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Abstract. Hydrophobic soils have natural or artificial origin. In this context, some techniques exist to turn
into hydrophobic sand that was originally hydrophilic, as most soils in fact are. Its classical application is
impermeabilizing structures where water percolation is not desired. In this paper, a new technique to achieve
hydrophobicity is described. It consists of coating particles via cold plasma. The process is known to the
industry, but its application in geotechnics is not yet described in literature. The monomers used were
octafluorcyclobutane (C4F8) and 1H,1H,2H,2H-perfluoroctylacrilate (PFA-C6). For each monomer, the
material was in the coating chamber during two different time spans and a sample was pretreated with
oxygen. Different mechanical, thermal and hydraulic conditions were imposed to the samples in order to
evaluate the resistance of the coating and its properties. The hydrophobicity was evaluated by means of
Water Drop Penetration Time. Results indicate that longer time spans in the cold plasma chamber lead to a
more hydrophobic material and that oxygen pretreatment on the sample is irrelevant. It was also observed
that mechanical, hydraulic and thermal procedures influence the coating. These observations lead to
optimization of the production process and to the understanding of how the material can be applied in the
construction industry and what mechanical/hydraulic loads it can be subjected to.

would penetrate instantaneously and it would not be
possible to take a picture.

1 Introduction

Usually, the hydrophobicity of soils stems from a
coating, that can be acquired naturally or intentionally.
The naturally occurring coating substances, usually of
organic  origin, can originate from sewage
contamination, plants, decaying organic matter, micro-
organisms, soil fauna, exposure to high temperatures
through fire etc. This achieved hydrophobicity usually
is reverted after prolongated contact with water. Its
consequences are a higher water runoff and more easily
erodible soil. Groundwater pollution is also facilitated
by the property, as a result of preferential flow [1].
Regarding artificial coatings, those can be

intentionally applied, aiming at a specific applicability
of that soil. Between those, the construction of a water
restraining layer is the most common use, for example
in a pavement system or in a dam core [2]. Those
possible applications legitimate the ongoing research on
this kind of material.

The usual and in literature most described way to
intentionally coat soil particles is by mixing it with
dimethyl-trichlorosilane (DMS), polydimethylsiloxane
(PDMS) or dichlorodimethylsilane (DMSCS) [2]. In
this paper a new technique to coat the particles is
described and employed, namely cold plasma
polymerization. This application of it is not yet
described in literature. Fig. I presents an example of a
hydrophobic material, on the surface of which a water
drop is resting. For an uncoated sample, the water drop
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Fig. 1. Drop of dyed water resting on the surface of a
hydrophobic sand sample.

Contact angle is the microscopic property that
governs wettability [3], indicated by 0 in Fig. 2. This
property describes the hydrophobicity magnitude. It is
the angle between the solid surface and the intersection
of both fluids, given mechanical equilibrium, and
evolver around the triple-line, the geometric intersection
of air, liquid and solid phases.

A completely hydrophobic material would have an
infinite drop penetration time. The fact that the drop
penetrates after a time interval indicates that the soil
water repellency can decrease as the material is wet. As
contact angle describes the hydrophobicity magnitude,
the WDPT describes its persistence [4].
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Given this context, this study consists in testing the
hydrophobicity of cold plasma coated materials after
exposing it to different laboratory and simulated field
conditions. The results indicate if and how the coated
material can be used in the field, and also point towards
possible improvements in the technique.

substrate

Fig. 2. Contact angle measurement with the Sessile Drop
Method.

2 Methodology

2.1 Hydrophobic coating of the sand

In this study, eight types of artificially hydrophobized
materials were used. The base material is Hamburg
Sand, a model soil at Hamburg University of
Technology, and glass beads with similar granulometry
(soda-lime glass—SiLi beads type S, manufactured by
Sigmund Lindner GmbH, Germany). Both materials are
naturally hydrophilic. The glass beads are employed in
order to evaluate the influence of the grain shape in the
result, given that they are almost perfectly round, while
soil grains have completely random shapes. Table 1 [5]
presents the main properties of both substrate materials
employed.

In order to make them hydrophobic, a process
named cold plasma polymerization was employed. It
consists of inserting a monomer and an uncoated
material in a chamber and using energy via plasma to
convert the substance in a grain coating polymer [6].
Monomers used were octafluorcyclobutane (C4F8) and
1H,1H,2H,2H-perfluoroctylacrilate ~ (PFA-C6). The
technique has already been used to coat hydrogels [7],
clothing fabrics [8] and although it is known to the
industry, there is so far no description in literature of its
employment for hydrophobizing soil. The uncoated and
thus hydrophilic versions were also tested in this study,
in order to enable comparisons. The differences between
the eight hydrophobic materials are described in Table
2.

2.2 Hydrophobicity testing

Laboratory tests that do not require extensive equipment
can be performed to determine the hydrophobicity
degree of a sample. Mainly, three tests are used in order
to measure hydrophobicity and categorize samples
according to it: SDM (Sessile Drop Method), WPDT
(Water Drop Penetration Time) and EP (Ethanol
Percentage) test. The test used in this study was the
WDPT.

While SDM is about in measuring directly the
contact angle exactly after the drop is placed (Fig. 2),
the WDPT test consists of placing a water drop with a
specific volume on the surface of the material and
measuring how long it needs to completely penetrate the
substrate.

In literature, the WDPT test is not standardized and
has been employed with different parameters by
different authors. Variables are the number of averaged
drops, volume of the drop and categories in which the
result is classified. [9] summarizes the already adopted
parameters. In this paper, three 50 microliter drops were
averaged, according to [10] and [4]. This procedure
intends to remove the influence of local heterogeneities.
A laboratory pipette (10 - 100 uL model from APEX CE
SPECIALIST LIMITED, according to DIN 12650 [11])
was used to produce drops with the exact volume. The
environment in which the tests were performed was a
geotechnical laboratory with atmospheric temperature.

As the employed test does not measure the contact
angle and only qualifies and not quantifies the
hydrophobicity of a material, it can be classified as an
index test. Even though, in [4] the standard deviation of
the measures obtained for this test was up to 600 s.

Regarding the hydrophobicity degree classification
according to the WDPT test results, there is more than
one criterion available. [9] presents a summary of values
adopted by other authors, which are presented in Table
3. In this study, the criterion used will be the one
presented in columns one and two of Table 4 and
developed by [10], which is similar to the one used by
Bisdom et al. (1993) apud [9] in Table 3.

2.3 Hydrophobicity resistance to laboratory
and simulated field conditions

Samples were exposed to some usual field and
laboratory conditions in order to evaluate the resistance
of the coating to it. Hydraulic and mechanical
procedures were imposed. In order to observe the
resistance against mechanical abrasion, samples of each
material were sieved. Samples were also put in the
muffle furnace to evaluate the ignition of the organic
coating. Lastly, the influence of water on the samples
was measured by exposing the samples to different
saturation degrees and washing them under running
water.

3 Results and discussion

The first step of data processing was removing the
samples with WDPT in the original state smaller than 60
seconds, which are classified as slightly water repellent
by [10]. As a result, samples V1 and V3, respectively
Hamburg Sand coated with C4F8 treated for the shorter
time (20 minutes) with and without Oxygen
pretreatment, were removed.

Although each sample is tested with three drops at
the same time, only the mean value is presented in the
following comparisons. Also, the y-axis of the WDPT
graphs are limited at 10800, the maximum value from
the hydrophobicity classification used by [10].
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Table 1. Base Materials main properties [5].
Base. Ps €min €max le dSO dmax
material [g/cm’] [l [-1 [mm] [mm] [mm] ps: grain density,

enin: min. void ratio,

Hamburg Sand 2.64 0.520 0.805 0.45 0.68 2.00 emax: Max. void ratio,
djo: grain diameter at 10% passing,
dso: grain di ter at 50% i
Glass beads 250 | 0555 | 0679 | 045 | 068 130 so- grain dlameter at 57770 passing,
dmax: Max. grain diameter.
Table 2. Eight types of hydrophobic material used in this paper.
Sample Coating Substance - Monomer Tlme Pre-treatment Substrate
Name (minutes)
\"2! 20 -
V2 C4F8 60 - Hamburg Sand
V3 (octafluorcyclobutane) 20 Oxygen (20 min)
V4 20 ) Glass beads with similar grain size
V5 20 - distribution: Hamburg Glass
PFA-C6
Vo6 20 -
V7 (1H,1H,2H,2H- 60 - Hamburg Sand
perfluorooctylacrilate) -
V8 20 Oxygen (20 min)
Table 3. Hydrophobicity degrees according to different authors [9].
‘WDPT (seconds)
Classification | Adamsetal. | Bisdom et al. Doerr et al. Ma’shum & McGuide & Roberts &
(1969) (1993) (1996) Farmer (1985) | Posner (1981) | Carbon (1971)
Hydrophilic <10 <5 <60 <1 <60 <1
Slightly
hydrophobic 10-60 5-60 - - - 1-10
Strongly
hydrophobic - 60-600 - - - 10-60
Severely
hydrophobic >60 600-3600 - - - >60
Extremely
hydrophobic ] >3600 >3600 ) ] )
Table 4. Hydrophobicity degrees according to [10] (classification used in this study)
. . Classification of samples coated in
Classification WDPT (seconds) this study (initial condition)
Hydrophilic/ wettable <5 Vi
Slightly hydrophobic/ water repellent 5-60 V3
Strongly hydrophobic/ water repellent 60-600 -
Severely hydrophobic/ water repellent 600-3600 V2,V4and V5
Extremely hydrophobic/ water repellent 3600-10800 V6, V7 and V8

3.1 Original results — July and November
measurements

The first comparison presented is the WDPT obtained in
original unloaded samples, kept the whole time in the
container in which they arrived inside at the laboratory.
Tests were performed in July and then repeated in
November. Fig. 3 presents the obtained values. The last
column of Table 4 presents the hydrophobicity degree

classification of the samples according to the July
results.

It is noticeable that V4 and V5, which have glass
beads as substrate, went from strongly (600 - 3600 s) to
slightly water repellent (60 - 600 s), loosing almost all
its water repellency. For the samples with Hamburg
Sand as a substrate, the hydrophobicity increased for
both samples whose values were not at the greater limit:
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Fig. 3. Comparison between WDPT of original samples
obtained in July and November.

V2 and V8. The authors have so far, no explanation for
that.

A factor that could influence those results is the
season of the year. The first group was performed during
Summer and the second during Fall, both in the city of
Hamburg. Since the tests were performed in a
geotechnical laboratory environment, in which the
temperature and humidity are not constant, those two
factors probably have greater influence on the subject as
expected. In future studies, they must be better
controlled.

For the comparisons in the following sections, the
WDPT obtained in July were employed, given that the
measurement is closer in time to the coating date of the
samples.

3.2 Samples placed in the muffle furnace

Samples were placed in the muffle furnace at 550° C for
twelve hours, until constant weight, on a procedure
named LOI (Lost on Ignition). This test aims at
determining the proportion of organic matter on the soil,
given that it ignites at this range of temperature.

All the samples lost their hydrophobicity
completely after this procedure, reducing their WDPT to
0 second and thus becoming hydrophilic. This is
explained by the fact that the coating is organic and thus
lost through ignition.

Although the WDPT became 0 seconds for all
samples, the proportional mass loss was the same for
coated and non-coated samples, variating only
according to the substrate. While coated and non-coated
Hamburg Sand samples lost around 0.2 % of their mass,
coated and non-coated glass beads lost around 0.02%,
around 10 times less. This result is a characteristic of the
substrate material, regardless of the coating.

3.3 Sieved samples and grain size distribution

To observe if the standard geotechnical procedure of
sieving the sample to obtain grain size distribution
would affect the samples, they were all sieved according
to DIN EN ISO 17892-4 [12]. The sieves used have
openings of 63 mm, 20 mm, 6.3 mm, 2.0 mm, 0.63 mm,

K Sieved Doriginal

Fig. 4. Comparison between WDPT of original and sieved
samples.

0.2 mm and 0.063 mm. WDPT of the original and sieved
samples are presented in Fig. 4.

While samples V2 and V4, respectively Hamburg
Sand and glass beads coated with C4F8 lost almost
completely their hydrophobicity, samples V6, V7 and
V8, coated with PFA-C6, lost a variable fraction of it.
Sample V5 presented a result that the authors do not see
an explanation for, increasing its hydrophobicity after
being sieved.

The grain size distribution of the coated samples
was also compared to the one of the original Hamburg
Sand. The obtained curves are presented in Fig. 5.
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Fig. 5. Grain size distribution of coated and uncoated samples.

It is noticeable that the original Hamburg sand has
greater fractions of bigger particles, resulting in greater
dsp and dg. All the coated sand samples present a similar
grain size distribution, with a higher frequency of
smaller particles. The authors have no hypothesis to
explain that.
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3.4 Variable saturation degree

Samples were tested at different saturation degrees.
Those were achieved by manually compacting a certain
mass of material mixed with a weighted amount of water
into a specific volume.

All samples analyzed (V2, V4, V5, V6, V7 and V8)
were hydrophilic with more than 10% saturation degree.
The WDPT was performed at 10, 20, 40, 60, 80 and
100% and the results were always 0 seconds. After that,
tests were also made in all materials with 5% saturation
degree, to try to determine if the hydrophobicity still
remains at some degree. Samples V6 and V7 were the
only ones still severely hydrophobic (3600 s < WDPT <
10800 s) at 5% saturation degree.

3.5 Samples washed under running water for 20
seconds

WDPT measurements of samples washed under running
water are presented in Fig. 6, in which the original
WDPT were also plotted to allow comparisons.
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Fig. 6. Comparison between WDPT of original samples and
samples washed under running water.

It is possible to conclude that the C4F8 coating
(samples V2 and V4) is totally washed away by the
water. For samples V4 and V5, coated with different
substances but composed of the same substrate, coating
was also washed away by water. For samples V6, V7
and V8, all Hamburg Sand coated with PFA-C6 with
different parameters, the hydrophobicity was reduced,
but not completely removed. Given that the WDPT
reduction represents always a different percentage of the
original value, other factors are probably also involved
in the behavior and influence on the final result.

4 Conclusions

WDPT test was employed to measure the
hydrophobicity degree of samples coated with
hydrophobic polymers via a cold plasma technique.
Samples were exposed to different laboratory and
simulated field conditions to evaluate the resistance of
this coating to them. Contact angle of those samples was
not measured with the SDM technique by the time this
paper was published. This is an approach that the
authors suggest for future studies.

In summary, exposure to temperatures in the range
of 550° C removed completely the coating and thus the
hydrophobicity, according to section 3.2.

The results presented in section 3.4 indicate that the
hydrophobicity would be completely lost above a
saturation degree of 10% and partially lost above a
saturation degree of 5%.

Known that samples are frequently and repeatedly
exposed to water on real life and field conditions, the
coating with C4F8 would be washed and PFA-C6 would
have its hydrophobicity reduced according to the results
in section 3.5.

Regarding abrasion imposed to the material due to
mechanical loadings, results in section 3.3 indicate that
it leads to a partial loss of the hydrophobicity. After
mechanical abrasion due to sieving, materials coated
with C4F8 lost their hydrophobicity almost completely,
while materials coated with PFA-C6 lost it partially.

In summary, C4F8 was lost by washing and also by
sieving. The PFA-C6 coating was affected, but the
sample was still hydrophobic after being washed or
sieved, showing that this polymer is the one to be
employed in further research on the topic. Other coating
substances should also be tested and compared to the
presented results in future studies.

Saturation degree above 5% and muffle furnace
time converted all samples to hydrophilic. Although
temperatures like the one in the muffle furnace are
usually not achieved in the field, the saturation degree
of field material is usually higher than 5%. This result,
then, questions the applicability of the material as it was
produced in this study for real-life construction works.

Besides the applied coating, this technology is still
expensive and imposes restrictions due to its cost, given
that coating 16 kg of sand in Germany costed around
800 Euros in March of 2022.

In addition, in the current cold plasma
polymerization process the material is kept still inside
the chamber, what could have led to uneven coating of
the particles that lead to ineffectiveness. A suggestion
for future research on this technique is to move the
material inside the chamber during the coating
procedure, perhaps by means of a rotating drum.
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Training Group GRK 2462: Processes in natural and technical
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