. —QK, (qrze@ ) (3.101)
and compare Eqn. (3.98) with Eqn. (3.100) to find

hy = hy.. = QK (qrzerz*) ' (3102
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From Eqn. (3.92), h, is
h,=He * +h,_—Q,K, (qrzef2 ) (3.103)

Combining Eqns. (3.73), (3.76), (3.78), (3.90), (3.101), and 3.103), the
horizontal force for the fixed contact line is finally obtained as [19]

F = —7m|:—2qQ22K1 (2gs)+2Q,qHe ™ + q(rque_qs )2:| (3.104)

In Eqns. (3.91) and (3.104), the first term comes from the capillary
image force; the second one originates from the buoyancy force; and the
last term is the pressure jump across the interface and is typically small for
small particles ((R,)? @)’ < 1).

Similarly to the capillary force between the two floating spheres, the
wall-particle interaction not only depends on the contact angle but also
on the density of the particle. Figure 3.14 shows the force vs. separation for
the fixed contact angle and fixed contact line. The particle size and contact
angle are fixed in the calculation (R, = 500 um, ¢, = 70°). We have already
discussed that the capillary image force is attractive for the fixed contact
angle and is repulsive for the fixed contact line. In Figure 3.14(a), the con-
tact angle at the wall 0, is fixed at 89° (the wall is slightly hydrophilic).
We see that only the particle with the moderate density (p = 1 g/cm’) is

08 10°®
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I L= 0
! 5 9/cms Repulsion
|
3

<
%
)
-2
Equilibrium -6
—4F position
-8
0 5 10 15 20 0 5 10 15 20
@ s/R, (b) /R,

Figure 3.14 Horizontal force vs. separation in the wall-particle capillary interaction for
different particle densities. (a) Fixed contact angle on the wall (R, = 500 um, 0, = 89°, 0,
= 70°); (b) Fixed contact line (R, = 500 um, H = =50 pm, 0, = 70°). The dashed-dot lines
show the smallest separation between the particle center and wall.
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repelled by the wall in the entire range of separation due to the strong grav-
itational force. The force for the light particle (p = 0.5 g/cm’) is attractive
because of the combined effect of the buoyancy force and capillary image
force. For the heavy particle (p = 3 g/cm’), the force is repulsive at large
separation because the gravitational force is strong. However, this force
becomes attractive at small separation because the capillary image force
becomes dominant. Similar results can be found in Figure 3.14(b) where
the contact line at the wall is fixed at H = —50 pm. Now the particle with the
moderate density (p = 1 g/cm’) is attracted. The force of the light particle
(p = 0.5 g/cm?) is repulsive due to the strong buoyancy force. The heavy
particle (p = 3 g/cm’) is attracted towards the wall at large separation but is
repelled at small separation.

An interesting observation in Figure 3.14 is that for the heavy particle
the horizontal force intersects the x-axis, which means there is a zero force
point located close to the wall. For the fixed contact angle, the zero force
point is not stable (the particle has tendency to move away from the zero
force point), while for the fixed contact line, this point is stable (the particle
has tendency to stay at the zero force point). The measurements (Velev
et al. [20]) of the zero force point for the fixed contact line agree with the
theory well. In summary, when the separation is not too small, the lateral
capillary force is attractive if the slope angles at the wall y, and on the
floating particle v, have the same sign, otherwise, the force is repulsive.
When the separation is too small, the situation is much more complicated.

3.3 Control of Cheerios Effect

In the previous sections, we reviewed the theoretical models for Cheerios
effect for four different configurations. The main parameters are the density
of the floating object and the contact angles of the floating object and wall.
In this section, we introduce a method to control Cheerios effect [31,32].
Among the parameters, changing the density is much more difficult than
the contact angle. The contact angle can be relatively easily changed using
many methods such as electrowetting [33], optical methods [34,35], mag-
netic fields [36] and so on. In this section we will give a brief introduc-
tion on how to control Cheerios effect using electrowetting (more exactly
electrowetting-on-dielectric or EWOD).

The intrinsic contact angle is determined and fixed by the proper-
ties of materials at the three-phase contact line. However, the apparent
contact angle can be modulated by applying a voltage to the dielectric-
covered electrode, on which the contact line is placed. This is known as
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electrowetting-on-dielectric (EWOD) [33]. By controlling the applied volt-
age, the contact angle can be adjusted and controlled in a certain range,
that is, an initially hydrophobic state can be reversibly switched to a hydro-
philic state. If this EWOD is implemented to Cheerios effect, the direction
of the lateral component of the capillary force can be changed and con-
trolled. This results in reversible switching between attraction and repul-
sion in Cheerios effect.

Figure 3.15 shows a conceptual sketch how to implement EWOD to
control Cheerios effect. In the configuration of the wall and floating object,
the EWOD electrode is installed on the wall. Initially, the wall surface of
EWOD is hydrophobic, so the slope angle y is negative (Figures 3.15(a)
and (c)). In this case, as already discussed in the previous section, the

””””” Air
Light object

EwWOD with positive y | DC

. DC Electrode

N\

o = el =

Ground Water
Electrode

,,,,,,,,,,,,

EWOD OFF EWOD ON

G

(@) Reversible (b)

Air
Heavy object
EWOD with Negative y !

3 DC /Electrode« / DC
i

Ground Water
Electrode

EWOD OFF EWOD ON

G

(c) Reversible (d)

Figure 3.15 Concept of EWOD-controlled Cheerios effect. (a) and (b) Low-density object
with positive slope angle y. (a) EWOD is OFF; (b) EWOD is ON. (c) and (d) High-density
object with negative slope angle y. (c) EWOD is OFFE. (d) EWOD is ON.
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capillary force between the wall and the floating object is repulsive when
the slope angle of the floating object y, is positive (Figure 3.15 (a)) while
it is attractive when y/, is negative (Figure 3.15(c)). Once EWOD is turned
on, the wall surface becomes hydrophilic and the slope angle at the wall
w, turns positive. Then, the force becomes attractive for the positive v,
(Figure 3.15(b)) and repulsive for the negative y, (Figure 3.15(d)). By
turning EWOD on or off, one can reverse the capillary force and control
the movement of the floating objects.

Anexperimental verification of the above concept is shown in Figure 3.16.
The EWOD electrode is attached to the vertical wall and prepared as fol-
lows: A DuPont Pyralux® flexible Cu product with an 18-pm Cu layer is
coated with a 2.5-pm parylene layer. To make the surface hydrophobic, a
thin layer (~200 nm) of Teflon AF° is dip-coated on the parylene layer. The
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f t=4s
| Light Object
with Positive y

t=0s

Light Object
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3mm  EWOD ON
(b)

3mm  EWOD OFF

~ t=0s

‘/

Heavy Object
with Negative y

t=0s
Heavy Object
with Negative y

3mm  EWOD OFF

(0

Figure 3.16 Experimental results for EWOD-assisted Cheerios effect (top view). Images
are overlapped to show the movement of the object. (a) and (b) Low-density object with
positive slope angle y and (c) and (d) high-density object with negative slope angle.
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low-density floating object with a positive slope angle v, is pushed away
from the wall when EWOD is off (Figure 3,16(a)). However, it is pulled
towards the wall when EWOD is on (Figure 3.16(b)). On the contrary,
these attraction and repulsion behaviors are reversed when a high-density
object with a negative slope angle v, is placed near the EWOD electrode
(Figures 3.16(c) and 3.16(d)).

3.4 Concluding Remarks and Outlook

This paper reviewed theoretical models of the Cheerios effect for four dif-
ferent physical configurations. The horizontal component of the capillary
force is the key force to understand and determine attractive and repulsive
behaviors between objects on the air-liquid interface. The first configura-
tion consists of two infinite vertical plates, which is two-dimensional and
the simplest. The horizontal force is not directly generated from the inter-
facial tension but by the hydrostatic pressure difference across the plates.
Here, the hydrostatic pressure difference, which creates the height differ-
ence in the liquid level, originates from the capillary interaction between
the plates. The second configuration is composed of two vertical cylinders.
Although this configuration needs to solve the Young-Laplace equation in
the 3-D space to describe the interface profile, it does not require the analy-
sis for the vertical force balance. Analytical and numerical solutions can be
obtained for two different cases: small/moderate separation and large sepa-
ration between the cylinders. After finding the interface profiles for these
two cases, we numerically calculated the lateral capillary force and com-
pared it with the experimental data. The results show that our calculations
predict much better for the small separation than the asymptotic solution
does. The third configuration is for two floating spherical particles. The
interface distortion generated by the floating particles is similar to, yet
smaller than, that in the two-cylinder configuration. Due to this reason, a
linear approximation for the contact line is used for all separations, and the
equation of the interface profiles derived for the two cylinders separated by
a large distance is adopted to calculate the lateral capillary force between
the two floating spherical particles. The last configuration is a spherical
particle floating in the vicinity of a vertical wall. The concept of the image
capillary force is introduced. The force is attractive for the contact angle of
90° at the wall but repulsive for the fixed contact line at zero elevation. For
the general wall conditions, where the contact angle is an arbitrary value
or the contact line is positioned at an arbitrary elevation, the solutions for
the interface profiles and the expressions for the lateral capillary force are
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derived from the linearized Young-Laplace equation with the assumption
of small deformation of the interface profile.

In general, the capillary forces between two vertical walls and between
two vertical cylinders are attractive when they have similar wettability
(hydrophilic-hydrophilic or hydrophobic-hydrophobic) and are repulsive
when they have opposite wettability (hydrophilic-hydrophobic). However,
this statement is not applicable for the latter two configurations (i.e.,
between two floating spheres and between a spherical particle and a ver-
tical wall). Additional parameters (for example, the size and the density
of floating objects) are crucially important to determine the lateral com-
ponent of the capillary force. The effect of the floating object density was
particularly discussed for the latter two configurations.

Direct measurements of the horizontal capillary force for the configu-
rations of two vertical cylinders, two spheres, and sphere/plate have been
reported [17,30]. The experimental results agree well with the theoretical
predictions for the large separation between the objects. However, there
is the discrepancy for the small separation, which could be caused by the
increasing nonlinear effect as the two objects come close. Numerical cal-
culations with the non-linearized Young-Laplace equation would improve
the accuracy of the capillary force, especially when the separation between
the objects is small. Moreover, additional parameters such as the size and
density of the floating objects are important to determine the horizontal
force for the last two configurations. In particular, these parameters may
directly affect the vertical elevation of the sphere. In the past experimental
measurements of the horizontal force between a sphere and other objects
(for example, another sphere or vertical plate), the sphere was supported
by an external vertical force and thus confined to the horizontal plane
regardless of the contact angle, the particle size and the particle density. As
a result, the effects of these parameters could not be detected. This might
cause significant measurement errors, especially at small separation where
the slope of the interface is substantial. An improvement should be made
in the future such that the sphere could move freely in the vertical direction
during force measurement. Although theoretical studies on the configura-
tions of two spheres and sphere/wall have been relatively well established,
experimental data on them are currently missing. In particular, the density
effects of floating objects are not fully verified experimentally as of today.

In order to control the Cheerios effect, we implemented electrowetting-
on-dielectric (EWOD) on the vertical plate. By simply turning on/off the
EWOD electrode on the plate, we were able to change the contact angle on
the plate and reverse the capillary force between the plate and the float-
ing object. This results in reversing of attraction and repulsion behaviors
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between the plate and the object. As a future study, the EWOD electrode
can be installed in the floating objects, although this involves more com-
plex fabrication and experimentation. In addition, other methods such as
optical and magnetic actuations can be utilized to control the contact angle
and thus the Cheerios effect.
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Abstract

In this paper, we review some recent mathematical results on analysis of wetting
phenomena on chemically patterned or rough surfaces. Our analysis shows that
the effective contact angles determined from the Wenzel’s and Cassie’s equations
correspond to the global minimum of the total energy of the system. The local
minimizers give different static contact angles that can predict the contact angle
hysteresis observed in reality. We also review the basic mathematical tools used in
our analysis.
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4.1 Introduction

The study of wetting phenomena is of critical importance for many indus-
trial applications [1-4], from oil recovery in petroleum reservoirs to micro-
scopic flows in microfluidics. Generally speaking, wetting is the ability of
liquid to maintain contact with or spread on a solid surface. In principle,
the wetting property is determined by microscopic molecular interac-
tions of liquid, air and the solid surface, including short-ranged chemical
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interactions and long range van de Waals forces, etc. On a larger scale, wet-
ting could be described by Young’s equation [5](see Equation (4.2) below),
a classical model that connects the static contact angle to the surface ten-
sions in the three-phase system.

Although there is a long history in the study of wetting phenomena,
there are still some problems that are not fully understood. Among them,
an important one is the phenomenon of contact angle hysteresis (CAH).
The origin of CAH is attributed to several factors such as surface rough-
ness, chemical contaminants, among others. The contact angle hysteresis
proves to be an important quantity that determines the motion and prop-
erties of the droplets on the surfaces. Understanding of how the patterning
or roughness of the surface affects contact angle and contact angle hyster-
esis is of critical importance in surface engineering. There have been inten-
sive studies on contact angle hysteresis (see [6-10] among many others).
Theoretical models of CAH have focused on how roughness and chemical
heterogeneity provide energy barriers to the system.

Wetting on rough or chemically patterned surfaces has also been studied
for a long time. Two well-known equations, the Wenzel’s equation [11] and
the Cassie’s equation [12] are introduced to characterize the macroscopic
apparent contact angle in terms of surface roughness and inhomogeneity
(see Equations (4.6) and (4.7) in Section 4.3). There have been many works
on the derivation and validity of these two equations [10,13-17], despite
some controversies on their correctness [18-22]. In particular, they can-
not describe the contact angle hysteresis and cannot explain some of the
experimental observations [18,23]. Various modifications or variations of
these two equations are proposed and studied [10,20,24-26].

Static or quasi-static wetting phenomena can be studied by surface
energy minimization [10,13,27] where some rigorous mathematical analy-
sis is possible. Furthermore, wetting on chemically patterned or rough sur-
faces is clearly a multi-scale problem. The macroscopic apparent contact
angle is determined by microscopic properties near the contact line of the
liquid drop. Notice that there are many mathematical tools for multi-scale
analysis [28,29]. We expect that these tools are also useful for the stud-
ies of wetting and contact angle hysteresis. On the other hand, the studies
on wetting will also stimulate the development of new mathematical or
numerical techniques.

In this paper, we review some of our recent mathematical analysis for
wetting and contact angle hysteresis phenomena. We concentrate mainly
on the illustration of the analysis results and our understanding of wet-
ting, but ignore the technical details, which can be found in our published
papers. The outline of the paper is as follows. In Section 4.2, we introduce
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the basic physical principles for wetting and some mathematical tools we
used. In Section 4.3, we justify the classical Wenzel’s and Cassie’s equations
for a general three-dimensional problem by a variational approach. These
two equations are validated by considering convergence of global minimiz-
ers of the total energy in the system. In Section 4.4, we derive a modified
Cassie equation by asymptotic analysis from the equilibrium equations of
aliquid-vapor interface. The modified Cassie equation is different from the
classical one in the sense that a line fraction (along the contact line) is used
instead of the original area fraction. In Section 4.5, we analyze the contact
angle hysteresis by studying quasi-static interface motion in a two-dimen-
sional channel. We then give some examples of the contact angle hysteresis
phenomenon in three-dimensional problems using the modified Cassie
equation. Finally, we end the paper with some conclusions and outlook.

4.2 The Physical Principle and Mathematical Method

4.2.1 The Physical Principle

In thermodynamic equilibrium, wetting is characterized by two well-
known equations, the Young-Laplace equation and the Young equation.
The Young-Laplace equation,

PrL— Py =2Yv K (4.1)

relates the mean curvature of the liquid-vapor interface to the capillary
pressure difference across the interface. The Young equation [5],

) cos 0=y =y, (4.2)

on the other hand, relates the static contact angle to the surface tensions in
the system. In (4.1) and (4.2), p, and p,, denote respectively the pressures
in the liquid and the vapor. K is the mean curvature of the interface. y, ,
y,, and y, denote the liquid-vapor, solid-liquid and solid-vapor interfa-
cial tensions respectively. The Young’s angle 0, is the local contact angle
between the liquid and the solid surface.

Equations (4.1) and (4.2) describe force equilibrium state on the inter-
face and the contact line. These equations could be derived when minimiz-
ing the total energy in the system. Specifically, the Young’s equation (4.2)
appears as the transversality condition of the energy minimizing problem
of wetting on ideal surfaces [24]. Suppose the size of the liquid drop is
smaller than the capillary length [ =y / pg, so that gravity is negligible. In
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equilibrium, the total energy in the system E is the sum of the interface
energies,

E=yy |20y [ +7e |26 [+ Yy | Zgy |5 (4.3)

where ¥, ZSL and ZSV are the liquid-vapor, solid-liquid and solid-vapor
interfaces, respectively. The norm | « | denotes area of the interface.

4.2.2 Homogenization

The Young equation (4.2) is correct only locally. For homogeneous solid
surfaces, the Young’s angle is also the apparent contact angle. However,
solid surfaces are seldom homogeneous in reality. They are either chemi-
cally inhomogeneous or geometrically rough. In these cases, the appar-
ent angle might differ considerably from the local Young angles. This is
an obvious multiscale problem. Mathematically, there are some methods
to derive macroscopic law from microscopic properties. Among them, an
important one is the homogenization method.

The first step of homogenization is asymptotic analysis. For an abstract
equation:

LA, =0, (4.4)

where L isa differential operator on the function p,e<1 denotes the micro-
scopic spatial scale. Suppose ¢_has an expansion g =g, + e, + & p, ++++,
where ¢, is taken as the function for macroscopic properties. Substitute
the expansion in equation (4.4) and separate the equation into a series of
equations according to the order of ¢. In general, one could obtain a lead-
ing order equation:

Lo¢o =0. (4.5)

This is called a homogenized equation. It is an effective equation for the
macroscopic property ¢,.

Asymptotic analysis is not rigorous in mathematics. One needs to prove
further the convergence of ¢_to ¢, as & goes to zero. This could be done
by some techniques, e.g. the I'-convergence theory [28], which is a useful
tool to prove the convergence of a sequence of variational problems [17].

4.3 The Wenzel’s and Cassie’s Equations

The roughness-enhanced wetting is described by two famous equations
that illustrate the relation between the apparent contact angle ¢ and the
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local Young’s angle 6. One is the so-called Wenzel's equation for rough
surface cases [11]:

cost), = R costy, (4.6)

with the roughness parameter R being the area ratio between a rough solid
surface and the effective smooth surface corresponding to it. The other is
the Cassie’s equation for a chemically patterned surface(composed of two
materials) [12]:

cosB, = p cosOy, +(1—p)cosby,, (4.7)

where 0, and 0, are the Young’s angles on the two materials, and p is the
area fraction of material 1 on the solid surface.

The validity of the Wenzel’s and Cassie’s equations has been investi-
gated for many years. For example, these two equations are derived by
considering the transversality condition of the wetting problem of rough
and chemically heterogeneous surfaces in [24]. Previous studies consider
either a simplified two-dimensional problem or some three-dimensional
problems for solid surfaces with very special geometries. In [27], we con-
sidered a three-dimensional model with a relatively general solid surface.
It is worthwhile to stress that all the validations of the Wenzel’s and Cassie’s
equations are under the condition that the size of the wetting area is much
larger than the characteristic spatial scale of the roughness(heterogeneity)
of the surface. Otherwise, the notion of an apparent contact angle is
meaningless.

In [27], we suppose the solid surface is x = eh(y / &, z/ €) (see Figure 4.1),
where ¢ is a small parameter, h(Y, Z) is a given function which is periodic
in Y and Z with period 1. The liquid-vapor interface is z = u(x, y), such
that u(1, y) = 0, and u(x, y) is periodic in y with period ¢. The liquid region
is given by {(x, y, )| z < u(x, ), 0 < x < 1} and the vapor region is given
by {(x, , 2)| z > u(x, ), 0 < x < 1}. We consider only partial wetting case,
so that u(x, y) is bounded, in other words, there exists an M > 0 such that
|u(x, y) |< M.

We now compute the total interface energy in a bounded domain
(eh(y /¢ z/¢),1) x (0, &) X (=M, M) . Suppose the liquid-vapor interface
I', has a projection B in each period on the plain z = 0, see Figure 4.1.
Similarly, the solid-liquid interface S, has a projection [ in one period on
the plain x = 0. Thus, after scaling with 1/¢, the total energy (4.3) could be
written as
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x = eh(y/e,z/€)

Figure 4.1 A liquid-vapor interface (the grey surface inside the box) intersects a rough
solid surface (the left boundary of the box).

E= yLTVJ'Bu\/1+|Vu|2dxdy+§f|[. }/SL\/1+|Vh(y/£,z/£)|2dydz

1 2
+;J.(0>€)><(—M,M)\Hu Jsv \/1+|Vh(y/5’2/5)| dydz
1
- }}LTV.[B WdXdy—i_; J (7SL _]}SV)
’ i

\/1+|Vh(y/£,z/£)|2dydz

. 1 2
with a constant C= ZJ.(O,a)X 7SV \/l+|Vh (ylezl £)| dydz. The nor-

malized energy could be written as

s _E-C

=lj 1+|Vu|2dxdy
&5

v

41 Icos@Y \/l + |Vh(y lez/ z—:)|2 dydz.
¢, (4.8)

Here we use the Young’s equation (4.2).
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In [27], we proved that if HY is a constant, when the scale ¢ becomes
smaller and smaller, the global minimizers u_of the energy E, converge to
the function

u*(x, y)=(01-x)cosl,

with & = arccos (J.OIJ.:, 1+ | Vh(Y, Z) [} dYdZ cosd, ) This means the appar-

ent contact angle satisfies
11
cosf, = ”\/H |Vh(Y,Z) ' dYdZ cosb, . (4.9)
00

This equation is the Wenzel’s equation with a roughness parameter

11

R=[[\1+|Vh(Y,2) [ dvdz.

00

being the area ratio between the rough surface and the effective smooth
surface.

In addition, our method can also be generalized to the case when 0, var-
ies on the surface. In this case, the apparent contact angle satisfies

11
cos6, = [[\/1+| VA(Y,Z) | cos6,dYdZ, (4.10)
00

For chemically patterned planar surface where h = 0, we have

11
cosO = ”cos 0,dYdZ. (4.11)
00

Since the Youngs angle 0, is equal to either 6, or 0, on the chemically
patterned surface, the integral on the right hand side of (4.11) is calculated
as

11
HCOSOYdeZ = p, cosBOy, + p, cosby, = p, cosby, +(1—p,)cosby,
00

where p and p,are the areas of the two materials in the unit square, respec-
tively. This is the classic Cassie’s equation (4.7).
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4.4 The Modified Cassie Equation

From the analysis in the previous section, the Wenzel’s and Cassie’s equa-
tions are correct when one considers global minimizers of the total energy
in a liquid-vapor system. However, a liquid drop might be in equilibrium
when it corresponds to a local minimum of the total energy in the system.
This is also the origin of contact angle hysteresis. In this section, we will
concentrate on the equilibrium state of the system instead of the completely
stable state corresponding to the global minimizers of the total energy.

As in [26], we start from the equilibrium equations (4.1) and (4.2).
The setup of a liquid-vapor system is similar to that in the previous sec-
tion. Here we consider only the chemically patterned surfaces as shown in
Figure 4.2. The solid surface is located on the z = 0 plane. It is composed
of two materials. The pattern of the materials on the surface is periodic in
both x and y with period ¢ and contact angle function

Gy1» if (x,y)is in material 1;

& (x,y) = (4.12)

by, if (x,y)is in material 2.

For the above system, we assume the liquid-vapor interface is given by

x=f(y,z)=kz+5u(z,i). (4.13)

& &

Here k is a constant, ¢ is the period of the pattern along y-axis. The equa-
tion (4.13) represents an interface which differs from the plane x = kz only
near the bottom surface z = 0.

Gas o
=fly,2) Gas Liquid

Z
=kz + € u(y/e,z/e)

Contact line CL
(@) (b)

Figure 4.2 The liquid-vapor interface on chemically patterned solid surface[26]. (a) The
patterned solid surface and the liquid-vapor interface; (b) The apparent contact angle.
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We also suppose the pressures across the liquid-vapor interface are
equal. From Equation (4.1) the liquid-vapor interface has zero mean cur-
vature. That is:

1
V- 21 —e,u  |=0. (414
\/1+(58yu) +(k+£azu)2 _(k+gazu)

The contact line, CL, of the liquid-vapor interface and the solid surface

is given by
xX= eu( y/ 5,0),
z=0.
From (4.2) the local contact angle at the contact line is given by

cos 0, (f,l) for (x, y,0) € CL.
€ €
From the asymptotic analysis in [26] when ¢ — 0, the apparent contact
angle which is the angle between the plane x = kz and the bottom z = 0 (as
shown in Figure 4.2) is given by

&

k 1
o = Z"l.cost%, (x,y) |x=&u(y/£’0) dy. (4.15)
0

cost), =

This is the modified Cassie equation where the right hand side term
is the integral average of the local Young’s angles along the contact line
in one period of y. This is different from the traditional Cassie’s equation
(4.11) where the area average is used. The modified Cassie equation pro-
vides an explicit formula to compute the apparent contact angle once we
know the patterns of a solid surface and the location of the contact line.
Similar results have also been given in [25,30]. The equation is verified by
recent experiments [23].

4.5 Contact Angle Hysteresis
In reality, the apparent contact angle of a liquid drop on rough or inhomo-

geneous surfaces could take a range of values depending on the history of
the liquid drop. Among these values, the largest one is called the advancing
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angle and the smallest is called the receding angle. This is the so-called
contact angle hysteresis phenomenon.

4.5.1 Quasistatic Process of a Two-dimensional Problem

In [9], we studied a two-dimensional wetting problem on chemically pat-
terned surfaces. We show that the advancing angle is the largest Young’s
angle of a surface, and the receding angle is the smallest one. Consider
a channel periodically patterned with materials with different contact
angles 0,(in dark color) and 0, (in light color) on the solid boundary (see
Figure 4.3). The height of the channel is 2h. The length of the channel is 2L.
The channel is patterned with two materials. We assume that there are k
periodic patterns in the interval [-L/2, L/2]. In each period, the two mate-
rials occupy the same area Ax = L/2k. Denote Q) and Q, as the domains in
the channel which fluid 1(liquid) and fluid 2(vapor) occupy, respectively.
Let 0 be the contact angle of liquid phase(fluid 1).
Define

o =|Q, |/4Lh, (4.16)

which is the relative volume of the liquid in the channel. It is easy to see
that 0 < o < 1. The liquid is advancing if o is increasing, while the liquid is
receding when o is decreasing.

For quasi-static process, if one ignores the gravity, the pressure on each
side of an interface is a constant at any time. This implies that the curvature
of the interface is constant (from the Young-Laplace equation). Thus, the
interface is a circular arc. From (4.16), it is easy to show that the contact
point x is related to 0 as,

x L h ((z—ﬂ)—cosﬂsinﬂj+20¢.

2 cos’ 0

2
L/2 L L/2
2 Fluid 1 Fluid 2

Figure 4.3 The chemically patterned channel ([9])



RECENT MATHEMATICAL ANALYSIS OF CONTACT ANGLE HYSTERESIS 121

Equivalently, the relative position of the contact point is given by:

x—L_ 1 ([2_
h 2C0520L2

X =

Hj —cos@sin@] +2((x—1)%. (4.17)

From (4.3), the normalized total interface energy can be computed as:

E(o.,0) = Yo [Zov |+ 7 B+ 7w [Zsv |

Yvh
-20 .
z —2xcosl,,
cos
7—20 (L—ZAx)COSHA ZIxAx(c059A+cosﬁB)
=C, + + -
cosl h h
-20 .
" —2xcosly,
cosf
. L
X< ——;
2h
(. (L+)ax L), L . L
2| &— + | ——<k<—
L h ZhJ 2h 2h
~_ L
x>—. (4.18)
2h
2xh+L 2%h+L x—L/2
where I, =[ }istheinte er part of the number =% = ,
4Ax gerp 4Ax 2Ax

representing the number of complete periods occupied by liquid, and

2xh+L 1
A cost, if X -1 <=
= 4Ax 2
costy otherwise.

T 0 5m
In the example below, we take 0, = e 30" and 0, = i 150°.

We now study the behavior of the quasi-static motion of the interface.
The quasi-static states are obtained by computing the local minimizer 6 of
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Figure 4.4 The contact angle, contact point and energy as functions of a with k = 15. Here
the pattern size is small enough so that one observes clear advancing and receding contact
angles.

the energy E for gradually increasing or decreasing o.. The corresponding
contact point £ is then computed from (4.17). Figure 4.4 shows the con-
tact angle 0_and the contact point £ plotted as a function of o for k = 15.
There exists a clear hysteresis phenomenon. Similar results could also be
obtained for other k values. We observe that when Ax is small enough, the
contact angle oscillates around 0, (or 0,) as the interface moves to the right
(or the left).

Computations for spreading or shrinking droplets on a chemically pat-
terned surface also give similar results [9]. Therefore, we could conclude
that: in two-dimensional case, the advancing angle is the largest one of the
Young’s angles on a chemically patterned surface while the receding angle
is the smallest one. The computations also suggest that the classical Cassie’s
equation is seldom valid in the quasi-static process.

4.5.2 Three-dimensional Case

As in [26], we now consider contact angle hysteresis for a channel com-
posed of two planes with periodic patterns in both x and y directions, as
shown in Figure 4.5. The liquid-vapor interface is lying (almost) parallel to
y-direction. We assume that the base material (in dark color) has a contact
angle 0, and the square patch material(in light color) has a contact angle
0, with 0, <0,,.

From the analysis in Section 4.4, the following conclusions can be drawn.
When the period of the chemical patterns goes to zero, the homogenized
problem is independent of the y coordinate. It reduces to a two-dimensional
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Figure 4.5 The channel composed of chemically patterned solid surfaces.

channel problem similar to that in subsection 4.5.1. Furthermore, from the
modified Cassie equation (4.15), we could compute the apparent contact
angles as follows. When the contact line is located completely in the dark
blue region) the effective contact angle is

0, =0y (4.19)

and when the contact line intersects fully with the array of the square patch
in y direction, the effective contact angle is

cosf,, =(1—A)cosOy, +Acosby,. (4.20)

with A being the ratio of the square spot width to one period of the pat-
tern in y direction. When the contact line intersects only partly the array
of the square patch the effective contact angle is 0, in between so that 0 <
0, <0, Therefore, from the analysis in subsection 4.5.1, we can see that the
advancing contact angle for the channel is 6 , (given by equation (4.20))
and the receding contact angle is 6 (given by equation (4.19)).

As the end of the section, we show an example given in [19,31]. The fol-
lowing analysis comes from [26]. As shown in Figure 4.6, we consider two
configurations of a chemically patterned surface. On the solid surface, the
circular spots of radius r are periodically placed with the distance between
two nearest spot centers being about 2.693r. This setup allows each mate-
rial to occupy half area of the surface. Denote the contact angles for the
green area and the red area as 0/, and 0, respectively. Without loss of gen-
erality, we suppose 0, <0, ..

Suppose that the contact line is almost straight as shown in Figure 4.6.
From the modified Cassie equation, it is easy to compute the maximum
and minimum effective contact angles for the two configurations. For the
left one, the minimum effective contact angle, which is also the receding
contact angle, is
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Figure 4.6 Water on two surfaces with 50% surface area of two components with different
contact angles(taken from [19]). In the left subfigure, material 1(in green) is the base and
material 2(in red) constitutes the circular spots on the base. In the right subfigure, the
materials are displayed in an opposite way.

and the maximum effective contact angle, which is also the advancing con-
tact angle, is such that

cosO, ,, = AcosBy, +(1—A)cosHb,,.

with A =(2.693r —2r)/(2.693r) =0.257 . For the right configuration, the
receding contact angle is

cosém =(1-A)cosOy, + A cosby,.

and the advancing contact angle is

0

The two configurations have very different wetting properties, although
their area ratios are the same. This is consistent, in principle, with some
existing analytical and experimental results [18,19,31]. This example shows
clearly how the modified Cassie equation can explain the contact angle hys-
teresis phenomenon, while the classical Cassie’s equation cannot do this.

adv = HYZ;

4.6 Conclusion and Outlook

We have reviewed some mathematical analysis of wetting and contact
angle hysteresis phenomena. We concentrate mainly on the static or quasi-
static process of wetting. The Wenzel’s and Cassie’s equations are proven to
be correct when one considers the global minimizers of the total energy
in the system. A modified Cassie equation is derived which characterizes
the apparent contact angle on chemically patterned surfaces. The modi-
fied equation corresponds to some local minimizers of the total energy.
The equation is further used to explain the contact angle hysteresis
phenomenon.
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There are some other very interesting unsolved problems. Notice that
we only derived the modified Cassie equation for chemically patterned
surfaces. We expect that there is a similar relation for chemically homoge-
neous rough surfaces. Rigorous verification of the modified Cassie equa-
tion is also important. One needs to consider the convergence of local
minimizers, which is a difficult mathematical problem and requires further
study.
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Abstract

In this work, we present a 3D model capable of describing the detailed interactions
involved in self-cleaning mechanisms, which are exhibited by some hydropho-
bic surfaces. The model is based on a continuum mechanical formulation, and is
discretized using the finite element (FE) method. A stabilized FE formulation is
used to model the liquid membrane. The microstructure of the surface is mod-
eled by spherical functions, which represent the surface asperities. When these
surfaces are wetted by liquid droplets, local contact regions can be captured at the
individual asperities. Generally, the contact angle which characterizes the surface
has a dominant effect on the wetting behavior. Based on the presented model,
the deformation of a 3D droplet in contact with a micro-structured hydrophobic
surface can be computed for given droplet and surface parameters. Furthermore,
the same model can be adapted to capture the interaction between the droplet and
contaminant particles. Knowing the local membrane deformation at each particle,
the equilibrium forces acting on the particle can be computed. This can help in
providing an answer to the question: Does self-cleaning work for given droplet
and particles parameters? Numerical examples are shown for two types of interac-
tions: wetting on rough surfaces represented by spherical functions, and contact of
liquid membranes with rigid spherical particles.
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5.1 Introduction

Computational treatments of wetting problems provide in many cases
explanations for physical phenomena, which are difficult and sometimes
even impossible to be obtained through experiments. Therefore, several
numerical techniques are utilized to solve such problems, based on math-
ematical models. Wetting is often modeled by a system of a liquid droplet
in contact with a substrate surface with a predefined contact angle. The first
mathematical equation which de- scribes the contact angle of a solid flat
surface was introduced in 1805 by Young [1]. Wenzel [2] extended Young’s
equation to model surface roughness, considering that the liquid fills the
gaps between the surface asperities, and a non-composite state exists black
in the contact region. The composite state, where air fills the gaps between
the asperities was first proposed by Cassie and Baxter [3]. They found that
the hydrophobicity, i.e. the wetting of a surface is significantly affected by
the air-surface area fraction. This conclusion was bolstered by Johnson and
Dettre [4] who argued that surfaces of higher roughness are more likely to
be in the composite state during wetting.

The multi-scale nature of hydrophobic surfaces is mathematically mod-
eled by Osman et al. [5] and Osman and Sauer [6] by considering super-
posed exponential functions with multiple levels representing different
length-scales. Using the finite element method (FEM), these works studied
the effect of the contact angle captured locally at the individual asperities on
the wetting behavior, considering axisymmetric droplets. Investigations on
the effect of surface roughness on wetting at the macro-level are provided
by Raeesi et al. [7], and at the nano-level by Lee et al. [8]. Kavousanakisa et
al. [9] studied the patterns of surface roughness which influence the transi-
tion between Cassie-Baxter and Wenzel wetting states.

Numerically, static droplets in contact with flat surfaces were first mod-
eled by Brown et al. [10], who derived an FE formulation to solve the
Young-Laplace equation. Their Cartesian- based formulation was, how-
ever, limited to contact with flat surfaces. In order to capture complex
geometries at the contact interface, it is useful to use curvilinear coordi-
nates to describe surfaces and displacements as done by Steigmann et al.
[11], and Agrawal and Steigmann [12, 13]. A general 3D model for drop-
lets in contact with rough surfaces based on curvilinear coordinates is pre-
sented by Sauer ef al. [14] and Sauer [15]. A stabilized FE formulation for
static liquid membranes was used to model the droplet. Here, we employ
this model to account for different contact angles representing wetting on
rough surfaces. Furthermore, we use the model to describe the interactions
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between contaminant particles and liquid membranes, which take place in
self-cleaning mechanisms. This work extends the 2D model introduced by
Osman and Sauer [16], and provides a general 3D framework for modeling
interactions between membrane interfaces and rigid particles. Examples
shown here are limited to static contact angles, however the model can be
extended to account for the contact angle hysteresis.

This paper is organized as follows: Section 5.2 provides a brief overview
on the basic definitions used in differential geometry, on which the droplet
membrane model is based. Then the model describing a self-cleaning sys-
tem is illustrated in Section 5.3, where the following individual sub-models
are introduced: the droplet model, the substrate surface model, and the
model discussing the particle-droplet interaction. The governing equa-
tions of these models are presented in Section 5.4, followed by the force
analysis for the last model performed in Section 5.5. Numerical examples
are shown in Section 5.6 in order to clarify the theory. In the end, we out-
line the summary of the presented work in Section 5.7.

5.2 Basic Relations in Differential Geometry

Here, we briefly overview the basic definitions and relations used to
describe curvilinear coordinate systems in Euclidean space. These defini-
tions are used to derive the governing equations in Section 5.4. The kine-
matics of the membrane is also expressed in differential geometry. For
further discussion on the topic refer to Carmo [17] and Kreyszig [18]. A
two-dimensional surface S is characterized by a general set of coordinates
(€1, &) as shown in Figure 5.1. The point (&, £?) in the parameter domain
P and its mapping x on the surface S are defined by the vector x = x(E!, £?).
The associated tangent vectors read

_ox
o aé(x >

a o=12. (5.1)

These tangents are generally non-orthogonal and are not normalized.
Greek indices take values in 1, 2, and repeated indices are summed accord-
ing to index notation. Equation (5.1) defines the basis for the tangent plane
at x, which is characterized by the metric tensor

aaB ::a(x aB) (5.2)
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Figure 5.1 2-D Surface in curvilinear coordinates.

with the contra-variant components of the metric tensor defined by
-1
a®® 5:[%[3] ) (5.3)

The normal vector can then be defined as

a xXa,

n:m. (5.4)

The contra-variant pair of tangent vectors can be defined in terms of a*

a’ =a°‘ﬁaﬁ, (5.5)

which satisfies a* - @/ = a*. Then it can be easily shown that
aOC,aB = g’ (56)

where 8y is the Kronecker symbol. From the definitions of a,, and a’ in
Equations (5.2) and (5.3), it follows that

a“Baw{ = 85. (5.7)

The basis {a', a*, n} constitutes a dual basis on the tangent plane, with
a as the dual metric.

A vector v in R® can then be decomposed using both bases {a,, a,, n}
and {a!, a*, n} as,

V= UBaB +on= UBaB +on, (5.8)
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where v, and v’ are, respectively, the co-variant and contra-variant com-
ponents of the vector v, defined as

vP=va®? and V,= V-4 (5.9)
The co- and contra-variant components are related by

P = aBO‘UOc and ¢ = aBaU(x. (5.10)

Surface tensors generally take the form
J:J“B(aa@)aﬁ):aaﬁ(aa@aﬁ). (5.11)

Using Weingarten formula, the curvature tensor can be expressed in
terms of the derivative of n as

The derivative of @, can be computed from Equation (5.1) as

a(x)B :x,aB) (513)
2

R

derivative of a,

with % Next, we introduce the so-called co-variant

aa;B ::aa;B - Fé’(ﬁ ay (514)

5.3 System Model

We consider the system model depicted in Figure 5.2, which describes
the self-cleaning mechanism through the following sub-models; (1) drop-
let model, (2) substrate surface model, and (3) particle-droplet interac-
tion model. Since quasi-static conditions are considered in this work, it
is convenient to treat the droplet as a hydrostatic bulk and a deformable
liquid membrane. The latter is modeled using the stabilized FE formula-
tion introduced by Sauer [15], which captures the in-plane equilibrium
of the membranes due to constant surface tension. The multi-scale nature
of self-cleaning surfaces can be mathematically modeled as 2D sinusoidal
functions as done by Bittoun and Marmur [19], and Iliev and Pesheva [20],
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|Partic|e-drop|et interaction model Droplet membrane model

lSubstrate surface model ‘

Figure 5.2 Self-cleaning system model comprising: droplet membrane model, substrate
surface model, and particle-droplet interaction model.

or as superimposed 2D exponential functions as in Osman and Sauer [6].
Here we introduce a new 3D surface model based on superimposed spheri-
cal functions, parameterized by the radii and spacing between neighboring
spheres. This model represents the micro-scale level, where only one level
of roughness is captured. Surface and line contact algorithms are incorpo-
rated in the liquid membrane model, in order to capture wetting on the
individual asperities of the rough surface. The third model presented in
this work discusses the forces acting on a rigid spherical contaminant par-
ticle interacting with the liquid membrane, in order to assess whether the
contaminant particle will be lifted towards the droplet or remains attached
to the substrate surface. The liquid membrane formulation used in the first
model is employed here, and the contact algorithms are adapted to model
the interactions with spherical rigid particles.

5.4 Governing Equations

5.4.1 Droplet Membrane

The equilibrium equation of the static membrane surface S can be
expressed as

t,+f=0, (5.15)

where t% is the covariant derivative of the membrane traction ¢, and fis the
vector of body forces. The latter can be split into the in-plane and out-of-
plane components
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f=f%a,+pn, (5.16)

where f*(a = 1, 2) are the tangential components of the traction, and p
is the normal pressure. The traction on the surface, normal to a“, can be
defined in terms of the interface stress o as

t*=oa. (5.17)

Substituting Equations (5.17) and (5.16) into (5.15), and performing
some manipulations yields two balance equations: one in the in-plane
direction,

7P+ f =0, (5.18)
and the other in the out-of-plane direction
*Pbyg+p=0. (5.19)

For liquid membranes, the surface tension is a hydrostatic stress state,
o = ya*, and Equation (5.19) becomes the well-known Young-Laplace
equation which is often written as

2HY+p=0, (5.20)

where H denotes the mean curvature defined by 2H = b,, while b}; are the
mixed components of the curvature tensor, and b = b} + b3, The pressure
p is defined w.r.t a predefined reference level and comprises the capillary
pressure p, and the hydrostatic pressure,

P =pyt P 8us (5.21)

where u is the surface height w.r.t the reference level. The dimensionless
form of Equation (5.20) is obtained through dividing it by y L , where L is
a reference length,

2H =\+Bu, (5.22)

where A is the Lagrange multiplier representing the capillary pressure,
Bu is the hydrostatic pressure, with B = p, gL% 1y is the so-called Bond
number, H and u are respectively the normalized curvature and surface
height. #s is the density of the liquid and g is the gravitational force. The
covariant derivatives G;Oéﬁ in Equation (5.18) vanish for liquid membranes
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with constant surface tension, which means that Equation (5.18) is trivially
satisfied for arbitrary values of traction f“. Physically interpreted, hydro-
static membranes do not naturally support in-plane loads. A stabilization
scheme is therefore essential as a numerical treatment for the in-plane sta-
bility. Here we use the scheme proposed by Sauer [15], which substitutes
o in Equation (5.18) by the stabilization stress

o™ = u/](af,‘fe —aaﬁ), (5.23)

Where u is the stabilization parameter, J is the Jacobian, and ao‘jz is
the metric tensor computed in the previous load step. Using this scheme
requires very small load steps through which the solution is gradually
reached when 6% eventually vanishes, satisfying Equation (5.18).

sta

5.4.2 Surface Contact

In computational contact mechanics it is conventional to denote two sur-
faces in contact as master surface S _(often a rigid surface) and slave surface
S, (usually the deformable surface). The 3D substrate surface S, is math-
ematically modeled as a set of spheres representing the physical asperities.
The surface is characterized by the radius of the sphere, and the spacing
between the neighboring spheres. Both parameters are usually functions
of the droplet radius.

We use the closest point projection technique (see Wriggers [21]) to
determine contact between the membrane and the substrate surface. We
consider a point x which lies on the membrane surface, and find its projec-
tion on the substrate surface at x . The impenetrability constraint charac-
terized by the gap between the two surfaces g then reads,

g,=(x.~x,):n,20, Vx es, (5.24)

where x is the closest projection of the membrane point x_onto the
substrate surface S in the direction n, normal to S . Generally, several
projections of x_might exist, and therefore an iterative solution is neces-
sary to compute all possible projection points x , satisfying the orthogo-
nality condition,

a, -(xc —xm) =0, (5.25)

where a_ is the surface tangent on S at x . In order to find the clos-
est projection point x_among the possible solutions, a minimum distance
problem has to be solved,
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min
xp(xc) = ‘v’xm S Sm (xc _xm)’ ch € Ss' (5.26)

Since the substrate surface here is represented by spheres, the projection
x,, the normal n_and the gap ¢ can be explicitly determined without any
further iterative steps. Knowing the position of the center of the sphere r,,
we can define the normal n_ as

X —r
n =—==—0_ (5.27)
p .
E ]

The projection x, on the sphere of radius 7, simply lies on the line con-
necting the center of the sphere and the point x , and can be defined as

X, =1 +1’51’lp. (5.28)

5.4.3 Line Contact

Wetting is mainly characterized by the contact angle formed at the liquid
and solid interfaces at the contact line £C, the location at which the three
phases meet. In this study, we distinguish two different contact interfaces;
1) the liquid membrane with the substrate surface with contact angle 6, and
2) the liquid membrane with the contaminant particle with contact angle
0 . In both cases, the location of the contact line in a quasi-static framework
is maintained by the balance of the interfacial tractions tot, and t, at the
solid-gas, liquid-gas and solid-liquid interfaces, respectively, through

toott gttty +q,=0, (5.29)

where g = g n_is the line load which counterbalances the projection of
t . onto the normal direction n_ w.r.t S . These tractions are illustrated in
Figure 5.3, which depicts one quarter of a droplet resting on a flat surface
with contact angle 0. Both tractions £, and t,, have opposite directions
along the vector m, which is normal to the surface tangent a_and lies on
the surface S . The forcet, .=y, .a  istangent to the liquid membrane at the
plane which forms the contact angle ¢ with the master surface S, . The nor-
mal and tangential components of Equation (5.29) w.r.t S, respectively read

Yoo ~ Vic cosf - Y= 0, (5.30)
q,- 7, sin0d =0, (5.31)
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Figure 5.3 Forces along the contact line: (a) 3D view, and (b) 2D side-view.

where v, , 7, and 7y,; are the interfacial tensions at the respective inter-
faces. We note here thaty, .= yis used in Section 5.4.1. The above equations
hold for interactions on both substrate surfaces 6 = 6 and contaminant
particles 6 = 6 . Computationally, the contact angle 6 is imposed within the
membrane as a kink by applying a certain load q_ at the contact line,

q. =q,n, +Ysom.. (5.32)
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This load g, has to balance the tractions ¢, and £, (see Figure 5.3).
Therefore, computing q_requires determining the vectorsn , @ , and m . The
normal n_is computed w.r.t to the known substrate surface at the contact
point, by considering the closest point projection as mentioned in the sur-
face contact, while the tangent a_is determined at the membrane point x_as

B ox,

a =—=¢, (5.33)
c a&
The vector m_is the cross-product of @_and n, defined as
a xn
m =——. (5.34)
e xn, ||

For further details we refer to Sauer [15].

5.5 Force Analysis

We consider a rigid spherical contaminant particle of radius  and density
p, initially resting on a substrate surface and interacting with a liquid drop-
let under quasi-static conditions (see Figure 5.4). Four forces are involved

in this interaction: particle weight F_, contact line force F_, hydrostatic
force F,, and buoyancy force F, defined as follows:
4 53
E, = gmpppg, (5.35)
E, = 9SL tcdL, (5.36)
F, = jAs pndA, = p, AN, A, =2zrb, 537
i,
F,=pgVN, v, = ?(301 +b), (5.38)

where n is the normal to the wetted area A, while v is the wetted vol-
ume of the particle, N is the normal to the contact line along the particle
axis, and a&®b are distances defined in Figure 5.4. In order to define F o the
traction ¢, is computed from Equation (5.29). The effective force F, is the

summation of all forces,
F =F;+F, +F; +F;. (5.39)
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Figure 5.4 Schematic of the forces acting on a particle resting on a flat substrate surface,
and in contact with a liquid droplet (Osman and Sauer [16]).

The vertical component of F, determines whether the particle is pulled
upwards towards the droplet or not. In case a contact angle hysteresis
evolves, the dynamic contact angles can be obtained through the tangential
equilibrium, i.e the in-plane component of F..

Among the above parameters, the following require computation of
the membrane deformation: (1) the location of the contact line £ w.r.t
the particle (represented by the distances a&b), (2) the traction along the
liquid-gas interface ¢, , and (3) the internal pressure p,. Friction and sur-
face adhesion between the particle and the substrate are not considered in
this work. The example shown in Figure 5.4 represents a special case of the
general model depicted in Figure 5.2 where the contaminant particle can
be initially located anywhere on the droplet surface.

5.6 Results and Discussion

Based on the sub-models described above, we present two numerical
examples: (1) wetting of droplets on a rough surface, and (2) adhesion of
contaminant particles to a droplet surface. Quasi-static conditions are con-
sidered in both examples. We distinguish the parameters for the substrate
surface in the first example (6, ySL|S, ySG|S, Y, V. p,) from those for the
particle in the second example (6, Y, "> Yol ¥,» V> p,)- 1t should be noted
here that the interfacial tension 7y, | is not necessarily the same as y |/.

5.6.1 Wetting on Rough Surface

Superhydrohobic surfaces are characterized by a water contact angle
6 = 150°. This angle is locally captured at the individual asperities at the
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micro-scale, where the surface roughness can be visualized. For a flat
surface, however, only one global contact angle is observed. In order to
distinguish between the two, we consider the examples shown in Figures
5.5, 5.6, and 5.7 for a droplet in contact with a flat surface with 6 = 180°,
rough surface with 6 = 180° and with 6 = 150°, respectively. Load-driven
conditions are considered here, where the applied load is simply the grav-
ity p.g = 2y/ 2R? and R is the undeformed droplet radius. Relative to the
droplet size, the radii of the spheres representing the surface roughness are
chosen to be r, = 0.05R, and the distance between each two neighboring
asperities is Ax = 0.2R. As discussed in Section 5.4.1, numerical instabil-
ity problems appear while modeling liquid membranes since they do not
naturally equilibrate in-plane loads. Therefore, the stabilized finite element
formulation introduced by Sauer [15] is employed to model the membrane.
The stabilization parameter 4 =y is used in the computations. The penalty
parameter used for applying the surface contact constraint is £ = 10* y/R.

Figure 5.5 FE solution for a droplet in contact with a flat surface, 6 = 180°.

Figure 5.6 Left: FE solution for a droplet in contact with a rough surface, 6 = 180°.
Right: zoom- in view.



142 ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

Figure 5.7 Left: FE solution for a droplet in contact with a rough surface, 6, = 150°.
Right: zoom- in view.

As observed in Figures 5.5, 5.6, and 5.7, there is almost no change in
the overall droplet deformation due to changing the roughness parameters
and the contact angle. Decreasing the contact angle below 150° eventu-
ally will lead to a complete wetting (Wenzel state) of the surface, for the
given surface parameters. Furthermore, the global contact angle is almost
180° in the three cases, although different local contact angles are captured
at the rough surfaces in Figures 5.6 and 5.7. This means that the wetting
behavior of superhydrophobic surfaces is independent of the contact angle,
as long as the latter is sufficiently large (about 150° in this example), and
under partial wetting state (Cassie-Baxter). This observation is only valid
when the surface roughness parameters are relatively small compared to
the droplet size.

5.6.2 Adhesion Between Droplet Surface and a Contaminant
Particle

In self-cleaning applications, contaminant particles are usually so small
compared to the liquid droplet such that the surface of the droplet appears
almost planar to the particle. This allows reducing the model to a simple
square sheet representing the initial configuration of a liquid membrane.
In order to avoid boundary effects, the dimensions of the membrane are
considered to be large enough so that the undeformed membrane surface
at the boundary is approximately flat. An interacting contaminant particle
is represented by a sphere of radius r , as in Figure 5.8. The membrane can
thus be considered fixed at the boundaries. The capillary pressure effect
can still be considered in this model by applying a volume constraint on
the membrane (Sauer [15]).
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Now we employ this model to compute the membrane deformation due
to contact with a spherical particle considering a predefined contact angle
6 . Based on this deformation, we can compute the unknown parameters
dﬁscussed in Section 5.5, and evaluate the equilibrium forces. In the follow-
ing example, we consider a square membrane of dimensions 5L x 5L, in
contact with a rigid sphere of radius r,= L (see Figure 5.9). The membrane
is deformed under the distributed contact line load g, defined in Equation
(5.32), applied along the contact line. Due to the symmetry of the system,
it is enough to run the computations for one quarter of the system, after

Figure 5.8 Top: 3D view of an FE solution for a liquid membrane in contact with a
spherical rigid particle with contact angle 6, = 90°. Bottom: 2D side-view.

Figure 5.9 Initial configuration of a liquid membrane sheet in contact with a rigid sphere
with contact angle 6, = 180°. Dimensions are normalized by the characteristic length L, .



144 ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

(a) (b)
() l (d)

Figure 5.10 FE solution of a deformed liquid membrane in contact with a sphere
of contact angle (a) to (d): QP = 150°, 120°, 90° and 30°. The red arrows represent the
directions of the distributed contact line traction ¢, .

applying the appropriate boundary conditions. Furthermore, we assume
the plane formed by the closed contact line to be horizontal. This assump-
tion is, however, only limited to this example and not to the equations in
Section 5.5, which are applied to any orientation of the contact line.
Figure 5.10 shows the membrane deformation for contact with spheres
of contact angles GP = 150° 120° 90° and 30°. Larger deformations are
noticed for lower contact angles, where the net contact line force F
points inwards, pulling the sphere towards the liquid membrane. This
result agrees with the physical fact that droplets tend to stick to hydro-
philic surfaces through maximizing the area of contact. On the other hand,
hydrophobic spheres are subjected to repulsive contact line forces pushing
them away from the liquid membrane. Based on the obtained results, the
forces in Equations (5.36, 5.37) and (5.38) are computed, and the effective
force F, - e, is plotted in Figure 5.11 for spheres of different contact angles.
The region where F - e, is below zero in Figure 5.11 means that the effec-
tive force is not enough to lift the sphere towards the liquid membrane.
However, the positive values of F e, indicate a lift off since the contact
line force overcomes the other forces. The point at which the effective force
flips direction is denoted in Figure 5.11 as a critical point. This indicates
when the self-cleaning is activated and the contaminant particle is attached
to the droplet. It is important to note here that the direction of the con-
tact line force, plotted in Figure 5.10, is not necessarily the direction of the
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Figure 5.11 Effect of contact angle on the equilibrium force of particles with radiir = L.

effective force, since the other forces (F,, F , and F,) pointing downwards
might dominate, depending on the sphere and membrane parameters. In
the above computations the density of the particle p_1is chosen to be the
same as the density of the liquid p_. Different results can be obtained for
different sizes and densities of the spherical particle.

The precision of the computations depends on the number of load steps
taken over the contact angle. Detailed discussion on convergence of the
numerical scheme used here can be found in Sauer [15]. Penetrations of the
liquid membrane into the rigid surface are observed in the contact regions
in Figures 5.5, 5.6, 5.7, 5.8 and 5.10 due to the use of the penalty method,
which is an approximation method. This problem can be eliminated by
using other exact methods to enforce the surface contact constraint, which
significantly increase the computational cost.

5.7 Conclusions

Static wetting of hydrophobic surfaces considering surface roughness is
computationally stud- ied through an introduced 3D model based on
FEM. The same model is adapted to describe the interactions between
contaminant particles and droplet surfaces, which are involved in self-
cleaning mechanisms. These interactions are analyzed through a force
balance to determine whether a contaminant particle in contact with a
liquid surface will be lifted off towards it or sticks to the substrate. The
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force balance shows that the net contact line force is dominant for rela-
tively small particles w.r.t the droplet. Examples shown in Section 5.6.2
help in explaining the self-cleaning effect through the introduced model.
Furthermore, it is shown that super- hydrophobicity is attainable for sur-
faces with sufficiently large contact angles (approximately 150°), as long as
Cassie-Baxter wetting state exists. Such an independence from the contact
angle can help in reducing the structural requirements while fabricating
artificial superhydrophobic surfaces.
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Abstract

This paper reports experimental results and analysis of adhesion forces of captive
air bubbles of varying volumes (8-20 uL and Bond number on the order of 1) to
superhydrophilic surfaces, and are compared to hydrophilic surfaces. A polished
bare silicon substrate and a micropillared silicon substrate with apparent contact
angles of sessile water droplets of 40° and 4° were used as the hydrophilic and
superhydrophilic surfaces, respectively. Theoretically, the adhesion force of an air
bubble to an inclined surface depends on the contact width and the contact angle
hysteresis (or the cosine difference of the contact angles between uphill (advanc-
ing) and downbhill (receding) sides, also called maximum and minimum angles,
respectively). The results show that the sliding angle, contact angle hysteresis, and
adhesion force are much lower on the micropillared superhydrophilic surface than
on the hydrophilic surface, which is due to the entrapped water layer on the micro-
pillared superhydrophilic surface. On both the hydrophilic and superhydrophilic
surfaces, the adhesion force slightly decreases with bubble volume. Although the
contact width increases with an increase in bubble volume, the contact angle hys-
teresis decreases more significantly so that the adhesion force is effectively reduced
with an increase in bubble volume. This is attributed to the effect of the buoyancy
force, which becomes more pronounced with an increase in bubble volume (i.e.,
larger Bond number) and depends on the shapes of air bubbles formed on the
surfaces with different wettabilities.
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6.1 Introduction

The wetting of solid surfaces by liquid droplets [1-7] and the adhesion
between liquid droplets and solid surfaces [8-13] have been studied exten-
sively over the past decade. In contrast, the adhesion and dynamic behav-
iors of bubbles on solid surfaces submerged in liquid have been studied less
[14-18], especially on rough solid surfaces [19, 20]. Bubble behaviors are
of great significance in many applications such as thermal/fluid systems,
including boiling [21], heat exchangers [22], chemical reactors [23], and
microfluidic systems [24]. Bubbles detach easily from hydrophilic surfaces
(ie., 6 < 90° where 6 represents the contact angle of the sessile droplet
of water), while they are prone to adhere and spread over hydrophobic
(ie., 6 ,>90°) surfaces. If the surfaces are roughened or patterned, hydro-
philic surfaces typically become more hydrophilic (i.e., superhydrophilic
with 6 <10°) and hydrophobic surfaces become more hydrophobic (i.e.,
superhydrophobic with 6 >150°). Bubbles detach more easily from super-
hydrophilic surfaces than from hydrophilic surfaces, while they adhere and
spread more strongly over superhydrophobic surfaces than over hydropho-
bic surfaces. On superhydrophilic surfaces, water is typically entrapped
within the surface patterns/structures so that bubbles have little contact to
the solid surface with an enlarged contact angle of the bubble (i.e., Gb >150°,
where 6, represents the contact angle of the bubble) [25]. On superhydro-
phobic surfaces, in contrast, air is typically entrapped within the surface
patterns so that bubbles are merged with the air layer already entrapped on
the surface and spread out over the superhydrophobic surfaces with a very
small contact angle of the bubble (6,) as low as 0-5° [26].

Most of the previous studies of bubble adhesion to solid surfaces were
interested in adhesion between air bubbles and mineral surfaces [16, 17].
Most of the analyses of adhesion force between bubbles and solid sur-
faces were made on the vertical detachment of the bubble. For instance,
Janczuk and Bialopiotrowicz [16] showed the relationship between the
adhesion force of an air bubble and the bubble size, contact angle, and sur-
face tension in detaching the bubble placed on a horizontal hydrophobic
surface. In contrast, in this study, we analyze the lateral adhesion (fric-
tion or depinning) forces of air bubbles on hydrophilic and superhydro-
philic surfaces on the basis of bubble sliding at inclination. On the other
hand, the previous studies of bubbles on patterned superhydrophilic [25]
or superhydrophobic [26] surfaces were mainly concerned with the mor-
phology of bubbles and contact angles. The detailed investigation of the
effects of surface wettability and patterns, as well as bubble volume on the
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contact angle hysteresis, adhesion force, and sliding angle has not been
carried out yet. The objective of this study is to investigate the adhesion
and dynamic behaviors of a captive bubble on an inclined substrate with a
micropillared superhydrophilic surface and compare these with those on
a simple (i.e., flat) hydrophilic surface, including the contact angle hyster-
esis, sliding angle, and adhesion force with systematically varied bubble
volume.

6.2 Theoretical Models

The wettability of an ideal (smooth and chemically homogeneous) solid
surface, in terms of the contact angle between a gas-liquid interface and a
solid surface, can be defined by the Young’s equation [27]. Following the
Young’s equation, the contact angle of a bubble (6,) on a solid surface can
be described by

cos(180° = 4,) = (g = 7) | g (6.1)

where 6, represents the contact angle of the bubble, and y ,y, and y, repre-
sent the interfacial tensions of solid-gas, solid-liquid, and liquid-gas inter-
faces, respectively (Figure 6.1). The external forces acting on the bubble
can also affect the contact angle, especially when the bubble volume is large
(i.e., Bond number is greater than one), including gravity (g: gravitational
constant), buoyancy (F,), and pressure force (F,). In a quasi-static manner,
there is a force balance between the surface tension and the external forces
acting on a bubble [18]. The net external force acting on a bubble in the
vertical direction (F ) can be expressed as

net/vertical

Fnet/vertical = FB + FP (62)

where F, represents the buoyancy force and F, the other pressure-related
force such as the Young-Laplace pressure. It was reported that a thin aque-
ous (wetting) film was likely to be retained between the air bubble and
the solid surface, especially if the solid surface was hydrophilic [19, 28,
29]. However, such an aqueous film at the gas-solid interface is likely to
be ruptured by the bubble and gets drained over time [29]. When there is
no wetting film retained at the interface and the bubble directly attaches
to the solid surface, the buoyancy force is not applied to the entire bubble
but is only effective for a partial volume of the bubble where the difference
of the hydrostatic pressure distribution between upward and downward
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Partial

volume

Figure 6.1 Contact angle of a bubble (6,) on a solid surface, defined by interfacial
tensions y_, y,, and y, (s: solid, : liquid, g: gas) and external forces acting on a bubble
including buoyancy force (F,) and the Laplace pressure force (F,).

directions is present (Figure 6.1). Then, the effective buoyancy force acting
on the partial volume can be approximated as:

Fy = (2= £)8Vuvve = (21— Pg)§OA (6.3)

where p and p_are the densities of liquid (e.g., water) and gas bubble (e.g.,
air), respectively, V., ove 1 the total volume of the whole gas bubble, ¢ is the
hydrostatic height of the bubble, and A is the surface area of the bubble
base contacting the solid surface (i.e., A=nw?/4, where w is the contact
width or diameter) [18, 19]. Meanwhile, due to the curvature of the gas-
liquid interface of the bubble, the Laplace pressure is present across the
curved interface, especially at the bottom of the bubble. The force caused
by the Laplace pressure can be expressed as

2,
F,=—%A (6.4)
P Ro

where R represents the radius of curvature of the bubble, especially at the
bottom part (apex) [18, 30].

Figure 6.2 illustrates the force balance acting on a bubble on an inclined
surface. When the solid substrate is tilted (with a tilt angle of ), the bub-
ble deforms due to the net vertical force (Figure 6.2a). In this case, the A
in Equations (6.3) and (6.4) represents the horizontally projected surface
area of the bubble base, i.e., A=(tw?/4)cosa. If the net vertical force in the
tangential direction (F sina) is as large as the adhesion (or static

net/vertical
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friction) force of the bubble on the surface (F ,), the bubble will depin
from the surface and slide upward (Figure 6.2b). Then, the lateral adhesion
force of a bubble (F,,) on an inclined surface can be estimated by

Fadh = Fnet/vertical Sin. (6.5)

On the other hand, the lateral adhesion force (F ) can also be described
by

a max

E, = kw;/,g (cos 0., —cosl ) (6.6)

where k is the retentive force factor, and 6 and 6__ the minimum and
maximum contact angles of the bubble on the downhill and uphill sides,
respectively (Figure 6.2b). Such an equation was previously developed and
used for a liquid droplet on an inclined plane [31], which can also be applied
to the case of a bubble. Equation (6.6) indicates that the adhesion force
between a bubble and a solid surface is affected by the contact width (w) and
the cosine difference of the maximum and minimum contact angles (or con-
tact angle hysteresis), which should be dependent on the bubble volume and
the wettability of the surface [32, 33]. In Equation (6.6), the retentive force
factor k also depends on the surface wettability, i.e., on the shape and length
of the three-phase contact line of the bubble on the surface and it is generally
evaluated experimentally [31, 34]. Receding and advancing contact angles
are often used for 6 and 6_, respectively, for sliding droplets/bubbles.
However, the minimum and maximum angles are not always necessarily
the same as the receding and advancing contact angles [35]. From Equations

Bubble

) Partial volume
Fret/vertical COS@_y Fnetpvertical F = kwy (cosf  —cosf )
adh Ig min max

(a) Fnetpvertical Sina. (b)

Figure 6.2 Forces acting on a captive bubble on an inclined surface. (a) Vertical net force
and its tangential and normal components. (b) Lateral adhesion (static friction) force.
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(6.5) and (6.6), the theoretical sliding angle (the critical inclination angle a
at which the bubble starts to slide up) can then be described as [32]
kwylg (cos 0. —cost )

F

net/vertical

sinot = (6.7)

Equation (6.7) is physically the same as the Furmidge equation devel-
oped for a sliding liquid droplet on an inclined surface [36]. Equation (6.7)
also suggests that the sliding angle is influenced by both the surface
wettability (i.e., contact angle hysteresis) and the bubble volume (i.e.,
by F . ..)- In this study, we use Equation (6.6) to evalulate the adhe-
sion force of a bubble to a superhydrophilic surface, and compare it to
that to a hydrophilic surface. To use Equation (6.6), the contact width
and angles (w, 6 and 6_ ) are experimentally measured, and then the
best fit of the retentive force factor (k) is obtained from Equation (6.7) by
using the experimentally measured sliding angles («) and F, . for both
hydrophilic and superhydrophilic surfaces.

6.3 Experimental

A bare polished silicon substrate and a micropillared silicon substrate were
used as hydrophilic and superhydrophilic surfaces, respectively. A square
array of micropillars (5 um in diameter, 12 um in height, and 5 pm in spac-
ing) was fabricated using photolithography and deep reactive ion etching
(DRIE) techniques [13, 37]. The fabrication process is summarized in the
following. First, a clean silicon wafer was spin-coated with a photoresist
(SPR 3012, Shipley Megaposit) at 2000 rpm for 1 minute. Then the sub-
strate was exposed to UV light in a soft contact mode to define microdot
patterns using a mask aligner (MA-6, SUSS MicroTec, Garching, Germany)
and developed in solution (MF-319, Shipley Megaposit) for 1 minute. After
the microdot photoresist patterns were transferred to the substrate, the
DRIE was applied to create high aspect-ratio micropillar structures on sili-
con. Finally, the photoresist layer used as the etch mask was removed by
piranha solution (mixture of sulfuric acid (H,SO,) and hydrogen peroxide
(H,0,), 3:1 by volume) and the substrate was rinsed with deionized water.

To investigate the adhesion and dynamic behaviors of an air bubble on
these surfaces with inclination, the volume (V), width (w), height (J), radius
of curvature (R ), and minimum/maximum contact angles (6 . and 6_ )
of the bubble and the sliding angle («) were measured using a goniometer
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Figure 6.3 Experimental setup. (a) Goniometer. (b) Environmental chamber designed for
captive bubble measurements.

system with an automated tilting base (Model 590, Rame-Hart) (Figure
6.3a). An environmental chamber (Figure 6.3b) was integrated into the
goniometer system for experimentation with captive bubbles. The square
quartz cell of the environmental chamber was filled with distilled water. All
substrates were immersed in the water, and then air bubbles were injected
beneath the underside of the surface (i.e., hydrophilic or superhydrophilic
surface) using an inverted needle with a micro-syringe. The bubbles were
left to sit on the surface for a few minutes until the apparent contact angles
became constant. In order to measure the sliding angle and adhesion force
of the air bubble, the goniometer stage was tilted gradually at a rate of 0.1
deg/s until the bubble started to depin and move upward on the surface.
While the stage was tilted at a constant speed, the images of the bubble
were captured at ten frames per second (10 fps). The captured images
were analyzed to estimate the volume (V), width (w), height (J), radius
of curvature (R ), and minimum/maximum contact angles (6 . and 6_ )
of the bubble, and the sliding angle («), using image processing software
(Dropimage advanced v2.4, Rame-Hart). The maximum/minimum con-
tact angles were measured from the images showing the air bubble just
before moving. In order to study the effect of bubble volume on the adhe-
sion force and sliding angle, the volume of the bubble was varied in the
range of 8-20 pL (Bond number, Bo on the order of 1, Bo=(p—p g)ng/ng’
where L is a characteristic length, i.e., the diameter of the bubble).

6.4 Results and Discussion

Figure 6.4 shows the scanning electron microscope (SEM) images of the flat
(polished and smooth) hydrophilic and the micropillared superhyrophilic
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(a)

Figure 6.4 SEM images of hydrophilic (a) and superhydrophilic (b) surfaces and their
wettabilities for a water droplet (left inset) and an air bubble (right inset). Scale bars are
20 pm.

surfaces. The insets in Figure 6.4 show the optical images of a sessile water
droplet in air (left) as well as of a captive air bubble in water (right), a
few microliters for both cases, on each surface, revealing different wetta-
bilities of the surfaces. Compared to a flat hydrophilic surface (6, = 40°),
the water droplet on the micropillared superhydrophilic surface shows
almost complete wetting (6 < 10°). In case of a bubble, the contact angle
of the bubble on the micropillared superhydrophilic surface (6, = 170°) is
greater than that on the flat hydrophilic surface (6, = 140°). In case of the
flat hydrophilic surface, the initial contact angle of the bubble was greater
than 140°, but gradually decreased for a couple of hours and became sta-
ble at ~140°. This indicates that the bubble gradually ruptured the thin
water film initially retained at the gas-solid interface and came in direct
contact with the solid surface. In contrast, in case of the micropillared
superhydrophilic surface, there was no significant decrease of the initial
contact angle of the bubble, suggesting that the thin water film trapped
at the gas-solid interface would mostly be retained. Thus, in the case of a
micropillared superhydrophilic surface, the effective surface area of the
bubble contacting the solid surface (i.e., A in Equation (6.3)) is negligible
so that it is ignored in the estimation of the buoyancy force (F,).

When the substrates were titled, the captive air bubble sitting on the
superhydrophilic surface moved and slid up more easily at a lower sliding
angle than on a hydrophilic surface. For example, Figure 6.5 shows the
profiles of the air bubbles of the same volume (20 uL) on the hydrophilic
and superhydrophilic surfaces, at both the initial horizontal position and
the inclination at a sliding angle. When an air bubble sits on the micro-
pillared superhydrophilic surface immersed in water, there is no direct
contact between the bottom trench of the micropillared solid surface and
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Figure 6.5 (a-b) Profiles of air bubbles on hydrophilic and superhydrophilic surfaces,
respectively, in a horizontal position after stabilization. (c-d) Deformation of the

air bubble at inclination (at sliding angle) and the change in contact angles. On the
hydrophilic surface (c), the air bubble (20 pL) started to slide up at 13° with the
maximum/minimum contact angles (6 /0 ) of 145° and 124°, respectively. On the

in” ~ max:

superhydrophilic surface (d), the air bubble (20 pL) started to slide up at 1° with the
maximum/minimum contact angles (6 /6 ) of 163.5° and 161°, respectively.

min’ ~ max:

the bubble due to the water film trapped within the micropillar structures.
Thus, the air bubble does not go into the microstructures and instead rests
on the top of the micropillars. The Young-Laplace pressure force formed
across the air-water meniscus of the bubble is much less than the capil-
lary force applied by the micropillar structures so that the bubble can-
not penetrate into the trenches of the micropillared surface to displace
water between the micropillars [25, 38]. With the lubrication effect of the
trapped water layer [39], the air bubble then becomes very mobile, and
it moves easily with little friction at a lower sliding angle. As shown in
Figure 6.5, the deformation of a bubble on the micropillared superhydro-
philic surface is less significant with the lower sliding angle than on the
flat hydrophilic surface. Thus, the difference between the maximum and
the minimum contact angles (or contact angle hysteresis) at the onset of a
sliding motion is less on the micropillared superhydrophilic surface than
on the flat hydrophilic surface. The low contact angle hysteresis implies low
adhesion force of a bubble according to Equation (6.6).

Figure 6.6 shows the experimentally measured values of the contact
widths (Figure 6.6a), maximum/minimum contact angles (Figure 6.6b),
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Figure 6.6 Experimental results. (a) Contact width. (b) Maximum and minimum contact
angles (CA___and CA__ where -SH and -H represent superhydrophilic and hydrophilic
surfaces, respectively; the solid lines are drawn to show the trends). (c) Contact angle
hysteresis (CAH=CA__-CA_ =0 -6 ). (d) Slidingangle.

max min

contact angle hysteresis (CAH, Figure 6.6¢), and sliding angles (Figure
6.6d) of the bubbles with different volumes. Figure 6.6a shows that the con-
tact width of a bubble on the superhydrophilic surface is significantly lower
than on the hydrophilic surface at the same bubble volume, which is due to
the lower wettability (i.e., larger contact angle) of the bubble on the super-
hydrophilic surface. The contact width increases with the bubble volume
for both cases. However, the contact width (w) increases at a slower rate
than the increase rate of the volume (V), since V~° (or w?), where r is the
radius of the bubble. The increase of the contact width with the bubble vol-
ume is less pronounced on the superhydrophilic surface due to the larger
contact angle of the bubble than on the hydrophilic surface.

Figure 6.6b shows that the maximum contact angle (6__ ) at the uphill
(advancing) side does not change much even with the increase of the
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bubble volume. However, it shows that the minimum contact angle (6, )
at the downhill (receding) side increases on both hydrophilic and super-
hydrophilic surfaces with the bubble volume. Both the maximum and
the minimum contact angles on the superhydrophilic surface are greater
than those on the hydrophilic surface. Meanwhile, the difference of maxi-
mum (or advancing) contact angles between the superhydrophilic and the
hydrophilic surfaces is less than the difference of minimum (or receding)
contact angles between the two surface types. These results indicate that
the bubble adhesion and movement on both the flat hydrophilic and the
micropillared superhydrophilic surfaces is mostly dominated by the reced-
ing motion of the three-phase contact line at the downhill side. The results
also indicate that the bubble volume affects the minimum (or receding)
contact angles at the downhill side (6 . ) more than the maximum (or
advancing) contact angles at the uphill side (6__ ), agreeing with the previ-
ous report by Drelich et al. [33].

Moreover, as shown in Figure 6.6¢, the difference between the maxi-
mum and the mininum contact angles (i.e., contact angle hysteresis) on
the superhydrophilic surface is much lower than that on the hydrophilic
surface. This implies that the adhesion force of a bubble on the superhy-
drophilic surface should be lower than that on the hydrophilic surface,
according to Equation (6.6). Figure 6.6¢ further shows that the contact
angle hysteresis decreases with the increase of the bubble volume for both
hydrophilic and superhydrophilic surfaces. This is due to the more pro-
nounced effect of the inertia force (i.e., bouyancy) on the bubble than that
of a surface force (i.e., surface tension or friction) with the increase of the
bubble volume. The Bond number (Bo = ApgL*/y,, where Ap = p—p , and
L is a characteristic length, i.e., the diameter of the bubble) corresponding
to the tested bubble volume of 8-20 pL (the bubble diameter on the order
of 1 mm) is on the order of one. The Bond (Bo) number is a measure of
the effect of surface tension force compared to body force (i.e., buoyancy
or gravity) [30]. With the Bo number on the order of 1, the bubble system
should be significantly affected by the buoyancy force as well as the surface
tension force. The bubble size (diameter) is also comparable to the capil-
lary length of water/air interface at standard temperature and pressure (~2
mm) and thus the buoyancy force can significantly affect the bubble shape
(i.e., the maximum and minimum contact angles, or the contact angle hys-
teresis) along with the surface tension.

Figure 6.6d shows the experimentally measured sliding angles with
varying bubble volume. As can be expected from Equation (6.7), the slid-
ing angle on the superhydrophilic surface is much lower than that on the
hydrophilic surface due to the lower contact angle hysteresis (CAH) or
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lower cosine difference of the maximum and minimum contact angles
(cost . —cosB_ ) on the superhydrophilic surface. It also shows that the
sliding angle decreases with the bubble volume. The major reason for this
is that the contact angle hysteresis decreases with the bubble volume, as
shown in Figure 6.6¢c. Another reason is that the rate of the contact width
increase with respect to the bubble volume (i.e., w/V) is less than 1, as
shown in Figure 6.6a. Therefore, the greater increase of the buoyancy force
with the bubble volume than the increase of the adhesion force with the
bubble contact width leads to the decrease of the sliding angle with the
bubble volume, according to Equation (6.7). The decrease of the sliding
angle with the bubble volume is more pronounced on the hydrophilic sur-
face than on the superhydrophilic surface since the decrease of the contact
angle hysteresis with the volume as well as the change of the contact width
with the volume are both more significant on the hydrophilic surface than
on the superhydrophilic surface.

From the experimental results shown in Figure 6.6, the retentive force
factors (k) which best fitted Equation (6.7) were obtained for both hydro-
philic and superhydrophilic surfaces. They were 2.1 and 0.4 for the hydro-
philic and the superhydrophilic surfaces, respectively. Using these k values
in Equation (6.7), Figure 6.7 shows the adhesion forces of bubbles with
varying volumes on the superhydrophilic surface, as compared to a hydro-
philic surface. As can be expected from Figures 6.6a and 6.6c¢, the adhesion
force of a bubble on the superhydrophilic surface is much lower than that
on the hydrophilic surface due to the significantly lower contact width and
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Figure 6.7 Adhesion forces of air bubbles of varying volumes on the hydrophilic and the
superhydrophilic surfaces. (The solid lines are drawn to show the trends).
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contact angle hysteresis. This also agrees with the result of the lower sliding
angle on the superhydrophilic surface than on the hydrophilic surface as
shown in Figure 6.6d. It should also be noted in Figure 6.7 that the adhe-
sion force slightly decreases with the bubble volume. When the bubble
volume increases, the contact width increases which will lead to increase
in the adhesion force according to Equation (6.6) if the cosine difference
of the maximum and minimum contact angles is constant. However, as
shown in Figures 6.6b and 6.6¢, the contact angle hysteresis (i.e., the cosine
difference of the maximum and minimum contact angles) significantly
decreases with the bubble volume. The effect of the decrease of the contact
angle hysteresis (or the cosine difference of the maximum and minimum
contact angles) with the bubble volume is more significant to the adhesion
force than that of the increase of the contact width. Thus, overall, such
opposing effects eventually result in the decrease of the adhesion force with
the increase in the bubble volume.

6.5 Conclusions

In this study, the sliding angle and the adhesion force of a captive bubble
with varying volume are investigated on a micropillared superhydrophilic
surface, and are compared with those on a flat hydrophilic surface. The
micropillared superhydrophilic surface shows lower sliding angle as well
as lower adhesion force than the flat hydrophilic surface. This is mainly
due to the trapped water layer between the micropillars, which reduces
the contact width and the contact angle hysteresis on the superhydrophilic
surface to a higher extent, compared to those on the hydrophilic surface.
The sliding angle and the adhesion force of a bubble on both hydrophilic
and the superhydrophilic surfaces decrease with the increase of bubble
volume. This is also mainly due to the substantial decrease of the contact
angle hysteresis with the increase of bubble volume. The increase of bubble
volume makes the influence of the inertia force (i.e., buoyancy) to become
important in bubble adhesion and sliding, affecting the shape and the con-
tact angle hysteresis of a captive bubble at inclination significantly. The
change in contact angle hysteresis with the bubble volume is greater than
the change in the contact width (or area) to affect the adhesion (or static
friction) force. Thus, the adhesion force and the sliding angle are eventually
reduced with the increase of bubble volume. Especially, the sliding angle
on a flat hydrophilic surface is more dependent on the bubble volume than
on a micropillared superhydrophilic surface. This work shows that both
the surface wettability and the bubble volume significantly affect both the



162 ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

adhesion force and the sliding angle of a captive bubble. Such new under-
standing will be of great importance in many scientific and engineering
applications dealing with bubbles such as boiling, flotation, nuclear reac-
tors, biotechnology, and microfluidics.
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Abstract

We present first approaches and results to extend our measurement and analy-
sis methodology for hydrophobic and hydrophilic wetting systems to oleophilic
surfaces.

To investigate the relationship between the surface roughness and oleophilic
wetting behavior, robust roughness analysis and apparent contact angle
measurements for different environmental conditions are performed. The
characterization of the roughness structures based on Power Spectral Density
(PSD) functions determined from Atomic Force Microscopy (AFM) and White
Light Interferometry (WLI) topography data is presented. Furthermore, our well-
established wetting analysis methods are applied, optimized, and extended to the
specific wetting situation with oil as the liquid phase.

Keywords: Oleophilic surfaces, contact angle, surface roughness, tribological
systems

7.1 Introduction

The resistance to friction and wear of components for tribological systems
plays a key role in their functionality and therefore for the application in
daily life. For such highly stressed functional components, like motors with
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bearings or gaskets, it is essential to realize optimal solid - solid interac-
tions with minimal friction and without significant wear. Thus, the specific
functionality of the system has to be preserved. In most cases, a specific
lubricant is used to fulfill the needed requirements. For an efficient uti-
lization of the given resources, it is important to use optimal films of the
lubricant with only low amounts of oil. This can be achieved by optimizing
the wetting system, especially through a defined functionalization of the
relevant components. Here, the wetting properties of the surface can be
controlled by the roughness characteristic, besides chemical composition,
as it has been known for a long time [1-7].

This research focuses on achieving complete wettability (contact angle
< 5°) of oil using functional surfaces with specific roughnesses. For a wet-
ting system with only oil as liquid phase and apparent contact angles smaller
than 90°, the term “oleophilic” is used, where “oleo” (from Latin) refers to
oils and “philic” (from Greek) refers to loving/attracting the liquid [8].

In this paper, we report on a measurement and analysis methodology to
characterize the roughness as well as wetting properties. This also includes
an approach to extend the methodology to oleophilic surfaces. The aim
is to investigate the relationship between roughness and oleophilicity.
Examples of rough stainless steel samples are given.

7.2 Basics and Experimental

7.2.1 Preparation of Rough Steel Surfaces

Stainless steel samples with a diameter of 50 mm and a thickness of 5 mm
were prepared by different methods. The steel surfaces were polished using
a final grain size of 1 um to achieve a homogeneous surface characteris-
tic of all samples as initial condition for the following steps of treatment.
To prepare steel surfaces with graded roughness, polishing processes with
varying grain size (3 pm, 15 pm, 30 um) or lapping processes with varying
so-called grit size (#800, #400) were utilized. The respective photographs
are presented in Figure 7.1.

7.2.2 Roughness

A stochastically rough surface with a large diversity of spatial frequencies
can be quantitatively described by Power Spectral Density (PSD) functions
[9, 10]. The PSD function provides the relative strength of the individual
roughness components as a function of the spatial frequencies f and f in
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Figure 7.1 Photographs of the steel samples with varying surface finish: #0 (reference)
polished (1 um grain size), #1 ... #3 polished (grain size: 3 um, 15 pm, 30 um); #4 and #5
lapped (grit size: #800 and #400).

x and y directions, respectively. The PSD is defined as the squared absolute
value of the Fourier Transform FT of the surface topography z(x,y) within
a scan range L:

PSD(f,.f, )= lim %\FT{Z(% [ (7.1)

For surfaces with isotropic roughness characteristics, the PSD(fx,fy) can
be simplified to a 2D-isotropic PSD by transforming into polar coordinates
and averaging over all polar angles. By integration of the PSD, the root
mean square roughness R _ is obtained. The R__ is the standard deviation
of the surface topography data from the mean value.

In addition to the fact that the PSD function includes the vertical as
well as the lateral distribution of surface heights, it also provides a direct
link between the roughness characteristics and the wetting behavior of
real surfaces. In previous works, a roughness based structural parameter
was established, which is derived from the surface PSD by means of a data
reduction procedure. This parameter is directly connected to the contact
angle (CA) of the wetting system and enables separation of the influences
of the roughness properties and of the material chemical properties on the
wettability. Therefore, we call this (non-dimensional) quantity “wetting
parameter” k,. Further information about « as well as an overview of the
algorithm developed at the Fraunhofer IOF is given in [11-13].
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7.2.3 Wettability

The wettability of an ideal solid surface (smooth, rigid, chemically homoge-
neous, insoluble, and nonreactive) depends only on the surface and inter-
facial tensions y. The relationship between the CA and the corresponding
tensions is established by the Young theory [14]:

cos®, = 5T (7.2)

N

with the solid surface tension y, the liquid surface tension y,, and the solid-
liquid interfacial tension y . The Young CA ©, can also be denoted as ideal
CA or intrinsic CA. Based on this equation, the wettability of ideal solid
surfaces by water drops can be classified into two states: intrinsically hydro-
phobic or water-repelling (90° < ©, < 180°) and intrinsically hydrophilic
or water-attracting (0° < @ < 90°). For a wetting system with oil or fat as
the liquid phase, the prefix of the introduced terms will be “oleo” or “lipo”

Depending on the liquid drop behavior on a rough solid surface, two
classical and well-established wetting regimes can be distinguished: homo-
geneous (liquid completely covers the surface features) and heterogeneous
(air situated in roughness structures below the liquid phase) wetting states
[5]. For an oleophilic wetting system only the homogeneous situation is
relevant, which can be described by the Wenzel equation [15]:

cos®,, =r-cosOy (7.3)

where the Wenzel CA (©,,) denotes the apparent CA (@ap) and r is the
roughness ratio (ratio of real solid surface area to its projected area). A
detailed consideration of equation (7.3) leads to the conclusion that increas-
ing roughness enhances the intrinsic wetting properties in both directions.
For ideal smooth surfaces (r = 1), ©, is equal to the intrinsic CA ©..

7.2.4 Roughness Measurements

The roughness components of the treated steel surfaces were analyzed
within a wide spatial frequency range using two different measurement
techniques. The Atomic Force Microscopy (AFM) for the higher spatial
frequency range, and the White Light Interferometry (WLI) for the lower
range, were combined to analyze the roughness between the spatial fre-
quency f = 0.001 um™ and f = 100 um™. The AFM measurements were
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performed with a Dimension 3100 (Digital Instruments Veeco Metrology
Group) in the Tapping Mode™ with single crystalline silicon probes (nom-
inal tip radius: 10 nm). The vertical resolution is limited by instrumental
noise to R _ value as low as about 0.04 nm. For the WLI examinations an
optical profilometer NewView 7300 (Zygo LOT) with a vertical resolution
smaller than 0.1 nm was used.

For each sample, several measurements were performed at different
positions and with different scan sizes. From these data, R_ and PSD
functions were calculated.

7.2.5 CA Measurements

For a comprehensive wetting analysis, e.g. characterization of the whole
range of metastable CAs, it is necessary to determine the advancing and
receding CAs [15, 16]. However, this method is most suitable for hydro-
phobic surfaces and becomes complicated for wetting systems with CA
smaller than 20°. For such strong wettability the failure of the drop shape
analysis increases caused by decreasing contrast between the drop, sample
surface, and background with decreasing CA. In case of complete wettabil-
ity (CA < 5°) the determined advancing and receding drop shape contours
are non-evaluable. Thus, instead of advancing and receding CA measure-
ments, CAs with a defined volume of 3 pl were determined as a function of
the wetting time t_using a DataPhysics OCA20 measurement system [16].
This means the CA behavior is observed beginning with the first moment
of contact between the liquid drop and the solid surface until the oleo-
philic wetting system reaches its equilibrium and hence a near-constant
©,,. For this kind of wetting system, three typical CAs for the drop spread-
ing behavior can be defined:

. @0: G)ap att =0s,
+ O, . mean of@a between 2.5 s and 10 s, and
e« 0O : mean of @ap between 50 s and 100 s.

50..100s"

Another important issue for the investigation of specific wetting sys-
tems is the optimization of the drop shape analysis. The analysis software
SCA20 (DataPhysics) offers four different methods to calculate the CA
[17]: Circle fitting, ellipse fitting, Laplace-Young fitting, and tangent lean-
ing (O, are the slopes of the tangents which were determined at each con-
tact point of the drop shape). The Laplace-Young fitting is the most exact
method, but is not suitable for the analysis of recorded video data because
of the large memory capacity requirement [18]. So, for the evaluation of
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Figure 7.2 Apparent CA behavior as a function of the wetting time t_ (left) of a car engine
oil drop on a metal surface determined using Laplace-Young fitting (drop shape and

CA in the top right-hand corner); circle fitting; ellipse fitting (drop shape and CA in the
bottom right-hand corner); and tangent leaning.

the suitability of the contour analysis methods, the Laplace-Young fitting is
used as the reference method. © _ of surfaces with different oleophilic wet-
tabilities were observed and analyzed with circle fitting, ellipse fitting, and
tangent leaning. This evaluation led to the conclusion that for the specific
wetting system “metal surface - oil drop - air”, ©_ calculated by ellipse fit-
ting shows the smallest deviations from the reference CA determined by
the Laplace-Young fitting (see Figure 7.2). For this reason, the ellipse fitting
was used to analyze the drop shapes in the case of oleophilic steel surfaces.

For the examination of the oleophilic wettability of steel surfaces con-
ventional car engine oil was utilized.

7.3 Results and Discussion

7.3.1 Preliminary Investigation: Influence of Temperature and
Effect of Pre-wetted Surface

Before starting the investigation regarding the relationship between rough-
ness and oleophilicity, it was necessary to perform some preliminary inves-
tigation on the new wetting system “metal surface - oil drop - air”: The
influence of the temperature on the wettability as well as the effect of a
pre-wetted, or oily, surface was examined.

For the study of the influence of temperature, the metal surfaces were
gradually heated from 30°C to 140°C in steps of 10°C. The results of the CA
measurements are plotted in Figure 7.3. An almost linear decrease of the
apparent CA© with increasing substrate temperature can be clearly seen.
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To determine the influence of an already wetted / oily surface on the
CA behavior, two metal samples (A and B) with slightly different surface
roughnesses were investigated under a clean and under an oily condition.
The oily state was realized by wiping the sample surface with a tissue paper
saturated with car engine oil. From Figure 7.4 it becomes obvious that a
pre-wetted (oily) surface increases the wettability compared to a clean sur-
face. In the case of a first contact with oil, both samples exhibit different CA
behaviors depending on the surface characteristic. But for the wettability
of oil on a pre-wetted surface, the CA clearly decreases to 5°, and no signifi-
cant difference between the two samples can be observed.

Nevertheless, for the investigation of the relationship between surface
roughness and oleophilicity, investigations were performed at room
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Figure 7.3 Apparent CA behavior of a car engine oil drop on a heated metal surface as a
function of the substrate temperature.
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Figure 7.4 Apparent CA behavior of car engine oil drops on “clean” surfaces compared to
“oily” surfaces as a function of the wetting time t, .
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temperature (T = 23°C) and with “clean” surfaces. The roughness effect on
wettability is much more pronounced for these conditions than for high
temperature or oily surfaces.

7.3.2 Relationship Between Roughness and Oleophilicity

Characteristic topography images of selected steel surfaces can be seen
in Figure 7.5. The R _ values calculated from the topography data for all
samples in each investigated scan area are listed in Table 7.1. These results
show that the chosen preparation process leads to a series of samples
with graded surface roughness: An increasing grain or grit size during
the polishing or lapping (from samples #1 to #5) results in an increasing
surfaces roughness. This is confirmed by the PSD functions presented in
Figure 7.6.

Furthermore, the PSDs also reveal that the surface roughness depends
on the scan area or spatial frequency range: For example, in the high spa-
tial frequency range (f > 1 um™) sample #1 exhibits higher PSD values
than sample #2. This changes for spatial frequency between 0.01 um™ and
0.4 um’', and sample #1 is smoother than sample #2. The same behavior
can be observed for the samples #4 and #5.

K, values (Table 7.1) were calculated from the PSD functions for four
different spatial frequency decades between 0.01 pum™ and 100 pm™. The
samples #4 and #5 exhibit the highest wetting parameter in this sample
series, and hence for both samples the best wettability, i.e. the lowest CA,
is expected.

Figure 7.5 Surface topography (upper row: WLI images 140 pum x 105 pm; lower row:
AFM images 10 um x 10 pum) of selected steel surfaces.
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Table 7.1 Root mean square roughness R _, from at least two individual
measurement positions in different scan areas, and wetting parameter i,
determined within the investigated spatial frequency range, of the steel samples
with graded surface roughness.

R value (nm)
Samples 1x1 10x10 50x50 |[360x270|140x105| 35x26 K,
pm* | pm® pm’ pm” pm” pm”
#0 0.8 0.8 1.9 2.1 5.0 13 0.01
#1 55 15 19 22 32 22 0.05
#2 44 13 28 48 44 32 0.03
#3 7.4 37 90 117 128 83 0.09
#4 57 129 209 321 318 266 0.30
#5 40 243 > 460 781 783 699 0.28
TE+16 +
£ — #0 (reference)
1E+13 ] 41
=  Es——u #2
€ i --#3
£ 1E+10 4 2, — 4
s . — #5
£ 1E+07 |
c E =
S 3 TS| e
o 1E+044 T ¥R
& 1 Ty
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Figure 7.6 PSD functions of the steel surfaces with graded surface roughness.

The results of the CA measurements are given in Figure 7.7. It becomes
obvious that a different wetting behavior could be achieved depending
on the roughness characteristic (cf. k, values). These observations agree
with the classical relationships between the roughness properties and the
wettability given by the Wenzel equation (see Equation 7.3) and are illus-
trated by Johnson and Dettre [4] through the simulation of the rough-
ness effect on the wettability using examples of idealized, mono-harmonic
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Figure 7.7 Apparent CA behavior of car engine oil drops on steel surfaces with
graded surface roughness as a function of the wetting time t . Additionally, the wetting
parameters k, for all samples are listed in the legend.

Table 7.2 Wetting parameters «, and apparent CA values for different wetting
times t  of the steel surfaces with graded surface roughness.

Apparent CA (°)
Sample K,
t =0s 25s8<t <10s | 50s<t <100s

#0 (reference) | 0.01 62+ 17 19+3 8+3
#1 0.05 54 +17 15+3 10+£3
#2 0.03 73+ 21 14+3 9+3
#3 0.09 79 £ 25 12+3 5+3
#4 0.30 55+4 10+3 4+£3
#5 0.28 595 9+3 3+3

hydrophobic/-philic surfaces. In the case of “-philic” surfaces, an increase
of the roughness results in stronger wetting. Moreover, the prediction
based on the x,-method was confirmed from the lowest CA for the sur-
faces with the highest roughness (#4, #5). The steel surface #5 shows a pro-
nounced oleophilicity due to the fact that it is not possible to determine
the CA over the captured time frame, because the CA is smaller than 3°.
Hence, the contrast between the drop, surface, and background is too low
to determine exact CA.

By comparing the typical CAs for different time frames with the x val-
ues (Table 7.2), in particular for a CA between 2.5 s and 10 s (Figure 7.8),
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Figure 7.8 Apparent CA behavior of car engine oil drops on steel surfaces with graded
surface roughness as a function of the wetting parameter «, (calculated within a spatial
frequency range of 0.01 um™ to 100 pm™).

it can be concluded that the roughness property correlates with the oleo-
philicity: With increasing surfaces roughness, the CA decreases almost lin-
early (in logarithmic scale) from © = 19° for the smooth reference sample
#0 (x, = 0.01) to nearly 10° for the samples with the highest k, values of
around 0.3.

7.4 Summary

Our wetting analysis methodology was optimized for the wetting sys-
tem “metal surface - oil drop - air”. Simultaneously, the influences of the
system temperature and surface condition on the wettability were inves-
tigated. The results show that the CA behavior clearly depends on these
environmental conditions.

After these preliminary examinations, the surface structures of the
stainless steel samples with varying surface finish were examined using
Atomic Force Microscopy and White Light Interferometry. Utilizing the
achieved roughness information, the wetting parameters «, were deter-
mined and thus first approaches to extend this roughness structure
assessment to oleophilic surfaces were performed. Afterwards, the predic-
tions were confirmed by CA measurements. Rough steel surfaces exhib-
ited pronounced oleophilicity with CA smaller than 5° after a wetting
time of 50 s.
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In conclusion, our investigations of rough stainless steel surfaces revealed
that the surface roughness clearly influences the oleophilicity. This means
there is a correlation between the roughness and wetting properties.
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Liquid Repellent Amorphous Carbon
Nanoparticle Networks
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Abstract

This chapter aims to present an overview of the use of amorphous carbon nanopar-
ticle films, generally referred to as carbonaceous films, towards liquid repellent
technologies. The most common way of producing these films is by impinging
a diffusion flame onto a target surface that collects the “soot” particles. Carbon
nanoparticles collected in this way are generally amorphous in nature and form
a porous nano-textured network having the suitable roughness features for liq-
uid repellency. In fact, such flame synthesized carbonaceous films display super-
hydrophobicity due to the combination of hydrophobic chemistry of the carbon
particles and the sub-micrometer surface texture. However, they display very poor
adhesion to the surface they are deposited on and hence cannot be used as liquid
repellent surfaces except for the possibility of using their morphology as a tem-
plate. The number of publications on liquid repellent carbonaceous films is very
small as compared to other reported liquid repellent structures made by carbon
nanotubes, nanofibers or graphene, mostly due to the aforementioned substrate
adhesion problem. However, recently there have been some advances towards ren-
dering them more durable and robust by depositing them on various polymeric
surfaces or other micro-textured substrates such that partial melting of the sub-
strate during flame impingement enables good bonding between the substrate and
carbon nanoparticles. This chapter will first introduce the recent works related to
liquid repellent nano-structured carbon nanoparticle films and their applications
and then will present the new concepts and recent works conducted in the authors’
laboratories towards producing more robust liquid repellent carbonaceous films
by direct flame impingement and deposition.

*Corresponding author: ilker.bayer@iit.it

K.L. Mittal (ed.) Advances in Contact Angle, Wettabilty and Adhesion Volume 2, (179-210)
© 2015 Scrivener Publishing LLC

179



180 ADVANCES IN CONTACT ANGLE, WETTABILTY AND ADHESION

Keywords: amorphous carbon, soot, carbon nanoparticles, superhydrophobic,
liquid jet impact.

8.1 Introduction

The synthesis of carbonaceous films (porous nanocarbon) is beyond the
scope of this chapter. The early work of Dobbins and Megaridis [1] can
be consulted on the details related to flame synthesis of carbon nanopar-
ticle agglomerates. Over the past few decades, porous nanocarbons with
specific morphology have become attractive due to a number of inher-
ent properties such as sorption ability, chemical stability, low density,
suitability for large scale production and their inherent hydrophobicity
(particularly from flame synthesis). As such, a number of potential tech-
nological applications of the porous nanocarbons can be envisioned in
hydrogen storage, electric double-layer capacitors, as well as in fluid man-
agement and corrosion control. As an example, a recent study by Wei
et al. [2] has established cost-efficient, environmentally stable and abun-
dant candle soot (Figure 8.1) as an efficient hole extractor and developed
the concept of clamping solar cells by carefully interfacing the candle
soot with perovskite (CH,NH,PblL)) films. Femtosecond time-resolved
photo-luminance (PL) and distance-dependent PL measurements have
confirmed that the improved power conversion efficiency is largely due
to the enhanced directional hole extraction at the candle soot/perovskite
interface. The soot/perovskite interface that promotes hole extraction
and electron blocking by forming a Schottky junction was made by flame
deposition of soot on the perovskite layer [2].

The morphology and structure of porous nanocarbons are very sensi-
tive to the synthesis method [3]. Figure 8.2, for example, demonstrates
the typical morphology of porous nanocarbon films made up of con-
nected carbon nanoparticle aggregates obtained by a solution synthesis
method. This structure is made up of closely packed carbon nanopar-
ticles and differs considerably from the flame synthesized carbonaceous
films.

8.2 Templates for Liquid Repellent Surfaces

Candle light soot can also be used to generate nanoporous rough carbo-
naceous surfaces (a-C surfaces) which can be used as templates for fab-
rication of liquid repellent surfaces as described by Deng et al. [4]. The
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Figure 8.1 Characterization of as-prepared and calcined candle soot. (a) A digital
photograph portraying the flame deposition of candle soot. (b) Cross-sectional

SEM image of the sponge-like candle soot film. (c¢) TEM image of the as-prepared
bi-continuous network of chain-like candle soot nanoparticles. (d) Raman spectra of
the as-prepared and the calcined candle soot. (e) X-ray photoelectron spectra (XPS) and
(f) ultraviolet photoelectron spectra (UPS) of the as-prepared and the calcined candle
soot. With permission from [2].
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Figure 8.2 SEM micrographs of the amorphous carbon nanoparticles synthesized by a
solution based method at different magnifications. With permission from [3].

carbonaceous films can be wetted and coated with silica precursors, for
instance, to transfer their porous and hierarchical morphology after calci-
nation and burning away of the carbon. After calcination, a similar mor-
phology (negative image) made up of silica can be obtained which can
further be functionalized with fluorinated chemicals for liquid repellency
(see Figure 8.3).

Other works such as the one reported by Liu et al. [5] also devel-
oped methods for the facile synthesis of transparent superhydrophobic
materials such as TiO, films by using the flame soot layer as a nano-
imprint template. After the nano-imprint stage and calcination process,
the TiO, coating exhibited the inverse roughness structure of the soot
layer with high transparency. Subsequent hydrophobic modification with
1H,1H,2H,2H-perfluorodecyltriethoxysilane rendered the transparent
surfaces superhydrophobic. The transparency and superhydrophobicity
of such TiO, coatings could be controlled by adjusting the initial con-
centration of the TiO, suspension. The coatings possess good chemical
stability and good mechanical resistance. Moreover, a superhydropho-
bic-superhydrophilic micrometer scale pattern was further fabricated by



LiQuip REPELLENT AMORPHOUS CARBON NANOPARTICLE NETWORKS 183

(a)

Figure 8.3 (a) A glass slide is held in the flame of a candle until a soot layer a few
micrometers thick is deposited. (b) Scanning electron microscope (SEM) image of the
soot deposit. (c) High-resolution SEM image showing a single particle chain made up
of almost spherical carbon beads 40 + 10 nm in diameter. (d) SEM image of the deposit
after being coated with a silica shell. (e) High-resolution SEM image of a cluster after
the carbon core was removed by heating for 2 hours at 600°C. (f) High-resolution
TEM image of a cluster after calcination, revealing the silica coating with holes that
were previously filled with carbon particles. The silica shell is 20 + 5 nm thick. With
permission from [4].

illumination with ultraviolet light through a photomask (see Figure 8.4).
The pattern was immersed in a fluorescent Ag precursor solution. The sil-
ver aqueous solution only wetted the super- hydrophilic circular regions
(droplets in Figure 8.4b). After several minutes of UV irradiation, Ag
precursor droplets resting on the superhydrophilic region changed color
to black (Figure 8.4c). After being washed by water and alcohol, brown
residues in the superhydrophilic region remained where the Ag nanopar-
ticles attached to the TiO, rough surface. It is expected that the wettability
pattern might have some potential applications, for example, the fabri-
cation of nanoarray pattern and single-cell analysis in bio-microfluidic
research.
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Figure 8.4 (a) Optical micrograph of a superhydrophobic-superhydrophilic pattern,
under the visible light. Superhydrophilic zones are invisible under visible light.

(b) Aqueous silver precursor droplets deposited on the superhydrophilic zones after
immersion in solution, photographed under UV light with excitation at 365 nm

(c) After UV illumination the silver solution turns black (reduction of silver salts into
metallic silver nanoparticles) (d) Stains (silver nanoparticle deposits) left by the irradiated
droplets seen in (c) after removing them from the surface. With permission from [5].

8.3 Synthesis Without Flames

Although flame synthesis appears to be the easiest way of producing amor-
phous carbon structures, a-C films with nano-structured surfaces can
also be deposited on substrates with magnetron sputtering method [6].
The morphologies of the surfaces vary with the deposition parameters.
Therefore, these a-C surfaces can be controlled to exhibit different wet-
tability states ranging from hydrophilic to superhydrophobic. For instance,
CF, plasma treatment would remarkably enhance the phobicity of such
films against other liquids including those with acidic and basic nature.
Moreover, a superhydrophobic surface of the non-fluorinated a-C film can
be reversed to hydrophilic by treatment with H, or N, plasma as shown
in Figure 8.5. These films, however, do not show reasonable resistance to
abrasion as even by gentle touching or rubbing they can be removed from
the surfaces on which they are deposited.

Similarly, a recent report [7] presents a facile single-step method for
fabricating porous carbon nanoparticle (CNP) networks with tunable wet-
tability and absorbability. These materials were prepared by glow discharge
deposition at pressures of 100 to 500 mTorr using C,H, and a gas mixture
of C,H, and CF, as the carbon precursors. Porous CNP network materials
were made at high deposition pressures above 200 mTorr at a low tem-
perature (<50°C), facilitating the coating of these materials onto other
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Figure 8.5 The shapes of water droplets on the a—C films before (left) and after (right)
H, or N, plasma treatment, respectively. (a) Superhydrophobic a-C film and (b)
superhydrophobic fluorinated a-C film. With permission from [6].

materials such as paper, polymers and metals. Furthermore, the porous
CNP network materials with various fluorine contents showed selec-
tive repellency and absorption of liquids with different surface tensions
enabling their potential use in water filtration, liquid separation or oil-
spill (or organics) cleanup. Figure 8.6 shows structural and morphological
details (Figures 8.6a, 8.6b, 8.6c and 8.6d) of these CNP network materials
along with photographs (Figures 8.6e and 8.6f) depicting liquid repellent
properties.

The static CAs and corresponding CAH values measured for the
F-porous CNP network materials deposited with various CF,/C,H, ratios
are shown in Figures 8.7a and 8.7b. It should be noted that as the CF,/
C,H, ratio in the gas mixture increased, the static water CA of the fluori-
nated carbonaceous (F-porous CNP network) coatings increased, whereas
the CAH dropped. When the CF,/C H, ratio was 16/4, the porous CNP
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Figure 8.6 (a) SEM images of the sooty nanoporous film; (b) detailed view of the SEM
image; (c) cross-sectional view of the carbonaceous film; (d) corresponding TEM image;
(e) optical image showing a collection of porous CNP materials deposited for 30 min in
a vial measuring 2 cm in diameter; (f) water droplets placed on the porous CNP network
coated onto the Si substrate (lower panel) and on the collected porous CNP networks
compressed into a solid disk (upper panel). With permission from [7].
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Figure 8.7 (a) Static contact angles and (b) contact angle hysteresis of the as-deposited
porous carbonaceous materials as a function of the CF /C,H, ratio in the precursor;

(c) a schematic design of the water/oil separation process on the porous carbonaceous
coating/filter paper (top), and photographs of the water/silicone oil mixture placed on the
fluorinated (F-porous) carbonaceous coating/filter paper (below); (d) the states of various
liquids such as water, ethylene glycol (EG), silicone oil and their mixtures deposited on the
surfaces of the filter paper and paper coated with porous carbon and F-porous carbon. The
water droplet was dyed red, the silicone oil blue, and ethylene glycol was clear; (e) a layer
of silicone oil on the water can be removed by adding superhydrophobic carbonaceous
film. With permission from [7]. (Continued)
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Figure 8.7 (Continued)

coatings presented superhydrophobicity with a high CA of approximately
160° and alow CAH of approximately 2°. Wetting behavior of the F-porous
CNP network coatings against different liquids: ethylene glycol and sili-
cone oil, whose surface tensions are 47.7 and 21.2 mN/m at 20°C, respec-
tively, and water (the surface tension of DI water is 72.8 mN/m) was also
investigated in this study. For ethylene glycol, the pure porous CNP net-
work coatings as well as the network deposited with a low CF,/C H, ratio of
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5/15 revealed complete wetting behavior, with a CA of approximately 0% in
particular, ethylene glycol was absorbed by the porous carbon, but at a high
CF,/C H, ratio of 16/4, the porous CNP network coatings showed hydro-
phobicity, with a CA of approximately 145°. As the CF,/C H, ratio was
increased further, the CA increased monotonously with the decrease in
the CAH. When the CF ,/C,H, ratio reached 16/4, the CA increased to 150°
and the CAH dropped to 7°, indicating superhydrophobicity. This extreme
wetting contrast of ethylene glycol on the F-porous CNP networks can be
explained by the control of the coating materials with the CF /C H, ratio
and by the surface roughness of the nanoscale porous structures. However,
all samples with F-porous CNP coatings were completely wetted with sili-
cone oil due to the low surface tension of the oil as well as lack of re-entrant
sub-micrometer surface texture.

The wettability measurements showed that the pure porous CNP net-
work deposited with only a hydrocarbon precursor can repel water very
well and absorb low surface tension liquids (both ethylene glycol and sili-
cone oil) suitable for water cleanup applications. However, the F-porous
CNP network with a high content of added fluorine can repel both water
and ethylene glycol but not silicone oil, which has the lowest surface ten-
sion. This means that one can tune the wettability or absorbability of the
porous CNP networks by controlling the amount of CF, that is incorpo-
rated. Thus, porous CNP networks can be used to separate mixtures of
liquids with different surface tensions, such as water/silicone oil and eth-
ylene glycol /silicone oil mixtures as indicated by the authors [7]. To test
their liquid separation behavior, the pure porous CNP and F-porous CNP
networks were coated onto filter paper, as shown in Figure 8.7c. Using a
high-speed camera the authors recorded wetting and impact dynam-
ics, and a water droplet (dyed red) bounced on the porous CNP network
material without penetration, while silicone oil (dyed in light blue) was
quickly absorbed by the porous network/filter paper. As the water/silicone
oil mixture was placed on filter paper coated with a porous CNP network,
the silicone oil surrounding the outer surface of the mixture droplet was
quickly absorbed by the porous CNP, forming an oil meniscus and leaving
only a water droplet on the surface. Figure 8.7d shows the wetting states of
the water, ethylene glycol, silicone oil and mixed droplets of these materi-
als on the surfaces of the as-received filter paper and the porous CNP and
F-porous CNP networks coated onto filter paper. When each droplet was
gently placed on each surface, one minute was allowed to elapse before the
optical images were taken. All of the liquid droplets, i.e., those of water, eth-
ylene glycol, silicone oil and their mixtures, were completely absorbed on
the bare filter paper due to its hydrophilic and oleophilic nature, as shown
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in the first row of Figure 8.7d. For the porous CNP coating/filter paper
sample shown in the second row, water droplet was repelled by the porous
CNP network coating without penetration, while ethylene glycol and sili-
cone oil were completely absorbed. When the water/silicone oil mixture
was deposited, only water remained on the surface, indicating the separa-
tion of the water from the silicone oil, whereas the ethylene glycol/silicone
oil mixture was completely absorbed. For the F-porous CNP coated onto
filter paper, water and ethylene glycol were repelled while silicone oil was
completely absorbed, as shown in the images in the last row (Figure 8.7).
The porous carbon materials collected from the Si wafers (shown as photo
in Figure 8.7¢) could also be used directly as absorbents for oil or organic
solvents, such as hexane and toluene, as demonstrated in Figure 8.7e. The
porous CNP material was immersed into the water/silicone oil mixture
and the water/hexane mixture, where only silicone oil and hexane, respec-
tively were quickly absorbed.

8.4 Synthesis by Combustion of Terpenoids

Camphor crystals were also used as a precursor for producing nanostruc-
tured carbon networks [8]. Combustion of camphor was carried out in
a controlled environment. An in-depth evaluation of the wetting, surface
structure and optical properties was carried out on these surfaces. A chain
of carbon nanospheres with an average size of 25-60 nm was observed from
FESEM micrographs, with interconnected soot particles held together by
a fragile network and weak van der Waals bonds. The formation of car-
bon bead structure was confirmed from the HR-TEM micrographs. It was
observed that the fractal dimensions of soot particles were slightly less than
the fractal dimensions of soot particles derived from ethylene and hexane.
The relation between the superhydrophobicity and surface free energy of
camphor soot particles was evaluated for soot particles collected at differ-
ent heights above the flame. Since these particles were also found to display
photoluminescence, applications can be envisioned as superhydrophobic
coatings with luminescent properties.

Figure 8.8 depicts the 2D and 3D Atomic Force Microscopy images of
camphor soot particles coated over a glass substrate above a flame for 5,
15, 30 and 45 s. With increasing coating time, the surface structures of
soot particles illustrate higher extent of roughness. The enhancement of
surface roughness occurs due to an increased number of particles adhering
to the glass, which enhances the amount of nanopillar formation over the
surface, leading to increased roughness. Surface roughness values of 22.25,
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Figure 8.8 AFM images of the soot particles (a) 5s (b) 15 s (c) 30 s (d) 45 s (al, a2, a3, b1,
b2, b3, cl, 2, c3 and d1, d2, d3 represent the 2D image, the 3D image and the shape of the
water droplet from left to right, respectively). With permission from [8].
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36.78, 63.56 and 90.57 nm were determined for soot particles coated for 5,
15, 30 and 45 s, respectively. It was found that the water contact angle of
soot particles coated for various times increased from 155° to 170°.

8.5 Amorphous Carbon Networks on 3-D Porous
Materials for Liquid Filtration

Oil spills in oceans are one of the most serious pollution incidents in the
world. The cost of the oil spill, including the damage to the coastal ecosys-
tem and the loss of an entire fishing and tourism season, is very expen-
sive. The ramifications are also long lasting. Although many oil-absorbing
materials have been developed for cleanup of oil spill, they all exhibit
shortcomings including low separation efficiency, high operation costs,
scale up issues and the generation of secondary pollutants. Therefore, facile
strategies to synthesize highly efficient and inexpensive oil cleanup mate-
rials are indispensable. One recent application of superoleophilicity and
superhydrophobicity is the fabrication of 3D materials for oil spill cleanup.
Superhydrophobic 3D porous materials are considered as promising high-
capacity absorbents due to their larger surface area and well-developed
pores. Zhao et al. [9] fabricated soot coated metal foams for this purpose.
Nickel foam, for instance, is a kind of commercially available 3D porous
material, which has been used for fabricating superhydrophobic absor-
bents aimed at oil spill cleanup. However, the complex synthesis processes
involved in creating the reported absorbent materials hamper the use of
these materials in large-scale applications. Therefore, it is of great impor-
tance to develop a low-cost efficient material for oil/water separation.
They reported a facile strategy for the preparation of superhydrophobic
and superoleophilic nickel foam surface through candle soot coating and
subsequent modification with poly(dimethylsiloxane), PDMS, as shown in
Figure 8.9. The as-prepared nickel foam could be used for selective and
effective separation of water and oil through simple, time-saving, and inex-
pensive process without any extra power (see Figure 8.10 for details).
Other researchers [10] have recently demonstrated that soot particles
from a diffusion flame can be used for developing a cost-effective absor-
bent sponge, to remove oil contamination from water. The carbon parti-
cles were synthesized by an ethylene-oxygen combustion flame. The soot
coated sponge was prepared via a dip-coating method. Without further
surface modification and pretreatments, the soot coated sponge demon-
strated high absorption capacities (up to 80 times its own weight) for a
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Figure 8.9 Typical FESEM images of pristine nickel foam (a and b) and as-prepared
superhydrophobic and superoleophilic nickel foam (c and d) at different magnifications.
With permission from [9].

Figure 8.10 Water purification using superhydrophobic and superoleophilic nickel
foam: (a) hexane solution colored with oil (red) and water before separation. (b) Foam
to be used as a filter (c) colored hexane solution stay in beaker after passing through the
nickel foam box. (d) colored hexane solution and water in two separate beakers. With
permission from [9].

broad spectrum of oils and organic solvents with a recyclability of more
than 10 times as shown in Figure 8.11. Such experimental results show evi-
dence that foams or sponges functionalized with amorphous carbon net-
works are highly promising in environmental remediation for large-scale,
low-cost removal of oils from water.



LiQuip REPELLENT AMORPHOUS CARBON NANOPARTICLE NETWORKS 193

= =
g .l u
I B o B e e S S § 8ol }//"'\{/l\l/i‘“\!—i
X “
£ 4or 2
8 \M G 60F
o 3
g 30} § | syt
5 —=—Acetone 5
'<§_ —e—Pump oil £ 40f —e—DCE
5 20 5 —a—Toluene
w
< E:
10 - > 20 - L
5 10 0 5 10

Cycle number Cycle number

(a) (b)

Figure 8.11 Demonstration of absorption recyclability of the amorphous carbon network
functionalized sponges. DCE stands for dichloroethane. With permission from [10].

8.6 Towards Robust Carbonaceous Films on
Micro-textured Polymer Surfaces

A recent study conducted by Bayer and coworkers [11] showed that when
pure perfluorinated acrylic or natural wax-perfluorinated acrylic polymer
blend coating surfaces were treated with small diffusion flames for a short
duration, deposition of superhydrophobic nanostructured carbonaceous
films could be made. The carbonaceous films display a good degree of
surface binding which cannot be removed by impinging and rolling water
droplets and also with some degree of abrasion. The resultant surfaces had
very low droplet roll-oft angles and remarkable resistance to complete wet-
ting or saturation (soaking up water into the pores) against fast impact-
ing water streams as well as to disintegration in ultrasonic bath treatment.
Particularly, the fluoroacrylic polymer-wax blend films had excellent sur-
face features for collecting and anchoring carbon nanoparticles on their
surfaces as shown in Figure 8.12. The micro-structure of the carbonaceous
films is demonstrated in Figure 8.12a. Figure 8.12b shows wetting mea-
surements on untreated and flame synthesized amorphous carbon net-
work coated polymeric surfaces. Note that very low water droplet roll-oft
angles are observed on both polymeric surfaces coated with the carbona-
ceous films. The micro-morphology of the carbonaceous film along with
its surface roughness is depicted in Figure 8.13a.

Melting of the polymer and/or the wax during flame impingement
would allow the nanoparticles to get embedded into the polymer film
and establish a better binding carbonaceous film compared to a film
deposited on a ceramic or metallic surface which can be picked up by
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Figure 8.12 (a) AFM morphology and roughness data for a spray cast and thermally
cured wax—polymer film. The image is a square 10 pm x 10 um in size. (b) All contact
angle data. The uncertainty in contact angle measurements on polymeric films was
approximately +4° and in flame treated superhydrophobic surfaces was +3°. Filled circles
correspond to polymer and unfilled triangles correspond to wax—polymer films for both
as deposited and flame treated cases. With permission from [11].

the rolling droplets (self-cleaning). In fact, Figure 8.13b compares the
surface roughness measurements on this superhydrophobic surface
before and after being placed in an ultrasonic bath using a standard
grain analysis. The average surface roughness of both surfaces remained
at 174 nm. Although surface roughness of the film before and after soni-
cation remained stable, its superhydrophobicity was lost during sonica-
tion. However, once the sample was dried and heat treated in an oven
at 120 °C for 1/2 hour, the surfaces recovered their superhydrophobic
state as well as low droplet roll-oft angles. Although no resistance against
ultrasonic immersion was observed and the surfaces were saturated
(completely wetted during ultrasonic processing), the carbonaceous
films on the flame treated coatings were not removed or even cracked
by the ultrasonic treatment. This is considered quite satisfactory since
the carbonaceous film is an external nanostructured deposit from the
diffusion flame. The films show a certain degree of mechanical durabil-
ity against soft abrasion. Rubbing the surfaces with a material having a
Shore A hardness of 70-75 for several times do not degrade the super-
hydrophobicity, although some of the carbonaceous film is removed. As
such, amorphous carbon nanoparticles deposited on hydrophobic poly-
mer surfaces by flame synthesis form saturation resistant (resistance to
complete wetting under water with or without sonication or resistance
to wetting by water jet impingement) superhydrophobic films which can
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Figure 8.13 (a) Morphology of the carbonaceous superhydrophobic surface deposited
on wax—polymer blend coatings after sonication for 20 seconds in an ultrasonic bath.

(b) Comparison of roughness grain analysis results of the same superhydrophobic coating
as in (a) before and after sonication. As seen, the average roughness (flat yellow line) of
the superhydrophobic carbonaceous films remains practically the same at approximately
174 nm. With permission from [11].

withstand impacting water streams as well as ultrasonic bath process-
ing by immersion. Surfaces demonstrate very high sessile droplet con-
tact angles with low droplet roll-off angles after undergoing water stream
impacts and sonication. Ultrasonic processing does not remove or crack
the nanostructured carbonaceous films indicating strongly bonded
nanoparticles to the polymeric films, possibly due to local melting of the
polymer during flame impingement.

As mentioned earlier, flame synthesized carbon nanostructures dem-
onstrate superhydrophobicity due to inherent hydrophobicity of carbon as
well as the formation of dual-scale roughness during deposition. However,
their main drawback is that nanostructured carbon materials do not
form a firm bond with the surface upon which they are assembled, con-
siderably reducing their practical applications in liquid repellent surface
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technologies. Very recently, in our laboratories we demonstrated a simple,
rapid, solvent-free and cost-effective strategy to synthesize hydrodynami-
cally robust nanostructured carbon on randomly micro-textured surfaces.
We utilized the concepts of friction induced polymer-particle adhesion
(triboelectricity) and diffusion flame synthesis to form superhydrophobic
carbonaceous films on surfaces including flexible substrates. These nano-
structured carbon surfaces show remarkable resistance to saturation by
high-pressure impinging water jets. For simplicity, we use common alu-
minum oxide sandpaper surfaces as our flexible substrates for deposition
of sub-micrometer Teflon particles and subsequent deposition of carbon
nanobead films via a simple utility burner (small diffusion flame). A sub-
strate surface roughness between 10 to 50 mm (which correspond to 1500
grit to 500 grit sandpapers respectively) was found to give good perfor-
mance. The resulting superhydrophobic surfaces displayed remarkable
water saturation resistance against impinging water jets. The impinging jet
pressure and angle were found to determine the conditions at which super-
hydrophobic surfaces became saturated (completely wetted by soaking up
water into pores). However, even after saturation, the deposited nano-
carbon films still remained adhered and could be re-functionalized after
drying by a waterborne fluoroacrylic polymer solution to render them
superhydrophobic and even oleophobic. Details of the process and results
are given in the following.

No surface pretreatment was used prior to the polymer deposition using
triboelectric adhesion. To accomplish this adhesion, Teflon powder was
brushed onto 500 grit aluminum oxide sandpaper (Figure 8.14a) using a
polyurethane foam paint brush. Depending on the initial amount of the
Teflon powder to be applied per unit area the thickness of the polymer
coating can be varied. Using this technique it is possible to maintain the
original micro-texture of the substrate while introducing an overlaid sub-
micrometer scale roughness as shown in Figures 8.14a and 8.14b. During
deposition of the carbonaceous layer the underlying polymer coating melts
enabling good adhesion of the carbon nanoparticles as seen in Figures 14c
and 14d. It is also possible to use other micro-textured surfaces such as
roughened aluminum foils which are flexible substrates like sandpaper.
In Figure 8.15a, an atomic force microscope (AFM) image revealing the
topography of the carbonaceous layer deposited on a rough aluminum foil
coated with Teflon particles by tribo-adhesion is shown. The correspond-
ing representative surface roughness profile is shown in Figure 8.15b.
The morphology of the underlying Teflon film is shown in Figure 8.15c.
This morphology was obtained by removing the carbonaceous film. It
is seen that there are no longer sub-micrometer particles but rather an
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Figure 8.14 (a) SEM image of a sandpaper surface partially coated with a thin layer of
Teflon particles using triboelectric adhesion. (b) The thickness of the particulate polymer
coating can be tuned by depositing right amount of particles per unit area. In this case the
sandpaper roughness features are still visible due to low thickness of the polymer coating.
(c) SEM image of the carbonaceous film texture after flame treatment. (d) SEM image of a
deliberately scratched region exposing the melted Teflon layer due to heating by the flame.

amorphous film which has a higher roughness than the superhydrophobic
carbonaceous film (Figure 8.15d). It must be noted that AFM measure-
ments cannot be conducted if a thin Teflon layer is applied such that the
main substrate micro-morphology is not masked as seen in Figures 8.14a
and 8.14b due to high roughness scale (> 10um). Moreover, the carbona-
ceous layer deposited over this thin Teflon film can be easily removed by
gentle rubbing. Hence, we have found that the optimum Teflon coating is
achieved when the coating is thick enough such that the underlying micro-
texture is masked by the Teflon coating.

To test the hydrodynamic robustness of the surface, the samples were
exposed to a 3.2 mm in diameter high-speed water jet with varying
dynamic pressures. Contact angle measurements were taken at 10 second
increments. Samples were exposed until saturation (pores start soaking up
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Figure 8.15 (a) AFM topography of the flame deposited carbonaceous layer on the Teflon
coated sandpaper surface. The line is an arbitrary section from which the roughness
profile is extracted. (b) Roughness profile extracted from the AFM image shown in (a).

(c) Topography of the melted Teflon layer under the carbonaceous film. The overlaying
carbonaceous film was removed intentionally to inspect the underlying morphology.

(d) The roughness profile extracted from the arbitrary line of the AFM image in (c).

water although no visible wetting appears on the surface) occurred, as evi-
denced by condition when a 10 puL droplet would not roll off the samples.
To find the effect of oblique water jet impact, substrates were also tilted by
tilt angle 8, when exposed to the water jet. A schematic of the experimental
setup is shown as inset in Figure 8.16a. The graph of Figure 8.16a illus-
trates the importance of the triboelectrically deposited Teflon in creating
a robust surface. Two samples, one with carbonaceous film deposited on
Teflon (Teflon “with soot”), and one having the carbonaceous film directly
(“just soot”) deposited on the micro-textured sandpaper were exposed to
a 10 kPa water jet impinging at = 0°. As seen in Figure 8.16a, the surface
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Figure 8.16 (a) Importance of the Teflon sub-layer on the resistance of
superhydrophobicity to vertically (f=0) impacting water streams (at 10 kPa impact
pressure) as a function of exposure time. The inset shows the schematic of the water
impact tests. The static water contact angle of the carbonaceous films maintains a
superhydrophobic value continuously at 10 kPa, whereas the contact angle of the
carbonaceous film deposited directly on the micro-textured paper degrades within

10 seconds even if the water impact pressure is much less than 10 kPa. (b) Changes

in static contact angle and sliding angle as a function of water jet exposure time. No
changes in wettability occur within 2 minutes of tests. Therefore, 2 minutes was chosen
as the reference time for all other experiments concerning effect of impact pressure and
substrate tilt angle. (c) Effect of water impact pressure on the loss of superhydrophobicity
(measured by static water contact angles) under different substrate tilt angles. Vertical
dashed lines indicate wetting recovery of the dried surfaces after evaporation. (d) Water
droplet pinning tests as function of water impact pressure for each tilt angle studied
(expressed as sliding contact angle).

containing the Teflon binder maintained its superhydrophobic state at all
times, displaying its robust nature. The surface composed of carbonaceous
film deposited onto sandpaper initially showed superhydrophobic perfor-
mance, with a CA = 160°. However, when it was exposed to a modest water
jet (dynamic pressure ~ 1kPa), the carbonaceous film quickly washed off
the surface and as a result, contact angle steadily decreased as the surface
deteriorated to a CA of 120° in 50 seconds. To find the right experimental
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conditions in terms of maximum time allowed before loss of superhydro-
phobicity, samples were subjected to a 40 kPa water jet impinging verti-
cally at § = 0° for exposure times increasing in 2 minute increments. The
results of this test, shown in Figure 8.16b, revealed that the contact angle of
the exposed samples stayed nearly constant through 6 minutes. However,
after 8 minutes, CAs degraded to 125°, falling below superhydrophobicity
threshold (~150°). A minor decrease in roll-off angle occurred after the
first 2 minutes, from 2° to 4°. Increasing exposure times produced a more
dramatic degradation in performance, with a pinned state occurring after
8 minutes. Hence, 2 minutes of exposure was chosen as the reference time
(set parameter) for all the remaining tests.

Resistance of superhydrophobicity against the water jet for 2 min-
utes as a function of dynamic pressure and substrate tilt angle is shown
in Figure 8.16¢c. Three clear trends were apparent. First, as substrate tilt
angle (f) increased (see Figure 8.16a for the definition and schematic),
the dynamic pressure required to degrade superhydrophobic performance
decreased. For instance, referring to Figure 8.16¢, superhydrophobic per-
formance corresponding to normal water jet impact (f = 0°) degraded
from P = 60 kPa to P = 40 kPa when the substrate was tilted to f = 20°.

When the tilt angle was further increased to = 80°, superhydrophobicity
was lost when the surface was exposed to just 10 kPa. The same trend was
observed in the sliding angles (Figure 16d). The more the surface was tilted
the less impinging pressure was required to pin the droplets. For instance,
water droplets pinned on the f = 80° tilt surfaces at 10 kPa impinging liq-
uid pressure. The second trend that was observed was related to the recov-
ery of the contact angle towards its initial value after the impinging water
jet tests. Under normal impact, for instance, after saturation and drying
under ambient conditions, the surfaces remained in a hydrophilic state
with CA = 40°. The surfaces were always dried under ambient labora-
tory conditions without additional heat. Here, saturation of the surfaces
means that the surfaces still have considerable amount of adsorbed water
on them after drying. As the tilt angle f was increased however, the sur-
faces could recover towards more hydrophobic wetting state. For instance,
at f = 80°, although the superhydrophobicity was lost at low impinging
liquid pressures, CA degraded to only 119° and after drying under ambient
conditions the surface was superhydrophobic again. However, for other tilt
angles lower than 80°, full superhydrophobic recovery was not possible.
The third observation was that anti-wetting performance did not degrade
until a clear threshold in dynamic pressure had been reached. It might have
been expected that a gradually decreasing trend in CA and droplet roll-off
angle would be observed with the increasing water jet pressure. Instead,
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for a given tilt angle, CA remained constant at its superhydrophobic state
and the superhydrophobicity was instantly lost once the critical pressure
was reached. For instance, in Figure 8.16¢, under normal impact (5=0°),
gradually increasing impinging jet pressure from 10 kPa to 60 kPa did not
at all cause degradation in superhydrophobicity. However, once 60 kPa
was reached, sudden surface wetting took place. The justification for the
importance of the deposited carbonaceous layer in maintaining superhy-
drophobicity under high water impact pressures is shown in Figure 8.16d.
In the case of a Teflon coated micro-textured surface (as a control sample),
when it was exposed to a normal water jet at 20 kPa water droplets started
to pin. Interestingly, in this case though, the trend of a “sudden” degrada-
tion was not observed. At 10 kPa water impact, sliding angles (droplets did
not roll-off but slid instead) slightly increased (an additional ~7°) but the
droplets would still slide off the surfaces unlike for the surfaces with the
carbonaceous coating.

Optical microscope images taken immediately after testing as shown in
Figure 8.17 revealed that the spot where the water jet impacted (see also
the schematic in Figure 8.17), as well as two bands to either side of this
spot, had been affected when a sample was tilted to f = 60°. These regions
were covered with either a film or drops of water, indicating that they had
saturated and were no longer superhydrophobic. Likewise, photographs
of a sample that was tilted to f = 80° during testing showed a somewhat
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Figure 8.17 Optical microscope images showing surface conditions after (a) 60° and (c)
80° liquid jet impact. Blue regions in images (b) and (d) indicate unsaturated regions of
images (a) and (b) for better clarification. The schematic on the right depicts inclined
liquid jet impact conditions. V indicates impact velocity of the impinging jet; ¢ thickness
of the liquid film and d indicates the thickness of the jet.
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different continuous degraded region. Energy-dispersive X-ray spectros-
copy (EDS) data collected during SEM imaging (not shown) also revealed
a large difference in surface chemistry for regions that saturated (pore wet-
ting causing droplet pinning) and for regions that remained superhydro-
phobic. Over the saturated regions, a relatively smaller carbon peak was
detected, along with more fluorine.

This indicated that some of the carbonaceous layer had been washed
away possibly causing saturation of the superhydrophobic surface. It is
somewhat contradictory to the notion that more fluorine should ensure
higher water repellency but it is highly probable that the surface rough-
ness changes due to partial loss of carbonaceous layer are responsible for
the saturation. This observation will be discussed next with the help of
AFM and XPS measurements. Since EDX measurements also contain sig-
nals from part of the bulk of the material they should be supported with
XPS measurements. Figure 8.18 compares the C 1s signals from various
regions (unsaturated-blue and saturated-green) designated by the num-
bers, of a surface tested under 60kPa orthogonal jet impact, obtained
from XPS measurements. The region indicated by (1) is the center of the
superhydrophobic ring (blue), the region indicated by (2) is the edge of
the superhydrophobic ring, the region indicated by (3) is the edge of the
superhydrophilic outer ring (green) and the region indicated by (4) is the
center of the superhydrophilic ring. The purpose of this measurement was

Intensity (arb. units)

298 288 278
C1s binding energy (eV)

Figure 8.18 XPS C 1s signals from various locations on the surface of a superhydrophobic
surface after 60 kPa normal jet impact. The blue regions preserved their superhydrophobic
state whereas the green regions saturated (loss of superhydrophobicity in a highly porous,
sponge-like surface).
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to understand the changes in the chemical composition of the surface as
a function of location after loss of superhydrophobicity. The peaks were
de-convoluted into five components: C-C or C-H , (hydrocarbon) at 285
eV, C-CF,, at 287 eV, CF at 289 eV, CF,, at 292 eV, and CF,, at 294 eV.
The increase in the C-F signals and the relative decrease in the C-C sig-
nals close to and within the saturated regions (green) indicate presence of
more Teflon component confirming the EDX results discussed earlier. The
spectrum corresponding to region (4) clearly shows very high contribution
from CF_bonds indicating that a large portion of the underlying Teflon
layer is exposed due to jet impact surface alteration. The quantification of
the chemical changes before and after saturation is beyond the scope of this
study and will be analyzed in a future work.

The shapes of the saturated regions resemble non-circular hydrau-
lic jump patterns formed due to obliquely impinging Newtonian flu-
ids [12,13]. Therefore, it is believed that there could be a relationship
between the shape of the region of saturation and the onset of hydraulic
jump. However, it is important to consider that saturation (loss of super-
hydrophobicity of a sponge-like surface) can also be caused by rough-
ness induced shear stress changes due to turbulent to laminar transition
before the hydraulic jump occurs. However, more detailed work would be
required to distinguish between laminar-turbulent flow transitions and
onset of hydraulic jump. Referring to Figures 8.17c and 8.17d, it seems
that the hydraulic jump locations are the boundaries of the saturated and
unsaturated regions as defined by the edges of the blue zones. As such,
regions within the spreading film just before the hydraulic jump occurs
would probably preserve their superhydrophobic state. Moreover, the
work of Kate et. al. [12] showed that the circular hydraulic jumps formed
due to normal impinging jets change their shapes, as the jet inclination
angle (f) is changed from 90°. They showed that hydraulic jumps with
corners occured under certain inclination angles which closely resemble
the shape of saturated regions in Figure 8.17d. Hence, we have made an
attempt to interpret the results within the framework of hydraulic jump
theory of impinging liquid jets [14]. In the present case, the Weber and
Reynolds numbers associated with the liquid jet impingement experi-
ments fall within 5x10°<We<4x10? and 8x10°<Re<3x10* ranges, respec-
tively, where Weber and Reynolds numbers are defined by equations (8.1)
and (8.2) below.

B pdU?
o

We

(8.1)
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_pdU
U

In the equations above, p, ¢ and u stand for liquid density, surface ten-
sion and viscosity respectively, and d and U stand for the diameter of the
liquid jet and the velocity of the impinging jet, respectively. The Weber
and Reynolds numbers are comparatively high compared to other studies
on impinging liquid jets on hydrophobic and superhydrophobic surfaces
[15-17]. The radius of the non-circular hydraulic jump, Rj( 6,p), (with ref-
erence to the stagnation point) due to an oblique jet impact can be esti-
mated by equation 8.3.

Re (8.2)

5
2 3
2 2.3 8 > 1
R,(0,4)=c| YL S0/ (ﬁ] 8

g8 (8.3)
8 (1+cos fcos 6’)2 V4

The angle of inclination is f8, as schematically shown in Figure 8.19a
as inset, and 0 is the angular component of the polar coordinates. Here
g is the acceleration of gravity. The constant C is a function of the veloc-
ity profile of radially spreading film after impingement, upstream of the
hydraulic jump. It ranges from 0.73 for a parabolic velocity profile to
0.85 for higher order velocity profiles [12] for the no-slip condition at the
wall. From equation 8.3, one can estimate the location of the hydraulic
jump as a function of jet impact velocity and the oblique angle (f) at for
instance 6 = 0 or at § = 7 which correspond to the horizontal line of the
stagnation point (see Figure 8.19a). In the case of a jet impingement on a
superhydrophobic surface, the velocity profile of the spreading film before
the hydraulic jump does not have a wall slip due to high contact angles
and jet rebound, In this case, the constant C can be approximated by the
restitution coefficient for jet rebound on superhydrophobic surfaces [17]
which approximately scales with We 2. Figure 8.19b shows the Rj/d ratio
(radius at which the hydraulic jump occurs) at 0=n for the experimental
conditions shown in Figure 16 for four different tilt angles and six differ-
ent jet impact pressures. As seen in the Figure, for all tilt angles, estimated
hydraulic jump radius decreases as the impinging jet pressure increases
towards 60 kPa. For low tilt angles, for instance at 20°, the jump radius
extends out as far as 6 to 7 impinging jet diameters. For high tilt angles,
however, such as 80°, the hydraulic jump radius is about twice the diameter
of the impinging jet. These estimated jump radii do not directly indicate
the location of the saturation of superhydrophobicity but would allow us to
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Figure 8.19 (a) Photograph of formation of a hydraulic jump upon liquid jet
impingement on a flat surface. The schematic below indicates the stagnation point and

the hydraulic jump radius in polar coordinates. (b) Estimated non-dimensional hydraulic
jump radius as a function of impact pressure and tilt angle for the experimental conditions
studied. Note that the values are calculated for 6 = 7 . (¢) Estimated liquid film velocity
just before the hydraulic jump. (d) Estimated boundary layer thickness as a function of jet
impact pressure and substrate tilt angle.

estimate the liquid velocity right at the hydraulic jump and the associated
boundary layer thickness just before the jump. As shown by the scaling
arguments of Choi and Kim [18] if the estimated boundary layer thickness
turns out to be of the order of 10 mm, the fluid experiences an easy slip in
Cassie-Baxter mode on the nano-textured superhydrophobic surfaces. As
the boundary layer thickness decreases towards single digit micrometer
or sub-micrometer levels, the liquid is considered to be no longer in the
Cassie-Baxter state but rather flows on a hydrophilic surface with no slip or
stick-slip at the wall [18]. From the theory developed by Wang et al, [19],
for an oblique liquid jet impingement, the velocity of the liquid film, U,
just before the hydraulic jump can be estimated by equation 8.4.
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50(1—cos(a
U = ”(—ZURj (8.4)
3U pr;sing
In Eq. 8.4, the angle a denotes the contact angle (hydrophobicity of the
surface), o is the liquid surface tension and r, denotes the edge radius of the
impingement zone which scales with the jet diameter d. Figure 8.19¢ shows
the calculated film velocities just before the hydraulic jump for all impact
pressures and substrate tilt angles studied. It should be noted that since
the surface texture of the present superhydrophobic carbonaceous films is
random, the scaling arguments developed for lithographically patterned
surfaces [18] cannot be directly used here even if it is possible to measure
the average roughness of the surfaces (saturated and unsaturated) before
and after the liquid jet impingement. Moreover, recent experimental stud-
ies on hydraulic jumps on superhydrophobic surfaces also use patterned
surfaces with well-defined ribs and cavities [16,17]. The local thickness, A,
of the liquid before the hydraulic jump can be estimated by the relationship
developed by Liu et al. [20] as

2 R?
h=0.1713(d—J+5'147 L (8.5)
Rj Re d

hence, one can approximate the effective boundary layer thickness, d
within the spreading film before the hydraulic jump as

Y
Ay~ (8.6)

4

Estimated boundary layer thickness values are shown in Figure 8.19d. As
seen in the figure, smaller boundary layer thicknesses are estimated at high
tilt angles and at high impact pressures (shaded regions in Figure 8.19d)
according to the models used. This in turn, indicates that the liquid flow
obeying Cassie-Baxter regime becomes more difficult under these condi-
tions (J,. < 10 um) [18-20], which indirectly suggests potential satura-
tion of tﬂe surface texture with water. Indeed, as was seen in Figure 8.16c¢,
at high tilt angles partial loss of superhydrophobicity occurs at lower jet
impact pressures.

Figure 8.20 demonstrates static contact angle measurements of vari-
ous liquids on the saturated surfaces functionalized with the fluoroacrylic
polymer under 60 kPa jet impact. Two different tilt angles (40° and 80°)
were used and the results were compared with the orthogonal impact case
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Figure 8.20 Static contact angles of various liquids on fluoroacrylic polymer
functionalized surfaces that had saturated (superhydrophobicity loss due to internal pore
wetting) as a result of water jet impact at 60 kPa.

at the same impact pressure. As seen in the figure, substrate tilt angle does
not seem to affect the liquid contact angles once the saturated surfaces
(loss of superhydrophobicity due to internal pore wetting) were function-
alized. All of the drops except for water pinned and it was not possible to
measure droplet roll-off angles. Oil droplets slid off the surfaces leaving a
stained trail behind at high tilt angles close to 50°. This can be attributed
to the lack of re-entrant surface texture resulting in high liquid retention
during sliding [22]. Water droplets rolled off easily at a substrate tilt angle
of approximately 5° after functionalization. It was not possible to render
the saturated surfaces superoleophobic. It is argued that the reason is the
loss of dual-scale re-entrant surface texture [22-23] due to water hammer
effect. The re-entrant surface texture is not essential for water repellency
due to high surface tension of water [24-25].

Finally, we studied the abrasion resistance of the developed coatings.
The coatings could not withstand severe abrasion but under mild abra-
sion conditions they could maintain their super hydrophobicity even if
the surfaces were scratched provided that the coating thickness was suf-
ficient. The coatings were abraded using a vibratory polisher (VibroMet
2, Buehler) in abrasion mode. One micrometer diamond paste (Metadi®,
Buehler, Germany) was applied on a soft polishing cloth and the samples
were pressed against the cloth using a specimen weight holder correspond-
ing to 532 Pa downward pressure, which is quite mild compared to other
studies [26-29]. The maximum abrasion time was 360 minutes. However,
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the samples were completely abraded (removal of the carbonaceous layer)
after 10 minutes of abrasion with the built-in vibration frequency of 50
Hz. The Teflon layer at the end of this process was still intact. The coat-
ings, however, maintained their superhydrophobic state if the abrasion
process was stopped after 2-3 minutes. The samples were found to be par-
tially scratched but droplets still rolled off. Droplet roll-oft angles slightly
exceeded 10° at this stage.

8.7 Conclusions

This chapter attempted to present the latest research on liquid repellent
surfaces made from amorphous carbon nanoparticle networks, some-
times referred to as carbonaceous films. It mostly focused on carbon
nanoparticle networks obtained from flame synthesis (in the form of
soot) but other interesting synthesis routes such as vacuum deposition
from gas precursors or solution routes were also outlined for complete-
ness. As can be deduced, the morphology of these carbonaceous films is
ideal for liquid repellent applications, therefore they have been used as
templates for making super-repellent surfaces from other materials via
precursor application or molding. They were also used extensively for oil-
water separation applications by depositing them on 3D structures such
as foams or sponges due to ease of their production in large quantities.
However, most of these works fail to report the durability of these car-
bonaceous coatings. Hence, in this chapter, we have included latest work
from our laboratories on the fabrication of robust amorphous carbon
nanoparticle networks on certain soft polymeric surfaces having microm-
eter scale texture by flame impingement. We showed that the polymer and
micrometer scale texture combination can yield reasonably robust carbo-
naceous films that can withstand strong water jet hammering as well as
mechanical wear.

We anticipate that this chapter would trigger more research efforts
towards finding other innovative means to render them more robust as
coatings, as these carbonaceous films can be made easily in large quantities
and are much less expensive than other nano-structured carbon materi-
als. Potential future directions could be, for instance, synthesis of polymer-
carbon nanocomposite surfaces made up of carbon nanotubes, graphene
or other carbon nanomaterials as well as flame synthesis of other soft mate-
rials which can be thermally triggered to crosslink or polymerize during
nanoparticle network deposition.
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Abstract

Following a large number of studies to develop surfaces and coatings that have
extreme liquid repellence, researchers have recently focused on improving the
mechanical performance of these surfaces as this is the main challenge for their
commercialization. In this chapter, we summarize the developments since 2011
on fabrication, design and understanding of mechanically durable liquid repel-
lent surfaces. This includes a review of recently published diagnostic techniques
for demonstrating the mechanical durability. In particular, we categorize high-
repellency surfaces and coatings by the type of durability testing and we highlight
the most successful approaches to produce mechanically robust surfaces. Finally,
future prospects towards obtaining a set of standard characterization/evaluation
methods are discussed.

Keywords: Mechanical durability, wear, textured surfaces, surface wetting,
superhydrophobic

9.1 Introduction

The discovery of the unique self-cleaning properties of the lotus leaf by
Barthlott and Neinhuis [1] during 1997 was the beginning of an intensive
research on bio-inspired artificial liquid repellent surfaces. In the following
years, an enormous number of papers were published regarding different
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methods to fabricate superhydrophobic [2] and more recently superoleo-
phobic [3], as well as superomniphobic surfaces [4]. Usually, when a liquid
droplet is placed on such surfaces, it exhibits apparent contact angle higher
than 150° and roll-off angle lower than 10° or 5°. However, recent coat-
ings based on Slippery Liquid Impregnated Porous Surfaces (SLIPS) have
shown that extreme shedding can occur with only low roll-oft angles inde-
pendent of the apparent water contact angle [5]. This is also a bio-inspired
surface as it follows the concept of the pitcher plant.

If a surface or coating also displays such high liquid repellency for
oil droplets, it is referred as superoleophobic. Surfaces that display both
superhydrophobicity and superoleophobicity and can also repel most
other liquids in the same fashion are generally referred to as superomni-
phobic. The enormous research interest in liquid repellent surfaces stems
from their potential to be incorporated in a vast number of different
applications [6-17].

In general, the key element to obtain surfaces with extreme liquid repel-
lency is to use hydrophobic materials to compose a rough surface with
micro and/or nano-scale features [17,18]. When liquid droplets are dis-
pensed on surfaces with appropriate combination of chemical (material)
and physical (surface texture) properties, air pockets can form at the inter-
face between liquid and solid such that only a small fraction of the lig-
uid surface contacts the solid (while the rest contacts air). In this case, the
frictional force for tangential motion of the drops along the surface is due
only to the small fraction of liquid-solid contact area. This phenomenon is
known as the Cassie-Baxter state, named in honor of the two researchers
who first reported it in 1944, and it is present in all the surfaces that exhibit
extreme liquid repellency with high apparent contact angles [19]. However,
other forms of liquid repellency have been devised that do not necessarily
employ the Cassie-Baxter state. In particular, the Slippery Liquid-Infused
Porous Surfaces (SLIPS) concept [20] achieves liquid repellency by main-
taining a liquid-liquid interface where the liquid of the drop is immiscible
with the impregnated liquid. In this case, the frictional force for tangential
motion of the drop is based on the liquid-liquid contact area. The surface
must generally be textured at micro and/or nano-scale and should have
high adhesion to hold the impregnated liquid in place, but this impregnated
liquid should also be highly repellent to liquid droplets. Figure 9.1 depicts
all the aforementioned cases. In Figure 9.1a is shown a rough surface and
a liquid droplet placed on it while air pockets are present in the spacing
between the rough features that reduce the solid-liquid adhesion. In Figure
9.1b is shown the Wenzel state, where the liquid penetrates in the spacing
between the rough protrusions of the surface, inducing pinning effects that
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Figure 9.1 (a) Cassie-Baxter state that promotes liquid repellency. (b) Wenzel state where
the liquid penetrates in the rough asperities of the surface, increasing the surface-liquid
adhesion. (c) SLIPS type of surface where the lubricant covers the surface features. (d)
The lubricant leaves exposing some surface features and the adhesion of the droplet to
substrate increases.

dramatically increase the solid-liquid adhesion [21]. Figure 9.1c represents
the SLIPS concept where the liquid droplet is “floating” on the lubricant
layer that fully covers the surface features, while Figure 9.1d depicts a dam-
aged/non-functional SLIPS type of surface due to the uncovering of sur-
face features that again induce pinning effects.

The liquid repellency of a surface can be degraded by different ways
including chemical reactions with solvents or gases, UV exposure, particle
or bacteria contamination and mechanical wear. In this chapter, the focus
will be on “mechanical” durability, i.e. surfaces that are able to retain their
liquid repellency after repeated cycles of damage by mechanical forces and
motions. The reason for this focus is that wear is the main performance
loss mechanism found in most of the liquid repellent surfaces, while other
types of degradation (UV exposure, particle contamination, chemical deg-
radation, etc.) are more general topics that apply similarly to a broader
range of non-liquid repellent surfaces.

In general, most superhydrophobic, superoleophobic, and superomnip-
hobic surfaces are very fragile (i.e. they will lose liquid repellency if touched
or rubbed by human hands) and are not suitable for commercial uses.
This mechanical fragility of the surface texture can cause surface defects
which leads to collapse of the Cassie-Baxter state. As a result, a subsequent
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transition to the energetically more favorable Wenzel state occurs, where
the liquid now penetrates in the rough asperities inducing strong pinning
effects and eventually increased adhesion of the liquid to the substrate and
loss of liquid repellency [21]. This lack of surface mechanical robustness
to retain high liquid repellency hinders the possibility of applying such
coatings in household products, vehicles, clothing, electronic devices,
machinery, aircraft industry, etc. Owing to this, there has recently been an
increased scientific effort towards significantly improving the mechanical
performance of liquid repellent coatings. The first key review article that
emphasized the mechanical durability of superhydrophobic coatings was
published in 2011 [22]. The present article builds on this work by survey-
ing many new developments that have occurred in the last few years.

As mentioned before, obtaining a Cassie-Baxter state that promotes lig-
uid repellency requires at least one scale of roughness but the performance
is increased if two scales of roughness (usually micro and nano) or more
are employed [23]. The role of the micro-rough features is to sustain the
droplet on their upper part so that air-pockets are formed on the droplet-
substrate interface. However, studies in the literature have demonstrated
that the height of micro-features must exceed a threshold value, which
can vary for different types of textures, in order to suspend the liquid sur-
face in air between two neighboring surface peaks, to maintain a Cassie-
Baxter state [24]. If the height of micro-features is lower than the threshold
value then transition to a Wenzel state will occur and the liquid repellency
will be lost. Such a height reduction can happen when textured surfaces
undergo mechanical wear, i.e. the height of the micro-features progres-
sively decreases until it goes below the threshold for maintaining a Cassie-
Baxter state. When this transition to a Wenzel state occurs, the damaged
surface cannot perform its function of liquid repellency. This degradation
is thus related to a loss in surface topography. Adding additional rough-
ness scales on the order of submicrometer or nanoscale roughness can also
change the wetting states from Cassie-Baxter to Wenzel or vice versa, hav-
ing a dramatic impact on the liquid adhesion as it has been reported in
recent studies [17,25,26].

Another mechanism for loss of functionality is the change in the surface
chemistry by mechanical wear. This can happen when a liquid repellent
surface employs a thin hydrophobic top-coat or simply surface function-
alization to induce liquid repellent properties. Very thin monolayers or
treatments which are usually on the molecular to nanoscale level tend
to be removed very easily by the application of even minor mechanical
abrasion, thus gradually uncovering hydrophilic sites from the underly-
ing material that ruin the desired surface properties. This degradation is



EVALUATINGMECHANICALDURABILITYOFLIQUIDREPELLANTSURFACES 215

thus related to a change in surface chemistry, as described schematically
in Figure 9.2a, while Figure 9.2b describes a loss in geometric topology as
previously discussed.

In the case of a SLIPS surface, mechanical degradation can have similar
mechanisms. The textured coating must have nearly consistent porosity
and chemistry throughout to hold the thin layer of infused-liquid. Thus a
reduction in roughness height (geometric topology) or change in surface
chemistry which inhibits the ability to hold the impregnated liquid in place
would thereby reduce the performance. In addition, a third mechanism
can occur for SLIPS if mechanical or fluid dynamic forces strip the impreg-
nated liquid from a portion of the surface thereby exposing a portion of
the hydrophilic solid surface to the liquid drop, and yielding a Wenzel state
that causes loss of liquid drop repellence. Since the first two wear mecha-
nisms are likely to be more common and since these two are strongly tied to
those for conventional superhydrophobicity, this survey will focus on the
mechanical degradation of surface geometry and chemistry as described
in Figure 9.2.

The most common strategy for mechanical durability is to employ sur-
faces that can withstand structural forces while retaining the micro and
nano-scale features associated with the surface topology and the hydro-
phobic composition associated with the surface chemistry. Two other pos-
sible strategies to maintain liquid repellency include self-healing surfaces
[27] and easily repairable surfaces [28] although these surfaces are not wear
resistant or otherwise mechanically durable. In particular, self-healing
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Figure 9.2 Due to the high contact angle and low hysteresis, liquid droplets easily roll off
superhydrophobic surfaces. However, damage to the surface often leads to an increased
contact angle hysteresis and, consequently, droplets stick to the surface. (a) A hydrophobic
surface coating on a roughness pattern may get easily worn off, and hydrophilic bulk
material will be exposed as a result. (b) If the roughness features are fabricated of
hydrophobic material, wear will not introduce hydrophilic pinning sites [22].
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surfaces are able to recover their liquid repellency upon being damaged
by mainly two approaches. The first approach is based on encapsulation of
the liquid repellent component in the pores of rough nano-porous materi-
als. When damaged, this component quickly migrates to the damaged sur-
face and recovers its surface properties [29]. The second approach is based
on spontaneous self-organization of liquid repellent colloidal particles at
interfaces [30]. On the other hand, easily repairable surfaces are materials
whose liquid repellent properties can easily be repaired by deposition of a
new material. This strategy is suitable for applications that require long-
term functionality of the surfaces, yet continuous maintenance is required.
However, both the self-healing and easily repairable strategies can be prob-
lematic. Specifically, self-healing surfaces once slightly damaged need some
recovery time to self-heal which is an issue for applications that demand
to retain the liquid repellency continuously. Furthermore, if the damage is
significant (e.g. at the micro-scale), self-repair may not be possible since
this strategy tends to be focused on the first few nanometers of the surface.
The strategy of easily repairable coatings can compensate for micro-scale
wear but requires accessibility for maintenance. For many applications
where the object to be coated is not easily reachable by workers (wind tur-
bine blades, for instance) or the area to be coated is very large, recoating
would be prohibitive due to these technical issues.

Physical parameters that have been used in the literature to characterize
the mechanical durability of liquid repellent surfaces include the appar-
ent contact angle (APCA), the contact angle hysteresis (CAH), the roll-off
angle (ROA) and the shedding angle (SHA). The APCA is a measurement
of the equilibrium condition when a liquid droplet is placed on a solid sub-
strate and it is defined as the angle between the tangent to the liquid-fluid
interface and the tangent to the solid interface at the contact line between
the three phases [31]. For extreme liquid repellent surfaces this value has
to be greater than 150°. However, meta-stability can make this parame-
ter difficult to measure as it can be a function of the method of droplet
placement, condensation, surface vibration, etc [32]. In contrast, the other
parameters mentioned above (CAH, ROA and SHA) quantify the dynamic
ability of the liquid to stay adhered on the solid surface. As such, they are
a more consistent indicator of liquid repellence from a functional perspec-
tive and are defined in more detail below.

The roll-off or sliding angle is simply the maximum angle that the sur-
face can be tilted until the liquid droplet rolls off or starts sliding. This
measurement can be influenced by the volume of the liquid droplet, since
gravitational effects take place. In other words, the roll-off (ROA) or
sliding angle (SA) decrease as the size of the droplet increases [33]. The
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terminologies ROA and SA describe different behaviors in that rolling
motion occurs when both the receding contact angle (RCA) and advanc-
ing contact angle (ACA) are greater than 90° while sliding motion of a
droplet on a surface occurs when either RCA or (less likely) ACA is less
than 90°. Both ROA and SA are defined by researchers as the substrate
tilt angle at which a liquid droplet starts to move at both the advancing
and receding contact lines. To avoid misunderstanding and confusion we
declare that throughout this chapter we will generally use the terminology
that each author provides in his/her paper. The contact angle hysteresis
of a surface is the difference between the advancing and receding angles,
i.e. CAH=ACA-RCA. The greater the difference between the advancing
and receding angles, the more adhesive the solid surface is to the liquid
under investigation. Finally, the shedding angle (SHA) is defined as the
lowest surface angle to the horizontal that allows the droplets to leave the
substrate by bouncing or rolling off when released from a given height. If
the release height approaches zero, the shedding angle simply reverts to the
roll-off or sliding angle.

The shedding angle can be measured by releasing drops from a fixed
height for different tilt angles of the substrate. This measurement method
was originally developed by Zimmerman et al. for overcoming imaging
problems in the classic contact angle measurement when using textiles,
since the surfaces of the textiles are usually very rough and the boundaries
of the water droplets cannot be well distinguished in order to have an accu-
rate measurement [34]. The shedding angle values are also influenced by
the dispensing height and the size of the droplets, as the authors describe
in their paper. In general, the shedding angle is less than or equal to the
roll-off angle.

If an extremely liquid repellent surface is mechanically durable, it
should ideally maintain CAH, ROA and SHA values lower than 5° or 10°
for repeated mechanical degradation tests of the surface. The reason for
this focus on dynamic parameters is that damaged liquid repellent surfaces
sometimes maintain a high APCA but the droplets tend to stay “pinned”
on the substrates, a phenomenon described in the literature by various
researchers as “petal effect” [35]. Furthermore, surfaces such as the SLIPS
concept are designed to have low SA values, with little attention paid to the
magnitude of the APCA. For these reasons, it is of significant importance
to focus on the dynamic repellency characteristics, such as CAH, ROA
and SHA.

Having mentioned the parameters that are used to quantify the wetting
performance of a surface, the following sections will describe the primary
modes of mechanical degradation and the different associated testing for
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Types of wear & tests

Tangential shear Dynamic impact  Substrate adhesion Liquid bath

- Linear abrasion « Particleimpact  « Tape peeling + Laundry

« Circular abrasion « Drop/jetimpact . Compression/tension * Ultrasonication
« Blade/knife test - Gas flow « Rotary slurry

« Pencil test

+ Oscillating ball
« Oscillating ring
« Finger rubbing

Figure 9.3 Different types of wear and their corresponding tests.

each of these modes as described in the schematic of Figure 9.3. The mode
aspect is critical to understanding the mechanisms of wear while the test-
ing aspect is closely related to the practical aspect of commercial develop-
ment. The mode mechanisms discussed herein include: tangential linear
abrasion (shear stress), impact with solid, liquid and gas phase, and nor-
mal (compression or tension) stress. Regarding testing, there are many dif-
ferent types of experimental setups, most of them custom-built in-house
equipments, that induce mechanical damage and have been reported in the
literature such as linear abrasion, sand impact, tape peeling, finger touch-
ing, washing cycles, etc. Finally, special cases of liquid repellent surfaces
will be presented that are not influenced by mechanical wear (bulk liquid
repellent materials) or mechanical wear even enhances their properties
instead of degrading them.

9.2 Durability to Tangential Shear

An objective comparison of the abrasion resistance of superhydropho-
bic surfaces has been hampered by the lack of a single, standardized test
method. Likewise, no single measure has been used for characterizing the
effect of wear. Moreover, all these different approaches induce very diverse
surface topography modifications but at the same time all of them are
referred as “mechanical durability” tests. This is very confusing for some-
one who wants to evaluate how durable is one surface compared to the
other. Generally, abrasion resistance is most directly and commonly mea-
sured using linear shear abrasion. In this form, shear stress arises from the
force vector component parallel to the cross section of the material. The
most common approach, based on the number of published papers, for
the evaluation of the mechanical durability of liquid repellent surfaces is
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to perform tangential (shear) abrasion tests. This has been reported in the
literature using many different experimental setups all of them having in
common the basic concept of rubbing a solid material to the surface under
investigation. This induces wear and subsequently material removal that
eventually leads to alteration of the surface characteristics and loss of the
liquid repellency. Before we present the work that has been done so far, it
is necessary to address some important issues that have to be considered
when the mechanical performance of different surfaces is to be compared.

Different materials have been used throughout the literature to per-
form abrasion. These materials vary from study to study since authors have
used as abradants, e.g. rough sandpapers of different grades, aluminum,
A4 paper sheets, poly(dimethylsiloxane) (PDMS), glass, etc. Wu et al.
prepared superhydrophobic polyester textiles by a dip-coating approach
and later they tested their mechanical durability by abrading them lin-
early with different abradants (A4 paper sheets and sandpaper) [36].
Due to the difference in the physicochemical characteristics of these two
materials (hardness, surface roughness, chemical affinity) they observed
very different degradation rates of the water repellency of their samples.
Furthermore, Wang et al. showed completely different liquid repellency
when they abraded their superhydrophobic surfaces by sandpapers of dif-
ferent grades [37]. Interestingly, they were able to show superhydrophobic-
ity only when they used sandpaper of grade in the range 280-400#. For all
the other grades used, outside these limits, their surfaces did not exhibit
superhydrophobic property. These important observations lead to the con-
clusion that a mechanical test is heavily influenced by factors such as the
surface roughness of the abradant surface, or its chemical composition and
Young’s modulus. Other obvious parameters that influence the measure-
ment and also vary from study to study include the applied pressure on the
abradant surface, the type of contact between the two surfaces, the relative
speed between them, etc. Thus, in order to evaluate the mechanical dura-
bility of a sample surface and compare it with others all these parameters
have to be clearly stated.

9.2.1 Linear Abrasion

Figure 9.4a depicts a typical experimental setup for performing a linear
abrasion test. Usually it consists of a horizontal arm holding a vertical cyl-
inder that reciprocates in a linear direction while the speed and the length
can be adjusted. The bottom end of the cylinder can be fitted with various
types of abradant materials like cloth, sandpapers, rubbers, papers or hard
aluminum oxide which produce different type of mechanical wear. The
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Abradant
(@) (b)

Figure 9.4 Linear abrasion configurations: (a) with motorized arm that moves and
rubs the tested sample surface tangentially, and (b) with sample moving on the abradant
surface.

sample to be tested is mounted and aligned parallel and in contact with
the bottom part of the cylinder. The pressure applied on the surface to be
tested can be adjusted by adding or removing weight on the vertical cylin-
der. There are a few companies in the market that offer automatized instru-
ments in this configuration and also provide a wide selection of abradant
materials. A common alternative configuration that typically is followed
in house-built setups is the one shown in Figure 9.4b. The surface to be
tested is fixed at the bottom part of a solid structure of known weight and it
performs a linear reciprocating motion on the substrate which in this case
is the abradant material. Linear abrasion setups are the most common and
widely accepted method to test the mechanical durability of liquid repel-
lent surfaces.

Wau et al. [38] used a similar apparatus as in Figure 9.4a in order to test the
durability of superhydrophobic cotton fabric (SCF) obtained by radiation-
induced graft polymerization of lauryl methacrylate and n-hexyl methac-
rylate. Self-healing of the surfaces could be achieved by ironing. Through
the steam ironing process, the superhydrophobicity could be regenerated
even after the yarns were ruptured during the abrasion test under a load
pressure of 44.8 kPa and crocking cloth used as abradant material. The
treated cotton fabric could ultimately withstand at least 24,000 cycles of
abrasion with periodic steam ironing. However, the term superhydropho-
bic was used considering only the APCA since no hysteresis values were
reported in this study. Textile surfaces will be analyzed more extensively in
one of the following sections since they behave very differently in terms of
durability compared with non-fibrous materials.

Tang et al. [39] prepared superomniphobic coatings by spray-casting
dispersions of polyurethane and MoS, nanoparticles. After the spraying
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process the surfaces were functionalized by gas-phase silanization with a
fluorosilane. The abradant material was stainless steel that was roughened
with a sandpaper prior to the abrasion test. The applied pressure on the sur-
face was 0.7 MPa and the water APCA and CAH were measured as a func-
tion of the rubbing distance (i.e. the total distance that the abradant covered
on the tested surface by rubbing it) and not abrasion cycles like in other
studies. The coatings were able to preserve high contact angles (>150°) for
up to 100 m rubbing distance but the CAH increased significantly with the
first 10 m of rubbing distance. This result is a very good example to empha-
size the importance of presenting both static and dynamic contact values
when mechanical abrasion tests are performed, since the surfaces might
appear extremely liquid repellent statically but dynamically (which is also
the most practical aspect) their properties might degrade faster.

Steele et al. [40] prepared laser-textured titanium surfaces that were ren-
dered superhydrophobic by applying a subsequent fluoropolymer coating.
Titanium was selected as the material for surface texturing due its inherent
outstanding mechanical durability. In this study, they investigated harsh
applied pressure conditions ranging from 108.4 to 433.7 kPa. This surface
was able to survive 200 abrasion cycles before it was destroyed and the
APCA decreased gradually. For higher applied pressure the reduction of
the APCA was faster. Also in this case the CAH increased much faster even
only after 10 abrasion cycles. The effect of the wear mechanism from the
abradant material was also described in detail. The primary abrasive wear
mechanism was found to be the fatigue by repeated plowing, but there was
also contribution by the small particles detached from the abradant mate-
rial during abrasion that caused small striations on the textured titanium
substrates (Figure 9.5).

Milionis et al. [41] have also investigated the effect of applied pressure
on superhydrophobic biodegradable starch-based thermoplastic nano-
composites. The nanocomposites were prepared by spraying colloidal dis-
persions of bio-plastic Mater Bi® (Novamont, Italy) and surface modified
fumed silica and for specific concentrations of particles lotus leaf-type
behavior was achieved. Five different pressure values ranging from 1115
Pa to 2123 Pa were applied on the surface of the coatings and the water
APCAs and ROAs were recorded for up to 17 abrasion cycles. A solid
smooth plastic disk (2 cm in diameter) with Rockwell hardness of M70
(R-scale; ISO 2039-2) similar to polycarbonate was used as an abradant.
Again it was observed that increasing the applied pressure on the surfaces
gradually decreased the APCAs, a phenomenon that was most intense for
the highest pressure used (2123 Pa) since the APCAs dropped below 150°
after 10 abrasion cycles. However, the increasing trend of the roll-off angles
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Figure 9.5 Left: SEM images of (a) control titanium with fluoropolymer coating;

(b) control titanium with fluoropolymer coating after 200 abrasion cycles at 350 g;

(c) as prepared titanium; (d) textured titanium with fluoropolymer coating; (e) textured
titanium with fluoropolymer coating after 200 abrasion cycles at 350 g; (f) textured
titanium with fluoropolymer coating after 200 abrasion cycles at 1400 g. Right: Schematic
of primary abrasive wear mechanism with fatigue by repeated plowing, showing a blend
of two-body (significant plowing) and three-body (small striations) wear modes with

the direction of abrasion into the page for (g) control titanium and (h) textured titanium
substrates [40].

against the number of abrasion cycles was much more evident, especially
for applied pressures equal or greater than 1717 Pa. Under 2123 Pa the
coatings lost their superhydrophobicity after 5 abrasion cycles.

Zhu et al. [42] used a home-made setup similar to Figure 9.4b to test
the mechanical durability of their superhydrophobic surfaces prepared
by molding ultra-high molecular weight polyethylene and functionaliz-
ing the surface with silver and perfluorodecanethiol. The abradant used
was a sandpaper (1500 mesh) and the applied pressure was 10 kPa. The
resulting surface was able to withstand 10 abrasion cycles under these con-
ditions before eventually starting losing the superhydrophobicity due to
the decrease in the fluorine concentration on the surface. However, they
were able to easily regenerate their surfaces when the superhydrophobicity
was lost by repeating the Ag deposition and surface fluorination with the
immersion method.
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Zhou et al. [43] used the same experimental apparatus to evaluate the
mechanical performance of cotton fabric that was rendered superhydro-
phobic by incorporation of polyaniline and fluorinated alkylsilane via a
facile vapor phase deposition process. The applied pressure was 3.68 kPa.
The authors demonstrated that their surface could maintain water APCAs
greater than 150° for 600 abrasion cycles but they did not mention any-
thing about hysteresis values.

Cho et al. [44] prepared superhydrophobic aluminum surfaces by
preparing micro- and nano-rough hierarchical structures by a 3-step
approach. First, the formation of nanostructured aluminum hydroxide was
carried out in a NaOH solution. Subsequently, a microrough surface tex-
ture was obtained by sandblasting the aluminum sheet with sand particles
and finally the surface was hydrophobized with a fluorosilane. The authors
used a similar experimental setup to carry out the mechanical durability
tests but with a slightly different approach. Instead of reporting the total
number of abrasion cycles until their surface would lose its properties,
they performed only one abrasion cycle but they increased every time the
weight (or the pressure) applied on the surfaces until eventually they would
see loss of superhydrophobicity. Their surfaces were able to withstand up
to 100 g with this technique (or otherwise 500 Pa, considering the surface
area of their specimens).

Chenetal. [45] developed self-repairing superhydrophobic organic/inor-
ganic coatings comprising polystyrene, fluorinated poly(methylsiloxane),
fluorinated alkylsilane, modified silica nanoparticles(NPs) and photocata-
Iytic titania NPs that showed self-repairing ability after mechanical damage
with the application of UV light. To evaluate the influence of mechanical
wear of the superhydrophobic coating, the surface was abraded using a
piece of sandpaper under 10 and 20 kPa pressure. The results showed that
the surface was still superhydrophobic although a slight decrease in the
APCA was observed (from 155° to 150°) after 10 cycles of abrasion under
10 kPa pressure. Nevertheless, when the surface was abraded under 20 kPa
pressure, the water contact angle (WCA) declined considerably from 155°
to 139° and the SA rose to 70°. However, after UV exposure the samples
fully recovered their superhydrophobicity. The authors also performed an
accelerated weathering test to demonstrate the suitability of their surfaces
to outdoor environment.

Tenjimbayashi and Shiratori [46] developed superhydrophobic coatings
by mixing SiO, nanoparticles and ethyl alpha cyanoacrylate polymer in
acetone and subsequently spraying them while at the same time the dis-
tance between spray source and substrate was continuously changing. The
change in the distance between spray and substrate was found to be the
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key for improving the durability. The durability of the coatings was tested
for different applied pressures (10 cycles) with cellulose fiber as abradant.
The coatings retained their superhydrophobicity after abrasion testing at
40 kPa. Coatings consisting of only nanoparticles lost their superhydro-
phobicity upon testing.

9.2.2 Circular Abrasion

Circular abrasion is based on the same concept as linear abrasion and it uses
the same experimental apparatus with the only difference being the type of
movement that the abradant material performs. In this case the abradant
material has the shape of a disk and it performs a rotational motion. The
only disadvantage in this case, compared to the linear abrasion, is that dif-
ferent parts of the abradant material move with different speeds. Even if in
most of the cases this is not very crucial, we cannot exclude the possibil-
ity that this technique can produce diverse surface characteristics in the
abraded surfaces. The Martindale method is a common circular abrasion
test that is used mainly for evaluating textiles (see also Section 9.5.1).

Kondrashov and Ruhe [47] studied the effect on the mechanical dura-
bility of different hierarchical superhydrophobic surfaces with microm-
eter sized cone and nanoscale grass structures produced by reactive ion
etching and subsequent deposition of a fluorinated film. Their setup for
testing the mechanical durability consisted of a rheometer where a metal
disk (2 cm diameter) was brought into contact with the tested surfaces and
performed a rotational motion for 30 s (10 rotations/min) (Figure 9.6).
Different forces were applied vertically ranging from 1 to 20 N. The authors
did not mention the pressure values applied on the surface since samples
with different densities of microstructures were used. The density of the
structures varied across the sample and the contact area of the load with
the micro- and nanostructures changed with time as some breaking of the
micro- and nanostructures occurred. Therefore, it was not possible to cal-
culate the area in contact with the abradant. It was found that the most
durable surfaces were the ones with the tallest and densest micrometer
sized cone structures that were able to maintain their superhydrophobic
characteristics even for 20 N applied force. On the contrary, the nanoscale
grass surfaces where they did not have micro-scale roughness were found
to be significantly less durable.

Raimundo et al. fabricated aluminum alloy surfaces with omnipho-
bic behavior [48]. Functional, hybrid organic-inorganic coatings were
obtained by a classic sol-gel route, followed by a controlled dip coating
of the substrate in order to achieve surface nanostructures. The surfaces
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Figure 9.6 SEM images of various superhydrophobic surfaces before and after
performing the wear tests with forces given in figure (a) nanograss surface (NS), (b,c,d)
microcone and nanograss combinations. Scale bar: 5 pm (a), 20 um (b—d). On the
right there is a sketch depicting the circular abrasion configuration. Reproduced with
permission from [47]. Copyright 2014 American Chemical Society.

showed good liquid repellency with APCA higher than 170° and CAH
lower than 5° with water, as well APCA about 145° with low-surface ten-
sion liquids. The mechanical performance of the surfaces was tested by
applying loads as low as 4 N for a short time (30 s) by an abrasive felt disk
(diameter of 6 cm) rotating on the test sample at a speed of 60 rpm. The
samples retained their liquid repellent characteristic after the aforemen-
tioned test was performed.

9.2.3 Blade/Knife Test

Rubbing between two solid surfaces is a common case that can occur in
everyday use of liquid repellent materials. However, there are also occa-
sions when surfaces could come into contact with sharper objects (e.g.
knives, pens, forks, etc.) that induce much more severe damage. Driven
by this problem, a few studies have been published where liquid repellent
surfaces undergo blade tests, which are practically linear abrasion tests but
instead of a flat abradant material the rubbing is performed by a sharp
blade.

Wang et al. [49] used both blade and circular abrasion tests and plotted
the wetting characteristics of their samples against the number of abrasion
cycles. Superomniphobic, surface-treated polyester fabrics were fabricated
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by a 2-step dip-coating procedure. The first step involved immersion in a
dispersion of fluoroalkyl surface-modified silica nanoparticles and the sec-
ond in a mixture of fluorinated decyl polyhedral oligomeric silsesquioxane
and tridecafluorooctyl triethoxysilane. The blade scratching test was per-
formed on a custom-made setup. The coated fabric sample was placed on
a flat smooth plate. A flat blade was mounted vertically on a frame with
the blade edge in close contact to the top surface of the fabric sample. A
0.8 kg weight was loaded on the blade, which was adequate load to cut
the fabric. The blade was then dragged linearly with 100 drags of the blade
being a “cycle”. Water, hexadecane and ethanol were used for contact angle
measurements. Only APCA values were reported for the blade test. After
100 scratches were performed, the ethanol APCA reduced to 0°, while the
APCA for water and hexadecane reduced to 150° and 120°, respectively. For
the circular abrasion tests, a polyester abradant was used under 12 kPa pres-
sure. The APCA of water remained above 150° even after 20000 abrasion
cycles. On the other hand, the APCA for hexadecane and ethanol reduced
with increasing abrasion cycles, although the hexadecane APCA value was
still above 150° after 20000 cycles of abrasion, and the APCA for ethanol
reduced to 127° after the abrasion. The SA suffered a larger impact from
abrasion testing than the APCA. After 20000 cycles of abrasion, the SA for
water and hexadecane increased, respectively, from 2.8° and 18.5° to 12.3°
and 68.0°. A larger increase in SA was observed for ethanol, which reached
the test limit of 75° after 5000 cycles of abrasion. As can be seen from the
results the blade test produces more severe damage on the surfaces.

Jin et al. [50] also used the blade test in their surface-treated aerogels.
Figure 9.7 shows high and low magnification SEM images of the surface
before (Figure 9.7A,B) and after abrasion with sandpaper (Figure 9.7C,D)
and a knife (Figure 9.7E,F) as abradants. After performing scratches on
their samples with the knife, severe abrasion was observed at macroscale.
However, the nanoscale roughness features (Figure 9.7E, F) remained sim-
ilar to that in the original aerogel surface (Figure 9.7B). This demonstrates
that the silica aerogel had a nanoscale topography that was tolerant to
damage, as a fresh surface with nanoscale topography was spontaneously
exposed upon mechanical damage.

Vogel et al. [51] prepared patterned omniphobic lubricated surfaces
based on inverse colloidal monolayers following the SLIPS approach. Their
surfaces showed very low SA (< 3°) for both water and octane. They per-
formed various qualitative tests including the blade test without observing
loss of the liquid repellency. Other mechanical durability tests performed
included finger rubbing, tape peeling, etc. which will be discussed in the
following sections.
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Original aerogel surface

Aerogel surface after sandpaper abrasion

10 um

() (d)

Scratch in aerogel surface made with knife

Figure 9.7 SEM micrographs of fluorinated silica aerogel (a, b) before abrasion, (c, d)
after abrasion with sandpaper (100 cycles), and (e, f) after scratching with a knife. Images
b, d, and f show that after mechanical damage the exposed aerogel surface has a similar
nanoscale topography as before abrasion. This is due to the bulk structure of the silica
aerogel consisting of a nanoporous framework of silica nanoparticles. Reproduced with
permission from [50]. Copyright 2014 American Chemical Society.

9.2.4 Pencil Test

Another mechanical durability test is the pencil hardness test. According
to this method a pencil with quantified hardness is dragged on the surface
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to be tested. The maximum pencil hardness that the surface can with-
stand without losing its liquid repellency is associated with its mechanical
durability.

Geng and He [52] prepared superomniphobic silica thin films by self-
assembly of different sizes of nanoparticles and subsequent chemical vapor
deposition (CVD) with tetraethyl orthosilicate (TEOS) to improve the
mechanical robustness. Only APCA values were measured for the coat-
ings that reached 171° for water and 152° for ethylene glycol. The pencil
hardness test was carried out by holding the pencil firmly against the film
at a 45° angle and performing a 6.5 mm stroke at a speed of 0.5 mm/s. The
coatings could withstand pencils with hardnesses up to 4H without being
destroyed. Figure 9.8 shows the morphology of the surfaces after perform-
ing scratches with increasing pencil hardness.

Simovich et al. [53] developed a durable and superhydrophobic coat-
ing through encapsulating nylon micrometer sized rods in a hydrophobic
silica shell. The resultant coating structure resembled a network of highly
entangled micrometer sized rods that gave rise to both surface roughness
and hydrophobicity, resulting in contact angles greater than 155°. The
embedded nylon polymer within the micrometer sized rods imparts sig-
nificant mechanical durability to the surface, resulting in a coating hard-
ness of 2H using the pencil hardness test.

Hydrophobic nanosilica and nanofluoric particles were mixed with flu-
oropolyurethane resin in various concentrations to fabricate superhydro-
phobic coatings that had APCA ranging from 140° to 148° and CAH from
5° to 12° [54]. The hardness of coatings was found to increase by raising
the nanoparticle concentrations. By using the appropriate ratios between
the two types of particles and the polymer, the maximum pencil hardness
that the coatings could withstand was 3H.

9.2.5 Oscillating Steel Ball

Another experimental setup that has been used in the literature by Hensel
et al. [55] to evaluate the mechanical durability of their omniphobic poly-
mer membranes is the oscillating steel ball. A steel ball with a diameter of
1.5 mm was brought in contact with the sample surface and pressed with a
normal load that was stepwise increased until the surface features were dam-
aged. Shear stress was generated by lateral oscillation of the probe: 10 cycles
with a speed of 0.05 cm/s and a maximal displacement of 1 mm (Figure
9.9). The mechanical durability of the membranes was compared with
pillar-patterned surfaces. The membranes resisted loads of 200 to 500 mN
depending on the comb (the hexagonal structure) wall width (Figure 9.9a).
In contrast, the mechanical stability of the pillar structures was much lower
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compared to the membranes and was able to withstand forces ranging from
1 to 75 mN depending on the pillar diameter (Figure 9.9b).

(€) (b)

() (d)

(@ (h)

Figure 9.8 SEM images of the coatings treated by tetraethyl orthosilicate chemical vapor
deposition (TEOS CVD) for 3 h after 2H (a and b), 3H (c and d), 4H (e and f) and 5H

(g and h) pencil scratching tests. Reproduced from [52] with permission of The Royal
Society of Chemistry.
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Figure 9.9 Wear tests on (a) polymer membranes in comparison to (b) pillar arrays:
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Schematic representation of the experimental setup consisting of an oscillating steel ball,
pressed onto the structured surfaces. Experimental data on maximum normal loads the
surfaces can resist without destruction and SEM images after failure [55].

9.2.6 Oscillating Steel Ring

Instead of an oscillating ball as described in the previous section, an alter-
native abradant material could be an oscillating ring. Groten and Ruhe
[56] used an experimental setup comprising a steel ring (diameter 2 cm,
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thickness 1.5 mm) that was pressed on the tested surfaces with a force
perpendicular to the surface plane. The surfaces under investigation were
silicon pillars with micro- and nano-roughness. To create shear stress, the
ring was oscillated for 30 s on the tested surfaces at a frequency of 20 Hz
and a maximal displacement of 4 mm. Parallel alignment of the ring to
the tested surface was assured. Whenever force was applied, the ring was
automatically (self-) aligned to the surface plane. The force applied on the
surfaces ranged from 1 to 20 N. It was found that adding micro-rough
pillar structures improved the mechanical performance of the surfaces
as they were able to retain better water-repellent characteristic at higher
shear forces. However, the surfaces that had only nano-roughness were the
only ones that presented CAH values lower than 10° and eventually were
destroyed by the abrasion test.

9.2.7 Finger Rubbing

Finally, shear stress measurements on liquid-repellent surfaces have also
been performed with more qualitative methods, but still important results
could be obtained regarding the applicability of liquid repellent surfaces in
commercial, everyday use applications. Such approach involves rubbing
the surfaces with a gloved finger. A periodic rubbing motion with the fin-
ger can be considered an abrasion cycle and the mechanical performance
of surfaces can be evaluated by measuring the wetting parameters before
and after the abrasion or for continuous abrasion cycles with the finger.
Xu et al. [57] prepared superhydrophobic surfaces using stainless steel
meshes as a template to pattern low density polyethylene films by heating
them above their glass transition temperature, allowing them to conform
to the template’s surface, and subsequently cooling them down and peel-
ing them oft. The surfaces were rendered superhydrophobic by adjusting
mesh dimensions and molding parameters, and no further surface treat-
ment was necessary. In this manner, surfaces with APCA 160° and SA 5°
were obtained. Subsequently a manual test was carried out to evaluate the
mechanical performance including 4 steps (3 finger rubbing steps and a
final ultrasonication step): (1) dry abrading firmly with a gloved finger
using a back and forth movement for 50 times, (2) dry abrading firmly with
a finger wearing an industrial cotton glove back and forth for 50 times, (3)
wet scrubbing manually with a gloved finger for 1 h (20 cycles) with a satu-
rated industrial cleaner solution, and (4) ultrasonicating in the same satu-
rated industrial cleaner solution for 5 h. As can be seen from Figure 9.10
the samples preserved their superhydrophobicity. The APCA remained
the same while the SA increased to 10°. Additionally, a controlled linear
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(a)

(c) (d)

Figure 9.10 Superhydrophobic surface after manual abrasion testing (a) being touched
with a bare finger, (b) water droplets on a partly dried surface after the multistep manual
test, (c) water contact angle on the surface after the same multistep manual test; the
surface was rinsed with water and dried before measuring, (d) SEM image of the surface
structure after the same multistep manual test. The surface was rinsed, dried, and coated
with gold before imaging. Reproduced with permission from [57]. Copyright 2011
American Chemical Society.

abrasion test was also performed with 32 kPa applied pressure. The APCA
remained essentially unchanged at 160° over the first 2520 abrasion cycles
and then decreased slowly to 155° with increasing cycles. The SA remained
unchanged after 2520 cycles and increased slowly with increasing abrasion
cycles. After 5520 cycles, water droplets on the surface still appeared as
transparent balls. When the total number of abrasion cycles was increased
to 6520, the APCA decreased to 140° and then maintained this level with
further abrasion cycles.

Zhang et al. [58] developed superhydrophobic aluminum alloys by one-
step spray coating of an alcohol solution consisting of hydrophobic silica
nanoparticles (15-40 nm) and methyl silicate precursor on etched alumi-
num alloy with pitted morphology. The as-sprayed metal surface showed
APCA of 155° and ROA of 4°. In their study they used many different
mechanical durability tests that we will describe in the next section and
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they made a video demonstration where they rubbed their surfaces with a
gloved finger without losing their water repellency.

Bare finger touch has also been reported in various tests. This is a quali-
tative test that is performed on liquid repellent surfaces to better mimic
human handling. The natural and artificial liquid repellent surfaces are
often fragile to hand touch. A bare finger touch on a surface can also cause
performance-degrading material addition, e.g. the touch can add salt and
oil contaminant to surface, especially if this surface does not repel organic
compounds, i.e. is not oleophobic. Natural secretions of sweat from the
eccrine glands that are present in epidermal ridges are easily deposited
on surfaces (such as glass or metal or plastics) by just touching them.
Consequently, touching a liquid repellent surface with a finger can alter
its characteristics both physically (by destroying the surface texture) and
chemically (by leaving natural secretions), thus degrading its inherent
properties. Such qualitative tests have been performed in various studies
in the literature [42,57,59-63].

9.3 Durability to Dynamic Impact

Surface durability can also be tested under collisions with solid, liquid or
gas phases. In these tests the surfaces are usually placed either horizontally
or with a 45° tilt. The surface topography can be significantly altered by
these collisions in a way that it is not functional anymore or the hydro-
phobic component of the surface can be totally removed/destroyed. In this
section we will present approaches to evaluate how sensitive is a liquid
repellent surface to normal impacts and material removal.

9.3.1 Solid Particle Impact

Solid particle impact is a common test that is performed to evaluate the
mechanical robustness of surface finishes. In this test, sand is typically
used which is a mixture of micrometer-sized oxide particles with the sili-
con dioxide being the most dominant. This test can provide information
whether a coating is suitable for use in outdoor applications where even-
tually it has to withstand harsh weather conditions and contamination/
degradation of the liquid repellent properties by embedded particles on
the surface that can disrupt the surface chemistry by their presence or can
cause partial destruction of the surface texture due to the impacts. It is also
a common test in aerospace applications (e.g. for helicopters) where they
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have to withstand very severe particle collisions during their take-off and
landing. A typical experimental setup is depicted in Figure 9.11. The coat-
ing under investigation is tilted usually 45°, so that re-deposition of the
particles after the impact can be avoided. The sand flows at a constant rate
from a container placed at a given height from the surface. With increas-
ing height, the kinetic energy of the particles increases and eventually the
probability of damaged surface is higher. The impact energy of a solid par-
ticle is given by:

4
W, =mgh= ?ﬂﬂRf gh

Here, p is the average density of the particles, g the acceleration of grav-
ity, and R_the mean radius of the particles.

Deng et al. [64] prepared transparent superhydrophobic surfaces com-
posed of hydrophobically surface modified silica shells on glass slides. The
surfaces showed APCA of 160° and SA of 5°. Sand grains were impacted
on the superhydrophobic surfaces and the minimal height at which the
porous silica particles burst was determined. Bursting leads to an increase
of the sliding angle and finally to loss of superhydrophobicity. If 100 to
300 um sized sand grains impacted on a superhydrophobic surface the
shells remained intact for impact heights, h, up to 30 cm. After the sand
abrasion, the surface remained superhydrophobic, i.e. water droplets
placed on the surface would bounce and slide off easily. For & significantly
larger than 30 cm, fractured shells were found. The same research group
fabricated superomniphobic surfaces consisting of silica shells and carbon
particles (candle soot) and the same sand impact test was performed [65].
The APCA and ROA for water were measured to be 165°+1° and 1°+1°
respectively and for diiodomethane the APCA was 161°+1° and the ROA

Sand container
N T
sand flow ;’a h
l'-:'::
s
g Superhydrophobic
SN surfdce

Figure 9.11 Sketch of the setup used to determine the stability of the surface against sand
impact.
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2°+1°. The silica shells were not sufficiently robust to completely resist
sand impact and caves formed underneath the impacted area. However,
zooming into the caves revealed almost unaltered submicrometer mor-
phology. Owing to the coating’s self-similarity, the surface kept its super-
omniphobicity until the layer was removed after an extended impact. The
mechanical stability increased with the thickness of the silica shell, but at
the expense of the coating transparency. The surface retained its super-
omniphobicity for 5 min of sand abrasion from a height of 25 cm (2 m/s).
Although the coating could be eroded by wear and abrasion, it kept its
superomniphobicity as long as its thickness remained above 2 pm.

Tang et al. [66] used a brush-coating approach to fabricate superhydro-
phobic nanocomposite surfaces by combining calcium carbonate (CaCO,)
nanoparticles (NPs) with either acrylate copolymer or epoxy resin.
Without CaCO, nanoparticles, the acrylate copolymer exhibited water
APCA of 77.1° but with the gradual addition of the CaCO, NPs the APCA
increased to 152.5°. Similarly, without nano-CaCO,, the epoxy surface
exhibited water APCA of 84.4° but with the gradual addition of the CaCO,
NPs the APCA increased to 150°. Sand grains with a diameter of ~200 pm
impinged on the surface from a height of 15 cm. After sand abrasion for 5
min, the wettability of the surface was re-characterized. The APCA for the
acrylate copolymer based nanocomposite decreased slightly to 150° while
for the epoxy-based to 146°. No CAH values were reported.

Zhang et al. [67] prepared polypropylene (PP)/high density polyeth-
ylene (HPDE) composite films by a laminating exfoliation method. The
treatments performed resulted in the formation of a rough surface. By
varying the ratios between the two polymers they were able to achieve
superhydrophobicity. Silica particles with diameters of 100 pm to 300 pm
impacting the polymer film surface at a velocity of 2.8 m/s (40 cm) for
30 seconds (10 g of silica particles, impacting area 3 cm x 3 cm) did not
destroy the superhydrophobicity of the film. Likely, this is due to the high
flexibility of HDPE polymer nanohairs. Both the APCA and ROA for water
remained unaltered.

By spraying polystyrene/SiO, core/shell NPs as a coating skeleton and
PDMS as a hydrophobic interconnection between the coating and the sub-
strate, lasting and self-healing superhydrophobic surfaces were fabricated
by Xue et al [68]. The abrasion resistance of the coating was evaluated by
sand impact. The sample was abraded for different times by impinging the
coating surface with 50 g of 300 to 1000 pm diameter sand grains from a
height of 40 cm at 45°. It was found that an increase in sand abrasion time
resulted in a gradual reduction in the APCAs and an increase in the CAH.
However, the thicker samples were able to retain APCAs greater than 160°
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and CAH lower than 10° after 10 sand abrasion cycles. After 15 cycles, the
superhydrophobicity in terms of CAH was lost since the value measured
was 22.5° while the APCA was still high (158.1°).

Geng and He [52], apart from the pencil test described in Section 9.2.4
used additionally a sand impact setup to test their coatings. In the sand
abrasion test, 40 g sand grains with diameters of 100-300 um were used to
impact the coating surface from a height of 30 cm in 1 min. Subsequently,
the coating was cleaned with water. The water and ethylene glycol APCAs
before and after sand abrasion test showed approximately the same values.

Zhang et al. [58] performed also sand impact tests on their superhy-
drophobic aluminum alloys. Approximately 10 g sea sand particles were
dropped onto the 45° tilted substrate surface for 1 min from a height of
30 cm from the substrate. The samples maintained superhydrophobicity
(APCA > 150° and ROA < 10°) after five cycles.

9.3.2 Liquid Jet/Droplet Impact

Another mechanical impact test which is useful to evaluate the perfor-
mance of liquid repellent surfaces is the droplet or jet impact test. Such
test can mimic exposure to raindrop impacts commonly encountered in
outdoor coatings applications. During heavy rain in the thunderstorm, the
rain droplets have the maximum diameter of 4-5 mm and could reach a
maximum speed v = 7-9 m/s when impacting a rigid surface on the ground
with a frequency of 3.88 x 105 drops/m’h [58]. A typical experimental
setup for testing a liquid repellent coating is depicted in Figure 9.12. The
setup is very similar to the sand impact apparatus with the only differ-
ence being that the liquid dispenser replaces the sand container. Again by
increasing the dispensing height, the impact of the ejected liquid on the
surface becomes more destructive. In some cases, liquid repellent surfaces
are not damaged by drop or jet impacts but gradually a loss of their liquid
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Water jet
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Figure 9.12 Experimental setup for the jet or drop impact test.
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repellency is observed due to a Cassie to Wenzel transition. Specifically,
penetration of the hierarchical protrusions on the liquid repellent surface
is expected during the impact event after repeated tests, and such occur-
rence probability increases with drop height because of the high instanta-
neous pressure exerted on the surface.

Xiong et al. [69] followed a two-step approach including spray-deposi-
tion and UV photopolymerization of thiol-ene resins containing hydro-
phobic silica nanoparticles. The perfluorinated thiols provided a multiscale
topography and low-energy surface that endowed the surface with super-
omniphobicity for increasing particle concentration. Water drops were
repeatedly impinged on the surface of the films from a height of 2.5 and
20 cm. For drops released from h = 2.5 cm (impact velocity of 0.7 m/s),
the superomniphobic films did not show any sign of water drop penetra-
tion even after extended testing (the experiment was ended after 7600
impact events) indicating a robust superhydrophobic wetting state. For
drops released from h = 20 cm (impact velocity of 1.98 m/s), drop penetra-
tion and adhesion to film were observed after 4160 drop impact events,
when the superhydrophobic properties of the coating started to degrade.
Additionally, a linear abrasion test was performed with sandpaper as abrad-
ant and 254 Pa applied pressure. After 200 cycles the water ROA increased
to 14° while maintaining APCAs above 150°. On the contrary, the APCA
of hexadecane decreased faster. After 100 cycles the initial value of 155°
dropped to 116°.

Huang and Lin [70] developed superhydrophobic transparent coatings
by following a low temperature (80° C) sol-gel process. The results showed
that the coating had water APCA exceeding 160° and SA lower than 10°.
The coatings kept their superhydrophobicity even after 20,000 water drop
impacts (6 h).

Geng and He performed also a water drop impact test on their superom-
niphobic surfaces [52]. In this test, about 4500 water droplets (ca. 22 mL)
were dropped from a height of 50 cm above the coating. The velocity at
which the water droplets impacted the surface was 1m/s. The water and
ethylene glycol APCAs remained unchanged after the water-drop impact
test.

Finally, Zhang et al. [58] performed a water jet test to evaluate the
robustness of their superhydrophobic aluminum alloys. The samples
were fixed on a substrate tilted at 45° and placed 5 cm below a water pipe
(inner diameter 4 mm), and then jetted for 10 min at different pressures
(10-100 kPa). The pressure 25 kPa was selected because according to the
authors’ calculations it corresponds to a heavy thunderstorm. The water
APCA remained greater than 150° up to 75 kPa for 10 min. However,
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ROAs increased significantly when the water jetting pressure was greater
than 25 kPa. However, in the thunderstorm condition of 25 kPa the coat-
ings retained their superhydrophobicity. Therefore, the films were water
jetted at 25 kPa repeatedly up to five times to investigate the cyclic durabil-
ity. The surface remained superhydrophobic after water jetting up to three
cycles. After five cycles of water jetting water APCA still exceeded 150°,
although ROA increased to ~19°.

9.3.3 Gas Pressure Impact

Impact with gas molecules is not a very common test for the degradation
of liquid repellent surfaces. However, elevated gas flows could be severe
for many coatings. Moreover, this is a test that should be considered for
surfaces that target aerospace applications or finishes for outdoor use in
regions affected by hurricanes and tornados.

Nahum et al. [71] prepared stable superhydrophobic coatings by UV
exposure using SiO, NPs of various diameters grafted with photoreactive
benzophenone (BPh) groups and methylated fumed silica (SiO,@BPh)
NPs in combination with urethane acrylate base layer and fluorosilane top
layer. They tested their surfaces under severe air drag conditions. The air
drag test was devised using an air gun with air velocity of 300 km/hr. An
anemometer was placed at the end of the sample to measure the velocity of
air passing along the sample. The APCAs and SAs were measured before
and after the air drag test. FC294, FC156, and FC65 were designated as the
coatings containing SiO,@BPh NPs of 294, 156, and 65 nm, respectively. As
could be concluded the contact angle measurements showed insignificant
changes in all coatings before and after air drag test. However, an increase
in sliding angles was observed after air drag. Both FC294 and FC156 kept
their superhydrophobicity demonstrating SA smaller than 10° after the
air drag test while FC65 exhibited a SA above 30°. These results might be
explained by the detachment of the non-bonded hydrophobic methylated
fumed silica exposing the hydrophilic SiO,@BPh NPs to the surface. As a
result, an increase in contact area between the water drops and polymer
substrate was obtained on moving from Cassie to Wenzel state. SEM images
(Figure 9.13A,B) showed a slight decrease in surface roughness for FC294
and FC156 containing formulations which explain the slight increase in
SA. However, a close look at FC294 containing coating (Figure 9.13D)
confirmed that surface roughness was retained and the increase in sliding
angle was a consequence of the loss of non-bonded methylated fumed sil-
ica in some areas. In FC65 containing coating (Figure 9.13C), cracks could
be noticed on the surface that led to the increase in SA.
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Figure 9.13 SEM topography images of (a) FC294 after air flow test, (b) FC156 after

air flow test, (c) FC65 after air flow test, and (d) magnified image of FC294 after air flow
test [71].

9.4 Durability under Vertical Compression/
Expansion

Applying shear stress is not the only way that a liquid repellent surface can
be damaged. Vertical compression or expansion can also lead to degrada-
tion of the surface properties. Furthermore, material removal can occur
by vertical compression or expansion when two solid surfaces are in con-
tact. In the following section we will describe techniques that apply normal
(and not shear) force to the tested surface.

9.4.1 Tape Peeling

Tape peeling is a material removal test that has been used to test the adhe-
sion strength of liquid repellent coatings to substrates. Tapes are classified
according to the values of adhesion force to a reference substrate, reported
as adhesion to steel in N/m. The higher this parameter is, the more destruc-
tive is the tape peeling test to the coating under investigation. The tape is
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applied on the surface of the tested material and it is pressed in order to
ensure that there is no air entrapment and the entire adhesive surface is in
contact with the liquid repellent surface. Subsequently the tape is peeled
from one end (typically holding it at 45°).

Steele et al. [72] used the tape peeling test to evaluate the adhesion
strength and superhydrophobicity of polyurethane/organoclay nanocom-
posite coatings. They tested six different values of tape adhesion strength
ranging from 440 to 3850 N/m (adhesion to steel). The tapes were detached
from the coatings at 2 mm/s. Increasing tape adhesion strength was found
to degrade faster the anti-wetting performance. After 12 tape tests, the
coatings were able to maintain superhydrophobic performance with maxi-
mum tape adhesion strength 820 N/m. However, even at the highest tape
adhesion strength (3850 N/m) the surfaces retained APCAs higher than
140° and CAH less than 20° while prior to testing the APCA was greater
than 160° and the CAH less than 10°.

Cholewinski et al. [73] prepared a robust superhydrophobic bilayer coat-
ing containing PDMS-functionalized silica particles on top and an epoxy
bonding layer at the base. It was fabricated with a facile dip-coating pro-
cess that embedded micro-scale PDMS-functionalized silica particles with
nano-scale roughness into an epoxy layer spin-coated onto a substrate. The
APCAs of the coatings remained stable after four tape tests but no CAH
values were reported.

Barthwal et al. [74] developed superomniphobic surfaces on aluminum
with a three-step method including etching with an acidic solution, anod-
ization with sulfuric acid, and fluorination. The durability of the surfaces
was tested by performing ten tape peeling attempts. The APCA of water
remained above 150° while the oil APCA remained above 150° until the
8™ cycle and slightly degraded in the last two cycles. Again no CAH values
were reported.

Geng and He [52] used the tape peeling test to compare the adhesion
to substrate of their superomniphobic silica thin films before and after the
chemical vapor deposition (CVD) process which is used to deposit tet-
raethyl orthosilicate for improving the mechanical robustness. The water
APCA (which initially was measured 171°) decreased to 167° after 10 tape
peeling tests, 161° after 20 tests, and 157° after 40 tests. The ethylene glycol
APCA (initially 152°) decreased to 145° after 10 tape peeling tests, 145°
after 20 tests, and 142° after 40 tests. However, APCAs of water and ethyl-
ene glycol on the coating without CVD treatment decreased to 150° and
135° respectively after 10 tape peel tests, indicating that the coating lost its
superomniphobicity and that the CVD treatment significantly improved
the coating-to-substrate adhesion. No CAH measurements were reported
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here also. The same test, but only with one cycle, was performed by Deng
et al. [64].
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Figure 9.14 Mechanical stability test using a home-built microtribometer. (a and b)

The testing procedure and representative force versus time profile during the test. (c—e)
Optical micrographs of the PDMS lens surface before testing (c) and after testing of the
CuO sample (d) and Cu sample (e). While many flakes were observed on the lens after
testing of the CuO slowly cooled sample, the Cu slowly cooled sample was as clear as the
PDMS lens surface before testing. Reproduced with permission from [74]. Copyright 2013
American Chemical Society.
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9.4.2 Compression Followed by Tension

Another technique that has been used to evaluate the mechanical perfor-
mance of liquid repellent surfaces is to apply normal force to the substrate.
This technique involves a material that comes in contact with the tested
surface, compresses it and then it is retracted. This way the maximum load
that a surface can withstand can be estimated while at the same time main-
taining the surface texture that is responsible for the liquid repellency.

Lee et al. [75] used an oxidation-reduction reaction on a bulk copper
substrate to alter the surface morphology and obtain superhydrophobic
surfaces. Subsequently, they performed a durability test using a home-built
setup composed of a PDMS lens that was used as a counterpart material
in order to compress the superhydrophobic substrates. As described in
Figure 9.14a,b, the sample was moved upward to contact the PDMS lens by
controlling the z-axis stage. Then the sample was pressed against the lens
until the load reached the predetermined maximum load (300 mN), and
contact was maintained for a 60 s dwell time. Subsequently, the sample was
detached from the lens at a constant unloading velocity by lowering the
z-axis stage. The tested surfaces were composed of copper oxide (CuO) or
copper (Cu) nanowires. The surface of the PDMS lens was examined under
an optical microscope to examine any worn-off flakes from the counter
surfaces. As can be seen in Figure 9.14c,d, while the CuO was found to
be mechanically rather weak (Figure 9.14d), the Cu nanowires that were
cooled slowly to room temperature appeared to have superior mechanical
stability (Figure 9.14e) and showed unchanged superhydrophobic nature.
The same samples were also found to be more durable after a tape peeling
test was performed.

Barthwal et al. [74] used a similar setup to evaluate the mechanical
performance of their superomniphobic aluminum surfaces. They applied
loads up to 4 N in increments of 1 N on their samples and then tested their
performance by measuring the APCAs of various liquids after each com-
pression cycle. Even after 4 cycles, the samples showed only minor changes
in the APCA values for all the tested liquid droplets.

9.5 Wear in Liquid Baths

Liquid repellent surfaces have been evaluated in the literature with other
types of mechanical durability tests. Such tests are designed to evaluate the
performance of the tested surfaces for certain types of applications (e.g. the
laundry test for textiles). These include laundry test, ultrasonication, and
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particle impact using a rotary slurry of particles. In this section we will give
an overview of the studies that have conducted the aforementioned tests.

9.5.1 Laundry Test

Laundry test is a very common test to evaluate the mechanical performance
of liquid repellent textiles since it is the main cause of degradation during
their practical use. Fabric during washing undergoes mechanical stresses
in addition to exposure to chemical agents. The synergistic effect of chemi-
cal and physical actions accelerates the detachment of coating layer from
fibrous substrates. These tests are simply performed by washing the treated
textiles in commercial washing machines for a specific amount of time and
then characterizing the wetting properties. In some of the tests also the
amount of detergent present in water is mentioned and in some other cases
the washing occurs in the presence of steel balls that are introduced in the
laundry machine to mimic wear effects that occur in real-world laundry.
Other factors that can be varied include the water temperature and the
duration of the laundry cycle.

Generally, the fibrous nature of textiles promotes mechanical durability
since such surfaces are easily deformed and can withstand better the shear
abrasion. Thus, liquid repellent textiles are currently top performing in the
mechanical durability tests and are able to maintain their properties for a
much greater number of abrasion cycles than any other surface. However,
it should be noted that in many studies CAH values are not reported, but
only APCA measurements that are stable even after thousands of abrasion
cycles. Thus, one has to be very careful when evaluating experimental data
since in terms of application the CAH is a more important parameter than
the APCA. Moreover, for textiles it is common to measure the SHA which
was introduced specifically to avoid difficulties when measuring APCAs
on textile surfaces with conventional goniometers [34]. Usually the test
involving laundry cycles is accompanied also with abrasion tests. In this
section we will mention also the results from the abrasion tests together
with the laundry test.

Wang et al. [76] prepared self-healing superhydrophobic and supero-
leophobic polyester fabrics from fluorinated-decyl polyhedral oligomeric
silsesquioxane and hydrolyzed fluorinated alkyl silane by a dip-coating
method. After 200 cycles of standard laundry machine, the coated fabric
was found to still maintain the superhydrophobicity and superoleophobic-
ity in terms of APCAs measured with water and hexadecane respectively.
The abrasion durability was evaluated by the circular abrasion method
using untreated fabric as abradant to simulate actual damage. During the
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test, pressures of 9 kPa and 12 kPa were employed, which are typically used
for evaluating the coated fabrics for apparel and heavy-duty upholstery
usages, respectively. The coated fabric can withstand at least 6000 cycles of
abrasion damages without affecting its super-repellent feature. More abra-
sion cycles led to a decrease in both water and oil repellency. No CAH
measurements were reported.

The same research group used a different formulation and dip-coating
approach to produce superhydrophobic polyester fabrics by surface treat-
ment with fluoroalkylsilane (FAS) modified PDMS/silica NP compos-
ite (Figure 9.15) [77]. With increasing laundry cycles, the APCA slightly
decreased, while the SA had a little increase. Changes in both APCA
and SA were less than 5° after 500 washing cycles. The SEM observation
revealed that the coating surface still retained its particulate morphology,
even after 500 cycles of repeated washing. The abrasion resistance was
evaluated with the same setup and applied pressure values (9 to 12 kPa).
The APCA remained at 170 ° after the first 2000 cycles under both pres-
sure conditions. Although the APCA reduced with further increasing the
abrasion cycles, the coated polyester fabrics could withstand at least 28000
cycles of abrasion damages without losing their superhydrophobicity. After
28000 abrasion cycles under 12 kPa pressure, water droplets on the fab-
ric surface still showed APCA more than 150° and the nano-scale rough-
ness could still be observed. In comparison to the APCA, the SA was more
sensitive to abrasion cycles. After 20000 abrasion cycles, the SA increased
slightly above 10°.
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Figure 9.15 (a) Procedure to prepare the coating solution and superhydrophobic fabrics;
(b) & (c) The pictures of water drops (10 uL each) on the (b) untreated and (c) treated
polyester fabrics; (d) & (e) SEM images of d) pure polyester fabric and (e) silica/PDMS/
FAS treated fabric [77].
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An alternative approach was used by the same group for treating poly-
ester fabrics [78]. Self-healing superomniphobic fabrics were prepared
by one-step vapor-phase polymerization of poly(3,4-ethylenedioxythio-
phene) (PEDOT) in the presence of fluorinated decyl polyhedral oligo-
meric silsesquioxane (FD-POSS) and FAS. With increasing laundry
cycles, the PEDOT/FD-POSS/FAS coated fabric had only a small decrease
in both water and hexadecane contact angles. After 500 washing cycles,
the superomniphobic property was retained. After 10000 cycles of abra-
sion (12 kPa), the PEDOT/FD-POSS/FAS coated fabric still retained its
superomniphobicity.

Another two-step dip-coating approach was developed by the same
group to prepare self-healing superomniphobic polyester fabrics using
poly(vinylidene fluoride-co-hexafluoropropylene), fluoroalkyl silane
(FAS), and modified silica NPs [79]. Washing and abrasion durabilities of
the coated fabrics were evaluated. Washing tests were performed at 49°
C for 45 min in presence of a detergent (0.15 wt %) and 50 stainless steel
balls. After 600 cycles of standard machine laundry, the coated fabric still
maintained its superomniphobicity. Both the APCA and SA underwent a
slight decrease with the washing cycles. After 600 cycles of washing, silica
particles could be clearly observed on the coating surface, indicating that
the particles were immobilized firmly on the fiber surface. Abrasion tests
were also performed (circular abrasion, 12 kPa). After 8000 abrasion cycles,
the coated fabric showed APCA values of 165°, 152° and 145° respectively
for water, soybean oil and hexadecane. Although the SA increased with
increasing abrasion cycles, it was still lower than 10° for all the liquids
after the fabric was subjected to 8000 abrasion cycles. After 25000 abrasion
cycles, the coated fabric still retained its superhydrophobicity, although it
lost its oleophobicity. It was also found that the 25000 abrasion cycles led
to physical damage to both the fibers and the fabric structure.

The superomniphobic polyester fabrics tested with the blade test by the
same group (Zhou et al.) were also tested under laundry and circular abra-
sion [49]. In the machine laundry process, the coated fabric did not show
changes in the APCAs of water, hexadecane or ethanol after 200 cycles of
washing. However, the SA values increased to 4.5°, 36.7°, and 47.5° for
water, hexadecane, and ethanol respectively. After 20000 abrasion cycles
nearly no nanoparticles could be observed on the top surface. However,
the damaged surface after the abrasion test was healable when the coated
fabric was heated at 140° C for 30 min. The APCAs of water and hexadec-
ane recovered to 171° and 152°, respectively. However, the heat treatment
could increase the APCA of ethanol only to 127°.
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The same group (Zhao et al.) investigated the surface modification of
cotton fabrics [80]. The method included functionalization of silica NPs
with highly photoreactive phenyl azido groups that were utilized as a
negatively charged building block for layer-by-layer (LbL) electrostatic
assembly to produce a stable silica NP coating. Combined with a FAS
post-treatment, the photoreactive LbL multilayers were used as a coating
for superhydrophobic modification of cotton fabrics. The superhydropho-
bic fabric showed reasonable wash durability with CAH remaining lower
than 10° after 25 cycles of machine washing, and APCA above 150° after
50 cycles.

Zhang et al. [59] developed robust superhydrophobic wool textiles by
simply dip coating in a nanocomposite solution of fluorine-free organosi-
lanes. Despite the fact that the APCA remained stable after the laundry
test, the water SA increased gradually with increasing laundry cycles but
remained below 15° after 10 laundry cycles. The abrasion resistance of
the coated fabric was evaluated. No obvious change in contact angle (CA)
could be detected after 200 abrasion cycles at 5 kPa using A4 paper as the
abradant. SHA increased gradually from 3° to 21° with increasing abrasion
cycles at 5 kPa. The increase in abrasion pressure to 9 kPa had no evident
influence on SHA. Water droplets remained nearly spherical in shape and
could still easily roll off the tilted sample after 200 abrasion cycles. Similar
SHA and bouncing of water drops were observed when sandpaper (2000
mesh) was used as the abradant although the wool fabrics were seriously
damaged. The same tests were applied also on the superhydrophobic poly-
ester fabrics developed by the same group [36] and the coatings retained
their properties for 50 laundry cycles.

Xue et al. [81] fabricated superhydrophobic colorful surfaces through
chemical etching of poly(ethylene terephthalate) fiber surfaces, followed
by diffusion of fluoroalkylsilane into fibers. The laundering durability was
evaluated by washing samples at 40 °C in the presence of 10 stainless steel
balls in the presence of 0.37% soap powder. The APCA remained at 157.3°
after 20 cycles, showing a slight decrease from 162.9°. SEM images revealed
that the surface retained its rough morphology even after 100 cycles of
repeated washing. The abrasion resistance was evaluated using linear abra-
sion with a common nylon fabric as abradant. The APCA remained at
157.7° after the first 1500 cycles, showing a slight decrease from 161.9° on
non-abraded sample. SEM observation revealed that the PET fibers were
flattened after 3000 abrasion cycles. However, the CA increased to 162.3°.

Zou et al. [82] prepared superhydrophobic cotton fibers from func-
tional diblock copolymers consisting of both poly(glycidyl methacrylate)
(PGMA) and poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) blocks
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synthesized via sequential atom transfer radical polymerization. While the
PTFEMA block provided the low surface free energy, the PGMA block
served as an anchor and formed covalent bonds with the surfaces of cotton
fibers. The modified cotton fabrics showed APCA of 163° and SA of 3°.
Resistance against mechanical damage was evaluated by laundering sam-
ples in water with 0.15 wt% detergent. The superhydrophobicity was main-
tained, with an APCA of 150° and a SA of 10° after the treated fabrics had
been laundered for 50 cycles. The mechanical stability of the samples was
also evaluated by linear abrasion with sandpaper at a constant rate under
3.9 kPa. This experiment demonstrated that although the SAs increased to
above 10° after the samples were rubbed for 20 cycles, the APCAs remained
above 150° even after the samples had been rubbed for 40 cycles.

Liu et al. [83] developed a dip-coating approach for fabricating super-
hydrophobic polyester textiles with polydopamine@octadecylamine nano-
capsules. Laundering durability of the coated fabric was evaluated in pure
water and in soap solution by both machine and hand washing. After 20
laundry cycles (for 45 min at 25°C), the coated fabric still maintained its
static liquid-repellency though the APCA underwent a slight decrease with
the increasing washing cycles with an APCA of 144° when it was dried
at 80 °C for 20 min. After 20 washing cycles, the nanocapsules could be
clearly observed on the coating surface, indicating that they were immobi-
lized firmly on the fiber surface. No CAH values were reported for this test.
In order to further test the washing durability of the coated fabric, it was
washed 5 minutes by hand in an aqueous solution containing soap pow-
der. The coated fabric still retains its hydrophobicity, and liquid droplets
could roll off easily from the surface. The change in liquid repellency with
abrasion cycles was tested by linear abrasion of the fabric surface (10 kPa).
With the increase of abrasion cycles (up to 500), the APCAs of water, juice
and coffee decreased only slightly (~140°). No CAH values were reported.

9.5.2 Ultrasonication

Ultrasonication is the application of energy by ultrasonic frequency
(> 20 kHz) in liquid media. It can operate at various frequencies above
this threshold and it is used in colloidal chemistry, cleaning materials, etc.
The application of ultrasonic frequencies can physically damage a fragile
surface where there is no good chemical bonding with the substrate. For
this reason, it has been used as a test to evaluate the mechanical stability of
liquid repellent surfaces.

Liu et al. [84] evaluated the mechanical strength of their superhydro-
phobic Cu surfaces by ultrasonic treatment in water. After ultrasonication
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for 1 h, the resultant surface exhibited a mean APCA of 165° while no
CAH value was measured. Yoo et al. [85] applied ultrasonic process to
their superhydrophobic fabric in water for more than 4 days and the super-
hydrophobic film remained intact, which confirmed the strong adhesion
between the stacked polymer film and the fabric. The receding contact
angle on the fabric after ultrasonication was 156°. Zou et al. [82] used the
ultrasonication test for their superhydrophobic cotton fabrics in the pres-
ence of tetrahydrofuran (THF) or trifluorotoluene (TFT) to evaluate both
physical and chemical stability. It was found that the water APCAs and
SAs of the coated fabrics changed only slightly after they had been ultra-
sonicated for 100 min in THF or TFT, thus retaining the superhydropho-
bicity. Finally, Huang and Lin [70] tested their superomniphobic surfaces
with ultrasonication. After two hours of ultrasonic treatment the surfaces
retained their superhydrophobicity but the diiodomethane CAH increased
significantly to 94° while the APCA remained stable.

9.5.3 Rotary Slurry Test

Jokinen et al. [86] introduced another novel type of abrasion test includ-
ing a rotary slurry (Figure 9.16). The sample to be tested is rotated in
slurry and erosion results from direct impacts between the slurry par-
ticles and the surface of the sample. The beaker holding the slurry con-
tains stators to prevent the slurry from picking up momentum and flow.
The extent of erosion in the slurry test depends on the composition, size,
and shape of the eroding particles, their velocity and angle of impact,
and the composition and microstructure of the surface being eroded. The
set-up comprised a custom sample holder which was connected directly
to a motor by a long steel rod. The sample holder was designed to simul-
taneously hold multiple test pieces. The samples were tilted so that the
angle of impact was 73°. The distance of the sample from the rotation

Rotating arm

Sample clamp

Beaker Slurry

Figure 9.16 Rotary abrasive slurry test setup [86].
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axis was 25 mm as measured from the center of the sample. With this
device, it was possible to control both the temperature and the rotation
rate. In their experiments, the temperature was kept at ambient condi-
tions and the rotation was set at 900 rpm for the main abrasion experi-
ment. The slurry used for the main abrasion experiment consisted of 10%
(by weight) suspension of 30 pm alumina particles in water. The slurry
was contained in a 500 ml glass beaker.

9.6 Inherently Durable Liquid Repellent Materials

While the above section examined the mechanical durability characteriza-
tion techniques and the type of damage that each of them induces on the
surfaces, it should be noted that there exist a few materials in the literature
which are entirely liquid repellent (bulk material) [87,88] or in some cases
mechanical degradation improves the liquid repellent performance of a
surface [37,38,89]. These are approaches that can be followed when long
term liquid repellency is desired but also exhibit some disadvantages. One
drawback is that liquid repellent bulk materials can be very fragile since
their cohesive forces are very weak. Additionally, the use of such materials
could be much more expensive compared to the application of thin coat-
ings on various surfaces where much less quantity of liquid repellent mate-
rial is required to perform the same function.

9.6.1 Bulk Materials that are Inherently Liquid Repellent

Zhu et al. [87] developed a superhydrophobic bulk material by emboss-
ing carbon nanotubes (CNTs) on polytetrafluoroethylene mold under
high temperature (390° C) and pressure (256 kPa). Both these materials
are hydrophobic but the protruding CNTs provide the necessary hier-
archical texture required for superhydrophobicity (Figure 9.17a,b). The
APCAs for water droplets placed on the bulk material surface varied
from 159° in the initial state to 152° after 20 abrasion cycles were per-
formed by rubbing the surface with a sandpaper under a pressure of 5.6
kPa, whereas the corresponding SAs ranged from 3° to 22°. As depicted
in Figure 9.17e, the superhydrophobic property is present also in the
inner part of the material since the water droplets maintain a spherical
shape also when deposited on a piece cut from the bulk. Another quite
similar molding approach was followed by Zhang et al. [88] where they
combined TiO, nanorods, hydrophobic SiO, nanoparticles (NPs), poly-
propylene (PP) and a small amount of poly(dimethylsiloxane) that acted
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as a binder to improve the adhesion of the inorganic SiO, and TiO, nano-
materials to the PP matrix. The pressure during molding was 35 MPa but
no thermal treatment was necessary in this fabrication method. Water
droplets exhibited typical spherical shapes with a water APCA about
158°+1° and a low sliding angle 1°+0.5°.

Mechanical abrasion

Figure 9.17 Field emission scanning electron microscope images of the bulk material

at low (a) and high (b) magnification; (c) water droplets exhibit spherical shape on the
surface of the bulk material; (d) mirror-like phenomenon can be observed on the bulk
material submerged in water and (e) optical image and contact angle profile of the water
droplet placed on the abraded bulk material. Bottom: schematic illustration of a bulk
material which can still sustain its superhydrophobicity after mechanical abrasion because
of the low surface energy microstructures extending throughout its volume. Reproduced
from [87,88] with permission of The Royal Society of Chemistry.
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9.6.2 Materials that become Liquid Repellent with
Mechanical Wear

Mechanical wear, in some cases, can enhance the anti-wetting perfor-
mance of a surface. Wang et al. [37] prepared superhydrophobic surfaces
by abrading with sandpaper poly(tetrafluoroethylene) (PTFE)/room tem-
perature vulcanized silicone rubber composites (RTVSR). The PTFE/
RTVSR composites were fabricated by a solution casting method followed
by a room temperature curing process. The initial surfaces prior to abra-
sion were relatively flat. The water APCA for pure RTVSR was measured
to be 92.7° and the SA 69.5° while after increasing the volume fraction of
PTFE up to 30% the water APCA increased to 108.7° and the SA decreased
to 6.5°. Interestingly, after abraded with the sandpaper for 2 min with
10 kPa applied pressure, the surface of the composites showed superhy-
drophobicity with water APCA 165° and SA 7.3°. This was because the
sandpaper abrasion induced surface texture to the bulk material that was
composed of hydrophobic constituents. Rough surface microstructures
were still observed after abraded with sandpaper or cotton fabric for 100
abrasion cycles. The same authors followed a similar concept to prepare
superhydrophobic surfaces by PTFE/poly(vinylidene fluoride) composites
with various ratios between the two materials by a simple powder mixing
and hot pressing method [89].

Jin et al. [50] prepared superomniphobic fluorinated silica aerogels and
they abraded their surfaces with a sandpaper. After 100 abrasion cycles
the total thickness of the removed material was 660 um. Unlike in most of
the cases, a gradual decrease of the CAH with increasing abrasion cycles
was observed. This is probably due to the fact that the surfaces become
smoother while maintaining their hierarchical type of texture but in some
cases very high surface roughness can lead to the formation of valleys that
can entrap liquid droplets. The liquid repellency could be preserved after
the abrasion due to the nanoporous self-similar aerogel structure that
essentially maintained the desired topography even upon abrasion, and
in addition by deposition of surfactant in the interior of the aerogel that
self-replenished the damaged sites of the surface acting as a self-healing
material.

9.7 Future Directions for Investigating Mechanical Durability

During the last years, the amount of published material regarding the
development of mechanically durable liquid repellent surfaces has expo-
nentially increased. Various techniques have been demonstrated that can
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produce robust surface topographies and bulk materials which can repel
liquids after repeated cycles of mechanical wear. Despite substantial sci-
entific progress, research continues to further improve the mechanical
characteristics of such surfaces since in most cases the performance does
not meet the requirements for commercialization. Considering the huge
potential impact that liquid repellent coatings with enhanced durability
could have in a vast number of applications, it is expected that in the fol-
lowing years researchers will come up with new techniques and different
formulations that will initiate the next generation of mechanically robust
liquid repellent surfaces.

It is expected that in the following years, the number of micro- and
nano-devices will increase due to the evolution of nanotechnology. The
demand for highly precise, selective and fast techniques that efficiently
control liquid adhesion (and eventually the degree of liquid repellency) on
small components of such devices will increase. Laser-based approaches,
for instance, are already excellent candidates for designing ultrafine and
highly localized surface textures with precise control of the liquid adhe-
sion both spatially and quantitatively on a wide range of materials [90].
Since the commercialization of these devices would require good mechan-
ical robustness of the fabricated surfaces, evaluating and improving the
mechanical performance will be very critical and of significant importance.

Currently, however, quantitative assessment of the mechanical durabil-
ity of non-wetting surfaces is difficult due to the diversity of wear test-
ing and characterization methods discussed above. Ideally, the evaluation
techniques should be more standardized and possibly reduced in number,
as this would be beneficial for focused efforts to develop resilient coatings.
From all the techniques that we described above, there seem to be some
of them that are more commonly accepted. Linear abrasion, for instance,
seems to be a very well accepted and is a common method to evaluate
the mechanical durability. Sand, water/jet and gas impact are also good
techniques to evaluate the stability of the surfaces for outdoor applications.
Nevertheless, the range of possible applications for superhydrophobic sur-
faces may call for specialized mechanical tests like laundry tests, finger
touch, etc.

Finally, apart from the standardized test methods that should be used, it
is of extreme importance for reasons of consistency that researchers mea-
sure both static and dynamic contact angles in their experiments, other-
wise it is impossible to compare the performance of a surface to studies
published by other researchers. Selecting also standardized physical quan-
tities and materials in the tests would also be beneficial (e.g. applied pres-
sure and abradant materials).
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Abstract

Polymers obtained from renewable resources will be more and more important in
the future as oil resources will be depleted. Plant based polymers are increasingly
being studied in many different applications because of their non-toxic and bio-
degradation properties. As it is well known, water and liquid repellency requires
presence of CH, and CF, groups at the solid surface-air interfaces along with
the right kind of hierarchical surface roughness. By nature, most biopolymers
(excluding natural waxes) are not hydrophobic as they are made up of polysac-
charide building blocks, or polyester structures. However, this does not dictate
that it is impossible to produce liquid repellent surfaces from biopolymers. After
all, lotus leaf surface is a composite made up of waxes embedded in a cellulosic
matrix as a result of millions of years of natural evolution. In liquid repellent
technologies, “mimicking” mostly refers to duplicating the natural surface nano-
structures and functionalizing them with synthetic chemicals such as fluorinated
silanes. However, recently, there have been attempts to produce liquid repellent
materials from biopolymers with minimal use of fluorinated compounds or with
fluorinated compounds that would not degrade into perfluorooctanoic acid. The
aim of this chapter is to present the latest literature related to liquid repellent
materials utilizing biobased resources and discuss the relevant shortcomings
and future directions. It is hoped that this chapter will encourage the readers to
increase their research efforts towards gradually reducing and eventually elimi-
nating the use of hazardous fluorinated compounds in designing liquid repellent
materials.
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10.1 Introduction

Biopolymers have increasingly become popular as environmental
awareness along with latest developments in sustainable technologies
are compelling more research and development efforts towards green
materials. Naturally, cellulose is among the most studied biopolymer
due to its abundance and low cost. Most of the earlier research pertain-
ing to cellulose has been driven by papermaking industry as paper is a
cheap and degradable substrate attractive for many applications rang-
ing from packaging to flexible electronics [1-3]. The main drawback of
pure cellulose is that it cannot be melted before it thermally degrades.
However, cellulose derivatives also known as modified cellulose such
as cellulose acetate, ethyl cellulose and others are commonly used in
industry as they can be dissolved in solvents or even melt processed.
On the other hand, starch is among the most utilized natural resource
for bioplastics. Thermoplastic starch, for instance, is melt processed just
like any petroleum based resin but has poor dimensional stability and
water resistance. However, with proper additives, compatibilizers and
plasticizers thermoplastic starch has been blended with a wide variety
of synthetic or bio-based polymers and some of these are commercially
available.

The latest advances in bio-based polymers are beyond the scope of this
chapter, however, the reader can refer to a number of reviews [4-6] on the
synthesis and applications of biopolymers. Instead in this chapter, we will
review latest advances in liquid repellent surfaces and materials based on
biopolymers staring with cellulose, other polysaccharides such as starch
and chitosan, biodegradable polyesters, and plant waxes. It is hoped that
this chapter will encourage researchers actively engaged in conventional
liquid repellent technologies to explore new techniques and materials
based on biodegradable polymers.

10.2 Advances in Liquid Repellent Cellulose Fiber
Networks

The recent review by Cunha and Gandini can be consulted on render-
ing polysaccharides hydrophobic [7]. Paper, paperboard and linerboard
are the common packaging materials with reasonable mechanical proper-
ties, flexibility and low cost. In many packaging applications paper based
materials must resist water. The control of wetting of fibrous surfaces
with liquids is important for a number of applications such as filtration
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membranes and self-cleaning textiles. Hence, research efforts have inten-
sified towards tuning the resistance of cellulosic materials against liquids
for packaging, food storage, medical industry, printing industries, and
microfluidics or bioassay devices [8]. Figure 10.1 demonstrates a wetting
angle or contact angle map that one can use to classify the state of wet-
ting of a surface. These data are presented by Samyn [8] as compilation
of results from various publications on cellulose paper surfaces. Contact
angle hysteresis is defined as the difference between advancing and reced-
ing contact angles when a droplet moves (by rolling or sliding) on a sur-
face. Since cellulose is highly hydrophilic and water absorbing by nature,
rendering it “self-cleaning” (hydrophobic with droplet mobility) is quite
challenging unless the fiber surfaces are completed coated which is known
as paper sizing in general terms.

Nonetheless, the application potential of functional cellulosic materi-
als such as electromagnetic or antimicrobial has substantially increased
the scientific activity in designing new cellulosic nanomaterials, or func-
tionalizing natural cellulose fibers or sheets. For instance, various recent
studies use the cellulose fiber networks, such as paper or cotton sheets, as
substrates for the deposition of functional materials for the formation of
sensors/actuators or lab-on-paper devices, with the main limitation being
the possible degradation due to water absorption, resulting in the loss
of any incorporated functionality. On the other hand, interesting studies
that demonstrate the use of nanomaterials for the functionalization of
cellulose fibers follow mostly complicated and sophisticated preparation
methods. It is still very challenging to use a universal technique that can
provide cellulosic materials such as cellulosic mats, sheets, membranes

180 T T T T
150 S I
w o
§ - q Superhydrophobic
g 120 | o
T
) i |
¢ 90 Hydrophilic Hydrophobic
[
2 60 i
5t b4
30 F
i “Roll-off”
o b o o, ) h hobi
0 30 60 90 120 150 180 Superhydrophobic

CA advancing, degrees

Figure 10.1 A wetting map of water on cellulosic surfaces [8,9].
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and paper all with the desired functionalities in an inexpensive and
single-step process, and significantly advance its numerous applications.
A recent study [10] showed that fiber surfaces can be rendered waterproof
with additional functional properties, all in a single-step. The technique
is simple, low-cost, scalable, and environmentally friendly and can be
applied to any cellulosic material composed of cellulose fiber networks.
The approach is based on the impregnation of the cellulose fiber net-
works with solutions of alkylcyanoacrylate (ACA) monomers and sub-
micrometer or nanoscale functional fillers, applied by using drop casting
or dip coating, both techniques are suitable for scale-up. These monomers
are fully biocompatible and degradable and in biomedical applications
come in direct contact with human skin or open wounds. The proposed
process relies on moisture-initiated polymerization of ACA on the cel-
lulose fibers, because of hydroxyl groups and environmental moisture
existence on them forming a protective polyalkylcyanoacrylate (PACA)
layer around each fiber, without changing the structure of entangled fiber
network as shown in Figure 10.2. Specifically, ethylcyanoacrylate (ECA)
and its polymerized form, polyethylcyanoacrylate (PECA), were used in
this study.

The polymeric cyanoacrylate shell formed around the cellulose fibers
renders them waterproof. Specifically, Figure 10.3a shows a cellulose sheet
(presented in Figure 10.2d) treated with PECA in its central area. Dyed
water drops bead up on the treated part, whereas they completely wet
the surrounding non-treated region. It is possible to enhance the water
repellent character of the treated fiber network by dispersing plant wax or
sub-micrometer Teflon particles in the initial ECA solution. In this case,
the ECA behaves as a vehicle for the delivery and self-assembly of hydro-
phobic particles on the fiber’s surface. After the application of the ECA/
wax or ECA/Teflon solution on the cellulose sheets by drop casting, each
fiber becomes decorated by the particles, which get bonded to the surface
with the PECA, creating a hydrophobic hierarchical surface morphology.
Indeed, the optical microscopy and SEM images b and c in Figure 10.3
show the formation of protruding features onto the surface of the fibers,
resulting from dispersed wax and Teflon particles, respectively, in the
PECA coating (shell) around the fibers.

In another recent study [11], an industrial waterproof reagent, potas-
sium methyl siliconate (PMS), was used for fabricating a superhydropho-
bic surface on a cellulose-based material (cotton fabric or paper) through a
solution-immersion method (Figure 10.4). This method involved a hydro-
gen bond assembly and a polycondensation process. The silanol group,
which was formed by a reaction of PMS aqueous solution with CO,, was
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d )

Figure 10.2 (a, b) Optical microscope images taken at the beginning and at the end

of the polymerization of ECA monomers deposited on a glass slide from a 5 wt %
ECA-acetone solution. To accelerate the polymerization, a small beaker of boiling

water was placed in the vicinity of the glass slide to increase the moisture level near the
microscope. (c) Optical microscope image of a cellulose fiber wetted by ECA oligomers

as they form a network over the fiber surface. SEM images of (d) an untreated cellulosic
sheet (35 um thick), and (e) a treated sheet revealing the perfectly preserved fiber network
after treatment [10].
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Figure 10.3 (a) Colored water droplets are resting onto the area of a cellulose sheet
treated with PECA (defined by the red line (in digital editions only)), whereas they are
absorbed in the untreated area. (b) Optical microscope image showing surface roughness
generation on cellulose fibers by impregnating them with nanocomposite of 10.0 wt %
carnauba wax in PECA to render them highly hydrophobic. (c) SEM image showing

the surface of a cellulose fiber roughened by submicrometer (<200 nm) Teflon particles
mixed with PECA (20.0 wt % Teflon in PECA) to fabricate super water repellent cellulose
sheets [10].

bonded to the cellulose surface via hydrogen bonding. The polymethyl-
silsesquioxane coatings were prepared by a polycondensation reaction
between hydroxyl groups of cellulose and silanol group. Analytical char-
acterization revealed that nanoscale roughness protuberances uniformly
covered the surface, thus transforming the cellulose from superhydro-
philic to superhydrophobic with a water contact angle of 157°. The super-
hydrophobic coatings were satisfactory with regard to both chemical and
mechanical durability, and because of the transparency of the coatings, the
native cotton fabric displayed no changes with regard to either morphol-
ogy or color.

Zhou et al. [12] fabricated an extremely durable superhydrophobic
tridecafluorooctyl triethoxysilane modified poly(dimethylsiloxane)
(PDMS)/silica nanoparticle composite coating for use on different fab-
rics (Figure 10.5). Inspiration for the robust composite coating was
obtained from a tire, a classic and highly durable nanocomposite mate-
rial, where the main components are natural rubber and carbon black.
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Figure 10.4 FE-SEM images of (a) the native cotton fiber, (b) the modified cotton fiber,
and (c) the modified cotton fabric at low magnification. (d) A three-dimensional AFM
image of the modified fiber surface, (e) an image of water droplets on the surface of the
modified colored cotton fabric, and (f) an image of water droplets on the surface of the
modified filter paper [11].

The coating dispersion was applied on the fabrics by dip-coating, after
which the samples were dried at room temperature and cured at 135°C
for 30 min. The authors highlighted that other coating techniques, e.g.,
spray-coating and padding, could be used as well. The coating showed
excellent mechanical and chemical durability. For example, contact angle
and sliding angle for a 5 uL water droplet on pristine coated cotton were
170° and 3°, respectively, and after 500 wash cycles the corresponding
values were nearly unchanged, 165° and 6°, respectively. Similar results
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Figure 10.5 SEM image of PDMS/silica nanoparticle coated cotton [13].

were also obtained after treatments with boiling water and acid or base
solutions. In addition to the durable superhydrophobicity, the coated
fabrics showed good stain resistance and maintained their inherent high
air permeability.

Another approach is to assemble nanoparticles on cellulose fiber
surfaces from precursors and cover them with polymeric siloxanes
containing fluorine groups again from precursors [14]. This combina-
tion of different steps made it possible to construct novel features at
the resulting surface as shown in Figure 10.6, characterized by both an
increase in its roughness induced by amorphous silica particles and a
reduction in its surface energy insured by perfluoro moieties, giving
rise to water contact angles approaching 150°. The modification calls
for an aqueous layer-by-layer system followed by siloxane hydrolysis,
both conducted at room temperature in air. The approach is based on
the surface modification of cellulose fibers by increasing their surface
roughness with silica particles of different sizes and lowering their sur-
face energy through chemical modification with two fluorosiloxanes,
viz., 3,3,3-trifluoropropyltrimethoxysilane (FPTS) and 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (FOTS), although the latter silane can
raise environmental concerns.

A recent study [15] presented a novel method to create superamphipho-
bic paper by modifying the paper fiber size and structure with plasma etch-
ing and fluoropolymer deposition (see Figure 10.7). The heterogeneous
nature of the paper structure is drastically different from that of artificially
created superamphiphobic surfaces. By refining the wood fibers, smaller
diameter fibers (fibrils) were created so that liquid droplets did not get
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(b)

Figure 10.6 Fluorinated silica nanoparticles attached to the cellulose fibers rendering
them rough and hydrophobic [14]. (a) Fiber surface with X 3000 magnification and
(b) Modified fiber surface details with X 15000 magnification.

absorbed into the paper. After oxygen plasma etching and deposition of
a fluoropolymer film, motor oil droplet, contact angles reached 149 + 3°,
although these structures readily absorbed n-hexadecane. Exchange of
water in the pulp solution with sec-butanol provided additional con-
trol over fiber spacing to create superamphiphobic substrates with con-
tact angles >150° for water, ethylene glycol, motor oil, and n-hexadecane
(Figure 10.8).

Moreover, it has been demonstrated that liquid repellent nanocellulose
aerogels, consisting of fibrillar networks and aggregates with structures
at different length scales, easily float on water while supporting consid-
erable weight [16] and also on oils as inspired by flotation of insects on
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Figure 10.7 SEM images of fibers that have been etched for (a, e) 0, (b, f) 30, (c, g) 60,
and (d, h) 90 min, before and after deposition of 400 nm of perfluoroelastomer (PFE) [15].
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Figure 10.8 Droplets of four test liquids (water-dyed blue), ethylene glycol, motor oil and
n-hexadecane (dyed red) are shown resting on the treated paper surface exhibiting high
contact angles for all liquids [15].

water due to their superhydrophobic legs as depicted in Figure 10.9. These
aerogels are capable of supporting a weight nearly 3 orders of magnitude
larger than the weight of the aerogel itself (refer to Figure 10.9 caption
for further details). The load support is achieved by surface tension act-
ing at different length scales: at the macroscopic scale along the perim-
eter of the aerogel block, and at the microscopic scale along the cellulose
nanofibers by preventing soaking of the aerogel thus ensuring buoyancy.
They demonstrated high-adhesive pinning of water and oil droplets, gas
permeability, and light reflection at the plastron (a thin film of air held by
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Figure 10.9 Flotation and load carrying on oil and water based on fluorinated
nanostructured aerogel working as water striders, a class of insects capable of floating
on water based on surface tension, using superhydrophobic legs with fibrillar structures.
(b) Cartoon of a fluorinated nanofibrous cellulose aerogel membrane floating on water
and oil due to surface tension. The liquid repellency is induced by entangled networks of
fibers. (c,d) Contact angle measurement and load carrying experiment on the aerogel on,
respectively, paraffin oil and water. The side-view photograph of the aerogel load carrier
on paraffin oil and water shows the dimple at maximum supportable weight. The scale
markers on the right are in millimeters. (e) Load carrying setup. Metal weights (washers)
are loaded on the fluorinated aerogel membrane floating on water (similarly on oil) [16].
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water-repellent hairs of some aquatic insects) in water and oil, and viscous
drag reduction of the fluorinated aerogel in contact with oil. The poten-
tial applications were envisioned to be buoyant, gas permeable, dirt-repel-
lent coatings for miniature sensors and other devices floating on liquid
surfaces.

10.3 Liquid Repellent Materials: Cellulose
Derivatives

As can be seen, most popular approaches for fabricating liquid repellent
surfaces are based on cellulose fiber surface treatment or reducing the
size of the fibers and functionalizing the surfaces with nanomaterials or
silanes with different chemistries. Alternatively, it is possible to use cel-
lulose derivatives in combination with other polymers and nanofillers
to produce liquid repellent coatings. Most cellulose derivatives can be
solution processed with common solvents and this would allow one to
make polymer/nanoparticle colloidal solutions for applying by simple
methods such as spray. Moreover, certain cellulose derivatives such as
ethyl cellulose are relatively hydrophobic and waterproof. For instance,
inherently superhydrophobic and flexible cellulose nitrate-based bio-
nanocomposites were fabricated from solid stabilized (Pickering) emul-
sions [17]. Emulsions were formed by dispersing cyclosiloxanes in water
stabilized by layered silicate particles and were subsequently modified
by blending into a zinc oxide nanoparticle colloidal suspension. The
polymer matrix was a blend of cellulose nitrate and fluoroacrylic poly-
mer (with C-8 chemistry) dispersed in a system of co-solvents. Coatings
were spray cast onto aluminum substrates from polymer blends dis-
persed in modified Pickering emulsions. No post-surface treatment
was required to induce superhydrophobicity. Effect of antiseptic addi-
tives on bionanocomposite superhydrophobicity was also presented.
Alternatively, another simple technique was also shown for the fabri-
cation of rubber-toughened cellulose nitrate/organoclay nanocompos-
ite coatings with highly water repellent surface wetting characteristics
and strong adhesion to metal surfaces [18]. The technique combines
the principles of phase inversion and atomization of multicomponent
polymer/organoclay suspensions containing a biolubricant as the non-
solvent. The biolubricant was a blend of cyclomethicone/dimethiconol
oil with fruit kernel oils. The ternary system of cellulose nitrate/solvent/
biolubricant was blended with rubber dispersed organoclay nanoflu-
ids. Natural, synthetic, and fluoroacrylic latex rubbers were used for
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the purpose. Self-cleaning superhydrophobic coatings were obtained
from synthetic and fluoroacrylic rubbers whereas natural rubber con-
taining formulations resulted in sticky superhydrophobic coatings
(Figure 10.10).

Anitha et al. [19] prepared ZnO nanoparticle embedded cellulose ace-
tate (CA) fibrous membranes with multifunctional properties through
electrospinning method (Figure 10.11). They found that the polymer
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Figure 10.10 Scanning electron microscope images (a) and (b), showing morphology of
cellulose nitrate biopolymer spray cast from cellulose nitrate/solvent/biolubricant ternary
system (c) measured static water contact angle and hysteresis on the biopolymer coating
as a function of biolubricant/solvent weight ratio [18].

Figure 10.11 TEM image of the composite fiber and selected area electron diffraction
(SAED) pattern (inset in the left top of the Figure). The ZnO nanoparticles are clearly seen
on surface of the fibers [19].
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concentration in the solution had a significant effect on the morphology
of the fibers. The wettability of the pure and composite fibrous mem-
branes was also studied by measuring the contact angle of water on the
membranes (see Figure 10.12). It was observed that the embedded ZnO
in the CA was responsible for the hydrophobic nature of the surface. The
optical property of the sample was tested using Photo Luminescence (PL)
spectra. The membranes also demonstrated some degree of anti-bacterial
activity.

Contact angle measurements were carried out to evaluate the wetting
properties of the fibrous membrane. Most of the previous studies focused
on the preparation of hydrophobic and super- hydrophobic surfaces by
appropriate surface modification of the sample. Still, it is difficult to
achieve a superhydrophobic surface without chemical modification of
the cellulose based sample. Figures 10.12 a and b show the contact angle
of a water droplet on the fibrous membrane for a duration of 30 s. In
the case of pure CA fibrous membrane, the measured contact angle was
found to be 47° initially and the contact angle decreases rapidly from
47° to 31°. The observed water contact angle (WCA) on ZnO embedded
CA is about 124°, which is much higher than that of the pure CA fibers.
The value of the WCA does not change significantly from the observed
initial value. As a result, it was concluded that the wetting property of
the CA had changed from hydrophilic to hydrophobic when ZnO was
impregnated into it. They argued that the Cassie-Baxter type superhy-
drophobicity could be due to the formation of hierarchical roughness
features made up of ZnO nanoparticles embedded in electrospun fiber
surface texture.

Ding et al. [20] reported a new approach to convert an electrospun
nanofibrous cellulose acetate mat surface from super-hydrophilic to
super-hydrophobic. Super-hydrophilic cellulose acetate nanofibrous mats
were obtained by electrospinning hydrophilic cellulose acetate. The sur-
face property of the fibrous mats was modified from super-hydrophilic to
super-hydrophobic with a simple sol-gel coating of decyltrimethoxysi-
lane (DTMS) and tetraethyl orthosilicate (TEOS). The resultant samples
were characterized by various spectroscopic techniques. The results
showed that the sol-gel (I) coatings were formed on the rough fibrous
mats only after immersion in sol-gel. After the sol-gel (I) coating, the
cellulose acetate fibrous mats formed in both 8 and 10 wt% cellulose ace-
tate solutions showed the superhydrophobic surface property as shown
in Figure 10.13. Additionally, the average sol-gel coating thickness on
10 wt% cellulose acetate fibrous mats was calculated to be 80 nm. The
super-hydrophobicity of fibrous mats was attributed to the combined
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Figure 10.12 Optical photographs of water droplets on (a) pure and (b) ZnO embedded
CA fibrous membranes [19].
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Figure 10.13 Several water droplets placed on the 10 wt% cellulose acetate fibrous mat
with the sol-gel (I) coating showing the super-hydrophobicity [20].

effect of the high surface roughness of the electrospun nanofibrous mats
and the hydrophobic DTMS sol-gel coating. Additionally, hydrophobic
sol-gel nanofilms were found to be transparent according to UV-visible
measurements.

Extracts of wood contain cellulose but also substantial amounts of
other natural polymers such as hemicellulose and lignin. Any material
synthesized directly from wood can be considered as cellulose derivative.
Kavalenka et al. [21] showed that a lignin-based polymer can be micro-
structured with a scalable replication technique in a heated mold, resulting
in a superhydrophobic/superoleophilic surface covered with microhairs
(see Figure 10.14). The microhaired surface is used to clean crude oil
spills and to separate oil/water mixtures by absorbing oil. After treating
the microhaired surface with argon plasma it can turn into an underwater
superoleophobic material necessary for removing water from the oil/water
mixtures (see Figure 10.15).

To investigate the ability of the superhydrophobic/superoleophilic
wood-based surface to separate crude oil (Total Azolla ZS 10) and water
from the oil/water mixture, they dispensed a droplet of water-oil mixture
on a tilted microhaired “liquid wood” surface. The experiments showed
that the oil/water mixture applied to the microstructured “liquid wood”
surface segregated into oil and water, and the oil was absorbed and trapped
by the microhaired surface, while the water stayed on the surface of the
material in a non-wetting state. Therefore, these results suggest that micro-
haired wood-based surfaces enable effective separation of oil and water
from the oil/water mixtures, and also help to reduce the environmental
impacts of oil/water separations by utilizing green materials for their fab-
rication (Figure 10.15).
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(c) (d)

Figure 10.14 Micrographs of wood-based microhairs fabricated in a heated mold.
Specifically, the wood-based polymer heated above the melting temperature is pressed
into the mold. During the demolding step the mold is cooled and retracted, and the
softened microstructures are elongated due to adhesion to the mold cavities, resulting in
long microhairs. (a) Optical microscopy image of the microhairs. (b and ¢) SEM images of
the microhairs. Their dimensions are: approximately 5 um in diameter, >200 um in length,
aspect ratios ~40-50. (d) Higher magnification SEM image reveals the submicrometer
details of the microhairs. The fibrous structure possibly originates from the processed
wood fibers contained in the “liquid wood” polymer [21].

Plasma-treated surface

Oil

Microsyringe
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(a)

Figure 10.15 Underwater superoleophobicity of the microhaired wood-based

surface treated with argon plasma (0.2 mbar, 30 W, 120 s). (a) Schematic of the
underwater contact angle measurement. Water trapped between microhairs limits the
contact between oil and solid. (b) Photograph of a 7 pl oil droplet deposited under water
on the plasma-treated microhaired surface with the oil contact angle of 157° [21].
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Figure 10.16 Schematic representation of formation of lignin-based xerogels by
controlling phase separation in the sol-gel process and subsequent ambient pressure
drying. Each steps corresponds to a phase of structural evolution in the sol-gel system,
including cross-linking polymerization between lignin and modified isocyanate (1 step),
spontaneous nucleation of sol nanoparticles (2™ step), and aging process to form a
framework of nanoparticles (3" step) and drying under ambient conditions (4™ step) [22].

Yang et al. [22] developed a novel isocyanate-modified lignin xero-
gel using renewable lignin as precursor via a sol-gel process and ambient
pressure drying method. The xerogel demonstrated high performance in
self-cleaning and superhydrophobicity with no additional hydrophobic
modification. The process is schematically shown in Figure 10.16. They claim
that the xerogel obtained can find potential applications in absorbents, coat-
ings, and scaffolds. Specifically, a monolithic polyurethane organogel was
made by the condensation polymerization of lignin and modified isocya-
nate in a tetrahydrofuran (THF) solution, and then ambient pressure drying
was applied to the as-prepared organogel resulting in a lignin-based xero-
gel. Interestingly, the obtained xerogels simultaneously possess low surface
energy and good water repellence, exhibiting multifunctional characteris-
tics including self-cleaning and selective oil absorption, demonstrating that
they are ideal absorbents for removing oils or organic solvents from water
for oil spill cleanup or industrial wastewater purification (see Figure 10.17).
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Figure 10.17 (a,b) SEM images of the xerogels at different magnifications. (c) Mirror-like
air cushion can be observed on the lignin-based xerogel (submerged in water). (d) Water
droplets exhibit spherical shapes on the surface of the xerogel. (e) The water contact angle
on the surface of the xerogel. (f-i) Self-cleaning action demonstrated by the removal of
silica particles from the surface using a moving water droplet (5 pL) [22].

10.4 Liquid Repellent Thermoplastic Starch and
Biopolyesters

There are only a few recent studies on the fabrication and characterization
of stand-alone bio-polymer nanocomposite films or coatings displaying
liquid repellent properties. Obeso et al. [23] developed a superhydropho-
bic surface by precipitation of poly(hydroxybutyrate) (PHB) on the surface
of cellulose fibers of papers using a phase separation process. The same
authors used a similar approach to synthesize biodegradable superhydro-
phobic poly (L-lactic acid) substrates in order to control cell adhesion.
Superhydrophobic/superoleophilic porous poly (L-lactic acid) films were
also prepared by Xue et al. for water-oil separation applications [24]. Yohe
et al. [25] prepared 3D superhydrophobic materials from biocompatible
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building blocks, where air acts as a barrier component in a porous elec-
trospun mesh to control the rate at which a drug is released. Specifically,
they fabricated poly (e-caprolactone), a biopolyester, electrospun meshes
containing poly (glycerol monostearate-co-g-caprolactone) as a hydropho-
bic polymer dopant, which results in meshes with a high apparent contact
angle. The apparent contact angle of these meshes dictates the rate at which
water penetrates into the porous network and displaces entrapped air. The
surface wettability was controlled by hydration which caused a model bio-
active agent to penetrate into the pores displacing air. Once the meshes
were in contact with an aqueous medium the bioactive agent was slowly
released from the pores. It was possible to produce porous electrospun
meshes with higher surface area to release drugs more slowly than control
nonporous constructs. The drug-loaded meshes were efficacious against
cancer cells in vitro for >60 days, thus demonstrating their applicability for
long-term drug delivery as schematically depicted in Figure 10.18.
Milionis et al. [26] demonstrated an approach in which a commer-
cial thermoplastic starch composite, Materi-Bi® (Novamont SpA, Italy)
was compounded with hydrophobic fumed silica nanoparticles and
lycopodium spores. They found that both hydrophobic fumed silica and
Materi-Bi® have excellent colloidal stability and solubility in chloroform
and they can be sprayed onto various surfaces like paper, metals and semi-
conductors. By varying the concentration of biopolymer to hydrophobic
fumed silica, the wetting properties of the nanocomposites were varied (see
Figure 10.19). Superhydrophobic nanocomposites displayed raspberry-
like surface roughness with water contact angles exceeding 160° with very
low water droplet roll-off angles (~1°). On the other hand, composites of
Materi-Bi® and lycopodium spores displayed adhesive superhydrophobic-
ity (rose petal effect). Superhydrophobic nanocomposites were found to
withstand thermal aging at 250°C without loss of properties. Due to the
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Figure 10.18 Infusion of polymer nanofibers network with water allowing controlled and
slow rate drug release [25]. Infusion progresses in time from A to C.
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Figure 10.19 Low magnification SEM images of the Mater-Bi® nanocomposite loaded
with 60 wt % hydrophobically modified fumed silica (HMFS) nanoparticles before (a)
and after (b) the thermal treatment. (c,d) Higher magnification SEM images indicate
that the nanoscale roughness from the HMEFS is still present in the nanocomposite and is
responsible for the superhydrophobicity [26].

resultant micro-morphology of nanocomposites, certain coatings were
rendered superoleophobic by functionalizing with a dilute fluoroacrylic
polymer solution in acetone. Oil droplet contact angles reached 166° with
droplet roll-oft angles of approximately 15°.

As mentioned earlier, Mater-Bi*/HMFS composite coatings can also be
rendered superoleophobic with a secondary spray layer of diluted fluoro-
acrylic solution in acetone (C6-chemistry). The fluoroacrylic is available
commercially as water dispersion (Capstone™ ST 100, DuPont, USA; 20%
polymer by weight). Due to superhydrophobicity of the nanocomposites,
wetting their surfaces with the water-based dispersion was not possible.
The polymer, however, can be extracted from water and re-dispersed in
acetone by using trifluoroacetic acid as a precipitating agent. All the com-
posite surfaces were treated with the dilute fluoroacrylic solution in ace-
tone to study the effect on the water and oil contact angles as a function of
surface fluorination.

Note that Mater-Bi® does not swell or dissolve in acetone. All the sur-
faces with 50% HMEFS loading and above retain their super water repellent
properties as shown in Figure 10.20. However, as shown in the table of
Figure 10.20, relatively high water roll-off angles were observed ranging
from 17° to 29.3° without showing a specific trend. This is attributed to
the potential partial loss of surface morphology due to the presence of an
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Figure 10.20 Droplet contact angle measurements for water and olive oil droplets plotted
as a function of percent HMFS loading. The table lists water and oil droplet roll-off angles
(RA) as a function of HMFS loading. Below 50 wt% HMFS loading, all the droplets are
pinned [26]. HMFS: Hydrophobically modified fumed silica.

extra polymer layer covering the original topological features. In terms of
oleophobicity, the coatings of pure Mater Bi® with the fluoroacrylic cover
layer exhibit an oil contact angle (OCA) of 88°. The addition of HMFS
gradually increases the OCA due to its contribution to the surface rough-
ness. We observed an increasing trend in the OCA with a maximum value
corresponding to the sample with 60% HMEFS loading (OCA = 163°). In
particular, the condition for superoleophobicity (OCA > 150°) is satisfied
for HMFS loadings between 50% and 70%. However, even if these OCAs
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are really high, only the coating with 60% HMFS demonstrates rolling off
of oil droplets at 14.7° substrate tilt angles. For all other concentrations,
the oil droplets remain pinned on the surface. At this particular nanocom-
posite composition, the fluoropolymer coated surface texture maintains
both the nano-scale and micro-scale roughness features. Each micro sized
bump has a very small surface roughness which resembles raspberry-like
dual-scale structured surfaces. Particularly for surfaces which do not have
well-defined re-entrant surface textures (required for oleophobicity) such
as the ones made by lithographic techniques, continuation of random but
self-similar dual-scale surface topography in combination with the right
fluorochemistry is essential for creating oleophobicity. It is seen that the
novel raspberry-like surface texture resulting simply from spraying hydro-
phobic silica nanoparticles also forms when the silica nanoparticles and
the biopolymer are sprayed together. The biopolymer-silica nanocompos-
ite coatings formed in this way can be made oleophobic by coating them
with a sufficiently thin layer of C-6 fluoropolymer. Therefore, it is possible
to find the right combination of surface texture (by adjusting the polymer-
to-nanoparticle ratio in solution) and the top fluoropolymer coating thick-
ness that collectively results in oil repellent coatings.

10.5 Conclusions

Plants and animals have developed intelligent ways to control wetting with-
out using synthetic fluorinated materials. Of course being able to duplicate
nanostructured natural surfaces is quite commonplace now with state-
of-the-art microfabrication techniques, but fabrication of liquid repellent
materials made up of natural polymers or extracts or their blends or com-
posites is still quite challenging. Review of the literature clearly shows that
one way or the other, a certain synthetic hydrophobic agent is needed even
if biopolymers are used as substrates in the form of fibers or rough surfaces.
However, there are many encouraging new ways to make functional liquid
repellent materials from green bio-based resources and various practical
applications have been demonstrated such as oil-water separation, tuning of
drug delivery rates, etc. Use of silicone polymers and elastomers along with
biopolymers could be one interesting future direction as silicone polymers
and silicone fluids are non-toxic, biodegradable materials and do not pose
alarming environmental concerns related to C-8 fluoro compounds. It is
hoped that this chapter will stimulate further research interest in this direc-
tion; after all nature around us is full of various waterproof materials synthe-
sized by plants or animals alike such as waxes, resins and polymerizable oils.
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Abstract

In order to produce long-lasting, non-wettable, micro-nano patterned metallic
surfaces, femtosecond laser ablation process has been used. The effects of fem-
tosecond laser irradiation process parameters (fluence, scanning speed and laser
beam overlap) on the hydrophobicity of the resulted micro/nano-patterned mor-
phologies on stainless steel are studied in detail. First, depending on the laser
parameters, seven distinctly different nano-patterns were produced, namely nano-
rippled, paraboloidal, sinusoidal, triple roughness, cauliflowered, tulip-flowered,
and scaly nanostructures. These were classified according to the amount of energy
absorbed by the surface that is a function of the laser intensity and scanning speed.
Subsequently, the various fabricated substrates were chemically treated by silani-
zation to reduce their surface energy and make them intrinsically hydrophobic
with Young’s water contact angle higher than 105°. Analysis of the wettability
revealed superhydrophobicity for most of these structures, particularly of the cau-
liflowered and scaly patterns with contact angles in excess of 160° and hysteresis
of less than 10°.
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11.1 Introduction

The ability to control surface wettability has attracted significant atten-
tion in the open literature from both the academic and industrial points
of view. Numerous micro/nano systems such as Micro Electromechanical
Systems (MEMS), lab-on-a-chip, or microfluidic systems require surfaces
with low adhesion and friction [1]. Due to the small size of these devices,
the surface forces tend to dominate over the volume forces, and, therefore,
control of the adhesion and friction becomes a challenging problem for
good operation of these systems. In order to reduce the surface adhesion
for such applications, development of non-wettable and non-adhesive sur-
faces seems to be crucial.

Nature is full of biological organisms that exhibit amazing properties
for low-adhesive surfaces such as plant leaves [2] and parts of insect bod-
ies [3,4]. Most of these surfaces exhibit high water repellency and they are
referred to as superhydrophobic surfaces. They exhibit water contact angle
(CA) of more than 150° and contact angle hysteresis (CAH) of typically
less than 10°. The surface of the lotus leaf is such an example, where water
droplets readily roll oft and remove contaminant particles from the sur-
faces, leading to a self-cleaning property. Study of the details of the surface
of the lotus leaf has revealed that the poor wettability of surface is attrib-
uted to the combined effects of surface micro/nano asperities and surface
chemistry. The surface of the lotus leaf is made up of a certain dual scale
roughness structure, where randomly distributed asperities of microm-
eter scale are covered with a dense coating of agglomerated wax tubules in
nano-scale [5].

Superhydrophobic surfaces have a number of potential applications
such as dust-free and self-cleaning surfaces for solar cells and satellite
dishes, corrosion-resistant surfaces for heat transfer devices, transparent
and antireflective surfaces, anti-freezing and anti-snow surfaces [1]. The
fact that liquid in contact with such surface slides with low friction suggests
applications such as the fabrication of microfluidics and medical devices.
The non-wettable character has been claimed in biomedical applications
ranging from blood vessel replacement to wound management [6]. Other
unexpected applications will emerge as the technology of making non-
wettable surfaces matures.

As stated before, the surface chemistry and roughness are two crucial
parameters that significantly affect surface wettability. The maximum con-
tact angle corresponding to flat surfaces is obtained for surfaces covered
with (-CF,) groups, which is 119° [7], so that to fabricate superhydro-
phobic surfaces, controlled roughness should be added onto the surface.
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In recent years, due to a plethora of potential applications of superhydro-
phobicity in daily life, many efforts have been taken to fabricate artificial
superhydrophobic surfaces. Depending on the application and mate-
rial, different methods have been employed to create superhydropho-
bic surfaces [8]. Most of these methods involve either creating a micro/
nano-structure on an inherently hydrophobic material [9,10] or treating
a specific micro/nano-structure with a hydrophobic coating [11-14]. For
instance, for metallic materials, roughened surfaces have to be coated with
low surface energy materials.

Among all surface modification techniques, laser patterning using an
ultrashort pulse laser source is a unique, noncontact technique that can
modify the surface morphology to complex patterns with limited dis-
tortion of the bulk material. Laser processing has been proven to be an
effective technique to create dual-scale roughness structures in noncon-
tact material processing for industrial applications. According to well-
established experimental [15] and theoretical works [16], pulsed lasers,
especially ultra-short pulses (picosecond or femtosecond), can deposit
energy into a material in a short period of time, before thermal diffusion
occurs. Thus, the heat-affected zone, where melting and solidification can
occur, is significantly reduced. Therefore, decreasing the pulse duration
below a few picoseconds, it increases the machining precision and quality
of the material. Due to high intensity and short pulse duration resulting
in evaporation without noticeable melting, ultra-short laser pulse leads to
high accuracy and precise patterns.

Laser ablation applied on different materials may have various effects
depending mainly on the laser energy released to the target (parameters
of laser beam and the physical and chemical properties of the target [17]).
Laser parameters are the wavelength, intensity, spatial and temporal coher-
ence, polarization, angle of incidence, and the dwell time (illumination time
at a particular site). Higher energy released to the target generally produces
higher atomic, molecular and electron removal and ionisation and photon
emission from the plasma generated at the surface. The ablation process
shows that below a minimum energy, the ablation threshold, no significant
material removal is possible. In order to understand the effect of differ-
ent laser processing parameters on the surface morphology, several stud-
ies have been performed in recent years. For instance, the effects of laser
fluence [18], number of incident pulses [19], scanning overlap [20], focus
position [21], laser pulse repetition rate [22] for metallic surfaces have
been investigated. The application of femtosecond laser ablation in achiev-
ing hydrophobic surface has also attracted attention recently [14,23-26].
However, all of the fabricated morphologies, especially those produced to
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reduce surface wettability, have been produced with low laser fluence (less
than 10 J/cm?) and low scanning speed (less than 250 um/s) [23]. Thus, the
produced structures are only nano-rippled or small parabolic pillared ones.
By increasing the laser fluence or varying the laser scanning speed (num-
ber of laser pulses) and overlap, the type and size of the obtained structure
may significantly change affecting the surface wettability as shown in the
present work.

11.2 Materials and Experimental Methods

11.2.1 Materials

Disks of stainless steel 316L, 1 mm in thickness, were used as substrates
in this work. They were polished using sandpapers (grit P60 to P1200)
to an average roughness value (R,) of about 500 nm. This is defined as
the average length of protrusions above their mean value, a measure of
roughness standard in literature. To modify the surface chemistry in order
to render the metallic substrate a low surface energy material, trichloro
(1H,1H,2H,2H-perfluorooctyl) silane, FTS (97%, Sigma-Aldrich, USA)
was applied onto the surface.

In order to prepare hydrophobic and superhydrophobic surfaces, fem-
tosecond laser was used to pattern the metallic surface and after irradia-
tion the surface was subjected to silanization using dip coating in order to
reduce its surface energy and make it inherently hydrophobic. Details on
the silanization method used can be found elsewhere [27].

11.2.2 Surface Laser Irradiation

Ultra-short laser pulses to irradiate various substrates were generated by
an amplified all solid-state Ti:Sapphire laser. The laser system includes a
Ti:Sapphire seed laser (Coherent Mira HP) and an amplifier (Coherent
Legend) to produce amplified femtosecond laser pulses with center wave-
length of 800 nm. The repetition rate of laser pulses (f) was 1 kHz with
pulse duration of 120 fs and the maximum output power of about 2W. The
beam profile from this regenerative amplifier system has a Gaussian dis-
tribution with a beam waist of 10mm. A set of neutral density (ND) filters
were used to attenuate and adjust the energy of the laser beam and a lens
with 300 mm focal length was used to focus the beam on the sample. The
spot size of beam at the focal point (2 ) was 30um. A schematic diagram
of the laser patterning set-up is shown in Figure 11.1.
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Figure 11.2 One pass of surface ablation experiment with a 50% beams overlap.

In order to move the samples under the laser beam, the stainless steel
(SS) disks were mounted on a precise, computer-controlled ZABER T-LS80
X-Y translation stage. The power of the incident laser beam was adjusted
in the range of 5 to 1700 mW and the scanning speed varied from 250
to 1850pm/s. The samples were irradiated at normal incidence in air and
then subjected to an ultrasonic bath for 2 min in acetone to remove all the
debris off the patterned surface.

The translation of the sample under the laser beam in the X-Y direction
is depicted schematically in Figure 11.2. Each pass (scan) of ablation with
scanning speed, V, includes translation of the stage forward and back-
ward in the X direction and forward in the Y direction. The amount of
sample translation in the Y direction (between two consecutive scans in
the X direction) depends on the specified overlap, which is defined as the
ratio of forward Y-distance to the laser beam spot size (2ew,). Most of the
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experiments in this work were performed with 50% (translation of 15 pm
in the Y direction between two consecutive X direction scans).

11.2.3 Surface Analysis

The wetting behavior of the treated/irradiated samples was evaluated by
measuring their CAs with distilled, deionized water. Droplets of water of
volume 4puL were dispensed on the respective surfaces with a piston-driven
air displacement pipette. Digital images of the water droplets on the sur-
faces were taken with a Nikon D90 digital camera. The CAs were deter-
mined by analyzing droplet images with the image processing methods of
MATLAB. Measurements of the advancing and receding CAs of a growing
and shrinking droplet on the surface were performed to obtain the contact
angle hysteresis (CAH).

The morphology of the surface structures was studied with a variable-
pressure Scanning Electron Microscope (Hitachi S-3000N SEM) and a
profilometer (Briiker, Dektak XT) in order to map the geometrical char-
acteristics of the patterned surfaces as accurately as possible. The geomet-
ric information in the plane such as the length scale of periodicity of the
asperities was obtained by Fast Fourier Transform (FFT) analysis of the
SEM images using Image] software.

11.3 Experimental Details

As mentioned before there are two important parameters that are required
for the fabrication of superhydrophobic surfaces, namely, surface rough-
ness and low surface energy. In order to roughen metallic surfaces in a
controlled manner, particularly stainless steel surfaces, the laser ablation
method has been used in this work. The stainless steel substrates were
mounted on a precise, computer-controlled translation stage capable of
moving in front of a fixed laser beam.

The effects of laser parameters such as laser power (fluence), number of
laser pulses induced to the surface (scanning speed) and laser beam over-
lap on the surface structure and wettability were examined. The various
fabricated substrates were analyzed in terms of their geometrical charac-
teristics. After laser irradiation, certain samples were subjected to silani-
zation in order to reduce their surface energy. These surfaces were also
analyzed in terms of their geometrical characteristics in order to determine
the influence of silanization.
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All experiments were done using stainless steel substrate. Due to the
dependency of laser ablation method on the thermo-physical properties
of the substrate, the morphology of surface for other metallic surfaces is
expected to be different.

11.4 Results and Discussion

11.4.1 Surface Morphology

SEM images of laser irradiated samples have shown that the geometrical
details of the morphologies of the obtained micro/nano-structures strongly
depend on the laser parameters. Namely, they depend on the laser power,
the number of laser pulses per spot, the scanning speed, and overlap. In
this study, the laser power and the scanning speed have been varied in the
range of 5 to 1700 mW (peak fluence: 1.5 to 480 J/cm?* and 250 to 1850pum/s,
respectively. It is noted that the laser power is defined in terms of laser peak
fluence, O, =2E / 7Z'a)§ , where E is the laser beam pulse energy, which is
ratio of power to beam frequency (f). The scanning overlap was 50% for
all irradiation experiments and it was set to 15 um. By varying the effective
variables within the mentioned ranges, seven types of nano and micro-
patterns were identified. These are described in detail below.

The first geometrical type of structure is a nano-pattern and forms at
very low laser fluence with moderate to high scanning speed. Figure 11.3(a)
shows SEM image of one sample with nano-scale pattern at different mag-
nifications created by low laser fluence of 1.5 J/cm? and scanning speed
of 250 um/s. This image shows that the structure of the pattern is a peri-
odic one, possessing regular ripples with a characteristic diameter in the
submicrometer (nanometer) scale. The period of ripples (approximately
hemi-cylindrical) is around 400-500 nm and their length is about 2-3 um.
The ripples are oriented perpendicularly to the polarization of the incident
light (or electric field vector of incident light). In general, the periodicity of
the ripples depends on the laser beam wavelength and is equal or less than
the laser wavelength [17]. The possible explanation for this effect is based
on the interference of incident and scattered laser radiation or excited sur-
face waves [28].

By increasing the laser fluence at a constant scanning speed or decreas-
ing the scanning speed at constant laser fluence, additional different
micro-patterns are obtained. The first type is a pillared morphology with
paraboloidal shapes shown in Figure 11.3(b) fabricated with a scanning
speed of 930 um/s and laser fluence of 16 J/cm®. A higher magnification
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Figure 11.3 SEM images of the variously fabricated SS substrates (a). Nano-pillared
pattern created by @ =1.5]/cm?V = 250um/s (b). Parabolic-pillared patterns formed by
® =16]/cm? V=930 um/s, (c). Sinusodial structure made by ® =185 J/cm*V =1850
um/s, (d). Triple pattern formed by ® =480 J/cm*and V' = 1850 um/s .

of the sample depicted as inset in Figure 11.2(b) reveals that the laser
induced surface structures consisting of micro-paraboloids are covered
with approximately hemi-cylindrical nano-scaled ripples.

Further increase of the laser power or decrease of the scanning speed
implies a higher laser energy absorbed by the surface. Increasing the
absorbed energy results in formation of elongated sinusoidal-pillared pat-
tern covered with dual roughness presented in Figure 11.3(c) and tripled
pattern depicted in Figure 11.3(d). As shown in the inset of Figure 11.3(d),
triple pattern consists of coarse micro-asperities of irregular shape covered
by small spheres with characteristic diameter of 2-3 um as second level of
roughness. Furthermore on top of these microspheres, there seem to exist
smaller randomly distributed nano-scaled ripples.

In order to classify the various patterns as a function of the laser energy
absorbed by the surface, the Laser Intensity Factor (LIF), is defined [11]:

()
o (11.1)

- (V/dew,f)"

where, Vis scanning speed and @ _is the peak fluence of laser beam defined
above. It was empirically found that with the choice of exponent # of 0.5,
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the modulation period of microstructures becomes a monotonically
increasing function with increase of LIE

Accordingly, using laser parameters (fluence and scanning speed) with
LIF less than 150 J/cm?, the most dominant structure on the SS surface
is the nano-rippled. Above 150 J/cm?and below 800 J/cm?, paraboloidal
micro-structure forms, which becomes sinusoidal before turning into a tri-
ple roughness pattern once LIF exceeds 1500 J/cm?. Higher levels of laser
energy absorption lead to formation of other patterns shown in Figure 11.4.
The pattern depicted in Figure 11.4(a), micro/nano resembling the surface
of cauliflower, referred to as cauliflowered pattern, has been produced with
LIF of 3050 J/cm? laser fluence, ® , of 240 J/cm? and scanning speed, V,
of 370um/s. At the higher LIF value of 3950 J/cm?* and scanning speed of
370 um/s, a more fractal and re-entrant cauliflowered structure has been
formed on the surface (Figure 11.4(b)). The cauliflowered structure is an
essentially triple roughness structure with micro-pillar size in the range of
50 to 100 pum.

Further increase of LIF beyond 3950 J/cm? produces two more pat-
terns shown in Figure 11.4(c)-(d). The tulip-flowered structure shown in
Figure 11.4(c) is a transition from the previous cauliflowered to the next
scaly pattern depicted in Figure 11.4(d). The scaly flat micro-asperities

© ' )

Figure 11.4 (a) Cauliflowered pattern produced with LIF = 3050 J/cm? @ =240 J/cm?
and V' =370 um/s, (b). LIF = 3950 J/cm? @ =310 J/cm*and V = 370 pum/s, (c). Tulip-
flowered pattern fabricated with LIF = 4790 J/cm?, & =375 ]/cm*and V = 370 um/s, (c).
Scaly pattern produced with LIF = 4600 J/cm? @ = 300 J/cm* and V = 250 um/s.
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with periodicity in range of 300 to 400 um covered with nano patterns is
seen in inset image in Figure 11.4(d).

Figure 11.5 summarizes the various patterns fabricated in terms of the
different laser parameters, namely the laser fluence, D and scanning speed,
V. Figure 11.5 also implies that by increasing the LIF to higher than 2000
J/cm?, the formation of more than one pattern is possible. For example, for
ablation with LIF of 3500 J/cm? depending on the laser fluence, and scan-
ning speed, scaly, cauliflowered or triple roughness structures may possibly
form on the stainless steel substrates. Therefore, instead of using the LIF,
the values of laser fluence and scanning speed must be used to determine
the expected pattern configuration.

Depending on the laser parameters, the height and periodicity of
the micro/nano structures vary. The order of roughness is a function of
the amount of absorbed energy by the surface. Roughly, the higher the
absorbed energy by the surface is, the coarser the pattern formed. Since
the LIF represents the amount of absorbed energy, it should be related with
the periodicity and height of the asperities. This can be seen in Figure 11.6,

8000+ Nano-rippled
L Paraboloidal
7000~ Sinusoidal

Triple pattern
Cauliflowered
Tulip-flowered |....
Scaly pattern

6000

5000

lo % ¥ 5 & % @ |7

4000l
3000
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Laser intensity factor, LIF (J/cm?)

10004

~ 600

Fluence,® (J/cm?)

Scanning speed, V (um/s)

Figure 11.5 A 3-D diagram summarizing the various micro/nano structures formed in
terms of the LIF parameter as a function of the laser fluence and scanning speed.
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Figure 11.6 Micro/nano patterns produced with different LIF values to demonstrate

the relationship between LIF and the characteristic dimensions of the patterns (a).
Paraboloidal with LIF=230 J/cm?, & =20 J/cm’and V = 465 um/s (b). Paraboloidal with
LIF=434 J/cm?, @ =38 J/cm® and V = 465 pum/s (c). Triple pattern with LIF = 1700 J/cm?,
® =240 ]/cm?and V = 1200 um/s, (d). Triple pattern with LIF = 2750 J/cm?, @ =480 ]/
cm?and V = 1850 um/s. (e) Scaly pattern with LIF = 4600 J/cm? @ =297 J/cm® and

V =250 um/s and (f). Scaly pattern with LIF 7450 J/cm? @ = 480 J/cm*and V = 250 pum/s.

starting with the parabolic patterns in Figures 11.6(a) and 11.6(b) which
were produced using LIF = 230 J/cm?and 434 J/cm?, respectively. As this
Figure explains, the diameter and height of the pillars created using laser
parameters that correspond to a higher LIF (Figure 11.6(b)) are larger
than those fabricated using parameters that correspond to a lower LIF
(Figure 11.6(a)). The same trend is true for all other patterns shown in the
images of Figure 11.6, namely 11.6(c) to 11.6(f).

11.4.2 Surface Wettability

The water contact angle on flat stainless steel surface, after coating with
fluorinated alkylsilane, FTS, is about 105°+3° [11,29]. The morphologies
of various structures were analyzed using SEM before and after silaniza-
tion, and the thin layer of fluorinated alkylsilane did not affect the surface
morphology. The contact angle (CA) and contact angle hysteresis (CAH)
of various structures were measured as discussed above.

The nano-rippled pattern has the minimum CA, usually less than 120°
with high CAH, more than 60°. The CAs of paraboloidal patterns are typi-
cally higher than those of the nano-rippled ones, ranging from 130° to
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170° with CAH in range of 70° to 10° respectively. The paraboloidal pat-
tern exhibits the petal effect that possesses a high CA and also high CAH,
which results in sticking of droplet to the surface [29].

The wettability of the surface decreases with increase of the surface
coarseness as demonstrated by the images in Figure 11.7, namely 11.7(a)
to 11.7(d). For example compare the two samples with the paraboloidal
structures depicted in Figures 11.7(a)-(b). A similar trend is noticed as well
when Figures 11.7(c) and 11.7(d) are compared. In general increase of the
aspect ratio of height (H) to diameter (D), (H/D), leads to increase of CA
and decrease of the CAH (increase of hydrophobicity). The diameter of
asperities (or pattern periodicity) in Figure 11.7(c) is about 28 pm and the
height is 12um. The corresponding values of pattern in Figure 11.7(d) are
35 um and 45 pm, respectively. As higher surface coarseness corresponds
to a higher LIE increasing the LIF parameter increases monotonically the
CA and monotonically decreases the CAH. The same trend of surface wet-
tability has been observed for all other patterns.

Figure 11.7 SEM image and wettability of paraboloidal pattern fabricated using (a).

LIF = 186.5 J/cm?, @ = 16 J/cm? and V = 460 pm/s, (b). LIF = 591.7 J/cm? ® = 38.2 and
V =250 um/s, and sinusoidal pattern created by (c). LIF = 770 J/cm?, ® =135 J/cm?,

V = 1850 pum/s and, (d). LIF = 1848 J/cm?, @ =214 J/cm?, V = 1850 pm/s.
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The surface hydrophobicity increases from patterns possessing dual-
scale roughness (paraboloidal and sinusoidal patterns) to patterns possess-
ing triple structures (triple pattern, cauliflowered, tulip-flowered, and scaly
patterns). Addition of small micro-scale spherical bumps (2-5 um) onto
large micro-pillars (>50 pm) enhances the possibility of forming a stable
Cassie-Baxter state. Figures 11.8(a)-(c) show this enhancement in surface
hydrophobicity, as they all are superhydrophobic with CA much greater
than 150° and CAH much less than 10°. Comparing the wettability of vari-
ous structures reveals that the most superhydrophobic structure in terms
of the highest CA and lowest CAH is the scaly pattern (Figure 11.8(d)).
The CA of this pattern always is higher than 160° and the CA hysteresis
along the direction of scaly pattern (perpendicular to the laser scanning
direction) is less than 5°. Therefore, all scaly nano-patterns produced were
highly superhydrophobic.

The wettability results of various microstructures are summarized
in Table 11.1, where the ranges of contact angle (CA) and contact angle

© @

Figure 11.8 SEM images and wettability of various patterns (a). Triple pattern fabricated
by LIF = 2730 J/cm?, ® =480 J/cm? V =1850 um/s (b). Cauliflowered pattern created

by LIF = 3950 J/cm? ® = 310]/cm*and V = 370 um/s and (c). Tulip-flowered structure
produced by LIF = 4750 J/cm?, & = 340 J/cm? and V = 310 um/s, and (d). Scaly pattern
produced by LIF = 4600 J/cm?, @ =297 J/cm?and V = 250 pm/s.
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Table 11.1 Contact angle (CA) and Contact Angle Hysteresis (CAH) for all
types of micro/nano-patterns fabricated on stainless steel substrates.

Pattern CA (°) CAH (°)
Nano-rippled <120 > 60
Paraboloidal 130-170 10-70
Sinusoidal 140-160 5-35
Triple roughness > 145 <20
Cauliflowered > 150 5-20
Tulip-flowered > 150 5-20
Scaly > 160 <5

hysteresis (CAH) are listed. The results of this work show that the pattern
wettability decreases from the simply nano-rippled to the scaly pattern, in
other words, it decreases in terms of increasing order of the LIF param-
eter. In addition, details of the geometrical parameters show that the pillar
height to diameter (H/D) also increases in the following order, which coin-
cides with the increasing order of the LIF parameter, that is:

Paraboloidal < Sinusoidal < Triple < Cauliflowered
< Tulip-flowered < Scaly

The pillar aspect ratio and the coverage of pillars with structures such
as simple ripples or bumps of characteristic lengths of one order of mag-
nitude smaller decrease significantly the wettability as simple thermody-
namic analysis has shown [29,30].

11.4.3 The Effect of Overlap on Surface Wettability

All patterns presented above were produced using 50% overlap of the
Gaussian beam diameter (2, = 30um). Increasing the overlap roughly
increases the amount of energy applied on the surface. Figure 11.9 depicts
the effect of decreasing overlap from 50% to 0% for three different sets of
laser peak fluences and scanning speeds. Due to reduction of the intensity
of incident light at a fixed point with overlap reduction, the crater height
decreases. It is noted that the beam of the incident light at a fixed point
decreases by decreasing the percentage of scanning overlap. Decrease
of pillar height results in a reduction of surface hydrophobicity. Thus,
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Figure 11.9 Wettability of patterned surfaces with 50% and 0% scanning overlap for (a).
® =16.5]/cm’and V =460 um/s; (b). ® =38.2 J/cm* and V = 460 um/s; (c). ® =480
J/cm? and V = 1860 um/s. In all cases decrease of overlap from 50 to 0% causes a decrease
of contact angle.

increasing the scanning overlap decreases the surface wettability as shown
in Figure 11.9 from the reported contact angles in the images.

11.5 Conclusions

The effects of laser parameters such as laser fluence, scanning speed and
overlap on the generated micro/nano patterns on stainless steel substrates
were examined in detail. First, femtosecond laser irradiation was applied
to stainless steel substrates using a wide range of laser energy densi-
ties and scanning speeds to produce various patterns. Depending on the
laser parameters, seven distinctly different nano-patterns were produced,
namely nano-rippled, paraboloidal, sinusoidal, triple roughness, cauli-
flowered, tulip-flowered, and scaly nanostructures. These were classified
according to the Laser Intensity Factor (LIF) that is related to the laser
fluence and the scanning speed. A chemical treatment (silanization) was
used to reduce the surface energy of all fabricated substrates to the same
value and make them intrinsically hydrophobic with Young’s contact angle
of about 105°. Analysis of the wettability revealed enhanced superhydro-
phobicity for most of these structures, particularly of the cauliflowered
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(re-entrant pattern) and scaly pattern with contact angles in excess of 160°
and hysteresis less than 10°.
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Abstract

Neptune grass (Posidonia oceanica) samples were treated using argon and oxygen
plasmas at varying plasma energies that ranged from 6 kJ to 180 kJ. The character-
izations done on the samples were weight loss analysis, wettability studies, surface
roughness measurements, determination of the surface chemical functionalities,
and methyl red dye adsorption studies. As previously reported in Appl. Surface
Sci., 273, 444—447 (2013), a greater weight loss was observed on oxygen plasma
treatment than on argon plasma treatment. Superhydrophilic surface property
(water contact angle, 0 < 5° within 1 second of drop deposition) was achieved at
high-energy argon-plasma (180 kJ) and low-energy oxygen- plasma (6 kJ) treat-
ments. The surface roughness increased for the high-energy argon-plasma treat-
ments; however, an opposite trend was seen for the oxygen-plasma treatments.
The aliphatic -CH, and C-H groups were absent from the FT-IR spectra of the
superhydrophilic samples. Superhydrophilic surfaces were achieved from changes
in both the surface roughness and the chemical functionalities of the samples after
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the plasma treatment. Enhanced dye adsorption was found for superhydrophilic
samples, which is attributed primarily to the creation of appropriate chemical
functionalities of the treated materials.

12.1 Introduction

12.1.1 Surfaces and Wetting

Water droplets resting on a solid surface can show either wetting or non-
wetting effect. Consider a sessile drop on an ideal homogeneous solid sur-
face as shown in Figure 12.1. Three different interfaces exist and they are
described by the corresponding surface free energies: y* is the solid-liquid
interfacial free energy, y* is the solid-vapor interfacial free energy, and y" is
the liquid-vapor interfacial free energy. The liquid is attached to the solid
surface at an equilibrium contact angle, 0. Each of the interfaces describes
the contact line in a manner so that the corresponding interfacial area is
minimized [1].

By looking at the balance of forces along the x-direction, we obtain the
following relation:

SE, =y =y =) cost=0, (12.1)

by re-arranging equation (12.1), we can derive the Young’s equation as
follows:

W eosf=p" - (12.2)

The Young equation shows the relationship between the equilibrium
contact angle with the surface free energies. If water contact angle 0 < 90°,

Figure 12.1 Surface free energies in case of a liquid drop residing on a solid surface [2].
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the surface is hydrophilic which indicates that it has a wetting effect and
if 0 > 90°, then the surface is hydrophobic which indicates that it has a
non-wetting effect [1, 3]. There are surfaces that possess extraordinary wet-
tabilities. In this article, we will call them super-surfaces that may be either
superhydrophilic or superhydrophobic.

Surfaces that possess water contact angles less than 5° within 1 second
of drop deposition are called superhydrophilic surfaces. Materials with
superhydrophilic surfaces have the highest water wetting property [4-6].
Surfaces that exhibit water contact angles of greater than 150° are called
superhydrophobic surfaces [3, 7].

In general, the super-surface properties are mainly due to the sur-
face chemistry and surface roughness. Surfaces with low surface energy
are usually hydrophobic, and surfaces with high surface energy are usu-
ally hydrophilic. Also, as the surface roughness increases, surfaces that
are hydrophobic tend to be even more hydrophobic, and surfaces that are
hydrophilic tend to be even more hydrophilic [3, 4-6, 8-13]. For example,
Table 12.1 and Figure 12.2 show the values of the water contact angles for
various surface structures as reported in the literature [3, 14].

Artificial fabrication of super-surfaces used in most industries is
inspired from nature, different plant and animal surfaces which exhibit
super-surface properties. Figure 12.3 shows a Lotus leaf that exhibits
superhydrophobic property. The right image in Figure 12.3 shows that the
superhydrophobic property of the leaf is due to the rough surface nano-
structures [21-22]. Figure 12.4 shows water spreading on the reptiles’
superhydrophilic surfaces. These reptiles also possess specialized rough
microstructures on surfaces [23].

Table 12.1 Values of the water contact angles for various
surface structures [3, 14].

Surface Structure Contact Angle (degrees)
Vertical pillars [15] ~ 160
Fractal structure [16] ~ 165
Cassie’s wire gratings [17] ~ 150

Electrospun fiber surface [18] [ ~ 165

Lotus leaf [14] ~ 155

Micro-hoodoos [18] ~ 165

Nanonails [19] ~ 150
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© I (d)

Figure 12.2 Values and images of the water contact angles for various surface structures
[3, 14]. The nanostructures in (a) and (c) exhibit superhydrophobic property.

@) (b)

Figure 12.3 (a) Water drops on a Lotus leaf [20]. (b) SEM image showing the surface
structure of a Lotus leaf [21-22].

The Young equation cannot be used directly to explain the effect of sur-
face roughness on the wettability of a material because it is valid only for
ideal smooth solid surfaces. There are two wetting models that are pro-
posed when a water droplet sits on rough surfaces, these are the Wenzel
model and the Cassie-Baxter model.

Figure 12.5 shows a water droplet in a homogeneous wetting state. The
liquid in this state follows the solid surface and penetrates into the grooves
caused by the protrusions [3]. This wetting state is called the Wenzel state.
It is described by the following equation:
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cost,, =rcosd, (12.3)

where 0 is the apparent contact angle which corresponds to the stable
equilibrium state (i.e., minimum free energy state for the system), 0 is the
equilibrium contact angle, and r is the roughness ratio. The roughness ratio
r is the quotient between the real surface area and the projected surface
area and the value is always greater than 1 since every surface has rough-
ness at the molecular level [24-25].
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Figure 12.4 Water spreading on the reptiles’ superhydrophilic surfaces [23].

;
]

Figure 12.5 Water droplet in a homogeneous wetting state showing the apparent
contact angle (left). The liquid in this state follows the solid surface and penetrates into
the grooves caused by the protrusions [1, 3]. Image of a water droplet on a surface that
exhibits Wenzel wetting state (right).

Phrynosoma Phrynocephalus
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The Wenzel state explains why hydrophobic surfaces tend to be even
more hydrophobic (when 6 > 90°, 0, is always greater than ) when surface
roughness increases and why hydrophilic surfaces tend to be even more
hydrophilic (when 0 < 90°, 0, is always less than ) when surface rough-
ness increases [24-25].

Figure 12.6 shows a water droplet in a heterogeneous wetting state. The
liquid in this state only contacts the top of the protrusions, leaving air
trapped into the grooves [3]. This wetting state is called the Cassie-Baxter
state. It is described by the following equation:

COS Oy = Oscos+ @ —1, (12.4)

where 0, is the apparent contact angle which corresponds to the stable
equilibrium state (i.e., minimum free energy state for the system), 0 is the
equilibrium contact angle, and ¢ is the areal fraction of the liquid-solid
interface occluded by the texture [1, 17].

Figure 12.6 Water droplet in a heterogeneous wetting state showing the apparent

contact angle (left). The liquid in this state only contacts the top of the protrusions,
leaving air below into the grooves [1, 3]. Image of a water droplet on a surface that
exhibits Cassie-Baxter wetting state (right).

Water droplet

Surface
contaminants

Self-cleaning action

Figure 12.7 Self-cleaning action of a superhydrophobic surface [26].
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When ¢ approaches the value of 0, 0, also approaches 180°, this means
that there is a maximum air trapping into the surface’s grooves. This sce-
nario is true for a very robust surface and the material would possess a
self-cleaning surface as shown in Figure 12.7. Water droplets would only
bounce or roll-off on these surfaces [1, 17].

12.1.2 Plasma Surface Modification

Wettability of different surfaces can be modified by employing different
techniques and examples are plasmas, UV-activation, ion-beams, corona
discharge, flame, and chemicals [29-35]. Plasma treatment is a promising
technique because of its superior ability to modify the chemistry and the
morphology of a surface since it uses complex mixtures of ions, electrons,
atoms, and radicals in the plasma [4, 36-43]. In Figure 12.8, it is shown
that the composition of plasma is due to the fragmentation, ionization, and
electrical excitation of the working gas when energy is applied to it [27].
As an example, Figure 12.9 shows that oxygen plasma may contain free
radicals (highly reactive), ozone, negative ions, ultraviolet light photons,
positive ions, and electrons [28].

Figure 12.10 shows how the surface of a material like polymer can be
modified by plasma [27]. When the oxygen plasma reacts with the surface
it modifies the surface chemically and physically and consequently pro-
ducing mainly carbon dioxide and water by-products that can be pumped
out of the system, leaving a modified surface with tailored properties.

In general plasma treatment can have the following effects on the mate-
rial’s surface: cleaning, activation, etching, and coating [1].

In Figure 12.11, plasma cleaning of a metal surface is done when ion
bombardment causes the contaminants on the surface to be evaporated
or sputtered and pumped out of the system [44]. This is done by carefully

- o
Vacuum 0 0 Fragmentation

i)
B w lonization

\ &' Electrical
excitation

Figure 12.8 Reactions in a low-pressure plasma [27].
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Figure 12.9 Composition of oxygen plasma [28].
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Figure 12.10 Surface modification of a polymer surface by oxygen plasma [27].
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Figure 12.11 Plasma cleaning of a metal surface. (a) Contaminants on the surface of
the metal sample. (b) Plasma particles interact with the contaminants. (c) Cleaned metal
surface where the contaminants are evaporated or sputtered and pumped out of the
system.
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choosing the working gas for the plasma. There are varied applications for
this effect, for example, in removing fats, oils or oxides on the substrate, or
a pre-treatment for welding.

Figure 12.12 shows how plasma activation works for a polymer surface.
The plasma produces high-energy particles that lead to chain-scission and
the creation of active sites on the surface. These active sites, or radicals,
can cause a change in the surface properties by the introduction of new
functional groups.

Figure 12.13 shows how plasma can etch a silicon substrate with an etch-
ing mask. It is important to determine the proper working gas for etching
to occur. The material that is etched is usually removed by vaporization or
by pumping it out of the system. Etching is usually done to improve the
adhesion performance of the surface.

Figure 12.14 shows an example of a polymer showing the effects of
plasma etching. Etching normally increases the roughness of the material.

Figure 12.15 shows how plasma was used to coat or deposit new layers
on the surface of a substrate. It is normally due to plasma polymerization.
Amonyg its various applications include the deposition of thin hydrophilic
or hydrophobic layers.

Plasma

% 9 T‘f
N
e o 6
[ Polymer sample ] [ Polymer sample ] Polymer sample l

(a) (b) (©

Figure 12.12 Plasma activation of a polymer surface. (a) Polymer sample before exposure
to plasma. (b) Polymer sample during exposure to plasma. (c) Plasma particles create new
functionalities or active sites on the surface of the polymer sample.
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Figure 12.13 Plasma etching of a silicon substrate with an etching mask. (a) The substrate
with an etching mask before exposure to plasma. (b) During exposure to plasma, the
reactive particles in the plasma etch the substrate not covered with the etching mask. (c)
The etched material after exposure to plasma.
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(b)

Figure 12.14 SEM images of a polymer surface showing the effects of plasma etching
[39]. (a) Polymer surface before plasma etching. (b) Polymer surface after plasma etching.

Plasma
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Figure 12.15 Plasma coating on a substrate. (a) Substrate before exposure to plasma.
(b) During exposure to plasma, some plasma particles are attached to the surface of the
substrate. (c) Substrate showing a deposited layer from the plasma exposure.

12.1.3 Posidonia oceanica [45]

Posidonia oceanica (commonly known as Neptune Grass or Mediterranean
tapeweed) is the dominant lignocellulosic seagrass in the Mediterranean
Sea. It is widely used as an ideal biological indicator in assessing the qual-
ity of water bodies [46]. It is highly important because of its efficiency in
removing different dyes and heavy metals, including but not limited to
textile dyes, phenol, methylene blue, ammonium, phosphorus, and cop-
per from aqueous solutions [47-52]. The primary cause of the removal
of these materials from aqueous solutions (especially for heavy metals) is
the presence of oxygen functional groups in Posidonia oceanica [47]. The
heavy metal biosorption property of Posidonia oceanica makes it as an effi-
cient and environmental-friendly technique in wastewater treatment [47].
Studies show that the high wetting property of a material favors heavy
metal biosorption [53].

Posidonia oceanica materials are also used for making artisanal handi-
crafts and to enhance the dyeability of these materials requires a change in
their wettability. In this article, we will show how to alter the wettability
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of Posidonia oceanica surfaces from being hydrophilic to superhydrophilic
using oxygen and argon plasmas. The stability of the resulting superhydro-
philic Posidonia oceanica surfaces was also studied. We also investigated
the dye adsorption capability of untreated and treated Posidonia ocean-
ica to particularly determine if a high wetting property would favor the
adsorption of dye from aqueous solutions.

12.2 Experimental Details

12.2.1 Materials and Experimental Procedures

Posidonia oceanica samples (Figure 12.16) were collected from Golfe-
Juan, Vallauris, France. They were cleaned by scraping with a glass slide
to remove the attached epiphytes, and then rinsed with deionized water
(Milli-Q water, 18 MQ). The samples of size 3.0 cm x 0.5 cm were dried in
an oven at 70°C to constant weight.

The cleaned and dried Posidonia oceanica samples were treated using
argon and oxygen plasmas (Figure 12.17) using varying discharge powers
and plasma exposure times. The discharge power was varied from 100 W
to 600 W and the plasma exposure time was varied from 1 min to 5 min,
which represents plasma discharge energies ranging from 6 kJ to 180 k.
Table 12.2 summarizes the experimental parameters.

The plasmas were produced using a BSET EQ NT-1 plasma device (Digit
Concept Microelectronics and High Tech Equipment, France) operating at
an excitation frequency of 13.56 MHz. The power and ground electrodes
were placed parallel to each other at 50 mm distance, the samples were

Figure 12.16 (a) Cleaned and dried Posidonia oceanica samples. (b) Posidonia oceanica in
its natural habitat, inset shows a freshly collected sample.
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Figure 12.17 Posidonia oceanica samples on the ground electrode exposed to oxygen
plasma with energy equal to 6 kJ.

Table 12.2 Summary of the experimental parameters
for the plasma treatment of Posidonia oceanica samples.

Gas Plasma Power and | Plasma
Exposure Time Energy (kJ)
Argon 100W, 1min 6
Argon 100W, 3min 18
Argon 100W, 5min 30
Argon 600W, 1min 36
Argon 600W, 3min 108
Argon 600W, 5min 180
Oxygen | 100W, Imin 6
Oxygen | 100W, 3min 18
Oxygen | 100W, 5min 30
Oxygen | 600W, 1min 36
Oxygen | 600W, 3min 108
Oxygen | 600W, 5min 180

placed at the ground electrode. A 20 m’/h rotary pump evacuated the sys-
tem and the base pressure was set at 100 mTorr. Argon and oxygen gases
were fed into the chamber at a rate of 20 sccm. Figure 12.18 shows the
image of the BSET EQ NT-1 plasma device and its schematic diagram.
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Figure 12.18 BSET EQ NT-1 plasma device (left). Schematic diagram of the plasma
device (right).

12.2.2 Characterizations
12.2.2.1 Weight Loss

A Kern EW precision balance (Kern & Sohn GmbH, Germany) was used
to determine the changes in the weight of the samples before and after the
plasma treatment. The weight loss was calculated as follows:

-W
b
wezght loss (%) _ efore treatment after treatment %100, (12.5)
before treatment
where W, . . 1S the weight of the sample before the plasma treatment
andW__1isthe weight of the sample after the plasma treatment.

12.2.2.2 Contact Angle Measurements

A DSA 30S goniometer (Kriiss GmbH, Germany) was used to study the
changes in the wettability. The sessile drop method was used to determine
static contact angles. About 2uL of deionized water (Milli-Q water, 18 MQ)
was dropped vertically onto the samples using a motorized syringe mecha-
nism; a drop shape analysis software was used to determine the contact
angles. For each sample, contact angles were measured 5 times, at 5 differ-
ent sites; the standard deviations of the contact angle measurements were
all statistically the same. To study the stability of the surfaces, the samples
were exposed to air and the water contact angles were measured after 24 h.,
72 h., and 144 h.
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12.2.2.3  Surface Roughness

A Wyko NT1100 Optical Profiling System (Veeco, Philippines) was used
to measure the surface roughness. The experiment was carried out in VSI
mode using a 20x objective lens and a 0.5x field of view lens. The effective
field of view was 0.62 mm x 0.47 mm. 5 spots on the surface were mea-
sured for each sample. The surface roughness was reported as root-mean-
squared (rms) roughness calculated over the entire area measured.

12.2.2.4 FT-IR Analysis

A Perkin Elmer Paragon 100 FT-IR spectrometer equipped with an MKII
Golden Gate Single Reflection ATR system with a diamond ATR top plate
was used to determine the changes in the chemical functionalities. The
samples were clamped on the stage and scanned 4 times at 4 cm™ spectral
resolution. The measurements were repeated at three locations and the col-
lected spectra were averaged.

12.2.3 Dye Adsorption

The dye adsorption experiment was adapted from the studies of Tumlos
et al [54]. A stock solution, 500 mg/L, was prepared by mixing a methyl red
dye (C,H .N,O,) with distilled water. Serial dilution process was used to
attain the desired concentration of the stock solution.

For each adsorption experiment, Posidonia oceanica materials of vary-
ing size but of the same mass per set-up were placed inside a circular flat-
bottomed flask and mixed with a 100 mL of dye stock solution of known
concentration and pH. The flask was agitated at different contact times
ranging from 20 min to 120 min. The adsorbent was separated and the
remaining solution was centrifuged at 4000 rpm, the absorbance values
were then measured. Methyl red concentration was determined from the
absorbance values from a Perkin Elmer UV/Vis Spectrophotometer before
and after treatment using the following equation:

Initial Concentration  Final Concentration (12.6)
Initial Absorbance  Final Absorbance '

The amount of dye adsorbed (Q,) on the sample was calculated from the
following equation:

Q,=(C,-CpVIM, (12.7)
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where C and C are the initial and final equilibrium concentrations of dye,
respectively, V is the volume of the aqueous solution and M is the mass of
the adsorbent used. The following parameters were varied for each set-up:
initial dye concentration, pH, amount of adsorbent, and contact time.

12.3 Results and Discussion

12.3.1 Plasma Treatment of Posidonia oceanica

Figure 12.19 shows the influence of different plasma treatments on weight
loss. In general, it can be observed that there is a weight loss after plasma
treatment; however, a larger weight loss was seen for oxygen-plasma treat-
ment than the argon-plasma treatment. The discharge gas is seen to play a
vital role in the possible etching of the surface of the samples.

Based on the graph, the plasma discharge power and the plasma expo-
sure times (as expressed in terms of plasma energy) have no clear relation-
ship with the weight loss of the samples for the argon-plasma treatment.
For the oxygen-plasma treatment, in general, an increase in weight loss is
observed as the plasma discharge power and the plasma exposure time are
increased. This leads to chain scission reactions at the surface of the sam-
ples; consequently, there is a continued appearance of new surfaces during
the etching of the sample [32].
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Figure 12.19 Influence of different plasma treatments on weight loss. In general, it can be
observed that there is weight loss after plasma treatment; however, a larger weight loss is
seen for oxygen-plasma treatment than the argon-plasma treatment [45].
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Table 12.3 summarizes the changes in the water contact angle as a func-
tion of time, and the surface rms roughness of argon and oxygen plasma-
treated Posidonia oceanica. For both the argon-plasma and oxygen-plasma
treatments, the water contact angle decreased right after treatment.
Superhydrophilic surface was observed at 180 kJ argon-plasma treatments.
Superhydrophilic surfaces were also observed for low plasma discharge
energies (6 kJ and 18 k]) for oxygen-plasma treatment. Figure 12.20 shows a
water droplet on the Posidonia oceanica’s surface; (a) untreated sample shows
a contact angle of 67.4°% (b) a sample treated with 6 k] of oxygen plasma
showing the spreading of a water droplet within 1 second of drop deposition.

The stability of the surface wettability was studied by measuring the
water contact angles at 24 h., 72 h., and 144 h. after the plasma treatment.
There was a general increase in the water contact angle as a function of
time after the plasma treatment. The rate of increase in the water contact
angle as a function of time after the plasma treatment for the superhydro-
philic surfaces was found to be significantly smaller (p < 0.05) than the
hydrophilic surfaces (0 < 10°).

(a)

Before contact 1 s after contact

>

(b)

Figure 12.20 A water droplet on the Posidonia oceanica’s surface; (a) untreated sample
showing a contact angle of 67.4°% (b) a sample treated with 6 k] of oxygen plasma showing
spreading of a water droplet within 1 second of drop deposition.
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There is a decreasing trend for the water contact angle (just after plasma
treatment) of argon-plasma treated samples as the plasma discharge
power and the plasma exposure times (as expressed in terms of plasma
energy) are increased. An opposite trend was seen for the oxygen-plasma
treated samples. It is interesting to note that for both the argon and oxygen
plasma-treated samples, the surface rms roughness increases as water con-
tact angles decreases.

Figure 12.21 shows 2D surface profiles of the (a) untreated; (b) 180 kJ
argon plasma-treated; and (c) 6 kJ oxygen plasma-treated Posidonia oce-
anica samples. The literature explains that an increase in the surface rough-
ness can result in either a superhydrophobic surface or a superhydrophilic
surface [5, 9-10, 55]; in this study, superhydrophilic surfaces were obtained
due to the increase in the surface roughness.

Figure 12.22 shows a typical FTIR spectrum of untreated Posidonia
oceanica. Table 12.4 summarizes the peak assignments of the FTIR spec-
trum of untreated Posidonia oceanica. The presence of -OH, -CH,and C-H
groups shows that it is mainly composed of cellulose materials.

Figure 12.23 shows the representative FTIR-spectra of differently
treated Posidonia oceanica samples. Low plasma discharge power and

tEi s e
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-
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Figure 12.21 2D surface profiles of the (a) untreated; (b) 180 kJ argon plasma-treated;
and (c) 6 kJ oxygen plasma-treated Posidonia oceanica samples.
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Figure 12.22 Typical FTIR spectrum of untreated Posidonia oceanica [45].

Table 12.4 Peak assignments of the FTIR spectrum of untreated Posidonia
oceanica [45].

Group frequency, wave- Assignment
number (cm™)
3600—3100 (with maximum | hydroxyl (-OH) groups
absorption at 3298)
2920 -CH, group
2850 asymmetric stretching of aliphatic C-H
1606 carbonyl (C=0) group stretching
1417 stretching of phenolic -OH and C-O
1160 PO stretching (phosphate group)
1033 aliphatic C-O bands
<1000 fingerprint zone (phosphate and sulfur groups)

plasma exposure time (6 kJ) and high plasma discharge power and plasma
exposure time (18 kJ) were considered for both the argon and oxygen
plasma treatments to represent the extreme values of contact angles shown
in Table 12.3. All the FTIR spectra for treated samples recorded lower
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Figure 12.23 FTIR spectra of treated Posidonia oceanica. For argon 180 kJ and oxygen
6 k] treatments, the aliphatic -CH, and C-H groups are absent in the spectra, all other
peaks still exist in the spectra [45].

absorbance intensities for all the peaks as compared to the untreated sam-
ple. For argon, 6 kJ treatments, a spectrum with all peaks similar to the
peaks in the spectrum in Figure 12.22 was recorded. For the oxygen, 180 k]
treatment, the ~OH group, and the aliphatic -CH, and C-H groups are
not seen in the spectrum. Treatment with samples exposed to high energy
plasma led to the disappearance of the -OH groups.

For superhydrophilic surfaces (argon 180 k] and oxygen 6 kJ), the ali-
phatic -CH, and C-H groups, which are hydrophobic groups, are absent in
the spectra, all other peaks, which are hydrophilic still exist in the spectra.
The aliphatic -CH, and C-H groups reacted with the plasma that resulted
into combustion by-products, mainly water and carbon dioxide which were
pumped out from the system. For the oxygen 180 k] treatment, the -OH
groups are almost absent because the plasma temperature may have been too
high and the water and alcohol already evaporated; the aliphatic -CH, and
C-H groups also reacted with the oxygen plasma and the products of the com-
bustion, mainly water and carbon dioxide, were pumped out from the system.

12.3.2 Dye Adsorption by Posidonia oceanica from
Aqueous Solutions

Figure 12.24 shows the dye adsorption capability of untreated and
treated samples when the adsorbent mass is varied and the initial dye
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Figure 12.24 Dye adsorption by untreated and treated samples of varying adsorbent mass
and fixed dye concentration of 150 mg/L, pH of 7 and contact time of 40 min.

concentration, pH, and contact time are fixed at 150 mg/L, 7, and 40 min,
respectively. It can be observed from the graph that there is enhanced dye
adsorption when the adsorbent material was treated with different plasmas
of different energies. The highest recorded dye adsorption can be seen for
samples treated with argon plasma of 180 k] energy and oxygen plasma of
6 kJ energy, which are both superhydrophilic in nature. The dye adsorption
for all the untreated and treated samples stabilizes at a certain amount of
adsorbent and which in this case is when the adsorbent mass is 10 g. This
means that the material has a limited adsorption capacity based on its mass
when the initial dye concentration is fixed at a certain amount. The effect
of varying the surface area of the adsorbent cannot be determined from the
presented data as the size can vary since the mass is held constant.

Figure 12.25 shows the dye adsorption capability of untreated and
treated samples when the contact time with the methyl red stock solution
is varied and the initial dye concentration, pH, and adsorbent mass are
fixed at 150 mg/L, 7, and 10g, respectively. It can be observed from the
graph that there is enhanced dye adsorption when the adsorbent mate-
rial was treated with different plasmas of different energies. The high-
est recorded dye adsorption can be seen for samples treated with argon
plasma of 180 k] energy and oxygen plasma of 6 kJ energy, which are both
superhydrophilic in nature. The dye adsorption for all the untreated and
treated samples stabilizes at a certain contact time and in this case when
the contact time with the methyl red stock solution is 40 minutes. This
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Figure 12.25 Dye adsorption by untreated and treated samples as a function of contact
time and fixed dye concentration of 150 mg/L, pH of 7 and adsorbent mass of 10 g.
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Figure 12.26 Dye adsorption by untreated and treated samples with varying pH and fixed
dye concentration of 150 mg/L, adsorbent mass of 10 g and contact time of 40 min.
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Figure 12.27 Dye adsorption by untreated and treated samples with varying initial dye
concentration (mg/L) and fixed adsorbent mass of 10 g, pH of 7 and contact time of
40 min.

means that the material has a relatively fixed adsorption rate whether it is
untreated or treated.

Figure 12.26 shows the dye adsorption capability of untreated and
treated samples when the pH is varied and the initial dye concentration,
contact time, and adsorbent mass are fixed at 150 mg/L, 40 min, and 10 g,
respectively. It can be observed from the graph that there is enhanced dye
adsorption when the adsorbent material was treated with different plasmas
of different energies. The highest recorded dye adsorption can be seen for
samples treated with argon plasma of 180 k] energy and oxygen plasma of
6 kJ energy, which are both superhydrophilic in nature. The dye adsorption
capability of the material is seen to increase with the increase in pH. This can
be attributed to the increase in the number of available protons at higher pH
that adsorb higher amount of methyl red on the adsorption surfaces [54].

Figure 12.27 shows the dye adsorption capability of untreated and
treated samples when the initial dye concentration is varied and the pH,
contact time, and adsorbent mass are fixed at 7, 40 min, and 10 g, respec-
tively. It can be observed from the graph that there is enhanced dye adsorp-
tion when the adsorbent material was treated with different plasmas of
different energies. The highest recorded dye adsorption can be seen for
samples treated with argon plasma of 180 k] energy and oxygen plasma of
6 kJ energy, which are both superhydrophilic in nature. The adsorbed dye
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Table 12.5 Summary of the R*-values for both Langmuir and Freundlich
adsorption isotherm models for the different dye adsorption rates for the
different sample treatments.

Sample Treatment Langmuir Freundlich
(R2%-value) (R2-value)
Untreated 0.987 0.863
Argon Plasma, 6 kJ 0.992 0.882
Argon Plasma, 180 kJ 0.990 0.781
Oxygen Plasma, 6 k] 0.989 0.880
Oxygen Plasma, 180 k] 0.994 0.890

increased directly with the initial dye concentration, this result is expected
as explained by Ncibi et al. [48].

Both Langmuir and Freundlich adsorption equilibrium isotherm mod-
els were used to determine the adsorption equilibrium of the samples
treated using different types of plasma [56-57]. The correlation coefficient,
R*-value was determined from the model curve and the results are shown
in Table 12.5.

The R2?-values of the untreated and treated samples show that the
Langmuir equilibrium adsorption isotherm model best describes the
Posidonia oceanica adsorbents. This means physisorption is the most
likely mechanism that explains the adsorption of methyl red on the sam-
ples. This also means that most of the adsorption sites of the material are
of homogeneous type as shown in Figure 12.21 [57-58]. Chemisorption
may also be responsible for the high dye adsorption especially for
the samples with superhydrophilic surfaces since the R*-value for the
Freundlich model is just slightly lower than the Langmuir model.
Adsorption is still affected by both changes in chemistry and morphol-
ogy of the surfaces of the samples. Further experiments must be per-
formed in order to explain the complex nature of chemisorption on the
samples, and different functional groups of Posidonia oceanica may play
role in the adsorption process.

12.4 Conclusions

Superhydrophilic surface property (6 < 5° within 1 second of droplet con-
tact) was achieved at high-energy argon-plasma (180 kJ) and low-energy
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oxygen- plasma (6 kJ) treatments. The surface roughness increased for the
high-energy argon-plasma treatments; however, an opposite trend was
seen for the oxygen-plasma treatments. The decrease in the -OH bands
(hydrophilic in nature) was observed for the treated samples, but for the
superhydrophilic samples, the aliphatic -CH, and C-H groups which are
hydrophobicin nature wereabsent from the FT-IR spectra. Superhydrophilic
surfaces were achieved from changes in both the surface roughness and
in the chemical functionalities of the samples after the plasma treatment.
Enhanced dye adsorption was found for superhydrophilic samples, which
can also be attributed to the changes in the surface chemistry and the sur-
face morphology. Adsorption data for Posidonia oceanica materials fitted
the Langmuir equilibrium isotherm adsorption model.
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Abstract

In this chapter, innovative approaches making use of the synergy between subse-
quent surface processing steps to (a) introduce surface roughness and to (b) mod-
ify surface chemistry in order to decrease the surface free energy are discussed in
view of their potential to attain high liquid repellence of technical textiles. In the
context of growing interest in physical processes, the chapter focuses on the poten-
tial of combined photo-chemical and laser surface modifications, which were
extensively studied by the authors over the last years. The concept is illustrated
by experimental data from studies aimed to increase water repellence of tech-
nical fabrics made of poly(ethylene terephthalate) (PET) and p-aramid and the
concept of highly oil repellent PET fabrics. In the reported experiments, surface
roughening was attained by irradiation using pulsed UV (excimer) lasers, while
the surface chemistry of the roughened fibers was modified by UV-induced graft-
copolymerization of dienes or perfluorinated agents. In all investigated cases, the
experiments showed a synergetic effect of the combined treatment, which ampli-
fied the effects of the individual treatments.
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13.1 Introduction

In contrast to common clothing and home textiles, technical textiles are
a growing and important market for textile companies in Western coun-
tries. Nowadays, technical textiles are considered high performance prod-
ucts with well-defined functionalities, often attained by advanced surface
modification concepts. They find application in fields as diverse as medical
engineering, aerospace and automotive industries, modern architecture
and construction, filtration, and transport systems. The functionalities
addressed cover particle and coating adhesion, tailored surface mechanical
properties, anti-bacterial or anti-fouling properties, promotion or prohibi-
tion of protein adsorption, (local) electrical conductivity, charge storage,
or sensor functions, to name just a few.

A long-standing demand has been (super-)hydrophobic or oleophobic
character, required to attain effective liquid repellence, self-cleaning, uni-
directional liquid transport, or to create barrier coatings on fiber surfaces.
A comprehensive overview of recent attempts in this exciting field can
be found in [1]. Besides the modification of surface chemistry in order
to minimize the surface free energy, biomimetic concepts to incorpo-
rate surface roughness by mimicking surfaces of animals or plants such
as the well-known Lotus leaf have been utilized. Accordingly, there have
been numerous attempts to either modify surface chemistry by finishing,
chemical and physical grafting, etc., or (independently) to modify surface
topography.

As has been known for many years, liquid repellence can also be
increased through rendering a surface rough, if the substrate is basically
repellent for the liquid in question with a contact angle > 90° [2-5]. From
the basic concept, high repellence can also be achieved by decreasing the
surface free energy (SFE) of a micro-rough surface, which is moderately
hydrophilic or - phobic, and oleophilic, or — phobic.

In can be observed, however, that attempts to apply both types of surface
modifications - i.e. modification of surface chemistry and modification of
surface topography — in a combined processing concept have been increas-
ingly reported in recent years. Based on the concepts of Wenzel or Cassie-
Baxter, super- or at least high repellence can thus be achieved by (a) the
increase of liquid repellence by chemical surface modification to reduce
SFE and subsequent roughening, or (b) by introducing surface roughness
and subsequent chemical modification of the rough surface to reduce SFE.

The scope of this chapter is to give a short overview of fundamentals
and innovative approaches making use of this synergy of combined sur-
face treatments for high liquid-repellence on technical surfaces. In recent
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years, there has been a growing interest in physical processes, which open
avenues for achieving the requisite physical, topographical and chemical
surface properties with no or little consumption of chemicals and no or
little need for wastewater or gas emission treatments. In this context, the
chapter will focus on the potential of combined photo-chemical and laser
surface modifications, which were extensively studied by the authors over
the last years.

13.2 Background of the Conceptual Approach

13.2.1 Surface Free Energy and Liquid Repellence

The spreading of a liquid on a smooth surface is determined by the balance
of interfacial energies at the solid-liquid interface, the solid-vapor inter-
face, and the liquid-vapor interface. The relation between these quantities
and the (static) contact angle ©, of a droplet residing on top of the sur-
face is described by the well-known Young’s equation. Equilibrium - and
thus the corresponding equilibrium contact angle - is reached, when the
total energy has reached a minimum [6,7]. It can be deduced from the for-
malism of Young’s equation that surfaces with high liquid repellence can
be chemically attained through the reduction of the surface free energy
(SFE) by introduction of non-polar groups. In view of both water and oil
repellence, highest repellence can be expected by establishing CF,-groups
on the surface. A complete coverage of the surface with CF,-groups will
reduce its surface free energy to 6.7 mJ/m?’.

Accordingly, textile substrates are conventionally finished with fluoro-
carbons in a wet-chemical process by padding, followed by thermal stabi-
lization, for both water and oil repellence. While the general performance
of these products is very good, disadvantages have to be considered as well.
These refer to limited wash stability and abrasion resistance and wastewa-
ter and environmental issues associated with the use of long-chain (C8)
fluorocarbons based on perfluorooctanoic acid (PFOA) derivatives in the
finishing step that are known to be bio-persistent [8]. Recent developments
in the field of wet-chemical finishing processes, predominantly by suppli-
ers of auxiliaries for the textile industry, have therefore concentrated on the
development of innovative short-chain (C6) fluorocarbons (see, e.g., [9]).

As has already been mentioned, a further major disadvantage of wet-
chemical finishes is the potentially doubtful long-term wash or abrasion
stability. This is an issue especially for technical textiles, which may be sub-
jected to mechanical, thermal, or chemical stress from natural or industrial
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environments, or are employed as components in machinery and technical
processes. The growing interest in the modification of surface chemistry
by means of physical processes aiming at covalent bonding and grafting of
low energy functional groups and resulting durability of the finish has to
be understood in this context.

Besides plasma-based grafting and thin-layer polymerization, photo-
chemical processes have proven their potential for an effective and dura-
ble functionalization of polymers, if treatments are conducted in reactive
media, which can be a gaseous atmosphere or a liquid agent [10-16]. The
absorption of UV photons either at the surface of the substrate - i.e. at
the interface between substrate and reactive medium - or in the bulk of
the reactive medium leads to radical generation and subsequent reactions.
Besides the recombination of radicals and cross-linking of polymer chains
at the substrate surface, the addition of radicals from the reactive medium,
and the addition of bi-functional molecules with ensuing cross-linking
between the functional groups result in photo-induced grafting or thin-
layer cross-linking.

In a number of papers, Bahners and co-workers studied fundamental
effects of the photochemical process designed to increase hydrophobic-
ity [16-19]. By choosing the appropriate substance serving as the reactive
medium during irradiation, the water contact angle could be altered signif-
icantly. Reactive media, applied as a liquid finish before UV exposure, were
1,5-hexadiene, 1,7-octadiene, diallylphthalate (DAP), perfluoro(4-methyl-
pent-2-ene) (PFMP), or 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA).
High oil repellence obviously was attained from fluorinated substances
such as PEMP and PFDA.

13.2.2 Enhancing Liquid Repellence through Surface
Roughness

If a smooth material is repellent for the liquid in question with a contact
angle > 90°, liquid repellence is further increased by surface roughness.
As is well-known, two potential cases have to be considered. If the liquid
is able to penetrate the features of the rough structure, a close contact area
between the droplet and the substrate is preserved. This situation is com-
monly described by a model first published by Wenzel [3]. Wenzel relates
the apparent contact angle on the rough surface © , and the contact angle
on the planar surface ©, (“Young angle”) with the simple expression

cos®,, =r-cos Oy, (13.1)
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where the features of the surface topography are described by a roughness
factor r, which gives the ratio of the effective area of actual rough surface to
the ideal flat surface, i.e. r = 1. In the case of a flat surface, r will be 1 and,
accordingly, ©® = 0©,.

If the liquid, on the other hand, sits on top of the surface features without
penetrating the ‘valleys) air will be enclosed between the droplet and the
substrate and the liquid/air interface increases (cf. [4,5]). In this “Cassie-
Baxter state’, the solid/liquid interface approaches a minimum. The further
increase of surface area (i.e. spreading of the droplet) is hindered for ener-
getic reasons [5]. The apparent contact angle observed under these condi-
tions is usually described by the simplified equation

cosOp = —1+ D (1+cos ©,), (13.2)

known as the Cassie-Baxter equation. Eq.(13.2) again relates the apparent
contact angle on the rough surface and the contact angle on the planar sur-
face. The geometric features are described by the factor @, which gives the
ratio of the actual liquid-solid interface area to the apparent contact area
(® < 1). Again, given a perfectly flat surface, i.e. ® = 1, the contact angle
is equal to the Young angle, © _,=0, .

Besides the static contact angle itself, the contact angle hysteresis, i.e.
the difference A® between the advancing angle ©, and the receding angle
©,, which are observed in a dynamic measurement, is an important cri-
terion to classify a surface as highly hydrophobic or super-hydrophobic.
Generally, the latter state is connected to a complete roll-off of a droplet
already at a slight tilt of the surface as is observed on, e.g., the Lotus leaf.
This is given, if A©® — 0. In the case of high hysteresis, a droplet will stick
to the surface in spite of a high static contact angle. It is generally assumed
that zero contact angle hysteresis is given only in the Cassie-Baxter state.

Among the first to show super-hydrophobicity on rough artificial sur-
faces were Onda and co-workers [20,21] and later Miwa et al. [22]. A good
overview presenting various related concepts is given in [23].

13.2.3 Peculiarities of Textile Substrates and their Relevance
to Wetting

The characteristic and complex geometry of textile substrates has signifi-
cant effects on the wetting behavior of a droplet as well as the appropriate
method to characterize the wettability of a textile.

A technical textile may be constructed as a non-woven structure of
fibers — usually fibers are directly spun on a moving belt and form an
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irregular web - or in a regular geometry mostly produced by weaving.
A woven fabric is formed by weft and warp threads, which might be a
monofilament (monofil) - i.e. an isolated, rather thick fiber -, a multifila-
ment yarn made of a number of endless fibers, or a spun yarn made of a
number of short fibers. While monofils have diameters up to several hun-
dred micrometers, fibers may have diameters from below 1 um (micro-
fiber) to 20 pm. Relevant examples of woven technical fabrics are shown
in Figure 13.1. It should be noted that in some cases the mostly perfectly
cylindrical synthetic fibers may be textured during the spinning process to
exhibit non-circular cross sections.

According to the complex composition of fibers and yarns, four factors
influence the wetting behavior of a droplet on a textile surface.

1. Primarily, spreading is defined by the surface chemistry of
the synthetic fiber. The vast majority of technical textiles
are made of poly(ethylene terephthalate) (PET), polyamide
(Nylon or PA), and poly(propylene) (PP), which can be cat-
egorized as more or less hydrophobic.

2. Macroscopically, a textile fabric has a coarse, textured sur-
face, which may have similar effects on the wetting behavior

Figure 13.1 Elementary constructions of woven fabrics: (a) twill fabric made of monofils,
(b) plain weave fabric made of multifilament yarn, (c) plain weave fabric made of
multifilament (warp) and staple fiber yarn (weft), and (d) plain weave fabric made of a
twisted multifilament yarn (from [24]).
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of a sessile droplet as was discussed for the Wenzel or Cassie-
Baxter cases.

3. Mesh openings act as pores allowing the liquid to penetrate
the fabric in a direction perpendicular to the (macroscopic)
surface.

4. Finally, the capillary system of multifilament yarn allows
the liquid to penetrate and spread due to capillary effects.
Due to this, lateral spreading may be more pronounced than
would be the case for a planar substrate of identical surface
chemistry.

An interesting observation related to the peculiar behavior of textiles
was reported by Gao and McCarthy [25]. They used a silicone finish as
hydrophobizing agent, which gave a contact angle of 110° on a flat surface.
If applied to a fabric made from poly(ethylene terephthalate) (PET) micro-
fiber yarn they observed contact angles of up to 170°. No further roughen-
ing of the fiber surfaces was carried out, the effect being brought about by
the (existing) geometric structure of the fabric, which was composed of
very fine fibers with diameters of only a few micrometers. While conven-
tional yarns are composed of 30 to 40 filaments (fibers), a microfiber yarn
of comparable titer' is composed by approximately 200 fine filaments and
has a very pronounced surface structure in the micro-scale.

One important lesson is that measurement of the apparent contact
angle of a sessile drop will not give a true measure of the wettability - or
even surface free energy - of the fiber surface. The apparent contact angle
will always be affected by microscopic surface property (i.e. fiber surface),
macroscopic surface geometry (fabric), and capillary effects. In case of
hydrophilic substrates the ‘sessile’ droplet will penetrate the porous textile,
typically in seconds, and thus effectively prohibit the measurement. On a
hydrophobic surface, the apparent contact angle will always differ from
the ‘true’ contact angle on the fiber surface. Capillary effects occur even on
hydrophobic substrates and compete with evaporation of the liquid.

In the context of the fundamental relation between surface topogra-
phy and wetting behavior as modeled by Wenzel or Cassie and Baxter one
has to consider the relevance of geometrical parameters for the complex
porous and textured textile substrate. It is of interest in this context that a
paper by Hsieh et al. [26], who studied the wetting of water and ethylene

! 'The quantity “titer”, often referred to as “fineness” or “linear density”, gives the weight of
a yarn per unit length and is a measure of the thickness.
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glycol on Si wafers which were coated with a perfluoroalkyl methacrylic
co-polymer containing titanium dioxide nanoparticles, suggested that
liquid repellence was mainly governed by the micropore structure, while
mesopores — which obviously reflect in roughness factors — are unfavorable
because they provoke capillary condensation.

It is not within the scope of the present chapter to derive appropriate —
and maybe even analytical - models to describe the influence of geometri-
cal parameters on the wetting behavior of textile fabrics. However, it is of
interest at this point to mention two attempts to derive geometric param-
eters of the rough surfaces, which are more sensitive than the rather crude
Wenzel factor to describe topographic peculiarities such as the two-scale
roughness pattern of the Lotus leaf.

The well-known concept of fractal geometry was discussed in the
context of wetting behavior as early as 1996 by the groups of Shibuichi
and Onda [21,27] and Synytska and coworkers [28,29]. Different from a
pure Euclidean approach, a rough surface is characterized by a dimen-
sion D, which is a real number greater than 2. This “fractal” dimension
can be determined using a simple algorithm known as the “box-counting
method” Here, the surface profile, measured by laser profilometry,
white-light interferometry (WLI), or atomic force microscopy (AFM), is
approximated by a succession of boxes of size r and the number of boxes
N(r) is determined. This is repeatedly executed with decreasing box size
and log N(r) plotted against logr. It can be shown that N(r) depends on r
according to N(r) o +~Ps7D. The logarithmic plot should therefore provide
a linear dependence with slope 1 — D, (cf. Figure 13.2). As Shibuichi et al.
showed, D.> 2 is obtained only in a range of r where the box approxi-
mation resolves the relevant topographic features [27]. If the parameters
I=logr . and L =logr _denote the limits of this range, Shibuichi et al.
derive a relation

\Pr2
cos®f = (7J -cos O, (13.3)

between the apparent contact angle on the rough surface ©,and the Young
contact angle from their measurements [27]. Experimental studies by
Synytska et al. [29], who investigated the wetting behavior of textile fabrics
decorated with Janus particles, indicated that super-hydrophobic behavior
was observed only if D exceeded a certain threshold value.

Recently, a dimensionless quantity derived from the spatial frequency
spectrum PSD(f,, f ) (“power spectral density”) of a surface profile was pro-
posed by Duparré and Coriand [30] and correlated with wetting properties
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Figure 13.2 Determination of the fractal dimension of a surface using the box-counting
method. The graph shows the number of boxes of size r necessary to approximate the
measured surface profile. A planar surface would be precisely described independent

of box size and the graph would be linear with slope -1. On a rough surface, the profile
would be sufficiently resolved only within certain boundaries, which are denoted I =
logr, . and L =logr, . The fractal dimension is derived from the slope within these

min

boundaries.

of the respective surfaces. In a first step, PSD(f , fy ) is calculated from the
Fourier transform of the measured surface profile z(x,y) through

PSD(f,,f,)= }1_{130 %|FT{z(x, y)}|2 (13.4)

where f and f are the spatial frequencies and L the size of the scanned
area. Again, z(x,y) can be determined by laser profilometry, white light-
interferometry (WLI), or atomic force microscopy (AFM). As described
in [30], transformation of PSD(f, fy ) to give an amplitude spectrum
according to

LS
A(f)=2|z- [ PSD(f')-f'-df’ (13.5)
fRLS
and subsequent integration
g = [ AFY- -d(oglf X am) (13.6)

— Jlog(fynxsm)
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provide a dimensionless factor x, characterizing the surface profile and its
roughness. As Duparré and Coriand maintain, K, is sensitive to multi-scale
roughness profile — such as exhibited by, e.g., the Lotus leaf — and indicates
for surfaces of a given material the transition from hydrophobic to super-
hydrophobic behavior. Available data indicate that — regardless of chemical
composition — a surface will only exhibit superhydrophobic behavior, if
K, > 0.4 [30].

13.2.4 The Concept of Roughness Formation by Laser
Irradiation

Many researchers try to mimic natural surface designs such as, e.g., the
well-documented Lotus leaf, in order to attain roughness patterns in the
nano- and micrometer scales and the fundamental conditions of the Cassie-
Baxter state. A popular concept is to apply hybrid coatings of nanoparticles
embedded in fluorinated or silane binders to textured technical surfaces
in order to provide micro-/nano-roughness and low surface free energy
simultaneously. An example of this concept is a hybrid coating for cotton
fabrics based on silica nanoparticles and perfluorooctylated quaternary
ammonium silane coupling agent (PFSC), which was reported by Yu et al.
[31]. The water contact angle increased up to 145°, while oil repellence was
also enhanced. An important issue with these types of hybrid coatings is
their quite limited wash stability and abrasion resistance of particles and/
or binders.

In the context of the scope of this chapter — to combine processes to
attain surface roughness and chemical modification -, we shall discuss the
use of laser radiation for the formation of roughness on a technical surface
in the following paragraphs.

Various physical methods have been evaluated in recent years in refer-
ence to their potential to render metals and polymers rough in the nano- or
micro-scale. In this context, high-power lasers have shown great potential.
Already the first papers on laser ablation (or “dry etching”) of polymer films
and photoresist by pulsed UV lasers (excimer lasers) in the early 1980s
[32-34] reported the roughening of polymer surfaces as an unwanted side
effect of irradiation. Later, Lazare et al. [35] studied the phenomenon in
greater detail as a deliberate modification of PET film, while Bahners and
co-workers [36-39] developed the concept of controlled modification of
the topography of polymer fibers.

The excimer laser irradiation of synthetic fibers made of highly absorb-
ing polymers, e.g. aromatic polymers such as PET and aramids as well
as aliphatic polymers such as polyamide-6 and -6.6 (PA), generates a
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characteristic topography on fiber surfaces [38], which is exemplified in
the SEM micrograph shown in Figure 13.3. The surface topography of
excimer laser irradiated fibers can be described as a characteristic arrange-
ment of ‘rolls’ at an average distance (D).

While Lazare et al. [35] proposed the formation of the rough surface as
directly produced by the ablation process, a qualitative model suggesting
a thermo-mechanical process was deduced from detailed analysis of the
surface topography generated on fibers [38,39]. The major factors in this
model are (I) the extremly strong absorption of the radiation with pen-
etration depths of the order of 0.1 um, and (II) the time-scale involved in
the energy deposition by a laser pulse of several nanosecond duration (see
Table 13.1). In this time-scale, heat dissipation is considered to be negli-
gible and hence a distinctive temperature profile is generated at the fiber
surface. Under these far-from-equilibrium conditions the temperature at
the surface of a PET fiber was estimated to be in excess of 2000 K [34].

(a) (b)

Figure 13.3 SEM micrographs of a technical fabric made of PET monofils as received
(a) and laser irradiated at 248 nm (b). Irradiation was performed applying 10 pulses of
90 mJ/cm? fluence.

Table 13.1 Parameters describing the energy deposition by one excimer laser
pulse at 248 nm and resulting effects to the substrate (PET).

absorption coefficient (PET at 248 nm) 10*to 10° cm™
penetration depth ~0.1 um
deposited energy per unit volume ~10to 20 kJ/cm®
time-scale of energy deposition 20 to 30 ns
time-scale of bulk heating 0.1s
estimated surface temperature >2000 K
degradation temperature (PET) ~ 560 °C
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Figure 13.4 Schematic representation of the laser-induced processes according to the
qualitative model proposed by Bahners and coworkers (cf. [36,38,39]).

Ablation will occur in the outermost surface layer, where the temperature
is in excess of the degradation temperature T, of the polymer, which is
approximately 560 °C for PET. Where the temperature is lower than T,
but higher than the melting point T , a layer of molten material would
form allowing relaxation of the very high internal stress fields present in
commercial fibers and subsequent shrinkage (see sketch in Figure 13.4). A
rough calculation gives a thickness of this layer of molten material of about
0.1 pm. In a “free-volume” theory of the polymer structure, this will only
be possible in coordinated material transport leading to the self-organized
formation of rolls. Accordingly, the overall orientation of the rolls is strictly
perpendicular to the orientation of the fiber axis — ‘stress axis’ -, which is
due to mechanical stress during the spinning process. Additional influen-
tial parameters in making rolls are the surface free energy and the viscosity
of the molten material since the surface free energy has to overcome the
viscous forces. It is notable that the model would predict the formation of
random “pillars” on films with low orientation and a wavy structure on
oriented films, which is consistent with the observations of Lazare et al.
[35]. This was shown by experiments using partially oriented PET fibers
and films as well as fibers made of a polyurethane elastomer [38,39].

Predicted by this physical model of the process and confirmed by exper-
imental results, the mean roll distance (D) is governed by the material as
well as process parameters. The material defines the extent of absorption
at the given laser wavelength as well as the orientation of the macromol-
ecules. The main laser parameter on the other hand is the number of laser
pulses applied NP. As a matter of fact, the laser fluence, i.e. pulse energy
per unit area, is of little influence.

At a given wavelength, the dependence of the mean roll distance (D) on
NP, in allinvestigated cases, could be described by the logarithmic expression

(D)=K, logNP+K, (13.7)
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Table 13.2 Mean “roll distance” as a measure of the laser-generated surface
topography on the filaments of the PET multifilament yarn (warp yarn).

No. of Laser Pulses Mean Roll Distance [pm]
1 —
2 ~1.0
5 1.4
10 1.8-1.9
15 24-25
20 2.5

where (D) was taken as the mean value over 10 to 20 rolls and K and K,
are constants for given conditions [39]. Characteristically (D) exhibits
a strong dependence up to ten pulses applied with a saturation above
approximately 20 pulses. Related dimensions for the exemplary PET
fibers shown in Figure 13.3 are summarized in Table 13.2. The order of
magnitude can be considered typical for the average technical PET fiber.
K, is weakly dependent on laser fluence, but is sensitive to the given pen-
etration depth, i.e. to absorption coefficient and wavelength of the laser
and specific fiber properties (e.g. draw ratio as mentioned before). In
this numerical expression, K, is equivalent to the roll distance (D) after
the first laser shot.

Already in their early paper, Lazare et al. [35] studied the effect of the
laser-induced formation of surface roughness on the wettability of PET
film. They showed that depending on the crystallinity of the film, the
roughness pattern affected contact angle, contact angle hysteresis, and the
shape of the triple line.

An interesting observation, which is of relevance to this chapter, was
reported by Kietzig et al., who studied the wetting behavior of metal alloys
treated with a pulsed femtosecond Ti:sapphire laser emitting at 800 nm
[40]. Kietzig et al. reported a two-scale nano-/micro-structure, which
initially rendered the surface superhydrophilic. However, after storage in
air, nitrogen, or carbon dioxide for 10 to 20 days these samples turned
superhydrophobic with contact angles in excess of 150°. Simultaneously, an
increasing concentration of carbon was detected on the surface structures,
which Kietzig et al. related to decomposition of carbon dioxide into zero
valence carbon.
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In the context of this chapter, however, Kietzig’s observation indicates
the potential of deliberate post-treatment of surfaces, which were artifi-
cially roughened.

13.2.5 Introducing Low Surface Energy to the Roughened
Surface

Only few authors have reported on laser-based surface roughening and
subsequent post-treatments to decrease SFE. Baldacchini et al. [41] coated
the surfaces of silicon wafers, which had been roughened by Ti:sapphire
femtosecond laser irradiation, with a layer of fluoroalkylsilane molecules
to produce superhydrophobic silicon surfaces. The wetting behavior of the
resultant two-scale surface topography in nano- and micro-scale could be
controlled to some degree by the laser parameters.

An important aspect of the concept of roughening step followed by
chemical modification is that the delicate topography of a nano-/micro-
rough surface must not be affected by, e.g., the deposition of hydrophobic
or oleophobic finish. Therefore, grafting or thin-layer deposition processes
are more favorable. Physically driven processes such as plasma-based or
UV induced grafting have the additional advantage of minimal use of
chemicals for surface modification.

Making use of this concept, Wagterveld et al. modified epoxy-based
photoresist (SU-8) by excimer laser irradiation (248 nm) and subsequent
plasma-polymerization of a hydrophobic hexafluoropropene layer of only
30 nm thickness [42]. The surfaces showed water contact angles of approx-
imately 165° and contact angle hysteresis values below the measurement
limit. An interesting observation was that the plasma-polymerized layer -
besides having low SFE - stabilized nano-scaled debris generated by the
excimer laser process. According to Wagterveld et al. the nano-roughness
of the debris was instrumental for the ultralow hysteresis of these surfaces.
This latter observation is of high relevance for other laser-treated poly-
mers, as the formation of debris with high carbon content namely in the
case of aromatic polymers such as, e.g., PET and p-aramid is well known
(see, e.g., [37]).

Though not employing laser for the initial roughening step, two addi-
tional papers shall be mentioned here because of their relevance to the
concept. Tsuij et al. [43] reported super oil-repellent aluminum surfaces,
where — in a first step - surface roughness was attained by anodically
oxidizing plate material. The resulting super-wetting surface was ren-
dered super-repellent by immersing the plate subsequently in fluorinated
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monoalkylphosphates of different chain lengths (F_  -MAP, with m =7
and 9). As far as oil repellence is concerned, best results are reported from
F,-MAP with oil contact angles in excess of 150° and vanishing contact
angle hysteresis.

Coulson et al. [44] report high repellence towards polar as well as
non-polar liquids from micro-rough poly(tetrafluoroethylene) (PTFE)
surfaces. In a first step, the samples were roughened by air plasma treat-
ment, after which a thin-layer was polymerized from 1H,1H,2H,2H-
heptadecafluorodecyl acrylate vapor in the same apparatus.

As a final remark, the concept of employing a post-treatment to increase
SFE was applied to achieve super-hydrophilic surfaces, too. Bahners et al.
[45] report super-wetting properties of acrylate surfaces, which were
roughened by photo-induced micro-folding, and subsequently modified by
plasma-based grafting of p-toluenesulfonic acid (p-TSA) or by UV-induced
grafting of the methacrylated poly(ethylene glycol) PEG300MA. Photo-
induced micro-folding is based on a two-step UV curing process of a thin
acrylate layer applied to substrates such as films, coated fabrics, or tiles (cf.
[45,46]). In a first step, the acrylate is treated by vacuum ultraviolet (VUV)
radiation and subsequently cured by conventional broadband UV irradia-
tion. VUV photons are strongly absorbed and the relevant penetration
depths are less than 100 nm. This results in a very fast curing of the thin
surface layer on top of the still liquid bulk in the first step. Due to shrink-
age occurring during polymerization and cross-linking, a wavy surface
topography with pronounced roughness and small peak-to-peak distances
is generated (‘micro-folding’). This structure is frozen through the sub-
sequent bulk curing. Surface analysis showed that plasma-aided grafting
resulted in the lowest water contact angles and extremely wetting surfaces.
Following the photo-chemical grafting of PEG300MA, on the other hand,
the lowest contact angles obtained were of the order of 20°. In both cases,
excellent stability of the layer and its wetting behavior was found.

13.3 Application of Combined Laser and Photo-
chemical Modifications to Technical Textiles

The objective of the following sub-sections is to exemplify the synergetic
effect of the combined processing by laser-induced surface roughening
and subsequent UV-induced modification of surface chemistry and sum-
marizes experimental results from earlier studies of the authors. The first
example (sub-section 13.3.1) concerns the increase of water repellence of
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technical fabrics made of PET and p-aramid (Kevlar®) while the second
example (sub-section 13.3.2) is focused on highly oil repellent PET fabrics.

In both cases surface roughening was effected by irradiation with pulsed
excimer laser emitting at 248 nm (Lambda LPX 215 iCC and Coherent
COMPexPRO 50, respectively). This wavelength was chosen because of
strong absorption in the spectral range from 220 to 250 nm by these aro-
matic polymers (cf. [18,39]). The photo-chemical modification of surface
chemistry followed the concept of (a) finishing the textile samples with
appropriate - i.e. hydrophobic or oleophobic - substances by conventional
padding or simple immersion, (b) drying, and (c) irradiation using mono-
chromatic (excimer) or broadband UV lamps as described in [16,18,19].
With regard to experimental details we refer to the original papers cited in
the following sub-sections.

A comment has to be made on the methods to characterize wettabil-
ity and the effect of the studied combined surface modifications. The con-
ventional as well as convenient procedure is to measure the contact angle
of specific liquids, which also allows to calculate the surface free energy
(SFE) - and its polar and dispersion components - making use of formal-
isms such as Neumann or Owens-Wendt. It is worth mentioning that a
critical survey of these methods was recently published by Etzler [47]. As
has been discussed in section 13.2.3, texture, porosity, and capillarity of
textile substrates have notable effects on the initial wetting behavior of a
droplet and the dynamics of wetting as well as on the choice of an appro-
priate method to characterize the wettability of a textile. The authors refer
to [24] for a detailed discussion on the effects of textile geometry and the
significance of experimental methods for wettability characterization.
Contact angles on textile substrates can be useful quantities for comparative
measurements in order to characterize the effects of surface modifications,
if the textile is distinctly hydrophobic and all other parameters, such as,
e.g., micro-roughness, were not affected. The wide variation in the contact
angles of droplets of water (in fact an aqueous dyestuft solution) on a tech-
nical fabric is clearly exemplified in the photograph shown in Figure 13.5.
Experimentally, it is essential to avoid accidental distortions of the fabric. If
a sample is rather wettable, the observation of the dynamics of wetting by
means of drop penetration tests can be more informative (and significant).
Drop penetration tests — characterizing either the penetration time, or
the occurrence of penetration at all - are useful for comparative measure-
ments meant to characterize the effects of fabric finishing, fiber surface
modifications, etc. Various drop penetration tests such as the AATCC 118
oil repellence test rely on characterization by “repellency grades” ranging
from 0 (fully wetting) to 8 (fully repellent). Obviously, differentiation is
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T

Figure 13.5 Droplets of aqueous dyestuff solution as employed for the TEGEWA

drop penetration test on a hydrophobized PET fabric. The photographs clearly show a
significant difference in the contact angles of the two droplets, which might be due to the
clearly visible fabric distortion as well as local variations in microscopic features of the
fabric geometry, i.e. pore sizes and capillary system.

limited. A quantitative measurement is based on the measurement of the
time elapsed, until a defined droplet totally penetrates the fabric. The value
determined is called “drop penetration time”. In the so-called TEGEWA?
test, the droplet has a volume of 0.05 ml and is dropped from a height of 40
mm onto the sample. Mostly, an aqueous dyestuff solution is used instead
of pure water for better visualization. In principle, the same elementary
processes of penetration and spreading occur in the TEGEWA procedure
as with contact angle measurements, and the recorded penetration time is
determined by all contributing parameters at the same time.

13.3.1 Increasing Water Repellence of Technical Fabrics Made
of PET and Aramids

For the majority of technical fabrics, high liquid repellence is seen in the
context of, e.g., easy removal of products from transporting belts in the
food or tobacco industry as well as reduction of adhesion of, e.g., dirt, par-
ticles, or process byproducts. The effect of high water repellence can be
more complex, however, for very critical applications. An important exam-
ple is the bullet-proof vests, which are constructed from fabric multi-layers

2 TEGEWA is the German association of manufacturers of finishing agents,
tanning agents and washing agents (TEGEWA = “TExtilhilfsmittel, GErbstoffe,
WAschrohstoffe’)
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made of p-aramid. The reason to demand high water repellence is twofold
in this case, one being the tendency of the fiber to take up water from the
environment - common to polyamides — with the long-term danger of
hydrolysis and loss in tensile strength, and second a water film on the fibers
acts as a lubricant for a projectile and will significantly reduce the perfor-
mance. In fact, standard test procedures by police forces include ballistic
tests on both wet and dry vests.

In the context of these practical requirements the concept of combined
laser and photo-chemical modifications has been applied in earlier studies
to typical plain-weave fabrics made of PET and p-aramid (Kevlar®) and has
been evaluated in view of high water repellence. Some of these results are
unpublished as yet and reported for the first time, others were reported as
early as in 2001 by Bahners et al. [48].

As has been mentioned, surface roughening was effected by irradiation
with a pulsed excimer laser emitting at 248 nm (Lambda LPX 215 iCC).
In a first step, pulse energy per unit area — generally termed fluence - and
number of pulses until (a) occurrence of the roll-structure and (b) sat-
uration of the roll distance (D) were evaluated and optimized for each
fiber polymer. Good results were achieved in both cases with a fluence
of 90 mJ/cm? and 10 to 20 pulses. In most cases, samples were irradiated
on both faces. SEM micrographs shown in Figure 13.3 and the geomet-
ric data given in Table 13.2 are representative for the generated surface
topographies.

For the subsequent photo-chemical modification of surface chemis-
try, samples were immersed in 1,5-hexadiene, diallylphthalate (DAP), or
perfluoro(4-methylpent-2-ene) (PFMP), dried and irradiated. A mono-
chromatic (excimer) lamp emitting at 222 nm was employed and the irra-
diation performed for 5 or 10 min in an inert atmosphere. Samples were
irradiated on both faces in all cases. In general, the samples were extracted
for 4 hours in water/methanol and further 4 hours in petroleum ether
before the treatments and washed after the photo-chemical modification
in order to remove uncrosslinked residuals.

Drop penetration times of water droplets (in fact an aqueous dye-
stuff solution) dropped onto the technical PET fabric are summarized in
Table 13.3, the drop penetration characterized according to the TEGEWA
procedure.

Various conclusions can be drawn from the table. With a slow drop pen-
etration (elapsed time 80 s), the untreated fabric can be considered only
modestly hydrophobic. One has to take into account that (a) the water con-
tact angle on untreated PET film is of the order of 72° and (b) that capillary
effects can be expected to be significant in the observed behavior.
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Table 13.3 Water wetting behavior of technical PET fabrics following

(a) laser-roughening, (b) photo-chemical modifications using different reactive
media, and (c) combined laser roughening and photo-chemical modification.
Both laser and photo-chemical modifications were performed on both faces of
the fabrics. Water wettability was characterized by measurement of the drop
penetration time of an aqueous dyestuft solution according to the TEGEWA
procedure (see text).

Process Condition of | UV Exposure | Drop Penetration
Laser Treatment [min] Time [s]
untreated - - 807
a) laser treatment 10 pulses - 145%5
(248 nm, 20 pul +
90 mJ/cm?) pulses - 21510
b) photo-chemical - 5 185+3
modification with

1,5-hexadiene

b) photo-chemical - 5 276 £ 10
modification with ] 10 €05+ 13
PFMP -

c) laser treatment 10 pulses 5 649+ 10
and subsequent 20 oul +
photo-chemical 0 pulses > 677%3
modification with
1,5-hexadiene

c) laser treatment 10 pulses 5 1371+23
and subsequent 10 oul
photo-chemical pulses 10 1542+ 15
modification with 20 pulses 5 2040 + 18
PFMP

20 pulses 10 2052+ 25

The data show that the fabric becomes only slightly more repellent, if
treated by the laser alone. If - for simplicity - a behavior following the for-
malism of the Wenzel equation is assumed, this is in full agreement with
the prediction of the behavior of the apparent contact angle, if the Young
contact angle is of the order of 90°. With cos®, — 0, roughening will not
yield significant effect towards repellence.

On the other hand, a photo-chemical treatment alone results in a
decrease in SFE with the corresponding increase in contact angle. This has
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consequences on initial wetting on the macroscopic surface as well as pen-
etration into the pore system. However, it is rather unclear and difficult to
assess with these technical samples, as to how far the inner surfaces of the
multifilament yarn and the resulting capillary effects are affected by the
treatment. Here, penetration of the reactive agent during the finishing step
(itself governed by wetting behavior) and penetration of the UV radiation
are important factors. Additionally, the graft-copolymerization may lead
to layer formation, which obscures the pore system, especially following
a very long UV exposure. The observed increase in drop penetration time
may then well be an effect of obscured macro-, mesopores, and capillaries
rather than “true” wetting effects.

Irrespective of the above discussion, the data summarized in Table 13.3
impressively show the synergetic effect of the combined treatment, which
amplifies the effects of the individual treatments. This is also graphically
shown in Figure 13.6. Whereas, e.g., a laser treatment with 10 pulses
approximately doubles the drop penetration time, and functionalization
with 1,5-hexadiene alone triples drop penetration time, the subsequent
execution of both steps results in an eight-fold penetration time to more
than 10 min. Using PFMP, drop penetration is not observed even after
35 min. It should be noted that the drop penetration behavior over this
long period of time might be influenced by evaporation effects. Many

0.5

Drop penetration time [x 1000 s]

Figure 13.6 Drop penetration times according to the TEGEWA procedure on PET
fabrics, which were laser irradiated (10 pulses of 90 mJ/cm?) and subsequently photo-
chemically modified using 1,5-hexadiene and PEMP. UV exposure for chemical
modification was 5 min in the case of 1,5-hexadiene, and 5 and 10 min in the case of
PEMP.
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researchers, therefore, stop the observation of the droplet in a TEGEWA
measurement after 5 min (cf. [24]).

An interesting effect was observed when samples were laser-irradiated
only from the front face. In spite of the photo-chemical modification being
performed from both sides as before, this created a difference in wettability
(gradient) of front and back faces. As a result, the droplet positioned on the
hydrophobic front face remains unchanged for a certain time before being
absorbed into the textile structure and is transferred to the more hydro-
philic back face. At no time during this process does the droplet spread
laterally on the front face.

This is illustrated in the context of data recorded on the p-aramid
(Kevlar®) fabrics, which are summarized in Table 13.4. The first observation
is that, again, extremely high water repellence is achieved by the combined
process of laser-induced surface roughening and subsequent UV-induced
modification of surface chemistry. The photo-chemical modification used

Table 13.4 Water wetting behavior of technical p-aramid fabrics following (a)
laser-roughening, (b) UV-induced grafting of perfluoro(4-methylpent-2-ene)
(PFMP) and (c) combined laser roughening and photo-chemical modification.
Water wettability was characterized by measurement of the drop penetration
time of an aqueous dyestuff solution according to the TEGEWA procedure (see
text).

Process Condition of | UV Exposure | Drop Penetration
Laser Treatment [min] Time [s]
untreated - - 50+ 4
a) laser treatment 10 pulses on - 1625
(248 nm, front face
90 2
mJ/em?) 10 pulses on - 195+ 10
both faces
b) photo-chemical - 5 1157 £50
modification with
PFMP
c) laser treatment 10 pulses on 5 2601 £ 75
and subsequent front face
hoto-chemical
proto-caemiea. 10 pulses on 5 > 3600*
modification with both £
PEMP oth faces

* Measurement was stopped (see text)
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PFMP as the reactive medium in this case. The data show that if the sample
had been irradiated in both modification steps from both faces, the droplet
was stable on the fabrics for one hour, after which the measurement was
stopped. If, on the other hand, fibers were roughened only on the front face
of the fabric, the droplets were stable for rather long periods of time (more
than 40 min), after which they penetrated spontaneously

At this point, the paper by Wagterveld et al. shall be referred to once
again who modified epoxy-based photoresist (SU-8) by excimer laser irra-
diation (248 nm) and subsequent plasma-polymerization of a hydropho-
bic hexafluoropropene layer [42] (see sub-section 13.2.5). Wagterveld et al.
emphasized the role of nano-scaled debris generated by the excimer laser
process. According to Wagterveld et al. the nano-roughness of the debris
was instrumental for the ultralow contact angle hysteresis of these surfaces.
The formation of debris with high carbon content in the case of aromatic
polymers such as, e.g., PET and p-aramid was observed already the in first
studies on laser-induced roughening of aromatic fibers (see, e.g., [31]) and
was observed also in the experiments reported here.

Therefore, it was of interest to study the effect of debris formed on the
p-aramid fibers on the wettability of the fabrics by determining drop pene-
tration time on laser-treated samples, which were subjected to an extensive
extraction procedure in order to remove as much of the debris as possible.
In order to provoke debris formation, the samples were irradiated at sig-
nificantly higher fluence (500 vs. 90 mJ/cm?*) and pulse number (50 vs.
10). For cleaning, the samples were extracted for 4 hours in water/metha-
nol and further 4 hours in petroleum ether. The effect of debris removal is
summarized in Table 13.5 and can be described as rather significant. The
drop penetration time on samples which were treated only by the laser
dropped from 45 to 60 min to only 2 min after cleaning. Compared to the
untreated fabrics this is only a very small increase in repellence, which may
reflect the shallow - in comparison to the effect on the PET fibers- features
of the surface topography (cf. Figure 13.7). Only following the combined
treatment the effect on the cleaned fabrics is still quite prominent, although
smaller than on samples where the debris was still in place.

13.3.2 Increased Oil Repellence of Technical PET Fabrics

The potential of discussed approaches for high oil-repellence of technical
fabrics made of PET and its impact in the field of aerosol filtration was
evaluated in a recent study by the authors [49]. The objective of this study
was to assess the performance of technical fabrics as drainage media in
compressed air filters. Drainage layers are designed to take up the oil from
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Table 13.5 Effect of carbon-rich debris produced by the laser irradiation of
p-aramid fabrics at 248 nm on their water wetting behavior. Data give the drop
penetration time of an aqueous dyestuff solution measured according to the
TEGEWA procedure (see text). For cleaning, the samples were extracted for

4 hours in water/methanol and further 4 hours in petroleum ether.

No Cleaning After Extraction
Laser Treatment After Laser
Treatment
laser irradiation (10 pulses, 90 mJ/cm?) 1....4min -
laser irradiation (50 pulses, 500 mJ/cm?) 45 ..... 60 min 2 min
laser irradiation (50 pulses, > 60 min * 30 ... 40 min
500 mJ/cm?) and subsequent graft-
copolymerization of PEMP

* Measurement was stopped (see text)

Figure 13.7 SEM micrographs of yarn made of p-aramid (Kevlar®) after laser irradiation
(248 nm). The yarn was treated by application of 10 pulses at 90 mJ/cm? and analyzed
without any further cleaning at various places. The micrographs indicate shallow surface
features (in comparison to PET fibers, cf. Figure 13.3.) as well as residual particulates,
which are assumed to be the debris generated by the laser-induced processes.

neighboring filter layers and transport it out of the airstream in order to
keep the filter layer from blocking and secure a low pressure drop over
the whole cartridge. While conventionally all layers of filter cartridges are
made of non-wovens, the significant advantage of using woven fabrics
composed of multifilament yarn for drainage layers is the auxiliary effect
of capillary forces occurring in the yarn (cf. section 13.2.2).

Given its favorable material properties as, e.g., extremely strong absorp-
tion and high efficiency for bond breaking and radical generation, PET
is a good candidate for the described photon-based processes for surface
modification. As before an excimer laser treatment at 248 nm (Coherent
COMPexPRO 50) was employed for surface roughening of the PET fibers.
The number of applied pulses was 2, 10 or 20, and fabrics were irradiated
from both faces. The pulse repetition rate was 1 Hz, and the fluence was
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100 mJ/cm? throughout. Based on earlier work (cf. [17]), the subsequent
photo-chemical treatment was UV induced grafting of 1H,1H,2H,2H-
perfluoro-decyl acrylate (PFDA). PFDA was expected to be favorable
for the oleophobic grafting modification on the basis of its terminal CF,
groups. Also, a terminal double bond promotes the photo-induced grafting
reaction. A broadband Hg lamp with a main emission band between 200
and 300 nm (UVACUBE 2000, Dr. Honle, Munich, Germany) was used as
the light source [49].

The effect of the excimer laser irradiation on fiber surface topography
is exemplified by the SEM micrographs compared in Figure 13.8 (from
[49]). As can be taken from the micrograph Figure 13.8a, the roughening
effect occurs prominently on the fine and highly drawn fibers of the mul-
tifilament yarn, but is less pronounced on the thick monofils of the warp
system. The effect is attributed to the different spinning conditions during
fiber manufacture, which result in a higher macromolecular orientation
and crystallinity of these “technical” fibers. The micrographs also mirror
the high control of the attained topography by the number of applied laser
pulses as exemplified by Figures 13.8b, 13.8¢, and 13.8d.

200 pm
200um

(b)

2% 26 0urm [l 6100 26/8mm 82,00k SE

© (d)

Figure 13.8 SEM micrographs of the PET drainage fabric after excimer laser irradiation
at a wavelength of 248 nm and a laser fluence of 100 mJ/cm? in all cases (taken from
Bahners et al. [49]). The micrographs (a) and (c) show the fabric following treatment with
10 pulses. The images indicate that roughening occurs prominently on the fibers of the
highly oriented multifilament yarn, in contrast to the thick monofils, which are typically
less drawn during manufacture. The micrographs (b) and (d) show the fibers of the
multifilament yarn following treatments with 2 and 20 pulses, respectively.
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Figure 13.9 SEM micrograph of the PET fabric after combined laser and photo-chemical
treatments. The layer formation following UV-induced copolymerization of PFDA is
clearly seen. While the delicate laser-generated surface structure is conserved in certain
places (1), it is obscured by a poly-PFDA layer elsewhere (2). The inhomogeneity of the
treatment can be attributed to uneven take-up of the reactive medium in the course of the
photo-chemical treatment.

SEM analysis after subsequent photo-chemical modification revealed
that the process induces graft-copolymerization of PFDA and indeed
affects the surface morphology to a certain degree and partly obscures the
laser-generated surface pattern (Figure 13.9). The important property of
PFDA is its absorption behavior in the UV range. Available data indicate
that PFDA is nearly transparent in the spectral range above 220 nm. As
the employed broadband lamp emits approximately from 200 to 300 nm, a
certain part of the radiation is absorbed by the reactive medium and appar-
ently induces cross-linking.

Oil contact angle measurements nevertheless indicated the synergetic
effect of these two surface treatments. These measurements were per-
formed following the sessile drop method using the industrial mineral oil
Shell Corena D46. In view of the relevance for the underlying problem
of pressurized air filtration, the tests concentrated on the wetting behav-
ior of this highly refined mineral oil commonly used in compressors and
vacuum pumps. The measured equilibrium contact angles summarized in
Table 13.6 (from [49]) clearly show the increase in oil repellence following
the grafting of PFDA as well as the synergetic effect of micro-roughening
and grafting. The application of PFDA alone raises the contact angle of
the oil on the previously wetting substrate to close to 100°. Making use of
the combined effect of laser-induced surface roughening and subsequent
grafting a highly oleophobic surface is created with oil contact angles as
high as 130°. Obviously, the effect of the laser-generated patterns is sig-
nificant in spite of the coverage by the grafted PFDA. This is especially
noticeable in the long-term stability of the droplet, which does not spread
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Table 13.6 Qil contact angle on technical PET fabric following UV initiated
graft-copolymerization and combined laser roughening and subsequent
graft-copolymerization. Test liquid was the industrial mineral oil Shell Cordena
D46 commonly used in compressors and vacuum pumps (data from [49]).

Oil Contact | Note
Angle[°]
untreated fabric spreads/
penetrates
photo-grafting of PEDA 97 17 droplet is semi-stable
and has penetrated the
fabric after 24 hours
laser irradiation (10 pulses) and 131+7 droplet is stable for more
subsequent photo-grafting of than 24 hours
PFDA

or penetrate over a period of 24 hours. On all modified cases, pronounced
pinning of the oil droplets was observed, with no roll-off up to 90° tilting
angle. Experiments with a significant increase in droplet volume to 24 p,
and accordingly increased gravitational forces, provoke only slow (viscous)
motion of the droplets and no real roll-off. Obviously, the contact angle
hysteresis is high.

Results from filtration experiments (a detailed description is found in
[49]) impressively show that the increased oil repellence improved the
drainage efficiency significantly. The pressure drop after operation for one
hour is reduced by approximately 10 % following a purely chemical sur-
face modification and approximately 25 % following laser roughening and
subsequent photo-grafting of PEDA. As would be expected from the rather
small effect of surface roughening without chemical modification, the laser
treatment alone could not increase drainage efficiency.

13.4 Summary

In the context of an increasing demand for application-related func-
tionalities rendering technical textiles (super-)hydrophobic or oleopho-
bic has been one of the major topics of research and development in
recent years. Besides the modification of surface chemistry in order to
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minimize the surface free energy, biomimetic concepts have shown the
important role of surface roughness. In this framework several attempts
to apply both types of surface modifications - i.e. chemical modifica-
tion of surface and modification of surface topography - in a combined
processing concept were reported. Based on the concepts of Wenzel or
Cassie-Baxter, super- or at least high repellence can thus be achieved by
(a) the increase of liquid repellence by chemical surface modification to
reduce SFE and subsequent roughening, or (b) by introducing surface
roughness and subsequent chemical modification of the rough surface
to reduce SFE.

Given the increasing interest in physical processes with low consump-
tion of chemicals, favorable environmental issues, and high controllability,
the scope of this chapter was to give a short overview of fundamentals of
combined photo-chemical and laser surface modifications and to exem-
plify the attainable effects by data obtained from experiments conducted
by the authors.

Reported examples cover the increase of water repellence of technical
fabrics made of PET and p-aramid and the concept of highly oil repellent
PET fabrics. In all cases the experiments impressively showed the syner-
getic effect of the combined treatment, which amplified the effects of the
individual treatments.

It should be emphasized that in all these considerations, one has to keep
in mind how the characteristic and complex geometry of textile substrates
affects the wetting behavior of a droplet. Liquid penetration and (apparent)
spreading will always be governed simultaneously by microscopic - i.e.
fiber - surface chemistry and roughness, by macroscopic surface proper-
ties — fabric texture -, but also by micro- and mesopores defined by fabric
construction and the capillary system of the yarn(s) composing the fabric.
An apparent contact angle will always mirror all these factors. Given this,
the effects of surface modification techniques are not necessarily uniform,
i.e. affect all surfaces of a porous textile in the same way. Photo-chemical
grafting or laser roughening will, for instance, not necessarily affect the
inner surfaces of a yarn, which define the wetting within the capillary sys-
tem. In contrast, photo-chemical graft-copolymerization might obscure
part of the pores and hinder water penetration into yarn capillaries. Thus,
the treatment will reduce capillary effects as well as surface free energy of
the outer, i.e. exposed, surfaces at the same time. In the context of these
considerations, it can be concluded from the reported data that combined
treatments have a marked potential for synergies and allow to attain sig-
nificant overall effects.
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Modification of Paper/Cellulose Surfaces
to Control Liquid Wetting and Adhesion
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Technology, Atlanta, GA, USA

Abstract

Cellulose is a biodegradable, renewable, flexible, inexpensive biopolymer that is
abundant in nature. However, due to its hydrophilicity, applications of cellulose
(paper) in the handling of liquids are severely limited. Appropriate plasma- or
glow discharge-assisted processing sequences can be used to modify the surface of
cellulose/paper so that the interaction of liquids with these surfaces can be altered.
In particular, nanostructures associated with crystalline regions of cellulose fibers
can be uncovered by plasma-enhanced etching; subsequent plasma-enhanced
fluorocarbon film deposition (~100 nm) converts the surface into a superhydro-
phobic (static water contact angle >150° receding contact angle <8°) state. Similar
results can be obtained by depositing diamond-like carbon films on the plasma-
etched surface, in spite of the inherently hydrophilic nature of diamond-like car-
bon itself. In addition, droplet adhesion and mobility can be controlled; depending
on the etch cycle parameters, the paper surface can be rendered ‘roll-oft” or ‘sticky’
superhydrophobic. Use of a commercial printer to generate hydrophobic ink pat-
terns on superhydrophobic paper surfaces allows controlled movement, transfer
and storage of water or other aqueous liquids on the paper surface. These basic
functionalities can be combined to design simple two-dimensional lab-on-paper
(LOP) devices. Finally, by controlling both the cellulose fiber size and spacing, and
depositing a fluorocarbon film, paper surfaces can be rendered superomniphobic,
repelling both polar and apolar liquids.
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14.1 Introduction

Paper has been used as a substrate for writing or recording information
for ~2000 years. Continuation of its use to date is due to the fact that its
primary component, cellulose, is a ubiquitous, biodegradable, flexible,
renewable, and inexpensive biopolymer. Although paper has been used
extensively for printing, writing, and packaging, alternative innovative uses
have received much attention within the past 10 years. For instance, pro-
cesses to fabricate transistors [1,2], batteries and supercapacitors [3,4], sen-
sors [5,6], and microfluidic devices [7-10] on paper substrates have been
reported. Unfortunately, the inherently hydrophilic and oleophilic proper-
ties of paper limit its ultimate usefulness in many potential applications.
Alteration of cellulose surface properties can be used to control (pro-
mote or inhibit) liquid interactions, while maintaining the advantageous
properties of bulk paper, such as strength, flexibility and cost. Specifically,
the ability to control the wettability and adhesion of liquid droplets on
paper or cellulose surfaces offers the potential to expand use of paper in
devices or technologies that currently use polymers or biomaterials.
Wettability control of paper surfaces has traditionally been achieved by
the use of sizing techniques [11-12]. Internal sizing is accomplished by add-
ing sizing agents (e.g., anhydrides) to pulp slurries before the paper sheet is
formed, while surface sizing is performed by adding starch or waxes to the
paper surface after the paper has been dried. Since the amount of additive
may be substantial, such approaches can lead to problems in paper recy-
cling. Surface/wetting modification using a thin (<300 nm) surface coating
on the fabricated paper could offer advantages in this respect. A possible
alternative to solution methods for surface modification of paper invokes
vapor phase material deposition. Our studies in this arena use radio fre-
quency (rf) or cold plasmas for surface etching and film deposition.

14.2 Plasma Processing

As used for low temperature film deposition and substrate processing, a
plasma is a partially ionized gas that contains electrons, ions, photons, and
neutral species in ground and excited states [13]. Electron impact reac-
tions with gases in the plasma cause molecular dissociation and ioniza-
tion at low temperature (typically <50°C), thereby promoting reaction
rates that are appropriate for surface etching and deposition processes,
while ensuring compatibility with temperature-sensitive surfaces such as
cellulose. Ion, electron, photon, and neutral radical bombardment onto
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surfaces exposed to the plasma leads to the breaking of surface chemi-
cal bonds, thereby causing etching -when volatile products are formed-,
and film deposition -when non-volatile compounds are created. Plasma
reactions typically affect only the surface layers (top few nm) of substrates,
thereby leaving the properties of the bulk material unaltered. Numerous
studies have demonstrated the ability to modify the wetting characteris-
tics of cellulose by surface oxidation, atom grafting, and film deposition
(see for instance, [14-20]). However, only a few studies have been reported
wherein more extreme liquid wetting characteristics, for example superhy-
drophobicity, oleophobicity or superoleophobicity, have been achieved on
paper by plasma processing. In the following sections, we describe recent
work from our group to control wetting and adhesion of liquid droplets on
paper surfaces along with approaches to allow controlled transport of these
droplets for possible applications in two-dimensional microfluidic devices.

14.3  Sticky vs. Roll-off Superhydrophobic Surfaces

A superhydrophobic (SH) surface is defined as one that has a static con-
tact angle (CA) with water greater than 150°. In order to fully describe
the surface-liquid interactions, adhesion characteristics of a droplet to
the surface should also be captured; this is generally quantified by mea-
suring the contact angle hysteresis (difference between advancing and
receding CAs) of a liquid droplet as it moves on a surface. Because no
known material offers a water contact angle greater than 120° on a flat,
non-porous substrate, superhydrophobicity requires a specific combina-
tion of surface roughness (with the correct size scale) in addition to a low
surface energy [21]. These criteria regarding chemistry and morphology
can be met by a variety of fabrication processes, including lithographic
patterning or particle deposition, followed by the formation/deposition
of a low surface energy material [22]. Our studies on the modification of
paper surfaces have employed a different approach to generate the req-
uisite roughness or physical heterogeneity: selective etching. In this pro-
cess, cellulose is exposed to an oxygen plasma to preferentially remove
amorphous material, and thereby uncover the crystalline nanofibrils [23].
This procedure creates roughness at the nano-scale that is in addition to
the existing micro-scale roughness of the porous cellulose fiber network.
Subsequent deposition of a thin (~100 nm) film of fluorocarbon from a
fluorinated precursor such as pentafluoroethane (C,F.H) then renders the
surface superhydrophobic. Most of the nanoscopic roughness generation
occurs during the first 15 min. of etching; a minimal increase in roughness
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occurs between 15 and 60 min. of etching, as shown in Figure 14.1 and
demonstrated by AFM and optical profilometry [23, 24]. At these lon-
ger etch times, the micrometer-level structures in the paper are modified
by the etch process as shown in Figure 14.2 [23, 24]. Interestingly, when
the roughness is of the correct size scale, even deposition of a relatively
hydrophilic coating material like diamond-like carbon, which displays a
CA of 68° on a flat substrate (e.g. Si wafer), renders the etched paper sur-
face superhydrophobic, with a contact angle of ~160° [24]. The results are
similar to those wherein a fluorocarbon film is deposited, but with a film
material that is inherently hydrophilic.

Control of contact angle hysteresis is more sensitive to the etch time
than to the static contact angle. Adhesion of water droplets can be tuned
by varying the etch time. Even the unetched paper, with nanoscopically
smooth fibers, yields an advancing contact angle >150° when coated with
a low surface energy material (e.g., fluorocarbon) due to the micro-scale
roughness of the porous fiber network; this advancing CA remains vir-
tually constant for etch times between 0 and 60 min [23]. However, the
receding CAs vary considerably with etch time, yielding contact angle
hysteresis values that drop from 147° to 3.5° as the etch time increases
from 0 to >30 min. [23]. This change results in a continuously varying

(@) b © o

Figure 14.1 SEM images of (a) unetched paper fiber, and fibers that were plasma
etched in O, for (b) 15 min, (c) 30 min, and (d) 60 min. Reproduced from Ref. 24 with
permission from Springer.
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Figure 14.2 Low magnification SEM images of (a) unetched paper, and paper that was

plasma etched in O, for (b) 15 min, (c) 30 min, and (d) 60 min. Reproduced from Ref. 24
with permission from Springer.
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adhesion force or “stickiness” of the water droplet on the paper surface
[23, 25]. Under the proper etch conditions (<5 min), the droplet shows
SH behavior as indicated by the static CA, but the adhesion is so strong
that the paper can be turned upside down and shaken without detach-
ing the droplet from the surface. As the etch time increases, the adhesion
force lessens, until at etch times >30 min., roll-oft behavior of the droplet
is observed; in this state even a low, less than a few degrees, tilt angle of
the surface will induce droplet movement under the influence of gravity.
These results can be ascribed to the extent of penetration of the droplet
into the roughness created, with further penetration (but not yet a Wenzel
state where complete wetting of the roughened surface occurs) yield-
ing higher adhesion [25]. When droplet penetration is essentially non-
existent, indicating that the droplet sits on top of the nanofibrils, droplet
roll-oft is observed.

14.4 Local Wetting/Adhesion Control

The use of paper as a substrate for microfluidic devices is attractive in bio-
medical and analytical applications insofar as cost and flexibility are con-
cerned. This approach has been used for 3-D devices [7-10] where the
hydrophilic properties of paper allow water-based solutions to be absorbed
into the paper and guided to desired locations by taking advantage of and
manipulating capillary forces. Our efforts, in contrast, have focused on
2-D microfluidic approaches where patterns are created on the surface of
paper so that required operations such as sampling, mixing, transfer, and
storage of droplets can be realized without liquid penetration into the sub-
strate [26, 27]. These operations are most easily implemented by using a
desktop printer to create hydrophobic ink patterns on the SH paper [26].
Since the interactions of the water droplet with the SH surface surround-
ing the patterns is even less favorable than with the hydrophobic ink, the
droplet is confined to the ink pattern and can be moved along the surface
by simply tilting the paper. By printing line and dot segments, or combina-
tions of these shapes in various patterns, anisotropic adhesion control and
mobility of the droplets can be achieved. This fundamental principle can
be harnessed to design building blocks and unit operations for functional
microfluidic devices. Experimental results on paper substrates with ink
patterns agree well with classical models that describe quantitatively both
drag- and extensional-adhesion. Examples of the liquid-handling opera-
tions that can be performed with simple 2D print patterns (lines, dots)
are shown in Figure 14.3 [26]. More intricate patterns such as semicircles
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Figure 14.3 (a) Photographs of an array (left image) of water drops (food coloring was
added to enhance contrast) and a high magnification image (right) of a single drop stored
on a vertical substrate, (b) series of snapshots of a drop being transferred between two
substrates, (c) photographs of merging and mixing: (i) pick-up mixing (two drops), (ii)
line mixing (three drops) and graph that shows the working zone of drop volumes suitable
for line mixing, (d) photographs of drop splitting between two substrates. Reproduced
from Ref. 26 with permission from Royal Society of Chemistry.

or three-way junctions offer higher levels of directional mobility control
of water droplets. For instance, a “mechanical diode” can be fabricated by
printing a line segment that is interrupted by a semicircle; the mobilities of
a droplet along the line in the convex and concave directions of the semi-
circle differ substantially [28].
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Figure 14.4 Colorimetric glucose test performed with high hysteresis wax islands on SH
paper substrates; (a) dried reagents before exposure to test liquid; after sampling from bulk
drops of (b) DI water, (c) 0.0015 M glucose solution, and (d) 0.005 M glucose solution.
Reproduced from Ref. 27 with permission from Springer.

A potential application of the 2D microfluidic devices involves the cre-
ation of substrates that enable precise droplet manipulation, as required
for medical testing of biofluid samples. A specific challenge is the genera-
tion of multiple small (e.g., 1-5 micro-liter) liquid samples with precise
volumes for quantitative bio-assays from a single droplet of larger dimen-
sions (~100 micro-liter) that could readily be obtained from a patient
without the use of accurate and expensive tools, such as a finger prick.
We have achieved this by taking advantage of the passive wetting prop-
erties of patterned SH paper substrates, which represent low-cost, point-
of-use approaches. Droplet splitting has been achieved by the creation of
contact angle hysteresis through the fabrication of heterogeneous paper
surfaces [27]. SH, low hysteresis paper surfaces were prepared by the two-
step plasma process (etching followed by fluorocarbon film deposition)
described above. A thermal transfer stamping/printing process was then
used to form wax patterns with high hysteresis on the SH paper. Use of dif-
ferent waxes allowed the surface chemistry to be altered, while the surface
roughness was imparted and controlled independently by pressing the wax
onto sandpapers of various grit sizes. Both wax chemistry and roughness
enabled controlled variation of hysteresis and thus adhesion of water drop-
lets. When a SH substrate with a 2 mm central wax dot surrounded by four
1 mm wax dots was pressed onto a large water droplet (100 micro-liter),
multiple small droplet samples with precise volumes (and one large central
droplet for stabilization of the capillary breakup) were transferred to the
wax patterns on the test paper. Feasibility of this approach for the fabrica-
tion of a biomedically relevant test was demonstrated by functionalizing
the perimeter wax drops with glucose colorimetric reagents. After bring-
ing this test substrate in contact with aqueous droplets containing different
glucose concentrations, identification of the glucose levels was apparent as
shown in Figure 14.4.
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14.5 Superamphiphobic/Superomniphobic Paper

Numerous applications can be envisioned for paper or cellulose surfaces
that effectively repel oils and other non-polar liquids as well as aqueous
solutions. For instance, liquids packaging and disposable clothing, medical
apparel, and test strips would be possible using low cost, renewable mate-
rials. Little work has been reported for oleophobic and especially amphi-
phobic or superamphiphobic (repelling both high and low surface tension
liquids) paper surfaces. When repellency of oil and grease is desired, cel-
lulose-based substrates are generally overcoated; in this situation, the wet-
ting properties are established by the coating rather than the properties of
the fiber network (i.e., fiber size, shape, and chemistry). The exception to
this statement is filter paper which has been designed specifically to repel
liquids [29].

Attainment of superoleophobicity (SO), i.e. contact angles greater than
150° for multiple liquids, is difficult at best, since low surface tension lig-
uids wet nearly any surface. Success in this area has depended on close con-
trol of the roughness geometry; in particular, re-entrant angles or undercut
structures are required for stable SO surfaces [30-34]. The lower half of the
cross section of a cylindrical fiber inherently displays a re-entrant angle; as
a result, highly ordered woven fabrics and wire mesh substrates have suc-
cessfully been designed with tightly controlled fiber spacing and surface
chemistry to achieve SO behavior [30, 35-37]. Imparting SO properties
to paper represents a considerable challenge, since fiber length, diameter,
spacing and cross section are far from uniform; furthermore, the cross sec-
tion of fibers is elliptical due to the pulp processing. Despite these com-
plications, models formulated to describe/predict wetting behavior on
uniform fiber-based substrates [34, 38] can be applied to paper to estimate
the average fiber spacing and cross section needed to achieve SO charac-
teristics. The fiber spacing in paper substrates can be adjusted by modifica-
tion of the paper formation process, in particular by exchanging water as
the suspending liquid of the pulp with less polar liquids such as sec-buta-
nol. The (average) fiber diameter in the pulp can be modified prior to paper
formation via a process known as refining, and further adjusted by plasma
etching after the paper has been formed. When the desired fiber size and
spacing are reached, deposition of a thin fluorocarbon layer to modify the
surface chemistry will render even the highly heterogeneous and porous
paper surface both superoleophobic and superhydrophobic (i.e., super-
amphiphobic) [39]. Control of fiber size and spacing is evident from the
SEM images shown in Figure 14.5, where 10 HW signifies the number of
revolutions (10,000) to which the hardwood fibers were subjected in a pulp
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refiner (beater) to reduce fiber diameter. The porosity of the refined paper
has been increased significantly and the fiber diameter reduced extensively
relative to that of the unrefined paper. An image of the resulting paper sur-
face (after fluorocarbon film deposition) with four different liquid droplets
applied is shown in Figure 14.6 [39]. These liquids have widely different
surface tensions (water: 72 mN/m; ethylene glycol: 48.4 mN/m; motor oil:
32.2 mN/m; n hexadecane: 27.5 mN/m). Yet, each displays a static contact
angle >150° (157 £ 3°, 155 * 5°, 152 * 4°, and 154 + 2° for water, ethyl-
ene glycol, motor oil, and hexadecane, respectively). The roll-oft angles of
these droplets, which are indicative of the contact angle hysteresis, vary
widely, with water, ethylene glycol, and motor oil displaying roll-off at

@ ®  (©

Figure 14.5 (a, b) Low- and high resolution SEM images of a 10 HW handsheet
processed using sec-butanol before etching; (c) image of the same material after O,
plasma etching for 30 min. Reproduced from Ref. 39 with permission from The American
Chemical Society.

n-hexadecane

L. e it i
Figure 14.6 Droplets of four test liquids (water, dyed blue), ethylene glycol, motor oil,
and n-hexadecane (dyed red) positioned on the handsheet depicted in Figure 14.5¢;

high (>150°) contact angles are evident for all liquids. Reproduced from Ref. 39 with
permission from The American Chemical Society.
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13 +3° 19 £ 4°, and 34 * 6°, respectively. Hexadecane droplets adhere to
the surface even when the paper sample is inverted. These results demon-
strate that for heterogeneous fibrous materials, the fiber size, spacing and
roughness must be balanced and optimized to achieve wetting control for a
variety of liquids with different surface tensions. In order to achieve super-
amphiphobicity, the fiber spacing had to be increased over that of typical
papers or handsheets where hydrogen bonding controls the spacing. For
water-based paper, no plasma etch time could be identified that achieved
the proper combination of fiber size and spacing for superamphiphobic
behavior. Sec-butanol washing of the pulp was required to increase the
fiber spacing by inhibiting hydrogen bonding between the fibers; subse-
quent plasma etching allowed the necessary fine-tuning of fiber spacing
and size, and deposition of a fluorocarbon film supplied the hydrophobic
surface properties needed to achieve superomniphobicity. However, since
these paper substrates have reduced fiber density and connectivity owing
to the sec-butanol wash, the mechanical strength of the paper is reduced
significantly. Optimization of the fiber spacing is being explored to ensure
the wetting properties desired while maintaining paper strength.

14.6 Summary and Conclusions

Novel methods have been developed to create robust superhydrophobic
paper or cellulose-based materials that display tunable wetting and drop-
let adhesion. These methods utilize plasma-enhanced etching and depo-
sition techniques at moderate pressure (~1 Torr) to achieve independent
control of nano- and micro-scale roughness, and surface chemistry. Such
approaches are applicable to other fiber-based materials that, like paper,
exhibit extensive heterogeneity with regards to fiber shape, size and orien-
tation. If the proper nano-scale roughness level is incorporated via plasma
etching, paper can be rendered superhydrophobic by depositing either a
hydrophobic (fluorocarbon) or a more hydrophilic (diamond-like carbon)
coating. A more hydrophilic material requires tighter control of the etch
segment of this two-step process, while hydrophobic coating material per-
mits a wider range of roughness conditions. Oil repellency is more diffi-
cult to achieve on paper than is water repellency. Specifically, fiber spacing,
diameter, and surface geometry are all critical parameters for achieving
superoleophobicity and, ultimately, superamphiphobicity of paper sur-
faces. Establishment of the necessary fiber spacing and size is possible by
altering the manufacturing process of the paper, followed by plasma etch-
ing and hydrophobic film deposition.
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Abstract

Superhydrophobic surfaces were obtained by deposition of polymer particles on
a glass plate. The polymers used were: Teflon, dimethacrylate of ethyl glycol, and
copolymers of 2-methyl-2-propenoic acid with ethyl glycol and different amounts
of hexane during polymerization. Hexane was used as a solvent and blowing agent
during copolymerization. The surface covered with particles of the copolymer had
the highest advancing and receding contact angles of 6 =151.3° and 6 =117.9°.
When (1:4) hexane was present during the copolymerization, the sliding angle was
also measured and the droplet rolled down at 15° surface slope.

The apparent surface free energy calculated from the water contact angle hys-
teresis on the bare glass plate amounted to 65.7 mJ/m* However with the depos-
ited polymer (M1E4H4X) the apparent surface free energy was only 1.8 mJ/m>*
Moreover, water advancing and receding contact angles were also used for cal-
culating equilibrium contact angles using Tadmor’s equation. Their values lie
between the advancing and receding contact angles but closer to the advancing
ones. The surface free energy calculated from the Tadmor’s contact angles is higher
in comparison to the surface free energy calculated from the contact angle hyster-
esis. For the bare glass plate it is higher by about 2m]J/m?* but for the surfaces with
superhydrophobic property it is higher by 1.8 to 11.3 mJ/m?.

Keywords: Surface free energy, polystyrene layer, superhydrophobic surface,
polymer particles
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List of Notations

R - average roughness

R, — root mean square roughness

R, — peak-to-valley difference calculated over the entire measured area
y - surface tension of liquid (water)

0, - advancing contact angle of water

0_- receding contact angle of water

0, - equilibrium contact angle

15.1 Introduction

Superhydrophobicity is an important issue both for science and indus-
try. Fabrication of such surfaces has been studied for more than ten years.
Generally, there are some problems with obtaining stable superhydropho-
bic layers on solids. Many methods have been devised for such surface
preparation [1].

Wang and Shu [2] obtained transparent superhydrophobic antireflec-
tive layers for solar cells. The layers were constructed on a glass substrate
using layer-by-layer deposition of a polyelectrolyte. The superhydrophobic
sol—gel system was prepared by hydrolyzing tetraethoxysilane and then
reacting it with hexamethyldisilazane. The water contact angle measured
on the layers obtained by the spin coating method was up to 163° on most
superhydrophobic surfaces. Moreover, the transmittance of this layer was
about 96%.

Chen et al. [3] prepared superhydrophobic Co-based powder using the
electrodeposition method to fabricate a superhydrophobic layer on stain-
less steel. This method is characterized by a short preparation time, water
contact angle larger than 160°, and roll-off angle smaller than 2°. The pow-
der was crystalline as confirmed by FTIR and XRD methods.

A stable superhydrophobic effect was obtained by Guo et al. [4] using
a stainless steel surface. Stainless steel plates after drying in pure N, were
immersed in an aqueous CuSO, solution. Then, the plates were immersed
into ethanol solution of perfluorooctyltriethoxysilane. After removal from
the solution, the substrate was heated at 140°C for 30 min. The water con-
tact angle measured on these surfaces was 166° and the sliding angle for
a 10pl water droplets was as low as 1°. After 100 days from the sample
preparation, both the water contact angle and sliding angle increased by
just one degree.
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In our previous papers [5,6], the effects of PMMA poly(methyl methac-
rylate) and PS (polystyrene) layers with several different fillers deposited
on a glass plate were investigated. First, we find the optimum concentra-
tion of PMMA or PS/chloroform solution for use as adhesive layer [5]. The
problem with this method was covering the surface uniformly. The glass
plates were covered with dispersions of the following fillers: TiO,, ALO,,
silica, using spreading and spin coating techniques. On some samples,
the water contact angles were larger than 150° and the sliding angles were
about 5°.

Wettability of a rough surface can be described by the Wenzel [7] model
if the surfaces are completely wetted by the liquid into the protrusions on
the surface. The Cassie—Baxter [8,9] model gives an idea about wettability
of rough hydrophobic surfaces. In the case of such surfaces, the air trapped
into hierarchical roughness prevents water penetration into the surface
protrusions.

In this study, it seemed interesting to us to investigate how certain
polymers typically used as chromatographic column packing would
act as the medium to create hierarchical structure on the surface. For
this purpose, polystyrene powder was dissolved in chloroform and
then spread on glass plates as glue layer, and then the polymer par-
ticles were sown on (Figure 15.1) After the surfaces were prepared,
water advancing and receding contact angles were measured. The struc-
tures of deposited layers were observed using an optical microscope

Direction of movement of the sieve
.

pa rd

<

Sieve with a filler

@ 9
o ® o \Polymerparticles

Uniform coverage Non-uniform coverage

=] Polystyrene glue layer
with deposited polymer filler
Glass support

Figure 15.1 Method of surface preparation.
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at different magnifications in transmitted light. For some samples, the
surface topography was also determined using an optical profilometer.
The apparent surface free energy was calculated using the contact angle
hysteresis approach proposed by Chibowski [10-12]. The apparent sur-
face free energy using this approach is determined from the probe liquid
(water) advancing and receding contact angles and the liquid surface
tension as:

(1+cosO, )
-

_ (15.1)
(2+cos0, +cos0,)

where: v, is the apparent surface free energy, v, is the water surface tension
(72.8 mN/m at 20°C), 0, is the advancing contact angle, and 0 is the reced-
ing contact angle of water.

To validate the values of surface free energy obtained from the hyster-
esis approach, Neumann [12,13], equation- of- state approach was also
used. The apparent surface free energy in this approach is determined
from the liquid advancing contact angle, its surface tension and constant

p as:
cos®, =—1+2 /ﬁe‘m”s)z (15.2)
YL

Determination of equilibrium Young [14] contact angle is still an open
problem [15]. Here, Tadmor’s [16-18] equation (Eq. 15.3) was used for this
purpose.

1/3

sin® a,
A I',j= ; ;
(2—3cosﬂa + cos ‘%)
1/3
.3
sin” &
®) T, = r ; (15.3)
(2—3(:0319, + cos (2)
I' cosd +T" cosé
(C) ¢, =arccos| —* a I L
r,+r,

where: I - the advancing angle weight coefficient, I, - the receding angle
weight coefficient
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Using the contact angles calculated from (Eq. 15.3 C) and assuming that
at the equilibrium contact angle 6, 6 =6 =6 [16-18] (Eq. 15.1) transforms
to (Eq. 15.4).

1
Vs :E}}L (1+C0530) (15.4)

15.2 Experimental

15.2.1 Materials and Methods

In order to determine the optimum concentration of the polystyrene solu-
tion, the layers were prepared with 0.5ml of the polystyrene solution in
chloroform obtained by dissolving 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6g of PS in
100ml chloroform and were spread on the glass surface. Then the plates
were left for 12h in order to evaporate chloroform. On the surfaces pre-
pared in this manner the advancing and receding contact angles of water
droplets were measured and then the surface free energy was calculated.
From these results, the optimum concentration of the polystyrene solution
was selected. The contact angles on the polystyrene layer without any filler
particles were measured using the sessile drop method. However, on the
layers with the polymer filler the contact angles were measured with the
tilting plate method.

15.2.2 Preparation of Superhydrophobic Layers Deposited on
the Glass Surface

0.5ml of the polystyrene solution in chloroform were poured using a
micropipette on a glass plate of size 2.55 cm X 2.7 cm. Then 0.035g of
powered polymers were sown on the plates using a sieve and left for 12h to
evaporate the solvent (Figurel5. 1). Before measuring the advancing and
receding angles of water, the prepared glass plates were kept in a desiccator.
The contact angles were measured on three plates prepared with the same
polymer filler. The polymers used were synthesized in the Department of
Polymer Technology, Faculty of Chemistry, Maria Curie - Sklodowska
University, Lublin. Also Teflon powder was used as a filler. The average
particle diameter was measured using Zetasizer (Malvern, Great Britain)
(Table 15.1)
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Table 15.1 Polymer particles used to obtain
superhydrophobic layers and their diameters.

Polymer Diameter, um
EGDMA 0.65
MI1E4H4X 1.86
MI1E4H4XS 2.50
MI1E4H10X 1.41

The following polymers were used as the fillers:

« Dimethacrylate of ethyl glycol, EGDMA.

o Copolymer of methacrylic acid with dimethacrylate of eth-
ylene glycol + 4ml of hexane, 1:4 M1E4H4X - washed with
methanol after the synthesis.

« Copolymer of methacrylic acid with dimethacrylate of ethyl
glycol + 4ml of hexane 1:4, M1E4H4XS - not washed with
methanol after the synthesis.

o Copolymer of methacrylic acid with dimethacrylate of eth-
ylene glycol + 10ml of hexane, 1:4 M1E4H10X - washed
with methanol after the synthesis.

 Teflon powder from Azoty, Tarnéw S.A., Poland

15.2.3 Contact Angle Measurements

The advancing and receding contact angles of water were measured using
the GBX Contact Angle Meter (France) and the tilting plate method. A 6pl
water droplet was carefully deposited on the plate surface in the measuring
chamber of the apparatus. Then the stage of the apparatus was inclined and
the droplet was filmed until it started to slide. When analyzing the frames of
the droplets the one just before the droplet started to slide was selected. The
advancing contact angle was measured on the droplet front and the receding
on its rear. Three glass plates covered with the PS layer and given fillers were
produced and the contact angles of 10 water droplets on each layer were mea-
sured. Thus the mean values of 30 contact angles are plotted in the figures.

15.2.4 Photographs of PS Layers

Using an optical polarized microscope Eclipse E600 POL, Nikon, Japan,
photographs of the PS layers deposited on a glass plate were taken in the
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reflected light at 40x and 100X magnifications. However, the film transpar-
ency was sufficient to obtain good quality pictures also in the transmitted
light.

15.2.5 Imaging the PS Layer Surface with an Optical
Profilometer

Using an optical profilometer (Contour GT, Veeco) images of the most
hydrophobic PS/M1E4H10X sample, selected as an example, and the sur-
faces roughness were analyzed.

15.3 Results and Discussion

15.3.1 Contact Angles Measured on Glass Plates Covered with
Pure PS Layers

From the results in Figure 15.2, it follows that the largest advancing and
receding angles of water were obtained on the pure PS layer prepared
by dissolution of 0.2g of polystyrene in 100ml of chloroform and these
were 91.7+1.0° and 88.4%3.1° respectively. However, at larger contents
of PS, these angles were practically the same. The glass surface cov-
ered with polystyrene solution of concentration 0.1g/100ml appears to
be covered inhomogeneously. For comparison, the values of advancing

120
1 Advancing
I mm Receding

100 -

:".’ L

T 80 |-
<

2 60|
©

E L

£ 401
S

S L

20

Glass 0.2 0.3 0.4 0.5 0.6

Concentration of PS in chloroform, g/100 ml

Figure 15.2 Advancing and receding contact angles of water measured on pure PS layers
deposited on glass plates from PS in the chloroform solution. For comparison values on
bare glass plate are also shown.
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Figure 15.3 Apparent surface free energy of pure PS layers deposited on glass plates.

and receding contact angles on the bare glass surface are also shown in
Figure 15.2. Then using the advancing and receding contact angles, the
apperent surface free energy values of the studied layers were calculated
from (Eq. 15.1).

15.3.2 Apparent Surface Free Energy Calculated for Glass
Plates Covered with Pure PS Layers

Figure 15.3 shows that the apparent surface free energy value depends
on the PS concentration in chloroform. It changes from 65 mJ/m? (bare
glass) to 34.3—36.2 mJ/m?* for deposited PS layers. As mentioned earlier in
the case of the lowest concentration of the PS solution (0.2g/100ml) water
forms the largest advancing and receding contact angles which results in
the smallest surface free energy of 34.3%1.2 mJ/m? For higher concentra-
tions of the PS solution, the surface free energy of the layers is about the
same, i.e., from 35.3%2.7 to 36.2+1.8 mJ/m?2. Therefore, in further studies
a polystyrene solution of concentration 0.2g in 100ml of chloroform was
used to obtain the superhydrophobic surfaces.

15.3.3 Contact Angles Measured on Glass Plates Covered with
the PS Layers with Embedded Polymer Fillers

As can be seen in Figure 15.4, the advancing contact angle of water drop-
lets on the studied PS/polymer filler surfaces changes from 128.1° for
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Figure 15.4 Advancing and receding contact angles of water measured on the PS layers
with various embedded polymer particles on glass plate.

PS/M1E4H4XS to 151.3° for PS/M1E4H10X. The values of the reced-
ing contact angle are much lower and change from 104.4 for the PS/
M1E4H4XS system to 133.3° for the PS/Teflon layer. Thus significant
increase in the hydrophobic property was found for each system, except
the PS/M1E4H4XS surface. In this case, the polymer powder was not
washed with methanol after the synthesis and contained particles with the
largest diameter (Table 15.1).

15.3.4 Apparent Surface Free Energy Calculated for the Glass
Plates Covered with the PS/ Filler Layers

First, it should be mentioned that for the surfaces on which the con-
tact angles were larger than 150° the Neumann [13] equation-of-state
(Eq. 15.2) could not be applied because only mathematical solution was
obtained without physicochemical meaning. For example, the surface
covered with PS/M1E4H10X, the average advancing contact angle was
151.3°. Using 72.8 mJ/m? for the water surface tension and the constant
B=0.000125, a value for apparent surface free energy as high as 237.2 mJ/
m?* was obtained. This value is too large to be considered to have a physico-
chemical meaning. Therefore, it can be concluded that the approach based
on the Neumann [13] equation-of-state (Eq. 15.2) cannot be applied for
superhydrophobic surfaces. Therefore, in the case of these surfaces the
apparent surface free energy was calculated using only the contact angle
hysteresis equation.
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Figure 15.5 Apparent surface free energy of PS layers with various embedded polymer
particles on glass plates.

The apparent surface free energy values calculated in this manner are
plotted in Figure 15.5. The smallest value for PS/M1E4H10X is 1.8+1.0 m]/
m?* and the largest surface free energy is found for the PS/M1E4HXS layer,
which is still relatively small and equals 9.6+2.8 m]/m?. As it follows from
the data in Figures 15.4 and 15.5 most of the studied surfaces are charac-
terized by their superhydrophobic property. However, while analyzing the
standard deviation from the average value, it can be seen that reproduc-
ibility of the water contact angle is not satisfactory because the measure-
ment error varies between 4.7 and 8.7°. These differences result from a
non-uniform coverage of the glass surface with the polymer layer because
it was “sown” on the wet layer of PS solution in chloroform. This fact is
confirmed by the images of the studied surfaces obtained from a polariza-
tion microscope Nikon (Type 120), Japan.

15.3.5 Optical Photographs of the PS Layers with Embedded
Polymers Particles

As shown in Figure 15.6 the pictures at both magnifications show some
“domains” which are due to a large variety of irregular roughness heights
on the surface. The most homogeneous surface was obtained for the PS
layer with the copolymer of methacrylic acid with dimethacrylate of ethyl
glycol + 10ml hexane - M1E4H10X whose particle diameter is 1.4 um
(Figure 15.6 d and D").
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© n (©)

© F—— 250 um © F—— 100 um

Figure 15.6 (a), (2) surface of PS/Teflon; (b), (b’) surface of PS/EGDMA; (¢), (¢) surface
of PS/M1E4H4X; (d), (d) surface of PS/M1E4H10X; (e), (€) surface of PS/M1E4H4XS
layers deposited on glass plates. 40 X and 100 X magnifications. Additionally, pictures of
water droplets are shown in the photographs.
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15.3.6 Images of the Superhydrophobic Layers Using Optical
Profilometry

To obtain more quantitative information about the differences in the sur-
face topographies of the PS layers with different polymer fillers, optical
profilometry images were obtained for the most superhydrophobig, i. e.,
the M1E4H10X sample (Figure 15.7 a)). The roughness parameters of the
surfaces are listed in Table 15.2. The dominant feature on the surface is a
microstructure but as shown in Figure 15.7 b) a nanostructure is also pres-
ent on microstructure protrusions. It is helpful if the air is trapped beneath
the water droplet as it causes an increase of the contact angle up to 150°.

15.3.7 Tadmor’s Equilibrium Contact Angles

Although the presented surfaces are rough, nevertheless it is possible
to obtain in a reproducible manner the layers with superhydrophobic

Z (pm)
o
2

0 700 200 300 400 500 600
(a) (b) X (um)

Figure 15.7 (a) 3D (468 um X 624 um) profilometry image for PS/M1E4H10X surface
(b) Surface roughness along the (X) axis.

Table 15.2 Roughness parameters in [um] for superhydrophobic layer of PS/
MIE4H10X deposited on glass slide.

R R R

a RMS t

18.0+2.5 22.2+3.2 154.9£9.0

R - average roughness
a

R, — root mean square roughness

R, — peak - to - valley distance calculated over the entire measured area
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property. The angle of water droplets rolling down on such surfaces was
about 15°. As most of the surfaces presented in this paper possess super-
hydrophobic property, so Tadmor’s [16-18] theory of equilibrium contact
angle was used to calculate their surface free energy.

In all cases the equilibrium contact angle calculated from Tadmor’s
[16-18] equation (Eq. 15.3 C) lies between the advancing and receding
contact angles. The largest contact angle value of 140.7+10.9° was obtained
for the glass surface covered with PS/Teflon. However, the surface covered
with PS/M1E4H10X was characterized as having the largest contact angle
value, with an equilibrium contact angle of 135.6+17.8° (Figure 15.8).
These differences result from differences in the contact angle hysteresis. In
the case of the surface covered with PS/Teflon, the hysteresis is 13.142.5°,
but for the surface covered with PS/M1E4H10X it is as large as 33.5+5.6°.
Nevertheless, using these equilibrium contact angles from (Eq. 15.3 C), the
surface free energy was also calculated.

When the surface free energy is calculated in this manner, it is smallest
for the glass surface covered with PS/Teflon and is equal to 8.6+4.2 mJ/m?
However, it is largest for the surface covered with PS/ M1E4H4XS and
is equal to 19.0+7.0 mJ/m?* Therefore, the theory proposed by Tadmor
[16-18] to describe surfaces with large contact angle hysteresis is found to
be applicable (Figures 15.5-9). The surface free energies thus obtained are
marked with high standard deviation.

160
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Figure 15.8 Tadmor’s equilibrium water contact angles calculated for the PS layers with
various embedded polymer fillers deposited on glass slides.
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Figure 15.9 Apparent surface free energy for the PS layers with various embedded
polymer fillers deposited on glass slides.

15.4 Conclusions

In summary, the incorporation of appropriate polymer powders on the
glass plates covered first with polystyrene can be considered as an inexpen-
sive and reliable method for preparing superhydrophobic layers. Practical
application of this method requires further study. However, other types of
substrate materials can also be considered using this method e.g. metals.
In almost all cases the superhydrophobic effect was obtained on rough
surfaces. Although a surface with hierarchical rough structure should be
considered as a system with valleys and hills on the surface, the calculation
of apparent surface free energy can also give interesting information about
the wettability of superhydrophobic surfaces. The hysteresis approach
proposed by Chibowski seems to be a good model for calculation of the
apparent surface free energy in the case of rough hydrophobic surfaces.
Also calculation of the equilibrium contact angles from Tadmor theory
[16-18] can contribute to a better description of such surface wettability
properties.
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Tablets are the most common dosage form employed by the pharmaceutical indus-
try. They are both inexpensive to produce and convenient to patients. Active phar-
maceutical ingredients, particularly those incorporated into innovator company
products, are new chemical substances whose chemical and physical properties
are incompletely known and are sometimes present in large amounts in the man-
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in addition to having desirable medicinal properties, must be manufacturable. In
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16.1 Introduction

16.1.1 Overview

Tablets are the most common dosage form employed by the pharma-
ceutical industry. They are both inexpensive to produce and convenient
for patients. Active pharmaceutical ingredients, particularly those incor-
porated into innovator company products, are new chemical substances
whose chemical and physical properties are incompletely known and
are sometimes present in large amounts in the manufactured products.
Excipients are often incorporated into tablet formulations to overcome at
least some of the undesirable properties of the active ingredient. Successful
formulations, in addition to having desirable medicinal properties and suf-
ficient chemical and physical stability under environmental stress, must
be manufacturable. In order to be manufacturable the powder from which
tablets are formed must have adequate flow properties and tablets must
have sufficient tensile strength to survive handling during manufacturing,
packaging and subsequent handling during shipping and patient use.

Achieving adequate tensile strength can sometimes be a challenge, par-
ticularly when formulations contain large amounts of active ingredient
or require special excipients to enhance dissolution or increase stability.
Special excipients may have undesirable properties with regard to tableting.

During tableting, powder is uniaxially compressed in the die. During
the compression process the powder is densified under the applied pres-
sure. Densification of the powder occurs through particle rearrangement,
particle fracture and particle deformation. The relative extent of each of the
three identified densification mechanisms that occurs in a specific instance
is determined by the applied pressure, the rate of the increase of pressure,
the duration of the applied pressure, and the mechanical properties of the
materials that are being compressed.

Adhesion strength depends on both the quality and quantity of inti-
mate contact between the materials in question. The densification of the
powder that occurs during tableting results in an increase in the contact
area between the particles. The quality of interaction depends on the spe-
cific surface chemical properties and surface free energy of the materials
in question.

The pharmaceutical literature has discussed the mechanical aspects of the
tablet making process but has rarely discussed it from a surface chemistry
or adhesion science perspective. In this paper, we discuss a model based on
surface chemical principles that can be used to calculate the tensile strength
of tablets from constituent components. Specifically, the role of surface free
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energy is discussed. Understanding the fundamental nature of materials
used in pharmaceutical manufacture is required for quality by design.

16.1.2 Densification of Powders under Pressure

Celik [1] has reviewed the literature concerning the densification of pow-
ders during compaction. Here only some of the highlights are discussed.

At least 19 different equations have been discussed in the literature in
order to explain the densification of powders under compaction. At pres-
ent, no universally accepted equation exists although some of the discussed
equations are more popular than others. Further details regarding these
models can be found in Celik’s discussion.

All of the models discussed by Celik require knowledge of D, the pack-
ing density. D = 1 for a solid object and in general

P
D=%2b
2, (16.1)

Here, p, is the bulk density of the powder under the applied pressure or
the tablet density after removal from the die and after compaction. p_is the
true density of the material.

16.1.3 Measurement of Tablet Tensile Strength

The tensile strength of tablets is routinely tested as a measure of tablet qual-
ity [2]. It is possible to consider three types of tensile strength - radial,
bending, and axial. Here we discuss only the radial tensile strength as it is
by far the most common measurement.

The radial tensile strength is assessed by measuring the diametrical
crushing force using what is commonly referred to as a “hardness tester”.
The diametrical crushing force is dissimilar to indention hardness and the
use of “hardness” in the present context is erroneous but nonetheless con-
ventional. Like other mechanical tests, the diametrical crushing force is
dependent on the test speed; thus, results may vary between testers.

The speed of the tableting process can be expressed in a number of ways.
The term speed may refer to the speed at which the tablet punches advance,
the dwell time, the total contact time of the punches with the tablet or the
rotational speed of the press. In a conventional tablet press, all of these
terms are interrelated. The dwell time is usually defined as the time for the
compression wheels to pass over the flat portion of the top of the tablet
punch. For the Instron, discussed later in this work, it is the time that the
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tablet punch remains in fixed position. This is not dissimilar to the case of
the rotational press.

The radial tensile strength, 7, is calculated from the diametrical crush-
ing force, F, for cylindrical tablets using the relation below [2-4].

_2E
 dh

7 (16.2)

Here, d is the tablet diameter and / the tablet thickness. It is the radial
tensile strength that is commonly determined to assess tablet quality.
Procipio et al. [5] have discussed measurement of radial tensile strength.

16.1.4 The Ryshkewitch-Duckworth Equation

Ryshkewitch [6] and Duckworth [7] proposed an empirical equation to
relate tablet tensile strength, 7, to porosity of the tablet, e (¢ = 1 - D). Thus,

K
r=1re " (16.3)

Here 7, is the tensile strength of the material at zero porosity (D = 1) and
k a characteristic constant.

Differentiating Equation 16.3 with respect to € and approximating the
resultant exponential as a series results in the following relation.

d
d—: =~ 7, (1-ke) (16.4)

This result suggests both k and 7, are related to adhesion quality. In other

words, both quantities are related to ﬂ
&

Over the past several decades the Ryshkewitch-Duckworth equation has
been discussed a number of times. Recently, the Ryshkewitch-Duckworth
equation has been discussed by Doelker [2], Barraleta et al [8]., Nyongesa
and Aduda [9] as well as by Tye et al. [10]. The literature suggests that the
Ryshkewitch-Duckworth equation has been successfully applied to a vari-
ety of systems that have applications both to pharmaceutical science and
to other disciplines.

The importance of the Ryshkewitch-Duckworth equation is that it sug-
gests that porosity is a measure of the outcome of the tableting process.
Tablets of the same porosity have the same mechanical properties even
though they might have been made on vastly different tablet presses oper-
ating at different speeds.
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The Ryshkewitch-Duckworth equation is an empirical equation.
Andersson has, however, offered a theoretical explanation [11]. Knudsen
[12] also comments on the Ryshkewitch-Duckworth equation and associ-
ates the increase in tensile strength with an increase in the surface area of
contact and the k parameter to the difficulty of creating contact area. k is
expected to be temperature dependent.

16.1.5 Surface Science of Adhesion

The thermodynamics of the surface free energy, y, of solids has been
reviewed by Etzler [13-14]. The ideal work of adhesion, W, between mate-
rials A and B is defined by the following relation.

Wy =04+ 75— up (16.5)

where the subscripts A and B on the surface free energy terms refer to
materials A and B, respectively. Similarly, if materials A and B are identical
the work of cohesion, W, can be defined as:

W.=2)45 (16.6)

Fowkes [15-16] suggested that surface free energy and thus the work
of adhesion could be considered as a sum of components resulting from
various types of intermolecular interactions. At present, it is conventional
to express the work of adhesion as a sum consisting of a term for Lifshitz-
van der Waals interactions and second term resulting from Lewis acid-
base interactions [13]. Frequently, Lifshitz-van der Waals interactions are
dominant.

Intermolecular forces between molecules result from interactions
between their corresponding electron orbitals. The principal non-bond-
ing interactions result from induced dipole-induced dipole (London),
dipole-induced dipole (Debye) and dipole-dipole (Keesom) interactions.
The intermolecular potential energy function, U, for each of these three
types of interactions is of the same form. Here, r is the separation distance
between bodies.

/s

1’6

U= (16.7)

If only London dispersion forces are considered the constant in Equation
(16.7) can be expressed as follows:
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211,
L+1,

S =

() t69)

Here the subscripts 11, 22 and 12 refer to interactions between like
molecules (11, 22) and dissimilar molecules (12). B is the coefficient in
Equation (16.7). 1 is the ionization potential. If I, = I, then

A=A 8)" (169)

Equation (16.9) forms the basis of the Berthelot principle [17-18] which
states that dispersion interactions between dissimilar molecules can be esti-
mated as the geometric mean of the interactions between like molecules.

The interaction potentials between molecules have been used to deter-
mine the interactions between macroscopic bodies. In this instance, the
Hamaker constants, A, derived from f3, also follow the geometric mean
rule [13, 18-19]. Thus,

1
Ay = (A11A22 )/2 (16.10)

and assuming further that intermolecular distances, d, also follow the geo-
metric mean rule [13]. The work of adhesion due to London dispersion
forces may be expressed as follows.

b
A LA } %
we ~(11—22):(WSWZ§)A :2(;/1”’1;/2’2)4 (16.11)

27 127d,d,,

It has been further generalized that all of the Lifshitz-van der Waals
(LW) components follow the same rule thus

1
WAV =g )2 16.12)

Berthelot’s rule is widely accepted and is part of most models used to
explain adhesion and contact angle phenomena.

16.1.6 A Model to Predict the Tensile Strength of Tablets from
Individual Components

In an earlier paper, Wu et al. [20] proposed a model to calculate the radial
tensile strength of tablets from the Ryshkewitch-Duckworth parameters of



TABLET TENSILE STRENGTH 403

the individual components of the powder being compressed. Tye et al. [10]
and Sun [21] have also commented further on this approach. In particular,
Tye et al. [10] have extended the application to quaternary mixtures. These
studies establish the importance of the Ryshkewitch-Duckworth equation
for understanding tensile strength of tablets composed of multiple compo-
nents. Furthermore, they reiterate the importance of porosity as a measure
of the outcome of the tableting process. Tablets even though produced by
vastly different tablet presses operating at different speeds can be expected
to have the same mechanical properties if they have the same porosity. The
compaction force or compaction pressure may, however, not be the same if
different presses are employed.

Here we propose a model which is similar to that proposed by Wu et al.
[20] but which differs from that of the earlier authors by drawing more
strongly from the principles of adhesion science. The form of the final
equation also differs.

For a material the tensile strength, 1, is related to the surface free energy,
y [19]. Thus for two particles composed of the same material,

z'oc}/:(}/%)z (16.13)

and if the particles are composed of different materials.
1
%2:(714%4) (16.14)
or

1 1
e )

Berthelot’s rule is thus applied to the tensile strength between particles.
We extend Berthelot’s rule for an ensemble of particles assuming the geo-
metric mean rule applies to an ensemble of adhesive contacts between par-
ticles and is weighted via the surface area fraction, ¢, thus

T:HTI'S (16.16)
1

If the particles sizes of the components are similar then ¢, > ¢, where
¢, is the volume fraction. Equation( 16.16) is thus rewritten as:.

T:HTi“ (16.17)
i
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Combining Equation (16.17) and the Ryshkewitch-Duckworth equa-
tion (Equation (16.3)) yields the following relation.

r= H(TO,- e_k"g)% — In(7) = Z@i I:ln(roi)—kie

:I (16.18)

=In(z,,)—k,¢

Equation (16.18) indicates that the Ryshkewitch-Duckworth parameters
for a powder composed of several components may be calculated from the
Ryshkewitch-Duckworth parameters of the individual components using
the following relations.

In(z,,,) = Z%i ln(ro,.) (16.19)

km = Zwviki (1620)

16.2 Applicability of the Proposed Model to
Pharmaceutical Materials

Earlier [22], the applicability of the model proposed above (Section 1.6)
to binary mixtures of common pharmaceutical excipients and sodium
dodecyl sulfate (SDS) was investigated. SDS was chosen for study as its
mechanical properties are vastly different from the other excipients -
indeed more so than those selected by Wu et al. [20] and Tye et al. [10].
Secondly, SDS for various reasons is sometimes incorporated into pharma-
ceutical formulations and degrades the tabletability of such formulations.

16.2.1 Experimental Details

Briefly the experimental details of the earlier study are summarized [22].
Tablets were prepared using an Instron fitted with a 9 mm punch (long
dwell times) and an MCC Presster (short dwell times) was used with a
10mm punch. All tablets were flat faced so the tablets are cylindrical.

The tensile strength (7) is calculated using the well-known relation
that was previously introduced (Equation 16.2) and is again shown below
(Equation 16.21) (Equation 16.12). Tablet porosity (¢) was calculated using
Equation (16.22).



TABLET TENSILE STRENGTH 405

2F
7T = 16.21
7dh ( )
g=1—D =1 Liablet (16.22)

/otrue

Where D is the relative density and p, ,  is the apparent density of the
tablet and p, _is the material density determined using He pycnometry.
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Figure 16.1 Ryshkewitch-Duckworth plots for dicalcium phosphate, lactose and sodium
dodecyl sulfate (SDS) at several dwell times. As suggested in earlier publications [22] no
dwell time dependence is noted. If data are missing for a given dwell time then tablets
were not formed at this dwell time. Points represent data for individual tablets.
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16.2.2 Ryshkewitch-Duckworth Equation as a Predictor of the
Tensile Strength of Binary Mixtures

The tensile strengths of binary mixtures are shown in Figures 16.1-8. In
general, the results conform to the proposed model and the Ryshkewitch-
Duckworth equation. Specifically, the tensile strengths of tablets when
plotted against porosity follow an exponential dependence. Furthermore,
the dependences of k and t, show the proper dependence on SDS volume
fraction. k follows a linear dependence with volume fraction and t follows
an exponential dependence with volume fraction.
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Figure 16.2 Ryshkewitch-Duckworth plots for dicalcium phosphate and sodium dodecyl
sulfate (SDS) mixtures at several dwell times. As suggested in earlier publications [22]

no dwell time dependence is noted. If data are missing for a given dwell time then tablets
were not formed at this dwell time. Points represent data for individual tablets.
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Figure 16.3 Ryshkewitch-Duckworth plots for lactose and sodium dodecyl sulfate (SDS)
mixtures at several dwell times. As suggested in earlier publications [22] no dwell time
dependence is noted. If data are missing for a given dwell time then tablets were not
formed at this dwell time. Points represent data for individual tablets.

16.2.3 Dependence on Processing Parameters

Earlier a study was performed [23] using a formulation containing a drug
compound (A), l-arginine, poly(ethylene glycol) 8000, SDS and mannitol.
Tablets were made from the formulation by direct compaction and wet
granulation. Plots of tensile strength versus porosity (Figure 16.9) show
that the model presented above accurately predicts the tensile strength
from the Ryshkewitch-Duckworth parameters of the individual compo-
nents for direct compression but not for the formulation that was subject
to wet granulation (The formulations are otherwise identical.). In the case
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Figure 16.4 Ryshkewitch-Duckworth parameters for lactose and sodium dodecyl sulfate
mixtures. Results conform to the proposed model and Equations (16.19) and (16.20). The
90% confidence interval of the least squares fit is indicated by the dashed lines. The solid

line is the least squares fit to the data points.
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Figure 16.5 Ryshkewitch-Duckworth parameters for dicalcium phosphate and sodium
dodecyl sulfate mixtures. Results conform to the proposed model and Equations (16.19)
and (16.20). The 90% confidence interval of the least squares fit is indicated by the dashed

lines. The solid line is a least squares fit to the data points.
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Figure 16.6 Ryshkewitch-Duckworth plots for starch and mannitol mixtures with
sodium dodecyl sulfate (SDS)
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Figure 16.7 Ryshkewitch-Duckworth parameters for starch and sodium dodecyl sulfate
mixtures. Results conform to the proposed model and Equations (16.19) and (16.20). The
90% confidence interval of the least squares fit is indicated by the dashed lines. The solid
line is the least squares fit to the data points.
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Figure 16.8 Ryshkewitch-Duckworth parameters for mannitol and sodium dodecyl
sulfate mixtures. Results conform to the proposed model and Equations (16.19) and
(16.20). The 90% confidence interval of the least squares fit is indicated by the dashed
lines. The solid line is the least squares fit to the data points.
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Figure 16.9 Tensile strength versus porosity for a drug formulation containing a drug
compound, l-arginine, poly(ethylene glycol) 8000, SDS and mannitol [23]. Circles

— tablets prepared using direct compression. Squares - tablets prepared using wet
granulation. Wet granulation reduces tensile strength. Dashed line - Prediction using
Ryshkewitch-Duckworth parameters for individual components.
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of the wet granulated formulation, the tensile strength is less than that pre-
dicted by the model. (See Figure 16.9)

Further investigation indicated that the wet granulation had no effect
on the tensile strength of tablets prepared from individual components
except for l-arginine. (See Figure 16.10) Powder x-ray analysis showed that
crystalline form for all but l-arginine was unaffected by wet granulation.
L-arginine, in contrast, appears to form a hydrate. The deviation of the
Ryshkewitch-Duckworth plot for wet granulated l-arginine from that pre-
dicted from the ungranulated material is, however, noticeable but small. As
SDS is reasonably water soluble and is highly surface active it would appear
reasonable to conclude that the surface free energy of the powder particles
is lowered by adsorption of SDS.

Sun [24] has investigated the compaction of microcrystalline cellulose
equilibrated to various water activities. Sun’s investigation shows that com-
paction properties of moisture-sensitive polymers depend on water activ-
ity. The data also show that adhesion between microcrystalline cellulose
particles is reduced by the presence of adsorbed moisture. Presumably the
reduction in adhesion results from the corresponding reduction in direct
bonding between powder particles. Some of the results contained in Sun’s
study are shown in Figure 16.11. More recently, Garcia -Mir et al. [25] have
studied the compaction of both microcrystalline cellulose and chitin as
a function of water activity. The tablets in this study were compressed to
a constant pressure without regard to porosity so much of the power of
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Figure 16.10 Tablet tensile strength versus porosity for two individual components (drug
compound and PEG 8000) of the formulation discussed in Figure 16.9 [23]. Circles-neat
compounds. Squares - wet granulations. Dashed line - prediction using
Ryshkewitch-Duckworth parameters for neat compound.
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Figure 16.11 Left- tensile strength vs. porosity for microcrystalline cellulose at different
water activities (%RH). Right - tensile strength versus water content for microcrystalline
cellulose at different porosities. Water content is determined by water activity. Vertical
dashed line represents monolayer coverage by water. Plots redrawn from data by Sun [24].
Data suggest that adsorbed water reduces adhesion between power particles.

the study is lost as tablets at constant porosity cannot be compared. The
data available for both chitin and microcrystalline cellulose are, however,
consistent with Sun’s earlier measurements. Chamarthy et al. [26] report a
study on the compaction of microcrystalline cellulose that rather clearly
demonstrates the relation between surface chemistry and mechanical
property changes that occur with the sorption of water. The Ryshkewitch-
Duckworth parameters for moisture sensitive- materials appear to be a
function of water activity. Adsorbed water appears to affect both the sur-
face chemistry of the particle surfaces as well as the mechanical properties
of the material.

16.2.4 Direct Evidence for the Role of Surface Free Energy

Direct evidence for the role of surface free energy in determine tablet ten-
sile strength is limited. Two studies , however, have been performed that
suggest a role of surface free energy in determining tablet tensile strength.
Tablet porosity was not carefully controlled or recorded in these studies so
further confirmation is likely to be desirable.

El Gindy and Samara [27] measured the tensile strength of tablets com-
posed of aspirin, indomethacin, magnesium stearate, potassium chloride
and sodium chloride. The selection of materials used in this study allows



TABLET TENSILE STRENGTH 413

for a wide variation in surface free energy. Their results are seen in Figure
16.12. The figure clearly shows the relation between surface free energy
and tablet tensile strength.

Luangtana-Anan and Fell [28] also studied the relation between sur-
face free energy and tablet tensile strength. The correlation between the
Lifshitz-van der Waals contribution to surface free energy, y*, and tablet
tensile strength is shown in Figure 16.13.
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Figure 16.12 Tablet tensile strength versus surface free energy, y, for several materials.
Figure drawn from data by El Gindy and Samara [27].
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Figure 16.13 Tablet tensile strength versus y* for several materials. Figure is drawn from
data by Luangtana-Anan and Fell [28].
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The two papers discussed above appear to be the only studies to date to
relate surface free energy to tablet tensile strength. These authors appear
not to have carefully controlled tablet porosity. Typical tablets have porosi-
ties between 0.1 and 0.2. Outside this range tablets are usually regarded as
too hard or too soft for commercial use or sometimes even for laboratory
handling. The range of porosities for tablets represented in the figures is
thus likely to be limited thus minimizing the effect of porosity.

16.3 Discussion

Figures 16.1-3 show Ryshkewitch-Duckworth plots for dicalcium phos-
phate or lactose mixtures with sodium dodecyl sulfate as well as the
Ryshkewitch-Duckworth plots for each of the pure components. As pre-
viously observed by Wu et al. [20] and Tye et al. [10] no dependence on
dwell time was noted. We did note that tablets were not formed for some
materials when short dwell times, comparable to production conditions,
were used. Presumably, insufficient time is given for viscoelastic deforma-
tion of the materials that is, in part, responsible for adhesion. Viscoelestic
recovery upon decompression may also contribute to lamination of tablets
on decompression. Figures 16.1-3 and Figure 16.6 show the importance of
tablet porosity to tablet tensile strength. Porosity should be considered a
measure of the outcome of the tableting process.

For tablets to be commercially successful empirical experience suggests
that tablets should have, at minimum, tensile strengths of 1-2 MPa with
porosities of 10-20%. These properties ensure adequate strength for ship-
ping and handling as well as appropriate dissolution times.

Figure 16.6 shows the effect on tensile strength caused by the addition of
sodium dodecyl sulfate to mannitol and starch. It is interesting to note that
at high porosities sodium dodecyl sulfate tablets are stronger than either
mannitol or starch tablets. Sodium dodecyl sulfate requires little pressure
to undergo deformation and tablet formation. At high porosities and low
pressures, it appears that the deformation of sodium dodecyl sulfate allows
it to act as an adhesive. As sodium dodecyl sulfate is a weak material as
evidenced by its low 1, value, tablets at low porosities are weakened by
increasing concentrations of sodium dodecyl sulfate. Figure 16.6 illustrates
the mutual dependence of the Ryshkewitch-Duckworth k and 1, param-
eters with SDS concentration.

Figures 16.4,16.5,16.7 and 16.8 show the dependence of the Ryshkewitch-
Duckworth parameters, T, and k, on volume fraction of sodium dodecyl
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sulfate. These plots are consistent with the model proposed in this work
and Equations (16.19) and( 16.20). The plots furthermore suggest that the
tensile strength of tablets composed of multiple components can be calcu-
lated if the Ryshkewitch-Duckworth parameters are known for the com-
ponent materials.

The work by Dudhedia et al. [23] suggets that processes, such as wet
granulation, may sometimes alter the surface characteristics. In the instance
described by Dudhedia et al. [23] the surface free energy of the materials
appears to be reduced by spreading of SDS over particle surfaces during
granulation. The study also suggests some materials may form hydrates
during granulation. Hydrate formation alters the Ryshkewitch-Duckworth
parameters for a compound.

Polymeric materials that adsorb water may show modified adhesion
characteristics with the adsorption of water. The study by Sun [24]suggests
that adsorption of water beyond 1 monolayer reduces adhesion between
microcrystalline cellulose particles. Hydration of such polymers, of course,
also alters the mechanical properties of a material.

More direct evidence for the role of surface free energy in determining
tablet tensile strength is provided by the work of El Gindy and Samara [27]
as well as that by Luangtana-Anan and Fell [28]. These studies also indicate
the need for future more careful investigations that show the direct role of
surface free energy in determining the Ryshkewitch-Duckworth param-
eters and tablet tensile strength.

16.4 Summary

In this paper the compaction of several common pharmaceutical excipients
blended with sodium dodecyl sulfate is investigated. Furthermore, a model
based on the principles of adhesion science is proposed for calculation of
tablet radial tensile strength as a function of tablet porosity for powders
composed of several materials. The data indicate that the model, indeed,
allows for the calculation of tablet tensile strength from the Ryshkewitch-
Duckworth parameters of the component materials.

The proposed model specifically suggests a role for surface free energy
in determining tablet tensile strength. It is noted here that spreading of
surfactants during wet granulation over powder particles reduces the ten-
sile strength of tablets. In the case of water sorbing polymers (microcrys-
talline cellulose) it is found that sorption of water (at fixed tablet porosity)
reduces tablet tensile strength.
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The studies of El Gindy and Samara [27] as well as that by Luangtana-
Anan and Fell [28] directly indicate relation between particle surface free
energy and tablet tensile strength.

Here we have demonstrated the essential features of a proposed model
for determining tablet tensile strength from the properties of the compo-
nent materials. The dependence of the Ryshkewitch-Duckworth param-
eters with tablet composition is consistent with the proposed model.
Furthemore, the relation between particle surface free energy and tablet
tensile strength is consistent with the available data. Calculations of the
type discussed can be used to improve the efficiency of the formulation
process. The model presented here is a step toward achieving “quality by
design” in the pharmaceutical industry.
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Why Test Inks Cannot Tell the Whole
Truth About Surface Free Energy of Solids

Ming Jin, Frank Thomsen, Thomas Skrivanek and Thomas Willers*
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Abstract

If information about a solid surface free energy (SFE) is needed, contact angle
measurements and ink tests are two of the most frequently used methods. Here
we present a comparative study of contact angle measurements and ink tests on
13 different materials. We observed major differences in the SFE values obtained
by these two techniques and explained the differences on the basis of basic theo-
retical concepts of both methods. We found that test inks fail to monitor the effi-
ciency of atmospheric plasma treatments on low surface energy solids. Moreover,
we determined the polar and dispersion contributions to the test inks total surface
tension (ST) in order to provide a more detailed understanding of these methods
to determine a solid SFE.

Keywords: Surface free energy, test inks, dyne pens, plasma treatment, adhesion,
contact angle

17.1 Introduction

The wetting characteristics of a liquid on a solid are largely driven by the
relationship between the liquid surface tension (ST) and the solid surface
free energy (SFE). Untreated plastics and materials with hydrophobic con-
tamination have a low surface free energy and often low polarity. These char-
acteristics lead to poor wetting and adhesion, particularly in contact with
water-based varnishes and printing inks as well as adhesives and coatings.
A cleaning or activation pre-treatment process is, therefore, necessary for
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polymers and many other materials. Typical pretreatment processes include
thermal or electrical methods, such as plasma, flame or corona treatment
[1-3], and chemical treatment with oxidizing gases or conversion baths.
Equally important are cleaning steps which remove hydrophobic substances
from the surface. All these methods increase the substrate surface free energy
(SFE) and therefore improve wettability and adhesion of liquids on the sub-
strate. It is obvious that the success of these processes needs to be monitored
by determining the solid SFE before and after such treatments. Contact angle
measurements and ink tests are two of the most frequently used methods
for this purpose. Both methods have been established for decades and are
widely used. However, ink tests often fail to do the job in real-life applica-
tions letting the operator be at a loss with his particular wetting problem.

In this article we review the theoretical concepts of both methods on a
basic level and compare their differences by presenting experimental data
obtained by both techniques.

17.2 Background

In a contact angle measurement, a drop of a pure test liquid is dispensed
onto the solid sample. The drop is recorded using a camera, and the video
image is evaluated.

The contact angle 0 is measured at the threephase point (liquid, solid,
gas) between the lines describing the phase borders liquid-gas and solid-
liquid. The better the wetting, the smaller this angle is; for complete wet-
ting, it is 0°.

b

Figure 17.1 Evaluating the drop image to measure the contact angle
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According to Young’s equation [4], which has been used for over 200
years, there is a fundamental relationship between the contact angle 6, the
SFE of the solid o, the ST of the liquid o, and the interfacial tension (IFT)
o, between liquid and solid:

0,=0, +0,cos6 (17.1)

This equation can be heuristically understood as a balance of interfacial
forces at the solid-liquid-gas three-phase point (see Figure 17.2). Here, o,
cos(0) is the projection of the liquid surface tension onto the horizontal
plane and in equilibrium 0 adjusts such that for given interfacial forces
the resulting net force vanishes. For the sake of completeness it should be
noted that the upward capillary force of o, sin(6) is balanced by a strain
field in the solid [5] that can be described by a force normal to the solid-
liquid border line, and thus having a negligible effect on the contact angle,
i.e. the wetting property. We also want to add here that from thermody-
namic considerations the work of adhesion W, of a liquid wetting a solid is

W,=6,.+06,—-0, (17.2)

To determine solid SFE from Young’s equation, knowledge about the
liquid ST, the contact angle 6 and the IFT o, is required. The first two can
be measured directly and the last can be calculated using different theo-
ries modeling the interactions between solid and liquid. Here, we will not
illuminate all the different theories used to calculate the IFT, but we will
review the common concepts of these different approaches. The differ-
ent models find a mathematical description for the interfacial tension o,
which is solely a function of the solid SFE o _and the liquid ST o,. This is
done by taking into account that the ST and SFE originate from different
fundamental physical and chemical interaction forces and thereby ST and
SFE are partitioned into several components. The most general and lump-
sum way is to distinguish between Lifshitz-van der Waals (LW) forces and

(o]
I Gas phase

c,-S
<
Ois Solid

Figure 17.2 Equilibrium of forces, i.e. variables affecting the formation of the contact
angle according to Young’s equation.
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Lewis acid-base (AB) interactions. Thus, the total ST of a liquid or SFE of
a solid can be written as

o ol = g IW 4 GAB (17.3)

Lifshitz-van der Waals forces can be understood in the framework of
quantum electrodynamics as the result of electron-density fluctuations
causing electromagnetic waves between the interacting partners. This type
of interaction is always present and thus might be understood as the physi-
cal reason for surface tension, IFT, and SFE.

In the term Lewis acid-base interaction virtually all other types of spe-
cific chemical interactions are lumped together. In the most general under-
standing a Lewis acid-base interaction between two participants is present
whenever an electron pair is shared by the two. This can range from a cova-
lent bonding in one extreme to an ionic interaction in the other. This type
of interaction is related to certain functional groups and does not need to
be present permanently. Thus, it could be taken as an additional chemical
contribution to ST, SFE and IFT in addition to the always present Lifshitz-
van der Waals interactions.

In a large part of the (current) literature the Lifshitz-van der Waals
component (0,"") is simply termed “dispersion” component and the Lewis
acid-base interactions (0*’) are interpreted as “polar” interactions even
though the material’s dipole moments may be zero or the interactions orig-
inating from permanent dipoles are very small and can be easily associated
with the dispersion part [6]. The misleading denominations go back to a
historical misidentification of the acid-base interactions as “polar” interac-
tions in the Owens-Wendt-Rabel-Kaelble [7-9] approach to calculate the
IFT [6] (OWRK model). However, as an impact on the SFE calculation
by this misinterpretation of this old theory occurs only when a monopo-
lar base interacts with a monopolar acid, this nomenclature is still widely
used. And here in this work we will also use the terms dispersion and polar
interactions to differentiate the two major contributions to SFE, ST, and
IFT. For a detailed discussion of the use of contact angles in determining
SFE of solids and other methods of determining SFE, see Etzler [10].

Whereas the above mentioned OWRK model [7-9] assumes that SFE
and ST consist of only the two components, namely the polar and the disper-
sion parts, there are also other models that use an even more elaborate dis-
tinction between the different types of interactions ending up with SFE, ST
and thus IFT being a sum of more than just two components. Furthermore,
all the different models to describe the IFT differ in their detailed descrip-
tions (i.e. mathematical functions) of how the different parts of the liquid
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ST interact with the different parts of the solid SFE. However, almost all of
these make the same basic assumption that one specific part of the liquid
ST solely and exclusively interacts with the corresponding part of the solid
SEE. Thus, for the here used most basic distribution into dispersion and
polar parts of SFE and ST, a simple rule of thumb describing the IFT is
found: when a liquid gets in contact with a solid, the polar part of the liquid
interacts only with the polar part of the solid and the dispersion part only
with the dispersion one. Later in the text, it will be shown that this most
basic assumption / model already helps to explain the major differences
between test inks and contact angle measurements.

The ink test is based on the assumption that the SFE of the solid is equal
to the ST of the liquid which just fully wets the solid. Test inks consist of
a series of liquid mixtures, each with a set ST, usually in increments of
2 mN/m. During the test, one of the inks is applied to the sample with a
brush stroke. If the applied film of the ink contracts, the ink with the next
lower ST is used until the brush stroke produces a stable film on the solid.
This corresponds to complete wetting of the sample. If the first stroke is
stable, the ink with the next higher ST is applied until the brush stroke does
not produce a stable film. The ST of the test ink which just forms a stable
film is equated to the SFE of the material.

This concept is reminiscent of the idea of Zisman plots. Zisman and
coworkers noted in 1964 [11,12] that for a given solid a plot of the cosine of
the contact angle 0 against the ST values of a series of liquids should result
in a straight line. The extrapolation of this straight line to cos 6 = 1 (0 =
0) provides the so-called critical surface tension of the solid, which is nor-
mally considered as the solid SFE. However, Zisman already mentioned a
number of prerequisites concerning the test liquids used: they must not
swell or dissolve the solid, their vapors must not adsorb on the solid, and
they must not interact specifically (H-bonding, acid-base interactions)
with the solid. In particular, the importance of the last prerequisite is not
considered in the ink test concept, which characterizes one major disad-
vantage of the ink test concept.

To summarize, in the ink test method, wetting experiments with liquids
with different total ST are made to find the liquid with the highest SFT that
just wets the solid. And in the contact angle methods the contact angles
of at least two well-defined test liquids on the solid under investigation
are determined. Knowing the polar and dispersion contributions to the
test liquid’s total SFT can provide further information about the polar and
dispersion parts of the solid SFE. Making use of different models describ-
ing the solid-liquid IFT the total SFE and its polar and dispersion parts can
be calculated from the contact angle data. Most of these models start from
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the polar and dispersion components of the liquid ST and the solid SFE.
The model according to Owens, Wendt, Rabel and Kaelble (OWRK) [7-9]
assumes the most basic build-up of the total SFT, SFE, and IFT, because
they are subdivided into only two main parts. Further, it is frequently used
in the field of plastics analysis. We therefore also use this model for calcu-
lating IFT and SFE from the contact angle data in the present study.

17.3 Materials and Methods

17.3.1 Solid Samples Investigated

To make the study as broad as possible, we have investigated 13 materials
including plastics, minerals and metals. We also chose very different mate-
rial qualities, from almost ideally chemically homogeneous surfaces and
technical raw materials to finished commercial products. With this selec-
tion we have covered a broad spectrum of possible scientific and industrial
applications, where knowledge about the solid SFE is desired.

The change in SFE after plasma treatment was also investigated for
PDMS, PVC and PET.

17.3.2 Sample Preparation

Before measurements were carried out, all samples (except mica) were
cleaned with a degreasing detergent solution and then rinsed thoroughly
with hot and cold tap water and finally with distilled water. Remaining
water drops were subsequently removed with isopropanol. The samples
were finally dried with clean compressed air. The mica samples were freshly
cleaved using an adhesive tape.

17.3.3 Test Inks Used

We carried out tests with two different series of commercially available test
inks for all samples:

o Series A (yellow): Colored mixture of ethanol and water
(Tantec surface energy inks)

o Series B (blue): Colored mixture of formamide and ethylene
glycol monomethyl ether (EGMM), according to ISO 8296
(Tantec surface energy inks)
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Table 17.1 List of solid samples investigated.

Sample Quality (type, source) Designation
Acrylonitrile butadiene Technical (Arthur Kriiger, ABS
styrene Germany)
Aluminum Finished product (foil) Aluminum
Glass Finished product (Microscope Glass
Slides, Carl Roth GmbH,
Germany)
Mica Chemically homogeneous Mica
mono-crystal, freshly cleaved
(Highest Grade V1 Mica Discs,
Ted Pella Inc., USA)
Polyamide 6 (Akulon® Technical PA6
K222 D)
Polyamide 6 + 3% Technical PA6 + 3% C30
Cloisite® 30B
Poly(dimethylsiloxane) Pure, synthesized (Dow PDMS
Corning Sylgard 184 Silicone
Elastomer)
Polyethylene Finished product (film) PE
Poly(ethylene Finished product (bottle) PET
terephthalate)
Polypropylene Technical PP
Poly(tetrafluoroethylene) | Technical PTFE
Poly(vinyl chloride) Finished product (tablecloth) PVC
Silicon wafer Chemically homogeneous Si

monocrystal

The tests were carried out in accordance with the ASTM D 2578-84
standard.

Inks with ST values in 2 mN/m increments in the range between 30 and
56 mN/m were used for each test. Therefore, SFE values above 56 mN/m
and below 30 mN/m could not be determined.
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17.3.4 Contact Angle Measurement

The contact angle measurements were carried out using a KRUSS Drop
Shape Analyzer - DSA100. A software-controlled dosing system for sev-
eral liquids was used for the dosing operation.

We chose three standard test liquids: water, diiodomethane and
ethylene glycol for determining the SFE. This choice covers the range from
purely dispersive to highly polar and is, therefore, particularly suitable for
determining polar and dispersion components.

Static contact angles were measured (measurement using constant
drop volume). The drops were produced at the tip of the needle of the
dosing unit, carefully deposited on the sample and subsequently analyzed.
There were no time-dependent changes in the contact angle for any of the
samples.

17.3.5 Plasma Treatment

We used a Rheinhausen Plasma piezobrush® plasma pen (Regensburg,
Germany) in air at atmospheric pressure for plasma treating PDMS, PVC
and PET. The pen was positioned above the DSA100’s software controlled
x-y sample stage at a distance of 8 mm from the sample. The sample stage
moved the solid substrate with a speed of 2 mm/sec in a direction vertical
to the plasma source. The sample was moved over a distance of 40 mm and
then back again so that the total exposure time for a treated strip of 40 mm
was 40 seconds. Treatment with an exposure time of 60 s was also carried
out for PDMS and PVG; in this case, the sample stage moved the sample
under the pen one more time.

17.4 Results and Interpretation

17.4.1 SFE Determination for Untreated Samples

The following table contains the SFE results from the contact angle mea-
surements and the ink tests for the materials which were not plasma treated:

In the case of the two very low surface free energy polymers, PDMS and
PTFE, the SFE values were below 30 mN/m. This SFE range could not be
probed with the test inks available in this study (starting from 30 mN/m).
For the same reason we were unable to draw any conclusion regarding the
correlation for glass, as the value of 64.6 mN/m determined by means of
contact angles was above the range of the test inks used.
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Table. 17.2 Results of comparative SFE determinations between contact angles
and ink tests for all untreated samples. For the contact angle method the SFE was
calculated following the OWRK approach.

SFE by OWRK Method Using Test Test

Sample Measured Contact Angles ink A ink B
[mN/m*, Polar Component in %) [mN/m] [mN/m]

ABS 37.1 [16%] 34 34
Al 55.9 [46%] >56 >56
Glass 64.6 [50%] >56 >56
Mica 53.7 [24%] >>56 >>56
PA 6 50.6 [19%] >56 >56
PA 6+3% C30 52 [24%)] >56 >56
PDMS 21.6 [0%)] <<30 <<30
PE 32.2 [0%] 30 30
PET 44.2 [3%] 34 34
PP 29.6 [0%] <30 30
PTFE 16.1 [0%] <<30 <<30
PVC 47.1 [3%] 30 32
Si 48.5 [39%] 46 42

*Note: SFE is generally expressed in mJ/m?” unit. However, we think that both mN/m and
mJ/m? are correct units for SFE as both are in SI units system and mN/m = mJ/m?

The results for PE and PP corresponded well. With all other samples, in
many cases there were considerable differences between the contact angle
and test ink results, and also sometimes differences between the test inks.

17.4.2 Interpretation Based on Interfacial Tension

It can be seen that for samples with a non-polar low SFE, i.e. PE and PP,
the results obtained from test inks and contact angles correspond well.
Deviations occur with higher surface free energy, polar samples. This can
be explained by the fact that the ink test ignores a variable which is impor-
tant for wetting, namely the IFT o, (see Figure 17.2). According to the ink
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test method, complete wetting occurs whenever the SFE is equal to the ST
of the liquid. This is the case when the vectors o and o, in Figure 17.2 are
of equal length. The IFT o, is not taken into account. In fact, the IFT can be
greater than zero even when o_and o, are equal.

The following diagrams (see Figure 17.3) use Young’s equation to
illustrate the possibility of different wetting states in cases where the SFE
and ST are equal in each case.

Accordingly, incomplete wetting can occur even when SFE and ST are
equal; in fact, this is very likely.

The IFT depends on the interactions between solid and liquid. In
the hypothetical absence of any attractive interactions between liquid
and solid, the liquid tends to minimize its interface with the solid, i.e. it
avoids wetting the solid. Accordingly, the IFT between solid and liquid is
maximized in the absence of interactions and decreases with increasing
interactions between solid and liquid.

As mentioned in the background section we apply a most basic model
in that the total ST and SFE consist of two main components, the polar and
the dispersion ones:

Gl =gl+oP (17.4)

Furthermore, as both contributions originate from physically different
interaction processes, all theories applying this two-component model
assume that the polar part of the solid SFE interacts solely with polar part
of the liquid ST and dispersion part of the solid SFE interacts solely with
the dispersion part of the liquid ST.

The following cartoon illustrates this behavior on an exemplary pair
of solid and liquid. The Figure 17.4 shows a liquid with a total ST of
50 mN/m in contact with a solid with an SFE of also 50 mN/m. Thus, fol-
lowing the idea of test inks, the liquid should wet the solid completely. The
large hands represent the (often stronger) polar parts and the small hands
the (often weaker) dispersion parts of SFE and ST. The top panel shows a
perfect match between the polar and dispersion parts: every polar hand
of the solid grabs a polar hand of the liquid and every dispersive hand
finds its dispersive partner. The interaction between solid and liquid is
maximized and the interfacial tension vanishes. In this case of a vanish-
ing interfacial tension, the contact angle becomes zero as illustrated in
the bottom panel of Figure 17.3. However, in practice such a situation
can only be found if totally dispersive liquids get in contact with totally
dispersive solids.
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O =05 + 0 COs 6 0o,

6 =0°
O =0mN/m

Figure 17.3 Different wetting states in spite of equality between SFE and ST. The smaller
the contact angle, the smaller is the IFT (yellow arrow).

The bottom panel of Figure 17.4 shows the case in which the distribu-
tion into polar and dispersion parts of SFE and ST are different. In this
case, there is only one corresponding pair of large polar hands and small
dispersive hands. As a consequence, there is a remaining interfacial tension
at the liquid-solid interface. This remaining interfacial tension results in a
contact angle larger than zero degree as illustrated in the top and middle
panels in Figure 17.3. Despite SFE and ST being equal, the liquid does not
fully wet the solid as expected when following the test ink idea. This is
exactly the case when a test ink is applied on a solid with a certain degree
of polarity.

Finally, it is worthwhile to discuss a major intrinsic difference in the
observed wetting processes when using static contact angle measurements
and ink tests: a static contact angle measurement describes the result after
a spontaneous wetting process, whereas an ink test rather monitors the
result of a spontaneous dewetting process. Ink tests provide information
related to the receding contact angle of the ink on the investigated sub-
strate. As a result, for solids that exhibit a large contact angle hysteresis ink
tests can only provide limited predictions about spontaneous wetting. For
example, for a solid having a static water contact angle of 30° but a receding
angle of 0° the yellow test inks would determine the SFE of this solid to be
larger than 72 mN/m. This is because the test ink with a surface tension of
72 mN/m consists of pure water and thus forms a stable brush stroke on
this solid. However, if water is sprayed on this surface it will not spread but
rather form droplets with a contact angle of 30°.
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o?=10 o?=40
m m m m M Work of Adhesion W, = 100 mN/m
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Contact Angle 6=53°
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Figure 17.4 Schematic diagram of the interactions for the contact between a solid and
a liquid with the SFE value being the same as the ST value, 50mN/m. The top panel
illustrates the case of complete wetting as a result of liquid and solid having the same
degree of polarity. The bottom panel shows the case of incomplete wetting. The values
for IFT, contact angle and work of adhesion were calculated according to the OWRK
approach.

17.4.3 Measurements on Plasma-treated Samples

The difference between SFE values using contact angle measurements and
test inks was most obvious in the case of plasma-treated samples. Tables
17.3a), b) and c) show the results for PDMS, PVC and PET before and after
plasma treatment for different exposure times. We have documented the
wetting patterns, i.e. images of brush strokes, for the test inks.

With plasma or corona treatments, polar groups are introduced into the
surface structure due to oxidation [1-3]. The change in SFE is, therefore,
based substantially on the increase in the polar component. This effect of
treatment is shown throughout in the evaluations of contact angles accord-
ing to OWRK. The very significant increase in SFE due to plasma treatment
comes about almost entirely as a result of the increase in polar component.

The test inks do not reflect the increase in SFE for PDMS and PVC. With
these two plastics, the test inks are, to a certain extent, blind to the effect
of treatment.

In the case of PET, the effect of pre-treatment is visible to a greater extent
in the ink test, but here too, the values lead to an underestimation of the
effect of plasma treatment.
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17.4.4 Characterization of Test Inks

To support the above interpretation of the wetting of substrates by test inks
we determined the polar and dispersion parts of the ST for some of the
test inks for the series B. For that we applied the OWRK model. For this
the total surface tension and the contact angles of the test inks on a totally
non-polar reference substrate need to be known. As reference substrate
we used PDMS from Dow Corning (Sylgard 184 Silicone Elastomer). As
solid PDMS is produced via curing of the freshly mixed liquid the surface
of this solid is intrinsically very smooth and it is reasonable to neglect any
influence of physical roughness on the contact angle measurement. The
SFE of the freshly produced and cleaned (see section 17.3.2) PDMS was
determined to be 21.6 mN/m. The total ST of some test inks was checked
by pendant drop measurements and was found to be in accord with the
manufacturer’s denomination of the different inks.

Figure 17.5 summarizes the mean contact angles of the test inks as
determined from ten different sessile drops on the PDMS substrates and
the deduced distribution into polar and dispersion components of the total
ST for each test ink.

As illustrated in Figure 17.5, the degree of polarity increases with
increasing total ST. This can be understood when knowing that these test

60

® Polar component

m Dispersion component

Surface tension [mN/m]

48 65 77 83 87 % 93 95
Contact angle of test ink on PDMS [°]

Figure 17.5 Surface tension values and equilibrium static contact angles of the blue test
inks (series B, formamide based) on PDMS. The distribution into polar and dispersion
parts was calculated from the contact angle data applying the OWRK approach.
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inks are simple mixtures of a low value ST almost non-polar liquid with
a high ST polar liquid. For the second series of test inks, the yellow etha-
nol based series A, we observed the same trend of an increasing degree of
polarity with increasing total ST (not shown here). In conclusion, every
test ink has a different degree of polarity. Thus, it becomes evident that the
ink test method in most cases cannot provide even an approximate value
about the total SFE of a particular solid. For example, the 50 mN/m ink
only fully wets a solid with a total SFE of 50mN/m if its degree of polarity
is ~43%, because only in this case the IFT between this particular ink and
the solid vanishes. For any other degree of polarity of the solid there is a
remaining IFT inhibiting a complete wetting of the ink on the solid (see
Figure 17.4). However, an ink completely wetting a solid does not neces-
sarily mean that both the total SFE of the solid and the degree of polarity
are the same as for the ink. The ink might just have a smaller total ST than
the solid SFE.

It is now simple to explain why only for PP and PE samples the contact
angle method and the test ink method give comparable results. These two
materials are totally non-polar low SFE (<32mN/m) solids. And the test
inks with such low ST are also almost completely non-polar. Thus, for these
materials the prerequisite of the test ink concept that the IFT between solid
and ink vanishes is fulfilled. As a result, the ink having the same ST as the
solid SFE completely wets the solid. However, these almost non-polar test
inks are blind to monitor the effect of a plasma treatment on these particu-
lar solids, as a plasma treatment adds a polar part to the SFE keeping the
dispersion part (almost) unchanged. This was observed, for example, in
our measurements on plasma treated PDMS (see Table 17.3a).

17.5 Advantages and Drawbacks of Contact Angle
Measurement in Practice

Of course, many users that need to monitor the SFE of solids tend towards
using test inks, because the initial acquisition cost for a contact angle instru-
ment is significantly higher than for a set of test inks. And whereas contact
angle devices are larger, electrically powered and require a computer, test
inks are small, non-powered and often a bit quicker to use. Further, as there
are many different ways to measure contact angles (static versus dynamic
contact angle and / or optical versus force measurement based methods)
using test inks appears to be the simpler and thus straightforward method
requiring less knowledge and / or experimental expertise. However, in
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addition to the more reliable determination of the total SFE and the infor-
mation gained about polarity of solid materials, there are also a number of
other advantages of the contact angle method compared with the test ink
method. For example, knowing the polar and dispersion parts of a solid
substrate free energy and of the surface tension of a liquid coating that
needs to be applied on the substrate allows calculating the work of adhesion
(see Figure 17.5) and the IFT for that particular pair [13]. This provides
insight into the quality of an interfacial contact which cannot be obtained
from the ink test. The work of adhesion characterizes the driving force with
which the two phases initially bond to one another. The IFT refers to the
tension between adhesive or coating and substrate remaining at the inter-
face. When the IFT is high, unwanted detachment of the phases from one
another occurs more easily, for example, due to the penetration of moisture.

Some test inks, in particular the range obtained in accordance with
ISO 8296, contain toxic liquids formamide and EGMM. As a result, the
health of test personnel can be endangered during routine quality assur-
ance. Contact angle measurements can be carried out with harmless liquids
or with liquids which are less hazardous to health. In addition, significantly
smaller amounts of liquids are required for the measurement than with the
ink test.

Test inks made on ethanol basis, such as test inks A in our study, are
also available as less harmful substitutes. In this case, however, the volatile
alcohol content can partially evaporate, so that the composition of the ink
changes if bottles are left open or are opened frequently. For the same rea-
son, the wetting behavior can change when the ink is applied.

The risk of contaminating the whole ink supply in a test ink bottle after
a measurement on a dirty sample is rather high. As a result the total ST of
the test ink can change and thus falsify further measurements. This cannot
happen to the test liquids used for contact angle measurements as the test
liquid reservoir never gets in direct contact with the samples.

Many samples only offer a small area for carrying out a wetting test.
However, test inks require a relatively large amount of space for applying
several brush strokes. In contrast, the SFE can be determined on only a few
square millimeters by means of contact angles. For some cases test inks can
have the advantage to test the SFE of rather larger areas with one quick and
very long brush stroke. But this works only as long as there is no contami-
nation on the investigated surfaces, because this will change the ST of the
test ink while it is applied on the surface and thus falsify the result.

Before the development of fast and manageable contact angle measur-
ing instruments, test inks offered advantages for testing surfaces directly
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and quickly on site. However, recent progress in contact angle measuring
devices overcomes this drawback enabling to determine the solid SFE in
less than a second using a small portable contact angle instrument.

Finally, with the ink test different interpretations of the wetting behavior
are possible so that the results depend on the person carrying out the test.
With the state of the art contact angle machines, the results are free from
subjective assessment because of computerized automation and digital
documentation of the measurement and evaluation.

17.6 Summary

A comparative study of contact angle measurements and ink tests on 13
materials found significant differences in the SFE values in many cases.
A good correspondence was obtained only for two low-surface energy,
non-polar plastics. We explained the differences taking into account the
distribution of total SFE and ST into polar and dispersion parts using
the OWKR model. For good wetting, this requires a compatibility of the
phases with regard to the polar and dispersion fractions. However, it is
highly probable that an ink, with a total ST equal in value to the SFE
of the solid, has a different polarity and does not completely wet the
sample.

In comparative measurements on three plasma-treated plastics the
effect of treatment on two of the materials could be detected by means of
contact angles but not by means of the ink tests. In the case of the third
plastic, the SFE values from the contact angle evaluation were significantly
higher than those from the ink tests.

We have determined the polar and dispersion parts for one type of test
inks by means of contact angle measurements on a totally non-polar refer-
ence surface by applying the OWRK model. The degree of polarity of both
series of inks increases with increasing total ST whereby the inks with the
lowest ST are almost completely non-polar. With that we illustrated that
the basic prerequisite for the ink test approach, i.e. that the IFT between
ink and solid vanishes, is only fulfilled in rare cases.

In addition to the more detailed information that can be gained with
contact angle measurement, we have also highlighted some benefits of this
method in practice. These include reduced health hazard due to harmless
liquids and a completely automated measurement which is independent of
assessment by the user and enables proper documentation of raw data and
results.
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