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Abstract

Water repellence is an important factor in soilsesn due to its role in inhibiting the
re-establishment of vegetation after fire and dugstenhancement of run-off. Water
repellence is studied across a range of diverseiplliges, such as chemistry,
materials, textiles and soil and reclamation s@eiht recent years many basic studies
of water repellence of materials have focused a@nrtile of the sub-mm surface
topography of a material in modifying the intringigdrophobicity imparted by the
surface chemistry to create super-hydrophobicitythis report, we first illustrate the
types of hydrophobic effects created by a suitaigepling of small scale surface
topography with surface chemistry using three exammf materials: an etched
metal, a foam and a micro-fabricated pillar stroetthese examples demonstrate the
general applicability of the ideas and suggest thay could apply to a granular
material, such as a fine sandy soil, particularhew the grains have become coated
with a hydrophobic layer. This applicability is domed by contact angle
measurements of droplets of water on hydrophobitd.s&A theoretical model
describing the application of these ideas to adquacked, but regular, array of
uniform spherical grains is then presented andudsed. When the grains are in a dry
initial state the effect of the surface is to irage the apparent water repellence as
observed through the contact angle. However, wherspaces between the grains are
initially filled with water, the effect is to proge greater wetting. To qualitatively
confirm the enhancement of contact angle causethéygranular structure, model
surfaces using 600 um and 250 um hydrophobic dleads were created. On these
surfaces, the contact angle of droplets of wates inareased from 1680 126 and
14Q, respectively.

Keywords. Water repellence; Contact angle; Hydrophobic; 8Suwmrophobic.



INTRODUCTION

Enhanced or extreme water repellence can occur fakeor intense heating of soil
containing hydrophobic organic matter (DeBano, 20Qtey, 2001), after
contamination of land during oil or other spillag&oy and McGill, 1998, 2002) or
naturally under certain vegetation types. Such ecément of water repellence has
far reaching implications such as increased saisien due to accelerated run-off,
enhanced preferential flow and reduced vegetatrowtty in the affected ecosystem
(Doerret al., 2003; Terry and Shakesby, 1993; Karmblal., 1993). Understanding
water repellence is not restricted to soil sciermg, is a common concern across
many scientific and engineering problems includiegtiles, materials and building
construction. However, the language and technigges to investigate and describe
similar aspects of these problems are often difteeand translating common issues
and progress between one discipline and anothée disparate, discipline can be
difficult.

In physical chemistry, hydrophobicity originatesrfr the surface chemistry
and is often investigated using contact angle nreasents (Adamson and Gast,
1997). A fundamental concept is the contact anglepn a smooth solid predicted
theoretically by Young's law,

cosk = (Vsv- JsL ) Uy 1)
where the ); are the various interfacial tensions between tiel,svapor and liquid;
the Young's law contact angled. summarizes the chemistry (or intrinsic
hydrophobicity) of the solid-liquid-vapor systemowever, in textiles the shape and
weave of fibers can be as important as the presisiace chemistry and the use of
contact angles is often replaced by water drop tpatn@n time (WDPT) tests. In soll
studies, water drop penetration time (WDPT) andamiiyl of ethanol droplet (MED)
tests are used widely (Doerr, 1998; Roy and Mc@002; Van't Woudt, 1959),
whereas within materials work, contact angle studiee common. The differences in
techniques deployed are necessitated by the needn®tu fieldwork and the
potential ambiguities that occur when field samaes prepared for laboratory work
or when idealized models are created in the laboratHHowever, the differences in
language and techniques also indicate an underljififgrence in emphasis between
surface chemistry and the small scale surface strajppography.

In this report we focus on how the coupling of theface chemistry of a
material with the sub-mm topography of a surfacen caeate extreme water
repellence; an effect often referred to as supdrdphobicity. Our aim is to provide
an understanding of the application of conceptsfroaterials science to a granular
material, such as a loose sandy soil. We do nanhabaet imply we are experts in soil
science, but rather we provide three examples eémads and experiments from our
laboratory that illustrate the relationship betwestb-mm topography and extreme
water repellence. The first example uses etchednanegetched metal surfaces with
the same surface chemistry to develop the roleopbdraphy in enhancing wetting
(Shirtcliffe et al., 2005a). The second example is a foam and is tseévelop an



understanding of the role of surface chemistry itpaverting a given structure to a
super-hydrophobic material (Shirtclifieg al., 2003; Shirtcliffeet al., 2005b). The
third example, uses a microfabricated pillar systershow that super-hydrophobicity
can be quantitatively described and that the ekdlttence of topography depends
upon the aspect ratio of features and not simpitfase roughness (Shirtcliffet al.,
2004). These examples have previously been publig® specific methods of
creating super-hydrophobic surfaces, but are uszd to develop a coherent and
systematic view of general principles that we baliare relevant to a hydrophobic
granular surface as found in soil science. Sustrface could be produced during a
wildfire by the volatilization of organic compoundsd their re-condensation onto
suitable size and shape grains within the soililgrof

To further investigate the implications of previapsantitative modeling of a
hydrophobic granular surface (McHageal., 2005), we extend the model to examine
the effect of relaxing the condition of close-paxkof spherical grains. We show how
topographic enhancement of hydrophobicity to supe&rophobicity can collapse
depending upon the combination of grain spacing aefjree of intrinsic
hydrophobicity of the solid. We discuss the limias on validity of the model due to
the fact that grains of soil may not be fixed, bah be lifted from the surface. We
also present new data for experiments with surfaoegposed of hydrophobized glass
beads and sand. Thus, while a major focus of thisleris to develop the underlying
concepts of super-hydrophobic materials in a marglevant to soil water repellency,
it also provides evidence for super-hydrophobie&# in soil water repellency and
limitations on their applicability. In particularthese effects could provide a
mechanism for enhancement of soil water repellehosugh the relative size and
spacing of grains and pores and a possible expbengdr why soil water repellence
should be more prevalent under dry conditions then

MATERIALS SCIENCE EXPERIMENTS

Role of topography

One extreme of the topography-hydrophobicity relahip is a smooth
surface with either its intrinsic chemical functadity or with a hydrophobic coating.
Figure 1a shows a droplet of water of approximatlgnm diameter on a smooth
copper surface and Figure 1b shows a droplet anadth copper surface after it has
been treated with a fluorocarbon based water remetteatment (Grangers extreme
wash-in solution designed for re-waterproofing Gexgackets); the droplet, together
with its reflection in the surface, is shown inesigrofile and silhouetted using back-
lighting. The change in the surface chemistry dBethe droplet of water results in an
increase in the contact angle, the angle tangethtetavater-air interface measured at
the point of contact with the solid surface, toveaddl0-120. Increasing a contact
angle above 12Qurely by the use of surface chemistry is difficlihe other extreme
of the topography-hydrophobicity relationship isosim in Figure 1c. In this
experiment, we etched a series of craters, of appedely 25 yum diameter, in a
square lattice array, in the copper surface prrtreating the surface with the
hydrophobizing solution (Shirtcliffest al., 2005a). In fact, in this experiment the



craters were over-etched until the craters joined laft a regular array of pinnacles
approximately 50 um apart. The image shows a coatayle in excess of 180wvhich

is higher than the 180which is usually taken as the formal definitiohaosuper-
hydrophobic surface (for a review of such surfases Blossey, 2003 and references
therein).

Figurel Side view profiles of water droplets and theilgefions on (a) a
flat copper surface, (b) a flat hydrophobic copperface, and (c) a
hydrophobized etched copper surface. Panel (djvshbe packing and
density of a surface composed of hydrophobic sandlé¢ bar is 200 um),
and (e) shows a droplet of water (contact angtE38f) on the surface in (d).

The interpretation of the water droplet in Figueid that it is suspended on
the peaks of the surface topography and bridgessadhe gaps. This is possible
because the length scales are such to make suefas@n,) v, rather than gravity,
the dominant force. A simple estimate of the lerggthle for capillarity to dominate is
given by the capillary lengtki’=(j(v/pg)"% The origins of this can be seen by
comparing the weight of a spherical droplatpR’/3, wherep is density an®R is the
spherical radius, with a typical surface tensiomcdoof 2Ry y. For water the
capillary length is 2.7 mm and so water on surfagiis length scales of around 270
um and less will be surface tension dominated.xipegments, such as Figure 1c,
feature separations of 50 um have been shown ttupeosuper-hydrophobic effects;
larger separations may also do so, but we havehwwn this systematically. Surfaces
created by etching copper may not initially app@anilar to soil, but the key features
of sharp pinnacles with a suitable separation ahgidrophobic surface chemistry is
relevant to grains of sand possessing a hydrophadating (Figure 1d and 1e). In
Figure le, the droplet sits within a slight depi@ssaind the actual contact angle of
around 139 suggests that the shape and packing of the samkgnay play a role



analogous to surface topography. The experimerits @iched copper surfaces show
that surface chemistry alone is not sufficient teate extreme water repellence; the
small scale surface topography also needs to babseiiand it can certainly be in the
size range of fine sand.

Role of Chemistry

Another quite different material we have made im laboratory is a porous
methyl terminated sol-gel glass (MTEOS sol-gel)itShffe et al., 2003). Without
the hydrophobic outward facing methyl groups, thiterial is a crumbly foam that
acts like a sponge. However, with the methyl grofgzéng outwards, a droplet of
water is unable to enter the pores and a dropletvater sits upon the surface
protrusions skating across the pores in-betweeagur&i2a shows a droplet of water
(with some food coloring to provide contrast) oe tIiTEOS foam which appears
white. When the drop is removed the foam remainstaimed indicating that there
was no penetration of the water into the surfacawéver, if we heat this particular
foam to above 4008C and cool it again, then we remove the hydrophsbidace
chemistry with little change to the physical sturet of the foam (Figure 2c). The
effect on the water repellence is immediately obsie when we deposit a droplet of
water on its surface, the foam imbibes all of tiggitl and the foam now acts as a
super-sponge (Shirtcliffet al., 2005b). The extreme water repellence of sucha-h
treated foam can be re-established by treatingtlt & hydrophobizing solution. The
pores in these foams can be tailored to be ofiteed tens of nanometers to tens of
microns. These experiments show that a porous rakatamn provide a suitable small
scale surface topography for extreme water repsdlefut that suitable surface
chemistry is still required for it to be observathey also show that a suitable surface
or material can be switched between super-hydrapleid water-imbibing and back
again by changing the surface chemistry, and treptecise surface chemistry is not
an issue provided it imparts sufficient hydrophdlido the small scale surface
topography.

a)
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Figure2  Skating-to-penetrating transition on a hydrophdisiam. (a) Droplet of water
with some food coloring on an MTEOS sol-gel, (b) sasnl-gel, but after heat treatment to
remove the hydrophobic surface functional grougse troplet of water completely
penetrates and stains the foam. (c) the pore ataicf the sol-gel used in (a) and (b) (scale
bar is 10 um).



Skating-to-Penetrating Transition

The sol-gel foam material shows a transition franvater droplet penetrating
material to a water droplet skating across theaserfprotrusions of the material
dependent upon the surface chemistry of the foams oncept of penetration-to-
skating can be investigated systematically usimgiaofabricated surface consisting
of a regular array of pillars (Shirtclifiet al., 2004). In Figure 3 the contact angle for a
water droplet is shown as the height of the pilligrsncreased; the inset shows a
scanning electron microscope image of the surfahe. pillars are circular in cross-
section with a 15 um diameter and arranged in arsqarray with centre-centre
separation of 30 um and are made using a polymesriaa(SU-8), which is strong,
hard and chemically resistant. For a flat surfacéhis polymer the contact angle is
around 86, but as surfaces are constructed with successtaéér pillars a sudden
transition to a contact angle of above 4d6curs. This higher contact angle is due to
the water droplet no longer penetrating betweenpihiars. Once the droplet skates
across the top of the pillars, bridging the gapbetween, the droplet effectively sits
on a composite surface consisting of the pillastapd the air gaps between pillar
tops. This simple view immediately provides quatitte predictions consistent with
the experiments (Cassie and Baxter, 1944). Consgl¢ne plane of the tops of the
pillars, the basic unit used to create the pattérpillars has one circle of radiug
within a square of side lengthsp,4hus giving a basic unit area equal to r;%of
which the solid surface areaiis,”. The planar fraction of solid surface area at the
tops of the pillars is therefofe=1Y16=0.196 and the air fraction is {t0.804. The
cosine of the observed contact angle &os a weighted sum of the contact angle on
the solid (i.e. 89) and the contact angle on air (i.e. 18@cause a droplet of water in
air completely balls up into a sphere), i.e. &0s 0.196 cos(80) + 0.804 cos(18Y),
which gives the observed contact angle@#$140. These experiments show that
relatively simple views of the combination of smsthle surface topography and the
surface chemistry can be used to make quantitatigdictions about extreme water
repellence if the water droplets are in the skategime.
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Figure3 Observed contact anglé,, for a water droplet on square lattices of polymidars of
diameter 15 um and centre-to-centre separatio® pff3 and various heights; the surface has been

treated with a hydrophobic coating. The inset shawSEM image of the surface



Role of Roughness

The pillar surface illustrates that once a dropdétites across surface
protrusions, the observed water repellence is aaomation of surface chemistry via
the intrinsic contact angle4, on the solid and surface topography via the solid
fractionf. Indeed, once a minimum height of pillars hasnbaehieved and skating
has occurred (i.e. there is no capillary penetnatibe height of the pillars is no longer
an influence on the observed contact angle. Tleamm that the roughness factgr,
defined as the ratio of true solid surface arethéchorizontally projected surface area
Is not a relevant parameter for a droplet skaticigpss protrusions. For the circular
profile pillars of radiugp arranged in a square pattern with repeat lendts g the
roughness is a function of pillar heigh, and isr=(16 r,>+2rrphy)/ 16 r,> = 1 +
0.39%/rp. Whilst the roughness factor is not a relevanapater once the water
droplet enters the skating regime, it is relevatte liquid penetrates between surface
features. Figure 4 shows results for droplets fiéint liquids placed upon the pillar
surface. The horizontal axis shows the contacteamgtasured on a flat, smooth
surface of the polymer and the vertical axis shtivesobserved contact angle for a
droplet on the pillared surface of the same typénasSigure 3; the dotted line is a
guide to the eye. The pillars are of height 43 pumd so have a roughness factor of
r=2.13 complementing the planar solid surface foactf f=0.196. One way of
viewing Figure 4 is that it shows how the liquigpeience due to the chemistry is
converted into either a higher degree of repellemcento a greater wetting by the
surface structure. Liquids tending towards wettsugh as diidomethane, which form
low contact angle droplets on the smooth surfaeeeatirely drawn into the surface
structure on the pillar surface. In contrast liguiending towards non-wetting, such as
glycerol and water, become more non-wetting ompihiar surface.
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Figure4 Observed contact angle€q, for droplets of
different liquids placed on a surface of type shoinn
Figure 3 with pillars of height 43 pm; the surfdtes not
had a hydrophobic coating. The results are plotied i
sequence using the contact andgle,measured on the flat
polymer surface.



In the description of the skating-to-penetratirapgition, we noted that we can
use the solid surface fractiofi, and the contact angle on the smooth surface to
quantitatively predict the contact angles for ldgiiskating across the pillar surface.
For complete penetration of liquids into the suefdeatures, quantitative estimates
can also be performed. In this case, theoreticplraents suggest that the effect of the
topography is that the cosine of the observed cbmtagle, cod,, is a scaling of the
cosine of the smooth surface angle by the roughf\Wesnzel, 1949). Thus, on the
surface in Figure 4, cés=rcosé,, whereg. is the contact angle on the horizontal axis
of Figure 4. Since, the maximum value of 8o unity, and the roughness is greater
than one, there is a minimum contact angf@", below which all liquid droplets
spread out into the surface pattern. For the serfacFigure 4, the quantitative
estimate is ca=1 when 1=2.13c&@™", i.e. 8™"=62, and this is consistent with the
data in Figure 4, which show that ethylene glycod diquids with lower contact
angles on the smooth surface are all drawn outthtosurface structure and do not
form liquid droplets on the pillar surface. Thesgeiments demonstrate that a
surface showing extreme water repellence, may, wihnegstigated by liquids other
than water or by mixtures including water, suchaasMED test, interact with the
small scale surface topography via at least twaeqdifferent mechanisms (i.e. the
penetration-to-skating transition).

Pre-existing Penetration

When a droplet of water sits @ super-hydrophobic material in the skating
form, so that water does not penetrate into thegor gaps between features, we are
able to make quantitative estimates of the obseceedact angle by imagining the
droplet as supported on a composite surface comgist a surface fractior, of the
solid and a surface fraction Lef air. In a similar manner, we can imagine tivaen
there is some pre-existing penetration so thgbals (or gaps) are filled with water,
any droplet of water on the surface will then beparted on a composite surface
consisting of a surface fractiofy, of the solid and a surface fractionfjlef water
(Bico et al., 2001, 2002). In air, a droplet of water comphetealls up so that the
contact angle is 18@nd cos(18)=-1, whereas a droplet of water on a layer of wate
spreads out completely so that the contact angl® &d cos(®)=+1. In these two
situations, the observed contact angle can be wooké from the weighted averages
of the cosines as cfs=f cosd. = (1), where the negative sign indicates air in the
pores and the positive sign indicates water inpihies. In the former case, the effect
is to cause a larger observed contact angle, whénethe latter case it is to cause a
smaller observed contact angle.

As a numerical example of the effect of the prestaxg state of a surface,
consider a surface composed of a solid possesdiiag) surface contact angle of 90
formed into a surface with a solid surface fractie®.196. In this state, the observed
contact angle for a droplet of water will be 143f%he pores are filled with air, but
only 36.5 if the pores are filled with water, These consatiens suggest that the
apparent water repellence of a porous or granupe tsurface could depend



sensitively on the pre-existing state of the mateaind whether any of the pores or
gaps between grains are filled with water.

Sticky and Slippy Surfaces

The experiments described previously also reveathan aspect of extreme
water repellence. Obtaining the image in Figureisldifficult because a droplet of
water prefers to stay with the syringe rather thatach onto the surface or, if the
droplet is mechanically detached and dropped ddsurface, it bounces and, if there
is any tilt of the surface, it rolls off. The suwéin Figure 1d is both a super-
hydrophobic and a slippy surface. In contrast, seo@er-hydrophobic surfaces are
sticky, in the sense that a droplet does not reliyaeven when a large tilt angle for
the surface is applied. Experiments, such as tteseribed by Figure 3, show that the
skating droplet corresponds to the slippy surfacel @he penetrating droplet
corresponds to the sticky surface (Quérél., 2003). It is also worth noting that the
previously described surfaces involve solid pratms which cannot be lifted from
the substrate. If grains on a surface are free sufficiently small then it is
energetically preferable for them to attach to sbéd-liquid interface and create a
completely non-wetting and freely rolling liquid nbée (Aussillous and Quéré, 2001;
Mahadevan and Pomeau, 1999). Essentially, watesif iis sticky even for
hydrophobic grains.

SOIL SCIENCE AND SUPER-HYDROPHOBICITY

Super-hydrophobicity

The possible relationship between ideas of supdrephobicity in materials
science and extreme water repellence in soil seidms only occasionally been
mentioned in the literature and rarely consideredny depth (Dekker and Ritsema,
2000; Doerret al., 2000; Dekkeret al., 2005). The requirements for super-
hydrophobicity are two-fold: i) the small scalefsge topography must be suitable to
provide a composite surface of solid and air widpg or pores small enough that
surface tension forces dominate, and ii) the sarf@eemistry of the solid must be
hydrophobic to reduce capillary penetration andtrbesmparted on the solid without
clogging the pores or gaps. What is also clear frexperiments is that these
conditions can be met in a wide variety of wayspamticular, the surface topography
can result from roughness, hairs or fibers, surfagtire and porosity, to name just a
small number of mechanisms. Whilst this has nonbemphasized in the previous
section, the skating form of super-hydrophobiciyaiso favored by surfaces with
sharp features. It is therefore a natural questiask whether the ideas explaining the
transformation of the water droplet in Figure 1bFigure 1c can be applied to the
water droplet in Figure le and, if so, whether sactransformation might occur
naturally in some sandy soils.

Extreme Soil Water Repellence
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Reviewing literature on extreme water repellenceadih, at least five reported
features appear to suggest a possible relatiortehiguper-hydrophobic materials.
First, soil exhibiting extreme water repellencaussially within the upper part of the
soil profile (Henry and Paul, 1978; Dekker and &its, 1994), thus suggesting a
strong surface effect. Second, it is promoted lyyndrof soil (DeBano, 2000; Letey,
2001), which would be consistent with water droplgitting upon a composite solid
and air surface. Third, it can be established eitfia natural processes or oil
contamination (Dekker and Ritsema, 2003; Roy andGilic 1998; 2002), thus
indicating that surface chemistry may only needbéoof a hydrophobic class rather
than a more specific chemistry. Fourth, loose sasullyis more prone to it (see e.g.
the US Fish and Wildlife Service Fuel Effects arice FEffects Monitoring Guide),
although Doeret al., (2000), who also report that that repellencynisst commonly
observed in sandy soils, note that the highestdesMerepellency tends to be reported
from medium textured soils, suggesting both a bletgrain size and the existence of
gaps between grains. Fifth, forest fires or intemsating of soil is known to cause it
by volatilized (hydrophobic) waxes from organic teat subsequently condensing
and coating soil particles (DeBano, 2000; LeteyQ130 This fifth observation is
particularly interesting because vapor depositidnachydrophobic material onto
suitable size particles, which are then arrangemarsurface, is one way of creating a
material with super-hydrophobic properties. A naoil-scientist view could therefore
be that soil is a convoluted surface consisting pbrous or granular material coated
with hydrophobic compounds and that extreme wagpelience occurs when droplets
of water bridge between grains and across poregams so that the droplets
effectively sit upon a composite solid and air ifaee. An alternative view
incorporating some of these ideas would be thaptiieus or granular material is less
hydrophobic, but is interspersed with hydrophobi&irgs providing bridging points so
that droplets may again adopt a skating configomati

A Naive Model of Soil

To quantitatively illustrate how ideas on waterekgnce might be related to
the concept of a super-hydrophobic surface we densa model of a surface
composed of solid spheres (Figure 5a, b) (McHalal., 2005). In this model we
assume i) the spheres are of uniform size, ii)sipleeres are smooth, iii) the spheres
are arranged in a regular, but not necessarilyeghasked, pattern, iv) gaps between
spheres are small enough for surface tension théeominant force, v) droplets of
water are gently deposited on the surface ratlaar ¢gmown by condensation onto the
surface, vi) if air exists between spheres, theléts bridge the gap with a horizontal
meniscus between the spheres, and vii) the splaeeeim fixed locations and cannot
be lifted by the surface tension of the water. W&o agnore complex grain/pore
structure, micro- or macro-aggregates with diffgrimydrophobicity, water flow and
transport properties of soil.

11



air in gaps water in gaps
between between

Figure5 Naive model of substrate composed of solid sphdmsside
view of packing and hypothesized contact with sph®r water and bridging
of air gap by water, (b) top view showing wateridatontact area, (c)
droplet sitting on a dry substrate, and (d) drogiiting on a wet substrate.

Assumptions i)-iii) are clearly an idealized view grains of sand, but
nonetheless capture the idea of the grains prayidinsolid surface fraction.
Modifying assumption i) to include a mixed two siggstem with the larger size
fraction providing the hydrophobic grains could yad® a model whereby the water
repellence is imparted by micro-aggregates rathan &8 hydrophobic coating of all
grains. It would also be possible to assume tha mixed size system, the larger
grains are in contact with the water and the smalains simply extend the distance
between larger grains and therefore effectivelgiaeine thes parameter in Figure 5
and the minimum hydrophobicity required to prewsater penetration. Assumption 2
is self-evidently a poor approximation to a typisahdy soil whose grains have sharp
asperities. The effect of such asperities will bencrease the intrinsic contact angle
needed to prevent penetration of water into th&sear but provided penetration does
not occur it will then reduce the fraction of soktirface and so promote water
repellence via the Cassie-Baxter mechanism witlemiaidging grains. If assumption
iii) is broken and the grains are not spaced iegular array, this may create localized
areas through which penetration of water occurscatidpses any super-hydrophobic
effect; should this not happen then the wider sgpbtietween grains should cause a
higher super-hydropobic contact angle. Assumptignréquires the gaps between
grains bridged by water to be substantially lesstthe capillary length of water of
2.7 mm and so is likely to be valid for particlees up to sand, but not for much
coarser material. Assumption v) will be true in sosituations and not others where
pressure forces water into the granular structooe.example, often the skating type
configuration for a water droplet is only a metagtaone, and growing a droplet by
condensation or providing it with an impact forcél wause water to penetrate into
the surface features and remove any air gaps betgreéns. Assumption vii), which
requires grains to remain in fixed locations, sodikely to be a severe limitation. In
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our experiments, we observe that a droplet of watiked on very fine hydrophobic
sand develops a powdery coating and becomes al ligarble, which is completely
non-wetting; the apparent contact angle is theardenhed by the volume of liquid in
the marble and not by the underlying surface orchviit rests. A calculation of the
free energy change for a hydrophobic grain on tirtase to attach to a droplet of
water shows it is energetically favorable unless¥bung’s law contact angle is 180
a contact angle that has never been achieved bgwuaface chemistry (Aussillous and
Quéreé, 2001). Indeed, if small grains can lift upni the soil due to surface tension,
this would be an alternative mechanism to increasg¢er repellency to simply
providing a spacing between larger grains. Suldduad marble is highly mobile on a
surface and has implications for run-off and soilseon. Despite the assumptions and
limitations in the model, we believe it is usefalitlustrate the effect of a granular
hydrophobic surface on water repellence.

To take account of whether the sandy soil priairtuplet deposition is dry or wet
we consider the situations shown in Figure 5c¢ agdreé 5d. The first shows a droplet
deposited on dry sandy soil and skating acrosgams. The observed contact angle,
8"’ is then described by the Cassie-Baxter equationafadroplet sitting on a
composite solid and air surface,

cosd! = fcosg, - (@1-f) (2)

where &, is the Young’'s Law contact angle (Eq. (1)) &nd the solid surface area
fraction below the droplet. The second shows aldtafeposited on a wet sandy soil
with water filling the air gaps. The observed cehtangle,&," is then described by
the Cassie-Baxter equation for a droplet sitting aortomposite solid and water
surface,

cosdr = fcosd, + (1-f) (3)

The difference between equations (2) and (3) ihénchange in sign of the €L-
term. This change in sign switches the effect & #pace between grains from
enhancing water repellence to enhancing wettingcdloulate the observed contact
angle taking into account the topography needs keuge of both the Young's law
contact angleé. arising from the surface chemistry, and of thadsslrface area
fractionf. The solid surface fractiohcan be worked out from the geometry provided
a horizontal meniscus is assumed and this gives,

1+cosf
f(e)= > (4)
1+ cosd, + \/5(1;5) —;sin2 6

In this calculation, the solid spheres have a m@iwand their centre-to-centre
separation is 2(18R, where the spacing parameg0 accounts for the fact that the
grains are not necessarily close-packed. Full deam of equations (1)-(4) is given in
McHaleet al. (2005).
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To extend consideration of the effect of the sefparaf the spheres on the model
beyond that of previous results, we consider theditmns leading to water
penetration into a loose-packed hexagonal bed loérggal grains/spheres where the
distance from centre-to-centre of adjacent sphdases2(1+)R. Ignoring any
hydrostatic pressure, the change in surface freeggdF, caused by a layer of water
penetrating an extra depfth into the upper layer of spheres, when the menigus
already at a depth below the top of the spheres in the upper lager, i

AF =-7Ry,, {cosé?e + [1—%]}Ah (5)

The equilibrium depth of penetratidm, is then given by,
h, = R(L+cosd,) (6)

provided the penetrating water does not contactsafig surfaces below the top layer
of spheres. Although Eq. (6) does not explicitlpeled on the extent of loose packing
through thes parameter this is only because it effectively asssithe upper layer of
spheres all rest on a perfectly flat surface thhotigg condition that penetrating water
should not contact any solid surfaces from therlégdow. In this extreme limit, the
maximum penetration i§.=2R and this corresponds to a minimum Young's law
contact angle before water penetrates into theobegpheres, from Eq. (6), @=0°.

A more sophisticated view would be to have thrgaaaht spheres in the upper-most
layer forming an equilateral triangle sitting withe central hole they define resting
directly on a sphere from the layer beneath. Is taise, the minimum Young’s law
contact angle before penetrating water comes iotdact with this sphere from the
layer below and induces complete penetrationMergby,

_ _ 2
cosg™ = -1+ 21/22% (7)

Moreover, the maximung allowed before the hole between the three spheres
is large enough that the sphere below slips thrasigha.=v3-1=0.732, which sets a
limit on the £ parameter in Eqg. (7).Whesr0, the bed of spheres is hexagonal close
packed and a layer of water may be supported big spheres wittg>50.73; this is
consistent with previous theoretical calculatiomsl &xperimental data (Baat al.,
1987; Shirtcliffe et al., 2006). Spacing the spheres further apart inesedke
minimum hydrophobicity needed for water to be suasieel by the upper-most layer
of spheres and the Cassie-Baxter type super-hydboplenhancement to occur, until
at &=0.677 a minimum Young'’s law contact angle@#120 (around the maximum
physically achievable by surface chemistry alonell be needed to support a layer
of water.
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Figure6 Contact angles’ , predicted by the
model surface of small spheres with intrinsic
hydrophobic contact angles 6 > 8™ defined by Eq.

(7) and initially possessing air gaps between ssher
The curvess= 0.0, 0.226, 0.451 and 0.677 show the
effect of the spacing between spheres 0.0 represents
close-packing and the arrow shows water repellence
increases with spacing of grains).

Figure 6 show results for the model with theparameter for the spacing
varying from close-packed to loose-packed. TheZomtial axis shows the Young's
law contact angle, which summarizes the surfacen®tey, whilst the vertical axis
shows the results of Eqg. (2) calculated using E{.f¢r spacing parametees=0.0,
0.226, 0.451 and 0.677. The upper valuegoef.677 has been chosen because it
corresponds to requiring a physically achievabla@imim intrinsic (Young’s law)
contact angle o2=120 for the Cassie-Baxter effect to occur and a dtofuebe
suspended by the spherical particles in this mdded. solid points at the start of each
curve indicate the minimum Young’s law contact anlgefore complete penetration
of water into the surface occurs according to E{. The vertical axis shows the
combined effects of surface chemistry and the toggany of spheres, either in close
packed or loose packed form depending on the vafue Figure 6 shows that a
surface chemistry witl.>8™" causes a droplet deposited on the dry soil suffaze
Figure 5c) to show enhanced water repellence.cAscreases above 0.0 (close-
packing) two effects occur. Firstly, the lowestrimsic contact angle needed to
prevent capillary penetration increases systemnibticaecondly, for droplets that are
suspended by the surface, the enhancement of apgem@rophobicity, as given by
the observed contact angle of a droplet, incredgesdotted arrow in Figure 6 shows
that an intrinsic Young’s law contact angle =120 will be increased by the
Cassie-Baxter effect t6,'=1290, 139, 144 and 148 for £0.0, 0.226, 0.451 and
0.677, respectively.
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Figure7 Contact angles@,, predicted by the naive
model surface of small spheres with intrinsic hydirabic
contact angles ofl, < 9¢° and initially with water in the
gaps between spheres. The curges0.0, 0.226, 0.451
and 0.677 show the effect of the spacing betwebersg

(e= 0.0 represents close-packing and the arrow shows
water repellence decreases with spacing of grains).

Figure 7 shows the effects on observed hydrophiybiging the same soil
model as in Figure 6, but pre-wet as illustratetignre 5d. The horizontal axis shows
the Young'’s law contact angle with values less #@h whilst the vertical axes show
the results of Eq. (3) calculated using Eq. (4) $pacing parameters=0.0, 0.226,
0.451 and 0.677. In this case, no attempt has beste to calculate the affect of a
sphere from the layer below the upper-most layefepting into the space between
three spheres in the upper-most layer, becausentbetion is only to provide a
qualitative illustration of the effect of a droplegsting on a composite solid-water
surface. As expected from Eq. (3), for any systdnsadid spheres, the observed
contact angle lies between the Young's law congacfie and Dand as the spacing
between spheres increases the value of observeadctangle reduces. The dotted
arrow shows an example with a Young's law contamla of &=7C resulting in
lower observed contact angles 8=67°, 61°, 55 and 50, respectively, as the
spheres are changed from close-packe.() to loose-packed£0.677).

To examine some of the broad features of the madel conducted
experiments using 600 pum and 250 pm nominal diangéss beads treated with
trimethylsilylchloride (TMSCI). Figure 8 shows sidwofile views of droplets of
water on the 600 um diameter beads (Figure 8a)tlaed250 um diameter beads
(Figure 8b). The measured contact angles in thesecases are 126and 146,
respectively, compared to 108r a droplet of water on a flat glass surfacated
with TMSCI. Whilst the contact angle for droplets both sizes of beads is larger
than on the flat surface, the fact it is differsnggests that either the 600 um diameter
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beads are sufficiently large for the assumptiort thaface tension dominates and
droplets bridge the gaps between beads is faibnghat the beads do not pack in a
regular close-packed array. This latter conclussosupported by the fact that Eq. (4)
would only predicf(0)=0.874 and hence a contact angle increase tb Ta3btain a
contact angle increase to £4@s observed in Figure 8c, would requife=0.339
with an &0.807, although this would be unphysically large & regular hexagonal
model of beads resting on a set of identicallycizeads.

Figure 8c shows a top-view of a droplet of watetlm 600 um diameter bead
substrate; the droplet is in the centre of the nagd acts as a lens to magnify the
size of the beads immediately below it. Figure 8a iview of the 250 um diameter
bead substrate without a droplet of water andgaeater magnification. It is clear that
the beads are not in a regular or close-packes@eraent and that the solid surface
fraction,f, is much smaller than 0.874, although it is naigilole to provide a precise
estimate off from the image. Additional experiments on watewopiets on
hydrophobic sand grain surfaces have also beeemqezs previously in Figure 1d and
Figure le. The views of this surface show thagitsns have sizes in the 100-400 um
range, that the grains are not close packed aridhbagrains have sharp asperities.
Figure 1le shows an apparent contact angle for wéte89, although we believe the
angle may be larger as a consequence of the sifiéedreing slightly obscured due
to the droplet sitting in a small hollow in the danThe significance of these
experiments with glass beads and hydrophobised isanat in their precise contact
angle results or whether quantitative agreemerit thi¢ naive model is obtained, but
that simple systems with glass beads of relatilaetye sizes of 250 pum (and even 600
pm) and fine sand can cause measurable increades abserved contact angle.

(b)

Figure8 Droplets of water on hydrophobic glass bead satestr (a)
600 um diameter beads and a water contact angleaf (b) 250 pum
diameter beads and a water contact angle of, 140 top view of a
droplet of water on the 600 um diameter bead satestand (d) top view
of the 250 um diameter bead substrate.

17



Close examination of the images from experimentsvshthat hydrophobic
grains can be lifted from the substrate and thatlthwver surface of a droplet can
become coated in a manner similar to a liquid nea(Blussillous and Quéré, 2001).
Such liquid marbles are completely non-wetting amdhly mobile and could
themselves have an impact on soil erosion. Codituyds with a waxy powder to
create liquid marbles is an approach used by gghiphids to remove liquid from
inside the plant gall in which they live (Pikeal., 2002). However, this affect could
equally easily become a mechanism which erodeslbgsgrophobic grains of sail
from a surface, cause droplets of water to bakngh increases soil water repellence.

CONCLUSION

In this work we have considered the possible m@tetip between super-hydrophobic
materials and extreme water repellence in soil. alive model of spherical close
packed spheres has been used to show that largevetisontact angles can occur if
droplets of water are deposited on such a surfemaded it begins in a dry state. For
such an enhancement to occur a minimum intrinserdpghobicity is required and
this increases if the solid spheres are spacekeiugpart. The model predicts that the
same surface, starting in a state with water batwbe spheres, causes increased
wetting rather than extreme water repellence amgli@s that pre-existing wet soll
would reduce water repellence. The model predictstrang dependence on the
separation and packing density of the sphereslaadst consistent with experiments
using small hydrophobic glass beads and hydrophaaicd. Moreover, these
experiments suggest the size range for grainsn@ $andy soil is plausible for a
super-hydrophobic effect to occur. Such an effemtilel be consistent with reports of
extreme water repellence being related to looséfyfl sandy soil. We also suggest
that sharp features on sand grains or the micrdsiel of any wax could have a
strong effect on increasing water repellence. Aditamhal mechanism for producing
non-wetting, not accounted for in the model andedagoon droplets becoming coated
in hydrophobic grains, has been identified. Shosigber-hydrophobic effects be
occurring in soil then the molarity of ethanol (ME@roplet test would be a probe of
the skating-to-penetrating transition whereas thatew droplet penetration time
(WDPT) test would investigate droplet penetrationtes so that these tests would not
necessarily measure the same effects.
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FIGURE CAPTIONS

Figurel Side view profiles of water droplets and theirlgefions on (a) a flat
copper surface, (b) a flat hydrophobic copper serfand (c) a hydrophobized etched
copper surface. Panel (d) shows the packing anditgeof a surface composed of
hydrophobic sand (scale bar is 200 um), and (e)vsho droplet of water (contact
angle of 139 on the surface in (d).

Figure2 Skating-to-penetrating transition on a hydrophdbam. (a) Droplet of
water with some food coloring on an MTEOS sol-@e), same sol-gel, but after heat
treatment to remove the hydrophobic surface funeligroups: the droplet of water
completely penetrates and stains the foam. (cpdhne structure of the sol-gel used in
(a) and (b).

Figure3 Observed contact anglé),, for a water droplet on square lattices of
polymer pillars of diameter 15 um and centre-toteerseparation of 30 pm and
various heights; the surface has been treated avhilydrophobic coating. The inset
shows an SEM image of the surface.

Figure4 Observed contact anglé,, for droplets of different liquids placed on a
surface of type shown in Figure 3 with pillars eight 43 um; the surface has not had
a hydrophobic coating. The results are plotteceguence using the contact andlg,
measured on the flat polymer surface.

Figure5 Naive model of substrate composed of solid sphd€egsside view of
packing and hypothesized contact with sphere byemand bridging of air gap by
water, (b) top view showing water-solid contactaare(c) droplet sitting on a dry
substrate, and (d) droplet sitting on a wet sutestra

Figure 6 Contact angles},’ , predicted by the model surface of small spheres
with intrinsic hydrophobic contact angles &f> &™" defined by Eq. (7) and initially
possessing air gaps between spheres. The carwé0, 0.226, 0.451 and 0.677 show
the effect of the spacing between spheees (.0 represents close-packing and the
arrow shows water repellence increases with spasfiggains).

Figure7 Contact angles@,", predicted by the naive model surface of small
spheres with intrinsic hydrophobic contact angleg.o< 9¢ and initially with water

in the gaps between spheres. The cuwes0.0, 0.226, 0.451 and 0.677 show the
effect of the spacing between spheres (.0 represents close-packing and the arrow
shows water repellence decreases with spacingpofgr

21



Figure8 Droplets of water on hydrophobic glass bead satesr (a) 600 um
diameter beads and a water contact angle of, {Bp 250 um diameter beads and a
water contact angle of 12Qc) top view of a droplet of water on the 600 fimmeter
bead substrate, and (d) top view of the 250 um elianbead substrate.
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FIGURES

Figurel Side view profiles of water droplets and theirleefions on (a) a flat
copper surface, (b) a flat hydrophobic copper serfand (c) a hydrophobized etched
copper surface. Panel (d) shows the packing andityeof a surface composed of
hydrophobic sand (scale bar is 200 um), and (eyvshe droplet of water (contact
angle of 139 on the surface in (d).

Figure2 Skating-to-penetrating transition on a hydrophdbam. (a) Droplet of
water with some food coloring on an MTEOS sol-¢e),same sol-gel, but after heat
treatment to remove the hydrophobic surface funeligroups: the droplet of water
completely penetrates and stains the foam. (cpdine structure of the sol-gel used in
(a) and (b) (scale bar is 10 pm).

a)
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Figure3

Observed contact anglé),, for a water droplet on square lattices of

polymer pillars of diameter 15 um and centre-toteerseparation of 30 pum and
various heights; the surface has been treated avitlgdrophobic coating. The inset
shows an SEM image of the surface.
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Figure5 Naive model of substrate composed of solid sphd€egsside view of
packing and hypothesized contact with sphere byemand bridging of air gap by
water, (b) top view showing water-solid contactaare(c) droplet sitting on a dry
substrate, and (d) droplet sitting on a wet sutestra

(b)

air in gaps water in gaps

between spheres between spheres
Figure6 Contact angles,’ , predicted by the model surface of small spheres

with intrinsic hydrophobic contact angles &f> &™" defined by Eq. (7) and initially
possessing air gaps between spheres. The carwé0, 0.226, 0.451 and 0.677 show
the effect of the spacing between spheees (.0 represents close-packing and the
arrow shows water repellence increases with spaxfiggains).

170

150

130

8’ /degrees
[EEY
o

50 1 1 1 1 1 1 1 1 1 1 1
50 70 90 110 130 150 170

6./degrees

25



Figure7 Contact angles@,", predicted by the naive model surface of small
spheres with intrinsic hydrophobic contact angleg.o< 9¢ and initially with water

in the gaps between spheres. The cuwes0.0, 0.226, 0.451 and 0.677 show the
effect of the spacing between spheres (.0 represents close-packing and the arrow
shows water repellence decreases with spacingaoigr
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Figure8 Droplets of water on hydrophobic glass bead satestr (a) 600 pum
diameter beads and a water contact angle of, {Bp 250 um diameter beads and a
water contact angle of 12(Qc) top view of a droplet of water on the 600 flimmeter
bead substrate, and (d) top view of the 250 um elianbead substrate.

(b)
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