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ABSTRACT: Superhydrophobic coatings were prepared using fluorosilane-treated diatomaceous earth (DE) with either polyurethane or
epoxy binders. The surface wettability and morphology of the films were analyzed using contact angle measurements and scanning
electron microscopy (SEM), respectively. The water contact angles were studied as a function of the fluorocarbon fraction on DE and
the particle loadings of treated DE in the coating. The contact angles exceeded 150° for coatings with at least 0.02 fluorocarbon frac-
tion (mass of fluorosilane/mass of particle) on the DE and with 0.2 particle loadings (mass of treated particles/mass of coating). The
water contact angles of the surfaces were dependent on the nature of the binder below 0.2 particle loadings of the superhydrophobic
DE particles, but were independent of the binder type after attaining superhydrophobicity. The results were consistent with the super-
hydrophobicity resulting from the migration of the superhydrophobic DE moving to and covering the surfaces completely. It was also
shown that the treatment with fluorosilanes restricted the pores in DE and reduces the specific surface area of the material. However,
these changes had effectively no effect on the superhydrophobicity of the coatings. The results of this work clearly identify some
important considerations relative to producing superhydrophobic coatings from inexpensive diatomaceous earth. © 2016 Wiley Periodi-
cals, Inc. J. Appl. Polym. Sci. 2016, 133, 44072.
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INTRODUCTION Surfaces that form static water contact angles greater than 150°
and have sliding angles less than 10° are defined as superhydro-
phobic surfaces.”>™” The superhydrophobicity of a solid surface
is determined by two factors: its chemical composition and
micro-nano hierarchical texture.”>*>*® Modifying a surface
with low energy chemical groups can effectively increase the
water contact angle of a solid surface. Surfaces with CF, and
CF; groups generally have low surface energies with contact
angles of about 120° on a flat surface.””*® Roughening the sur-
face can result in contact angles as high as 160 to 175° and the
surfaces become non-wettable.’’**> These superhydrophobic
coatings are water-repellent, self-cleaning, and can be used in
many applications, such as anti-icing, anti-oxidation, anti-
fogging, non-wetting, buoyancy, and flow enhancement.” >

Diatoms are unicellular algae of the class of Bacillariophyceae of
Phylum Bacilloriophyta.' Diatoms extract silicon from water for
the production of their exoskeletons, called frustules or hydrated
silica shells.”® When diatoms cells die, their tiny shells sink, and
with time, these shells form layers of fossil deposits. These fos-
silized deposits are known as diatomaceous earth (DE) or kie-
selgur.> DE particle sizes can vary between 1 um and several
mm in diameter.>® There are more than 100,000 different spe-
cies with unique three-dimensional frameworks.” Each three-
dimensional DE structure contains millions of microscopic, hol-
low, perforated cylindrical, and disk shaped shells. The resulting
DE is an inert, highly porous, lightweight, and thermally resis-
tant material.>® Naturally occurring DE is hydrophilic; conse-
quently, it can be used in applications as adsorbents,” in  There are many ways to fabricate superhydrophobic surfaces;
filtration,"™** 938 graft-on-graft polymerization,®
cally modified, DE has been used in additional applications,  chemical vapor deposition,*” lithography,*' sol-gel processing,**
such as materials for superhydrophobic coatings,”'®™'® metal  and self-assembly of low surface energy materials. However, most
adsorbents,* and drug delivery.'* > of the methods used to fabricate superhydrophobic surfaces are

and in construction materials as a filler.'> Chemi-  they include plasma etching,

© 2016 Wiley Periodicals, Inc.
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complicated, expensive, cannot be used on a large scale, or
require special apparatus. Therefore, developing a facile and inex-
pensive approach for obtaining superhydrophobic surfaces is
important. The use of a low-cost material such as diatomaceous
earth particles is obviously worth consideration.

Our objective was to produce superhydrophobic coatings using
fluorosilane-treated diatomaceous earth particles (DE) with
polymer binders that are inexpensive and have low volatile
organic contents. DE has already been made into superhydro-
phobic particles through a variety of novel chemistries.®,'®™"®
Puretskiy, et al® showed that a hydrophobic polymer could be
grafted-from DE to make superhydrophobic anti-icing materials.
Sticking the particles to the top of epoxy coatings provided
improved the mechanical properties of the DE layer. However,
the multistep process is multi-step complicated. Simpson
et al,*’ Oliveria et al.,'® and Polizos et al.'” have shown that flu-
orosilanes grafted to DE could make superhydrophobic DE par-
ticles. Coatings with treated DE and polydimethylsiloxane can
be improved with the inclusion of graphene oxide.'® While
these studies showed that superhydrophobic coatings could be
made using very specific formulations, little has been reported
about some of the basic parameters, which affect the particles,
and the behavior and structures of the coatings produced
from them.

To produce more effective coatings, additional efforts to under-
stand the basic behavior of the coatings systems were undertak-
en. For example, the effects on the superhydrophobicity of
coatings systems on either the amount grafted fluorocarbons on
DE or the particle loadings of treated DE in the coatings are
not well known. In addition, the roles of different binder sys-
tems have not been a focus of reported work. In this study, we
report contact angle measurements, scanning electron microsco-
py, specific surface areas of particles, and pore size measure-
ments to understand the development of superhydrophobicity
and to characterize the surface properties of the coatings
produced.

EXPERIMENTAL

Treated diatomaceous earth (FS-DE) samples with different
amounts of fluorosilane treatments were obtained from Dry
Surface Coatings, (Guthrie, OK). Bisphenol A based epoxy resin
(Epon 828) with an epoxy equivalent of 185-192 g was provid-
ed by Exel Logistics, (Houston, TX). A cycloaliphatic amine cur-
ing agent (Ancamine 2280) with an amine equivalnt weight of
110 g was supplied by Air Products and Chemicals (Allentown,
PA). An aliphatic polyisocyanate resin based on hexamethylene
diisocynate (Desmodur N75) with isocyanate (-NCO) content
of 16.5*+0.3% and an equivalent weight average of 255 was
obtained from Bayer MaterialScience, (Baytown, TX). An
alkoxylated polyol curing agent (Polyol 3611) with hydroxyl
number of 610+ 25 was supplied by Innovadex, (Overland
Park, KS), tetrahydrofuran (THF), and hexane were from Fisher
Scientific (Pittsburgh, PA).

Two types of binder solutions were prepared: epoxy binders and
polyurethane binders. The epoxy binder solutions were prepared
by thoroughly mixing a stoichiometric amount of epoxy resin
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and curing agent in THF in a ratio of 0.32 g:1 mL. For the
polyurethane binder solutions, polyisocyanate and polyol curing
agent were prepared in a 1.05 to 1 molar ratio (the excess
amount of polyisocyanate ensures complete reaction of the pol-
yol and provides optimal film properties) and mixed with THF
in a ratio of 1 g:1 mL. The binders were mixed in a mechanical
shaker for 15 min to make a homogenous solution.

Two different sets of samples were prepared. The first set was a
series of coatings made from treated DE samples with different
amounts of fluorosilanes. The treated DE particles with different
amounts of fluorosilane were then used to prepare epoxy coat-
ings with a fixed 0.25 FS-DE particle loading. The particle load-
ings are shown as fractions of the mass of the DE (treated or
untreated) to the mass of the DE plus polymer resin. In con-
trast, the fluorocarbon fractions on DE are given as the mass
fractions of fluorocarbon (from thermogravimetric analysis,
TGA) to the total mass of treated particles (DE plus fluorocar-
bon). The second set of samples was a series of epoxy and poly-
urethane coatings with a single kind of treated DE sample
containing a fluorocarbon fraction of 0.036 (FS-DE-1). This
fluorocarbon fraction was selected based on having a sufficient
amount of fluorosilane for the samples to be superhydrophobic.
Different particle loadings of FS-DE-1 were mixed with polymer
binders. THF was then added to each vial to make the total vol-
ume constant. All the samples were mixed using a mechanical
shaker for 30 min.

For contact angle measurements, the FS-DE polymer binder
samples were coated on glass slides (7.5 X 2.5 cm®) cleaned
with toluene. Around 0.7 mL from each FS-DE polymer sample
was applied onto a glass slide to yield a flat, thin, and uniform
layer. The epoxy and polyurethane coated samples were kept on
a flat surface to air dry and then placed in an oven at 180°C
for 20 min to cure.

Water contact angle measurements were performed using static
sessile drop method at room temperature using a homebuilt
contact angle measurement instrument with a high-resolution
Proscope camera capable of recoding 15 fps at a 640 X 480 res-
olution. The contact angles were measured using Low Bond
Axisymmetric Drop Shape Analysis (LB-ADSA) technique®*™
by fitting the best profile to an image of 5-uL droplet of deion-
ized water on the surface. The drop shape analysis was done
using a drop analysis plugin with ImageJ software. Five readings
from different locations on the surface were taken, averaged,
and reported as the contact angle for each sample. The repro-
ducibility of the contact angle values on five different places of
the sample was less than = 5° (one standard deviation).

The fluorocarbon fractions in the FS-DE were quantified by
thermogravimetric analysis (TGA) using a Q-50 Thermogravi-
metric Analyzer (TA Instruments, New Castle, DE). The samples
were heated from 20 to 950°C at a heating rate of 20°C/min
under 40 mL/min of continuous airflow.

Nitrogen adsorption—desorption isotherms over a relative pres-
sure range from 0.005 to 0.990 (P/P,) were done with a NOVA
2200e instrument (Quantachrome Instruments, Boynton Beach,
FL) at 77 K to measure the specific surface area and pore size
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The TGA thermograms for DE and FS-DE samples, shown in
Figure 1, were used to determine the amount of grafted fluoro-
silane on the DE. The TGA curves showed that untreated DE
had a mass loss fraction of around 0.026 at 950 °C. The fluoro-
carbon fraction was calculated using the difference between the
mass loss of FS-DE and the mass loss of untreated DE samples
at 950°C. It has been shown for trialkoxysilanes undergoing
thermal degradation that the alcohol groups were removed dur-
ing hydrolysis and the hydrocarbon chains (fluorocarbon in this
case) volatilized. The so called Q-species, with Si bonded to
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Figure 1. The TGA curves of untreated and treated DE (particles without
polymer binder) with different fluorocarbon fractions. The labels are
based on the fluorocarbon fractions, determined by the difference between
the mass loss of each treated DE and the untreated DE sample at 950°C.

distribution of samples. Samples were outgassed at 50 °C for 3 h
under a nitrogen stream prior to the analysis. Surface areas
were calculated using at least five relative pressures within the
range of linearity of the physical adsorption theory (0.05 < P/
Po<0.35) by applying the Brunauer-Emmet-Teller (BET)*
equation. The pore size distributions were determined using the
density functional theory (DFT) method.*®

The surface features were characterized with scanning electron
microscopy (SEM). For the SEM studies, aluminum pans with
an inside diameter of 5 cm were coated with 2 mL of the dis-
persion. A small portion of the coatings (with the aluminum
dish) was cut and attached to the top of an aluminum stub.
Samples were then made conductive by sputtering with Au/Pd
and imaged using an FEI Quanta 600 SEM (FEI Company,
Hillsboro, OR).

four oxygens, were shown to be the predominant Si species
from the coupling agents, left on the particles after the chains
degraded.”” For simplicity, we report only the fluorocarbon
fraction of fluorosilane, based only on the mass of fluorocarbon
chains. As evident from Figure 1, the mass fractions of grafted
fluorosilane for different samples were within the range of
0.009-0.085.

The effect of the amount of the fluorosilane on the water contact
angle of treated DE particles was studied. The contact angles for
epoxy films with 0.25 particle loading and different fluorocarbon
fractions on DE particles are shown in Figure 2. Epoxy film with
untreated DE had a contact angle of 115°. The hydrophobicity of
the epoxy films was enhanced upon the addition of treated DE
particles. The contact angle of the coatings increased with
increased fluorocarbon fraction on the DE particles. When the
fluorocarbon fraction on DE was around 0.02 (0.02 g of fluorosi-
lane in 0.98 g of DE), the maximum hydrophobicity was
obtained and the contact angles remained fairly constant with
increased fluorocarbon fraction of fluorosilane up to 0.08. In oth-
er words, fluorocarbon fractions of 0.02 or more were enough to
decrease the surface energy to provide superhydrophobicity, i.e.,
with water contact angles above 160°, in this case.
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Figure 2. Contact angles of epoxy coatings as a function of the fluorocarbon fraction on DE for samples with 25% FS-DE particle loading. The coatings

with fluorocarbon fractions above 0.02 were superhydrophobic and the contact angles were independent of the fluorocarbon fraction.
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Figure 3. The contact angles of epoxy and polyurethane coatings as a
function of the FS-DE-1 particle loading. Except for the error bar shown,
the standard deviations of the uncertainties in the measurements were less
than the size of the symbols for data points. The particles used contained
0.036 fluorocarbon fraction of fluorosilane. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

The dependence of the contact angles of epoxy and polyure-
thane films on the treated DE particle loadings is shown in
Figure 3. The treated DE particles contained a 0.036 fluorocar-
bon fraction. Bulk polyurethane and bulk epoxy had contact
angles of 72° and 96°, respectively. These contact angle values
were consistent with other studies.’®>> Additional FS-DE par-
ticles caused the contact angles to increase, reaching superhy-
drophobicity with both epoxy and polyurethane after particle
loadings of 0.2 of FS-DE. The treated DE particles migrated to
the surface easily, likely due to the low viscosity of starting solu-
tions. The ultimate superhydrophobicity after this mass fraction
was independent of the starting contact angle of the polymer
binder. At mass fractions of the FS-DE larger than 0.2, coatings
with both polymer binders behaved similarly, suggesting that
the wettability of the coatings might be dominated by the
treated DE particles.
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SEM images for untreated DE particles are shown in Figure 4.
The majority of the particles were disk-shaped and a small frac-
tion of them were cylindrical-shaped. The disk-shaped frustules,
as shown in Figure 4(a), had typical diameters of 10-20 pm.
The particles had highly developed macroporous (larger than
50 nm) structures with the pore diameter of around 250 to
300 nm, which are seen in Figure 4(b,c). As shown in Figure
4(c), each one of the macropores (about 200 nm) was included
mesoporous (2-50 nm) structures with pore diameters in the
range of 12-25 nm [Figure 4(d)]. The specific surface area of
untreated DE was measured by us to be 24.1 + 0.8 m?/g, as was
also found in previous studies.*”* Treated DE, with 0.046 and
0.085 fluorocarbon fractions of fluorosilane, were found to have
specific surface areas of 17.0 = 0.2 and 14.9 = 0.6 m*/g, respec-
tively. These measurements show that the treatment of DE par-
ticles with fluorosilane reduces the specific surface area
significantly.*

The presence of micro roughness was obvious from the SEM
images. However, to further confirm the presence of nano size
structure on DE particles, we studied the pore size distribution
of these particles using the adsorption/desorption isotherms of
nitrogen gas. The pore size distribution curves of treated and
untreated DE are shown in Figure 5 and confirm that DE has
primarily mesoporous structures with a pore diameter range of
2-35 nm with majority of them around 14 and 24 nm. The
peaks maximum at 14 and 24 nm were likely due to the small
pores shown in Figure 4(c), which shows pores in the range of
12-25 nm in the SEM. Upon the addition of 0.046 and 0.085
fluorocarbon fraction, the area under the pore size distribution
decreased by 40 and 58%, respectively, relative to that of the
untreated DE.

SEM images were taken from the coating-air interface of the
films. Shown in Figure 6(a), the SEM images of the epoxy coat-
ing with no FS-DE show a relatively smooth film with no dis-
tinct features. With the addition of FS-DE, a rough topography
was apparent on the smooth epoxy surface, which can be seen
in Figure 6(b—f). At a particle loading of 0.12 FS-DE, as shown

Figure 4. SEM images of untreated DE (a) scale bar 30 pm, (b) typical structure of a single disk-shaped untreated DE with scale bar of 10 pm, (c) mac-

roporous (about 200 nm) and mesoporous (dark spots inside the holes, about 25 nm) structures of disk-shaped DE; scale bar 500 nm, and (d) enlarged

macropore with scale bar of 100 nm. The SEM images show nano- and microscale roughness of DE particles. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Pore size distribution of untreated DE and treated DE with fluo-
rocarbon fractions of 0.046 and 0.085. Grafting with fluorosilane filled up
some of the mesoporous structures of the DE. With increased grafted
amounts of fluorosilane, more pores were filled. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

in Figure 6(b), the surface shows some parts of FS-DE particles
that were coated with the epoxy binder, as well as areas with
just epoxy binder on the surface (darker smooth areas). When
the particle loading of FS-DE was increased to 0.28, shown in
Figure 6(c), the particles of DE became clearer with only small
polymer regions. Both FS-DE partially covered and fully
exposed particles occurred at the surface. At a particle loading
of 0.34 FS-DE, Figure 6(d), the surface looked similar to that of
the fraction of 0.28 with partially polymer binder covered par-
ticles of FS-DE on the surface. The SEM micrographs for the
samples with additional FS-DE are shown in Figure 6(e—f).
There were no noticeable changes in the micrographs of these
FS-DE coatings. They all consisted of large amounts of FS-DE
particles on top of the coatings with no significant amount of
polymer binder apparent.

The SEM images of the polyurethane coatings with different
particle loading amounts of FS-DE are shown in Figure 7(a—f).
As can be seen in Figure 7(a), the surface of the polyurethane
binder coating was smooth and featureless, similar to the epoxy
binder without FS-DE. SEM images of the polyurethane coat-
ings with different mass fractions of FS-DE particles were most-
ly consistent with those of the epoxy coatings. At a mass
fraction of 0.11, the surface in Figure 7(b), most of the FS-DE
particles that appeared on the surface were polyurethane resin
coated. There were also areas with just polymer on the surface.
As the mass fraction of FS-DE was increased, the surfaces
seemed fully coated with FS-DE particles. Although the particles
came to the surface, particles were still bound to the surface
through the polymer binder in both the polyurethane and
epoxy coatings. Particles were not dislodged from the surface by
touch and the contact angles remained unchanged after 50
abrading cycles. The surface structure remained constant after
about 0.20 mass fraction of FS-DE as shown in Figure 7(c—f).
Only at a fraction of FS-DE particle loadings less than 0.2, did
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the surface show a noticeable amount of the polyurethane
binder.

DISCUSSION

Treated and untreated DE in the TGA thermograms showed
two mass loss steps. The first decomposition step took place
around 0-250°C, attributed to the removal of physically
adsorbed water from the surface of the treated and untreated
DE particles.”>*® The second mass loss occurred around 250-
950°C, and corresponded to the dehydroxylation of silanol
groups of DE for of untreated DE.”>*® In treated DE samples,
this second mass loss was a combination of both dehydroxyla-
tion of silanol groups and degradation of fluorocarbon
chains.””®® The main difference between the treated and
untreated DE was the mass of grafted fluorocarbon. As Figure 1
shows, the degradation of fluorocarbon chains had a significant
broad mass loss; likely due to the amorphous nature of the
grafted fluorocarbon.”

Previous studies have shown the absence or presence of the flu-
orosilanes on the surface through the use of X-ray photoelec-
tron spectroscopy (XPS).'*'” The F,q region of the XPS
spectrum was also indicative of the presence of several different
CF species and in conjunction with other atomic species, name-
ly Si, C, and O, was used for a surface elemental analysis. In
addition, the use of energy dispersive X-ray (EDX) showed that
the distribution of F on the particles was uniform. Similar to
this report, the presence of the fluorosilane on the DE was
responsible for the superhydrophobicity of the particles, and in
our case, the coatings.

The surface energies of materials have direct effect on the water
contact angle on the surfaces. The results of contact angle meas-
urements as a function of the fluorocarbon fraction, shown in
Figure 2, indicate that FS-DE was much more hydrophobic than
DE. As is known, DE consists primarily, but not exclusively, of
hydrated amorphous silica (SiO,-nH,0).>'7 Therefore, the DE
surface is rich in hydrophilic silanol groups and can be consid-
ered hydrophilic.'® Treating the surface of DE with fluorosilane
decreases the number of free silanol groups and at the same
time, the surface is treated with a low surface-energy materi-
al.'"”%® As a result, the contact angle of an FS-DE treated surface
was larger than that of an untreated DE surface. With an
increasing fraction of grafted fluorosilane, more of the surface
was covered with low surface energy superhydrophobic material.
The presence of the treated DE at the surface resulted in larger
contact angles for the coating surfaces. The minimum fluorocar-
bon fraction grafted to DE (at least for 0.25 particle loading),
to achieve a superhydrophobic surface with a contact angle
above 160° was 0.02. Larger amounts of fluorosilane grafted to
the particles did not change the hydrophobicity of the surface.

Epoxy and polyurethane binders behaved similarly with differ-
ent treated DE particle loadings when the surface was superhy-
drophobic and covered with treated particles. The bulk
polyurethane showed a smaller water contact angle than bulk
epoxy, as shown in Figure 3. This difference was due to the dif-
ferences in the structures of the two bulk polymers. Polyure-
thane is more polar and more hydrophilic than epoxy resin.
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Figure 6. SEM images of epoxy coatings with different particle loadings of FS-DE (a) epoxy binder, (b) 0.12, (c) 0.28, (d) 0.34, (e) 0.40, and (f) 0.54
particle loadings of FS-DE. There was no significant change in the surface morphology of the samples with particle loadings of FS-DE greater than 0.28.

The scale bar is 20 pm for each micrograph.

However, either of these polymers can be used as binders to
make hydrophobic or superhydrophobic materials through the
addition of treated DE particles. At particle loadings of 0.2 or
greater, the similarity in the superhydrophobic range was
because the surface became covered with treated particles.
Apparently, the addition of more particles to the surface covers
gaps between the particles and reduces the overall air trapped
beneath the particles.®">

When FS-DE was mixed with either polymer binder at sufficient
particle loading, DE migrated to the surface and produced sur-
face roughness,'® with the fluorosilane providing the low energy
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surface. The combination of these two properties (surface
roughness and low surface energy material) caused contact
angles to increase.”” With additional loadings of treated DE par-
ticles, the contact angles reached superhydrophobic levels with
as little as 0.2 FS-DE particle loading. With the addition of
more than 0.2 FS-DE particle loading in the coatings, the con-
tact angles reached a plateau and remained around 160° without
any significant changes.

It is clear that for our treated DE coatings to be superhydro-
phobic, the superhydrophobic DE particles need to cover the
surface. The fluorination of the particles with silanes makes
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and (f) 0.53 (mass fraction particle loadings of FS-DE). The scale bar is 20 um for each micrograph.

them somewhat incompatible with the solvent/monomer sys-
tems, so that some of the particles move to the air interface.
The transport to the surface should depend on the local concen-
tration of particles and the viscosity of the medium. The pro-
duction of the epoxy and polyurethane coatings used here are
based on low molecular mass monomers, so that the initial vis-
cosities are lower than what would be expected for other sys-
tems, such as a preformed high molecular mass polymer. This
low viscosity is the likely reason why the particle loadings were
as small as 0.2 (w/w) for superhydrophobicity. For systems with
larger viscosities, it takes larger particle loadings to achieve
superhydrophobicity.
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The porous nature of DE particles played an important role in
the formation of specific surface area and roughness of the par-
ticles used. The DE skeletons from different sources have unique
shapes, such as disk, triangular, funneled, and spiny. From Fig-
ure 4, SEM micrographs of untreated DE showed that the DE
samples used by us were mostly composed of disk shaped par-
ticles with diameters of 10-20 um. A small portion of the par-
ticles in the sample were cylindrically shaped with diameters
less than 2 um. The SEM results indicated that the DE particles
have both nano- and micro-scale roughness, which are neces-
sary for superhydrophobic surfaces,®*®* resulting in macro- and
mesopores. We estimate that the contribution of mesopores to

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44072

Applied Polymer -


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

the surface area of untreated DE was four times larger than that
from the macropores, which is in a good agreement with previ-
ous studies.">*® The pore size distribution results suggested that
the majority of mesopores of DE were in the range of 12 to
30 nm, in agreement with the SEM results. The pore size distri-
bution intensities decreased 40% for treated DE with 0.046 fluo-
rocarbon fraction. This effect also seems to have resulted in a
30% reduction in specific surface area of the treated sample.
Increasing the amount of fluorosilane to 0.085 fluorocarbon
fraction of DE, reduced both porosity and specific surface area
of treated samples further. The area under the pore size distri-
bution and the specific surface area decreased 58% and 38%,
respectively, compared to those of untreated DE. This result
suggested that the fluorosilane either clogged or constricted the
mesopores of the DE particles. Nevertheless, the macro- and
mesoporosity sufficient for superhydrophobicity was retained.

The wettability of the coatings prepared with the treated DE
particles depended on the amount of treated DE that migrated
to the surface of the coatings. The epoxy and polyurethane coat-
ings surfaces with small particle loadings had a mixture of the
polymer binder and a small amount of FS-DE particles. In these
samples, the surfaces did not have the suitable roughness and
low surface energy necessary to be superhydrophobic. The cor-
relation of the contact angle measurements and SEM micro-
graphs was very strong. With particle loadings greater than 0.20
of FS-DE, sufficient numbers of particles were able to come to
the surface providing the necessary surface roughness to be
superhydrophobic.

CONCLUSIONS

A simple process has been developed to produce superhydro-
phobic coatings based on fluorocarbon-treated DE. This materi-
al holds promise for producing superhydrophobic coatings with
water contact angles around 160°. The measurements made
allow insight into the formation of superhydrophobic coatings,
including a simple pathway, and the requirements (minimum
fluorocarbon content, minimum particle loading, and transport
of the particles to the surface) to produce superhydrophobic
coatings with relatively inexpensive ingredients.

The amount of fluorocarbon (fluorocarbon fraction) required
on the surface of the particles for superhydrophobicity with
either polyurethane or epoxy coatings was 0.02 (mass of fluoro-
carbon/mass of particle). A minimum particle loading of
treated-DE was determined to be about 0.2 for superhydropho-
bic coatings. At compositions greater than these two critical
amounts, the nature of the resin system, polyurethane vs. epoxy,
did not affect the water contact angles of the coatings. The rea-
son for the resin independence of the coatings in the superhy-
drophobic range, was that the some of the fluorosilane-treated
superhydrophobic particles escaped the low-viscosity resin mix-
ture to reside at the air interface where they remained in the
cured coating. For superhydrophobicity, the surfaces of the
coatings were particle covered, as shown by SEM, with little or
no exposed polymer. The fluorosilane treatments reduced the
specific surface area of the particles and reduced their pore vol-
umes, but these effects did not affect the superhydrophobicity.
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The surface roughness from the DE particles remained sufficient
for superhydrophobicity.
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