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Abstract: Hydrophobic-coated sand causes a reduction in infiltration, making it suitable for hy-
drophobic capillary barriers. Borosilicate glass waste was crushed into a synthetic sand 180 µm
average, and fatty acids (PFA) were extracted from palm oil sludge. The synthetic sand was coated
with PFA using mixing (POS-M) and solvent-assisted (POS-S) methods with stearic-acid-coated
sand (SA) as a standard at concentrations varying from 1 to 16 g/kg. Contact angle measurements
were undertaken by applying the sessile drop method. The water holding capacity of POS-M and
SA were determined, and hydraulic conductivity curves were estimated with the van Genuchten
model. Finally, a qualitative assessment of POS-M’s effectiveness as a capillary barrier was performed
using a set of micro-tensiometers. Maximum contact angles for POS-M, POS-S, and SA were 119.73◦,
118.83◦, and 107.48◦, respectively, and the saturated hydraulic conductivity of hydrophobized sands
showed an exponential change of minus 2. Saturated conditions above the capillary barrier and
unsaturated underneath were observed. In conclusion, the results indicate that the zero-waste ap-
proach applied through the reuse of solid waste from glass and palm oil production can be a waste
management alternative in the production of hydrophobic sands that can be used in hydrophobic
capillary barrier applications.

Keywords: waste management; contact angle; hydrophobic; capillary barrier; zero-waste approach

1. Introduction

Capillary barriers are often used as cover systems in landfills to restrict the infiltra-
tion of rain water into the compacted solid waste [1]. They are rising in popularity in
developing countries because they are more cost-effective than the traditional geosynthetic
membranes [2]. Capillary barriers consist of layers of soil with different hydraulic prop-
erties that restrict the movement of gravitational water [3] and consequently produce a
barrier that stops the infiltration of rain water. In general terms, they have a top layer of
fine soil, also known as the capillary layer or drainage layer, and a bottom layer of coarse
particles such as sand or gravel, also referred to as the capillary block [3,4]. Due to the grain
size difference, the capillary force in the top layer is stronger than in the bottom layer [4].
This superior capillary force boosts the water retention of the top layer [2] and impedes the
vertical infiltration of water at the interface of the layers [3]. The top stores the water during
rainfall events and then releases it as lateral drainage or evapotranspiration [5]. Depending
on its construction and context, this technology could be used to drain water and harvest
it, or as an evapotranspiration cover in landfills. Another factor in the effectiveness of the
capillary barrier is the difference between the unsaturated hydraulic conductivities (K)
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of the layers; the K of the top layer (KTop) must be higher than the K of the bottom layer
(KBottom). This creates a barrier at the interface of the layers [6,7]. This will also be reflected
by their respective water characteristic curves, where the top layer has a higher water
holding capacity than the bottom layer [8]. Water in the top layer will be retained and will
flow exclusively through it [4]. The breakthrough point is reached when KBottom = KTop,
causing the barrier to no longer be effective [3]. The unsaturated hydraulic conductivities
equal each other under a specific matric potential, also known as the water entry pressure
(WEP) [5]. For WEP to occur, the top layer must accumulate a lot of water, to the point
of saturation [9]. When the precipitation rate is higher than the evapotranspiration or
drainage rate, the barrier will no longer prevent infiltration [10]. A few of the variables
for an effective capillary barrier are: a well-adjusted grain size distribution of layers, a
minimum slope and a suitable K at the top layer [4]. Unfortunately, capillary barriers may
need up to four different hydraulically suitable soils; this can increase costs and does not
perform well in tropical climates [10]. Nonetheless, it is possible to enhance the capillary
barrier by making the coarse layer hydrophobic [5,10–13].

Capillary barriers can be built with synthetic water-repellent soil to restrict infiltration
of water, promote lateral diversion, increase the value of WEP to positive pressures and
create a larger difference in the water retention capacity of the layers [5,10]. Studies have
shown that hydrophobic capillary barriers perform better than conventional capillary barri-
ers and are able to resist higher precipitation rates, making them more suitable for tropical
climates [5,10]. Due to these characteristics, they can also be used in water harvesting for
human intake or agricultural purposes. DIME, a German company, has patented their
hydrophobic sands and is publicizing their use for agriculture in deserted regions [14]. A
hydrophobic sand layer underneath the roots will help maintain the humidity of the soil,
thus reducing the amount of water needed for irrigation [15]. On the other hand, at certain
depths, an artificial water table could be manufactured with the sands to provide water for
human activities. In this type of capillary barrier, the pore walls of the bottom layer are
hydrophobic, thus when in contact with water will form a convex meniscus that, according
to the capillary ascent model, will lead to a capillary descent, enhancing to the capillary
barrier’s resistance [10]. According to Dell’ Avanzi et al. [10], four desired characteristics for
a capillary barrier are economic affordability, long term performance, the use of only one
capillary barrier and nearby resources. This author suggests another important aspect: the
use of waste materials instead of conventional resources for the fabrication of the barriers.

Borosilicate glass is generally composed of soda, silicates, limestone, and boron triox-
ide, which makes it more resistant to corrosion and high temperature compared to standard
glass [16,17]. Due to these characteristics, it is not generally a recyclable material. It has
been proved that the extraction of natural sands for construction and production have a
significant carbon and ecological footprint [18]. In fact, natural sand was discovered to be
the second most widely consumed natural resource on the planet [19]. Additionally, it con-
tributes to the strain on landfills when it becomes solid waste. There is a global generation
of 2 billion tonnes of solid waste per year, of which 5% consists of glass [20]. Wartman et al.
2004 [21] reported that crushed glass has similar physical properties to natural sand. Its
dominant material is also silica, making it comparable in chemical composition [22]. Even
though its geometry is more angular, it does not seem to affect its suitability in construction
or geotechnical engineering [21–23]. Kazmi et al. [22] determined that crushed glass waste
could replace natural sand in geotechnical applications and even had a higher abrasion
resistance. Its use in cement production has also been studied: Limbachiya [23] found
concrete produced with glass waste had similar bulk engineering properties and durability
to concrete produced with natural sand. According to Imteaz et al. [24], lixiviants from
crushed glass are insignificant and do not exceed boundaries set by the Environmental
Protection Agency of the USA.

Palm oil is one of the most popular vegetable oils in the market; from 2017 to 2018,
it was estimated that the palm oil industry produced a total of 69.98 × 106 tons of oil
worldwide [25]. It is extracted from the mesocarp of the fruit from Elaeis guineensi plant [26].
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Its production generally consists of the steps displayed in Figure 1: sterilization of the fruit,
stripping, digestion at high temperatures, separation of the seed, pressing to extract oil,
clarification, and purification. The clarification tank generates waste in the form of an oily
sludge with a solid consistency [26]. Owing to the presence of oils, the sludge can be used
as a binding agent for sawdust briquettes [27] or rice husk briquettes [28]. It is also effective
as an absorbent for copper sequestration in water [29] and in removing sulfur dioxide from
the air when turned into biochar [30]. Successful waste treatments include composting in
an aerated reactor [31] or vermicompost [32]. The present study intends to use extracted oil
from the sludge to be used as a primary material in the production of hydrophobic sand.

Figure 1. (a) Borosilicate glass milling, (b) palm oil solid waste extraction process, (c) production of
hydrophobic sands: POS-S, SA, and POS-M.

Solid–liquid extractions have been used to successfully extract oil from palm oil by-
products such as palm kernel cake [33] or from palm oil mesocarp [34]. The solid–liquid
extraction method mixes a solvent with the solid sample, dissolves the analyte into the
solvent and therefore transfers the analyte from the solid sample into the liquid solvent [35].
Finally, separating the analyte from the solvent through a rotary evaporator [36] or vacuum
oven [37]. The conventional procedure to put the solvent in contact with the analyte is
through maceration or a vortex mixer. Zimilia et al. [37] obtained favorable results applying
this method in the extraction of Jatropha oil; where the seeds were mixed with hexane in a
vortex, the solvent was separated from the seed with a centrifuge and the oil was isolated
using a vacuum oven. There are variations of this method, such as applying ultrasound to
increase the efficiency [38] or microwave reactors [33]. Both have shown promising results
for large scale extractions due to the shorter extraction time, decreased volume of solvent
needed and increased yield [38,39].

Hydrophobic soil can be natural or artificial. A naturally hydrophobic soil is gener-
ally a product of the accumulation of organic compounds from decomposing vegetation
or microorganisms [40,41]. On the other hand, they have been produced artificially by
coating particles with a hydrophobic agent. Particles such as natural sands [2,11], syn-
thetic sands [5], or clay [13] have been studied. Effective hydrophobic agents include
silanes [42,43], dimethyldichlorosilane [5], polytetrafluorethylene [10], stearic acid [11,44],
and oleic acid [2]. It is commonly known that hydrophobic soils repel water molecules due
to the strength of the cohesive forces of the water over the adhesive forces between the
surface of the particle and the water [41]. Hydrophobicity of soil is impossible to measure
directly because of its particulate form, nonetheless Bachmann et al. [45] developed a
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method that establishes a quasi-plain surface from closely packed particles. Since it still is
not a smooth surface, the results are considered an apparent value [45].

To this date, there are few studies on the use of fatty acids as a hydrophobic agent on
sand particles. Subedi et al. [11] reported contact angles above 90◦ for stearic-acid-coated
sands and oleic acid, as well as Leelamanie et al. [44], Wijewardana et al. [2], and González-
Peñaloza et al. [46]. On the other hand, contact angles between 124◦ and 138◦ have been
obtained with silane-covered sand [42]; a 140◦ contact angle was reached by Zheng et al. [5]
with dimethyldichlorosilane-coated sand. To the best of the authors’ knowledge, no studies
have tried to fabricate hydrophobic sands from solid waste such as borosilicate glass and
palm oil sludge. Thus, this study aims to provide insight into the possibility of using
solid waste as a primary resource for the fabrication of hydrophobic sand for capillary
barriers. The specific objectives of this study were to prove and evaluate the possibility of
producing hydrophobic sands from borosilicate glass waste and palm oil sludge, as well as
examine the quality of the hydrophobic sands and determine whether they are suitable for
a capillary barrier.

2. Materials and Methods
2.1. Sample Collection and Preparation

The raw materials used in the primary production of hydrophobic sand were palm
oil residual sludge (PORS), borosilicate glass waste, and stearic acid (Sigma Aldrich).
The PORS was supplied by the Costa Rican palm oil company, “COOPEAGROPAL” in
Puntarenas, Costa Rica. Specifically, the waste sludge produced at the bottom of their
clarification tank. The borosilicate glass waste was broken glassware from the CEQIATEC
laboratories and materials science laboratory at Instituto Tecnológico de Costa Rica.

The palm oil fatty acids (PFA) were extracted from the PORS through a solid–liquid
extraction using 1.25 mL of hexane (J.T Baker, EUA, x20656) per gram of PORS. The PORS
was mixed with hexane in a vortex mixer (Four E’s scientific Co., Ltd., Hunt Valley, NSW,
USA), centrifuged at 3500 rpm, and decanted. Finally, the fatty acid was separated from
the hexane through distillation with a rotary evaporator (Heidolph Instruments, Germany)
at 60 ◦C, and a rotation of 200 rpm. This procedure was repeated three times per sample
before disposal. In parallel, a sample of PORS was heated in an oven at 105 ◦C for 24 h
and left to rest in a desiccator to determine its water content through mass difference
calculations. When not in use, the PORS was kept at 0 ◦C to avoid fermentation.

Borosilicate glass waste was crushed into a particle size between 106 µm and 200 µm
by a series of mills: a jaw mill, followed by a roller mill, and finally, a ball mill. The
residence time for the ball mill was 10 min with six 0.5 kg iron balls, five 0.75 kg balls,
three 1 kg balls, and four 1.5 kg balls. The mixture obtained was sieved with an opening of
210 µm to separate sand particles from powder. Finally, the synthetic sand was obtained.
In this study it is assumed the synthetic sand is composed of 70–80% silicon dioxide, 7–13%
boron trioxide, 4–8% sodium oxide, and 2–8% aluminum oxide [47].

Finally, following the method illustrated in Figure 1c, the extracted fat and the synthetic
sand were used to produce hydrophobic sand. Two methods of coating were applied to
produce the hydrophobic sands: solvent-assisted and mixing. The PFA was used as a
hydrophobic agent and coated onto the synthetic sand through both methods producing
two sands: POS-S and POS-M. Synthetic sand coated with stearic acid (SA) was used as a
standard for comparison, for which only the solvent-assisted method was used. They were
coated at concentrations of 1, 3, 6, 10, 13, and 16 g/kg (ghydrophobic agent/kgsand).

Before coating, the sand was washed with dish soap, rinsed with distilled water, and
dried in an oven at 80 ◦C for 24 h.

The mixing method consisted of introducing the synthetic sand and hydrophobic
agent into a hermetic bag. Followed by mechanically mixing the two until forming a
heterogeneous mix.

For the solvent-assisted method, the hydrophobic agent was dissolved in ethyl ether
(J.T.Baker, Mexico, V30666). When completely dissolved, sand was added according to the
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desired concentration and mixed in. Next, the mixture was transferred quantitatively onto
a watch glass and left to rest for 3 h in an extraction chamber, until all the ethyl ether had
evaporated. For both methods, the sand was left to rest for 48 h in a desiccator.

2.2. Particle Size Analysis

A triplicate sieve analysis was performed to determine the particle size distribution of
the synthetic sand according to the method described by Sivakugan [48]. In this case, five
sieves were used with openings of 500 µm, 250 µm, 106 µm, 63 µm, and 53 µm.

Furthermore, the Rosin-Rammler equation was used to model the particle distribution
curve and to calculate D50 [49].

P(X < x)% = 1 − e(
x
α )β (1)

where P (X < x) is the percentage of accumulated retained mass, x is particle diameter, and α

and β are Rosin-Rammler coefficients. The median grain size diameter (D50) was calculated
through the Rosin-Rammler model, and the uniformity coefficient (Cu) was obtained.

Cu =
D2

30
D60 × D10

(2)

where Dx is the particle size that corresponds to x% finer materials of the sample.

2.3. Characterization of Fatty Acids Extracted

Fat was extracted with ethyl ether for 15 min and centrifuged for 10 min at 4000 rpm
(67,996× g). Later, esterification was performed with BF3 for 45 min to 100 ◦C. The fatty
acids present in the extracted fat were determined through gas chromatography CG-2014
equipped with a 20 m × 0.18 µm × 0.2 µm Agilent J&W DB-23 column and stationary
phase 50% poly(biscianpropylsiloxane). The standard solutions were prepared using fatty
acids with purity degree above 99%, dissolved in dichloromethane or hexane with BHT
at a concentration of 10 mg/mL. These were later separated into 1 mL vials. A solution
composed of 37 fatty acid methyl esters were analyzed to verify the retention time of each
analyte. The final concentration of each fatty acid was obtained by measuring the area
under the curve of each peak obtained in the chromatogram and applying the following
equation:

[Fatty Acid] =
Ai

∑ Ai
× 100 (3)

where Ai is the area under the curve of each peak and [Fatty Acid] is the concentration of
the fatty acid. The concentration obtained was reported in the form of g/100 g.

2.4. Contact Angle Analysis

A contact angle analysis was performed for POS-M, POS-S, and SA at concentrations
of 1, 3, 6, 10, 13, and 16 g/kg. A control sample was also used throughout the whole study,
which consisted of washed synthetic sand without any coating. The sample was prepared
following the methodology described by Bachmann et al. [45] for the determination of
contact angles on soil particles.

A Ramé-Hart 500 goniometer was used in the measurement of initial contact angles
and contact angle in time for each hydrophobic sand duplicate. The contact angle was
measured every 3 s for 117 s, with 7 repetitions. All contact angle measurements were
performed at 20 ◦C and RH of 70%. The droplet volume used was 4 µL, where the effect of
gravity on the liquid is negligible [50].
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2.5. Hydraulic Properties
2.5.1. Water Characteristic Curves

Water characteristic curves (WCC) were determined for POS-M, SA, and the synthetic
sand control. The sand samples were packed into a cylinder ring (8.5 cm diameter, 5.3 cm
high, with a preformed hole, 0.86 cm wide at 2.4 cm high) secured with a nylon cloth and a
rubber band on the bottom. The packed samples were placed into a bath of water with a
6 cm water column to saturate for 24 h. From this point, suction was applied gradually up
to −80 cm-H2O. The suction was applied through an extractor pressure plate cell (266.7 mm
diameter), 1/2 Bar High Flow Soilmoisture Equipment Corp (Santa Barbara, CA, USA),
which was previously saturated, placed on a scale (±0.01 g) and attached to a suction pump.
The saturated sample was set on top of the plate and a tensiometer was gently inserted
into a preformed hole at a side of the ring, in parallel to the pressure plate and crossing
the sample. The pump was turned on intermittently to allow suction while the change in
matric potential and water content was registered. Finally, the data was introduced into
the software RETC [51] to determine the WCC according to the van Genuchten–Mualem
model [52]. The software was configured to calculate θs, α, and n, with a maximum of
50 iterations.

2.5.2. Saturated Hydraulic Conductivity

The saturated hydraulic conductivity (Ks) was measured using the constant water
head method as described by Reynolds et al. [53]. The ring used was 3.5 cm in height
and 36.11 cm in diameter; and the water head applied was of 3.5 cm-H2O. A hydraulic
conductivity curve was then constructed using the software Hydrus 1D [54] and the WCC
and Ks.

2.6. Characterization of Hydrophobic Sand
2.6.1. Images

For contrast comparison of surface morphology, a scanning electron microscope (SEM)
TM 3000, Hitachi Tabletop Microscope (Tokyo, Japan) at 10 kV was used to direct the beam
to the surface of the SA at 16 g/kg, control synthetic sand and POS-M at 10 g/kg, using
80×, 100× and 180× magnification, respectively.

2.6.2. ATR-FTIR

Attenuated total reflectance-Fourier transformed infrared spectroscopy (ATR-FTIR)
was conducted with a Nicolet 380 FTIR spectrometer (Thermo Nicolet Corporation, Madi-
son, WI, USA) equipped with an iATR accessory and controlled with OMNIC v9.3.301
software. Air dry samples of the SA at 16 g/kg, control synthetic sand, and POS-M at
10 g/kg were placed directly onto the diamond window. Measurements were made in the
600–4000 cm−1 spectral range using 32 scans and 4 cm−1 resolutions in absorbance mode.

2.7. Qualitative Assessment of Capillary Barrier Effect of Hydrophobic Sand
2.7.1. Characterization of Soil

The soil used in the qualitative assessment was sampled from Isla Caballo, Puntarenas,
Costa Rica, and its location is displayed in Figure 2. The island has an area of 364.5 ha with
a mountainous terrain and beaches all around. The sample was specifically taken at the
surface, 60 m from the coast. According to Mata-Chinchilla et al. [55] the soil in this area
corresponds to a leptosol. The texture of the soil was determined using the Bouyucous
Hydrometer method [56]. To determine the particle size distribution of the soil, the data
from the Bouyucous Hydrometer at 2 h, 4 h and 6 h was used alongside Stokes’ Law. The
soil used in the Bouyucous experiment, was sieved through a 53 µm sieve and rinsed to
separate the sand particles. A sieve analysis was performed on the resulting sand according
to the method described by Sivakugan [48] using sieves with openings of 250 µm and
500 µm.
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Figure 2. Map of location of Isla Caballo in Costa Rica.

Finally, the soil was packed into a steel ring of 3.5 cm in height and 6.1 cm in diameter at
a bulk density of 1.01 g/cm3 [57] in order to determine the WCC. The WCC was constructed
using a Hanging Water Column [58] for head pressures from saturation to field capacity,
0–100 cm-H2O (pF 0 to 2.0) and a WP4C potentiometer, Decagon Devices [59] for head
pressures below −1000 cm-H2O (pF > 3.0). The van Genuchten–Mualem model [52] was
used to generate the WCC using the software RETC [51]. The software was configured to
calculate θs, α, and n, with a maximum of 50 iterations.

2.7.2. Qualitative Assessment

The qualitative assessment was performed in an impermeable acrylic box of 35.2 cm
× 35.2 cm × 5 cm with an open top and four holes. The test consisted of layering soil and
hydrophobic sand in the container as shown in Figure 3 and applying an intermittent flow
of water of 0.53 mL/s from above with a total input of 546.7 mL. Three micro-tensiometers
were inserted in the soil: one above the hydrophobic sand layer and two below measuring
the change in matric potential of the soil as the experiment progressed. The experiment
had a total duration of 33 min and 19.8 s. The remaining hole was used to collect the water
runoff from the hydrophobic sand layer. The mass of the water was weighed and converted
to volume using a water density of 1 g/mL.

Figure 3. Set up of the qualitative assessment of capillary barrier effect.
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The tensiometers were built by attaching round-bottom ceramic cups (0.99 cm o.d.
and 8.61 cm long 1 bar; Soilmoisture Equipment Corp., Santa Barbara, CA, USA) to a
flexible pipe and attaching to a 3-way stop valve a differential pressure transducer, ±15 psi
(26PCCFA6D, Honeywell, Charlotte, NC, USA), data acquisition was carried out with a
CR300 Datalogger by Campbell Scientific.

3. Results
3.1. Transformation of Glass and Palm Oil Waste into Hydrophobic Sand
3.1.1. Extraction of Fatty Acids from Palm Oil Waste Sludge and Glass Crushed into Sand

The synthetic sand’s particle distribution curve in Figure 4a shows it has a diameter
range between 100 µm and 250 µm. The D50 was 180.95 µm, indicating that 50% of particles
have a diameter equal to or below this value. Furthermore, the most frequent particle size,
according to the Rossin-Rammler frequency curve, is 194.1 µm. The similarity in the D50
and most frequent particle size is characteristic of uniform size particles, which is further
emphasized with a Cu of 1.5.

Figure 4. Results of transformation of glass and palm oil solid waste: (a) particle distribution curve
of crushed glass; (b) yield of fatty acid extraction from palm oil waste.

Figure 4b displays the extraction yield of PFA from PORS, per extraction and cumula-
tively. A total yield of 4.5% was achieved, where in the first extraction 78% of the total was
extracted. The next 18% was in the second extraction, whereas only 4% of the total was
extracted in the third iteration. Additionally, the PORS has a water content of 82% (m/m).
The PFA had a solid and liquid consistency as well as orange coloring since oil palm is a
well-known source of carotenes.

Table 1 shows the chemical composition of PFA which consists predominantly of
palmitic acid and oleic acid with a summed concentration of 90.8 g/100 g. These acids
are commonly found in palm oil products. It also has linoleic acid but in a much lower
concentration. The PFA has a higher concentration of saturated fats than unsaturated fats.

Table 1. Composition of fatty acids extracted from palm oil residual sludge.

Fatty Acid Concentration (g/100 g)

Capric Acid C10:0 0.0145 ± 0.0025
Lauric Acid C12:0 0.188 ± 0.032

Myristic Acid C14:0 1.22 ± 0.21
Palmitic Acid C16:0 54.1 ± 9.2

Pentadecanoic Acid C15:0 0.0400 ± 0.0068
Pentadecanoic Acid C15:1 0.0112 ± 0.0019

Oleic Acid C18:1 36.7 ± 6.2
Linoleic Acid C18:2 7.7 ± 1.3

Saturated Fat 55.6 ± 5.3
Monounsaturated Fat 36.7 ± 2.8
Polyunsaturated Fat 7.71 ± 0.74
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3.1.2. Evaluation of Hydrophobic Sand

The results of the contact angle tests are shown in Figure 5a,b. The initial contact
angles show that SA reached the ninety-degree line at a concentration of 3 g/kg. Watson
and Letey [60] proposed 90◦ as an index of water repellency therefore, SA is considered
hydrophobic at 3 g/kg. POS-M and POS-S reached the ninety-degree line at a concentration
of 1 g/kg of PFA. The control sample of crushed glass proved to be completely wettable
with a contact angle of 0◦. Maximum contact angles of 119.73◦ and 118.83◦ were obtained
for both, POS-M and POS-S, respectively, at 10 g/kg. On the other hand, SA at 10 g/kg,
had a contact angle of 100.49◦, which increased to 107.48◦ at a concentration of 1.6 g/kg.
As evidenced in Figure 4a, initial contact angles for POS-M and POS-S, drop slightly after
10 g/kg. Both sands seem to have very similar contact angles regardless of concentration,
as they always inside each other’s error bars. Figure 4b shows contact angles every 3 s for
117 s of SA at 16 g/kg, POS-M at 10 g/kg and POS-S at 10 g/kg (their respective optimum
concentrations). Evidently, SA’s contact angle decreases more rapidly than POS-M and
POS-S, and falls below 90◦ after 33 s. On the other hand, although POS-M and POS-S
have an initial drop in contact angle, this quickly slows down resulting in a small constant
reduction in their contact angles. When comparing POS-M and POS-S, their initial contact
angles are very similar but in time POS-M maintains a slightly higher contact angle in time.

Figure 5. Characterization of hydrophobic sand produced: (a) contact angle of hydrophobic sands
as a function of fatty acid concentration; (b) contact angle in time for POS-S at 10 g/kg, POS-M at
10 g/kg, and SA at 16 g/kg; (c) characteristic water retention curves for POS-M at 10 g/kg, SA at
16 g/kg, and control sand; (d) hydraulic conductivity curves for POS-M at 10 g/kg, SA at 16 g/kg,
and control sand, m3/m3.

Hydraulic properties were also evaluated, Figure 5c compares the WCCs obtained for
POS-M (10 g/kg), the control sand and SA (16 g/kg) and Table 2 lists the van Genuchten
parameters calculated. The observation points fit to the van Genuchten–Mualem model
with an R2 above 0.99. POS-M has the lowest retention capacity, followed by SA and finally
the control sand, as is evidenced in Figure 5c. According to van Genuchten [52], the air
entry point is approximately the inverse of α, therefore the head pressure for air-entry
value of POS-M was −13.2 cm-H2O (pF = 1.12), for SA was −37.2 cm-H2O (pF = 1.57)
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and −50 cm-H2O (pF = 1.70) for the control sand. The saturated water content (θs) also
decreased with hydrophobicity: 0.41 cm3 cm−3 for the control sand, 0.37 cm3 cm−3 for SA
and 0.32 cm3 cm−3 for POS-M. Additionally, the WCC slopes are steeper for the control sand
and SA, while POS-M has a slightly less steep slope as is reflected in their ‘n’ coefficients:
5.54, 6.14, and 4.54, respectively.

Table 2. Van Genuchten parameters of the sand’s WCCs.

Sand θs (cm3 cm−3) α (cm−1) n m

Control Sand 0.41 0.0199 5.544 0.820
SA 0.37 0.0269 6.139 0.837

POS-M 0.32 0.0758 4.543 0.780

Figure 5d displays the hydraulic conductivity curves of the three sands. There is a
drastic difference between the Ks of the control and the hydrophobic sands; in fact, Ks
was reduced by two orders of magnitude. Additionally, even though POS-M has a higher
Ks than SA, at pressures lower than −7.4 cm-H2O, (>pF = 0.87) POS-M’s unsaturated
hydraulic conductivity is lower. Additionally, POS-M reaches zero conductivity before
SA, at −23 cm-H2O (pF = 1.37). On the other hand, SA reaches 0 cm/h at −60.3 cm-H2O
(pF = 1.78) and the control sand at −90.5 cm-H2O (pF = 1.98).

Figure 6a is a SEM image of the control sand which reveals that the milling of
borosilicate glass produces a synthetic sand with an angular geometry and pointed edges.
Figure 6b,c are SEM images of POS-M (10 g/kg) and SA (16 g/kg). POS-M appears to
have a thin coating of PFA with accumulations in random areas, as is evidenced by its
darker spots. On the other hand, SA has segmented coating, which is not as smooth or
heterogeneous. Figure 6d shows the ATR-FTIR spectra of the control sand, POS-M (10 g/kg)
and SA (16 g/kg). The control sand shows the common fingerprint for borosilicate glass
and shows no evidence of hydrophobicity. On the other hand, POS-M and SA have a peak
at 2800–3000 cm−1 range which indicates the presence of hydrophobic functional groups
such as CH2 and CH3.
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3.2. Qualitative Assessment of Capillary Barrier Effect

The soil has a loamy texture with high percentages of loam and sand, 39.8% and 43.3%,
respectively. From the Rosin-Rammler curve in Figure 7a it can be assumed that there are a
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wide range of well sorted particles from 53 µm to 2000 µm. Figure 7b displays hydraulic
properties of the soil, such as the WCC and hydraulic conductivity. The WCC adjusted well
to the van Genuchten–Mualem model with an R2 of 0.999, and a Ks, of 2.4 cm/h. Finally,
the results of the qualitative assessment can be found in Figure 7c, containing values of
the tensiometer readings and the volume of water harvested. It took 180 s for the input
of water to influence the matric potential of the soil above the hydrophobic sand layer.
The soil on top reached saturation (0 cm-H2O) after 960 s with a maximum of 7.2 cm of
ponded water. Below the hydrophobic sand layer, the soil remained unsaturated with
values oscillating between −166.3 cm-H2O and −196.3 cm-H2O, until a leak was registered
at 1080 s. At this time, tensiometer 2 became less unsaturated and reached a suction of
−53.9 cm-H2O, whereas tensiometer 3 never became less unsaturated. It is also important
to point out that during the first 500 s, tensiometers 1 and 2 became more saturated because
they were entering equilibrium with the soil; and that it can be assumed that the suction of
the untouched soil was of approximately −200 cm-H2O or pF = 2.3. During the experiment,
water started collecting after 472 s, and a total of 49 mL was captured, which is 9% of the
total water input.

Figure 7. Soil analysis and qualitative assessment results: (a) particle distribution and texture of soil;
(b) hydraulic conductivity curve and characteristic water retention curve of the soil; (c) pressure head
of tensiometers in time and volume of water harvested in time.

4. Discussion

The observed uniformity of the particle size of the synthetic sand from Figure 4a
indicates that the method used to produce and separate particles between 150 µm and
210 µm was successful. The fact that the particles differ so little in size means they are
also similar in surface area, which is an important factor in the coating of particles [61];
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the bigger the particle size, the more repellent at lower concentrations [46]. Therefore, the
particles will be coated equally. This also suggests that it is safe to assume that pore size is
uniform, meaning that, if used as a capillary barrier, the whole barrier layer will have the
same hydraulic characteristics.

The results in Figure 4b reveal that two iterations are enough to extract the 97% of
the fatty acids. This does not take into consideration that by using a different extraction
method or a different solvent, more fatty acids could be extracted. While the liquid
extraction method applied to the PORS to obtain PFA was successful, the extraction of
fatty acids from PORS had a relatively low yield (<5%). The extraction of PFA could be
an optional use before ultimate disposition (e.g., in composting or biochar production).
Therefore, to be considered a good primary source and fulfill the ‘zero waste’ concept,
additional studies are needed considering the sustainability and additional gain value of
the remaining solid waste.

The results in Figure 5a,b of initial contact angles and contact angles in time show
that the sands indeed became hydrophobic, as evidenced by contact angles higher than
90◦. The hydrophobic agent, PFA, and both coating methods were successful in effectively
reducing the surface energy of the synthetic sand. POS-M and POS-S reached even higher
contact angles than SA, which has been used in a number of research regarding low cost
hydrophobic sands [11,12,44,46].

Initial contact angles for POS-M and POS-S reveal a peak contact angle of approxi-
mately 120◦ at 10 g/kg followed by a slight reduction. Wijewardana et al. [2] used oleic acid
as the hydrophobic agent and obtained a maximum contact angle of approximately 100◦ at
3 g/kg. Subedi et al. [11], who also used oleic acid, reached a maximum of 101◦ and 97◦

at 1 g/kg with the mixing in method and solvent-assisted method, respectively [11]. The
authors similarly reported an initial contact angle of 108◦ at 6 g/kg for stearic-acid-coated
sand [11], while González Peñaloza et al. obtained a maximum contact angle of around
101◦ at 1 g/kg that remained constant [46]. Since the contact angle of SA is comparable to
the literature, one can assume that the high hydrophobicity of POS-M and POS-S compared
to other fatty-acid-coated sands may be caused by the mixture of different fatty acids. To
the best of the authors’ knowledge, there are no studies that use a mixture of fatty acids as
a hydrophobic agent.

The results in Figure 5a show that POS-M and POS-S suffer a drop in hydrophobicity
after peak contact angle is reached. This phenomenon was also observed by Wijewardana
et al. [2] and Subedi et al. [11] when using oleic acid. This occurs due to the formation of a
multiple layer coat, which causes the hydrophilic head of the fatty acid to point outward,
attracting water molecules and consequently, reducing water repellency [2]. Contrarily,
when peak hydrophobicity is reached, there is a monolayer surrounding the particle with
the hydrophobic tail pointed outwards [2].

Results of the contact angle in time show that POS-M has a slightly higher stability
in time than POS-S, even though they both have very similar initial contact angles. All
hydrophobic sands or soils experience an exponential decrease in contact angle in time,
followed by an equilibrium. This was also the case for Subedi et al. [11] with oleic acid and
stearic acid and for Leelamanie and Juntaro [44] using stearic acid. Doerr et al. [41] argue that
this occurs because the hydrophilic head of the fatty acids attracts water molecules, which
then weaken the adhesion between the fatty acid and the sand causing them to separate
and lose hydrophobicity. Additionally, water is absorbed onto the contact surface which
increases surface energy [44]. The variation of the contact angle in time varies depending
on the strength of the adherence between the sand particle and the hydrophobic agent. In
the case of this fatty acid mixture, the mixing method provided a stronger adhesion to the
synthetic sand particle. This is contrary to what was evidenced by Subedi et al. [11] when
comparing mixing in method and solvent-assisted method for oleic-acid-coated sands.

Moreover, there is a clear relationship between the degree of hydrophobicity of sand
and its WCC. The POS-M has the least retention capacity of the three sands analyzed and is
the sand with the highest initial contact angle. Hydrophobization leads to the weakening
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of adhesive and capillary forces between the particles and the water molecules. This is
evidenced by a lower air entry value; thus, less suction is needed to drain the pores; and a
lower θs (cm3 cm−3). In fact, according to the capillary ascent model, when the walls pores
have a contact angle above 90◦, the water experiences a capillary descent. A diminished
capillary force is one of the main components for a successful capillary barrier; the soil above
the hydrophobic sand layer will have a stronger capillary force, preventing infiltration of
water below [4]. Liu et al. [62] reported the same results when comparing soils that were
hydrophobized versus untreated soils and discovered that water retention differences were
small or none at saturation, whereas at a higher pF the difference in water content became
bigger [62]. Therefore, POS-M, will be effective as a hydrophobic capillary barrier at matric
potential lower than −13.2 cm-H2O (pF > 1.12), which is the point where the POS-M curve
deviates the most to the control curve. Interestingly, the ‘n’ coefficient, which describes the
slope of the WCC from the air entry value onwards [52], is lower for POS-M than SA or the
control sand, even though it is more hydrophobic. This can be explained by the fact that
POS-M drained its pores at a lower suction/higher water saturation. In contrast, SA and
the control sand drained their pores at a higher suction, provoking a steeper decrease in
water content.

Figure 5d presents the hydraulic conductivity values as a function of suction of the
control sand, POS-M and SA. The considerable difference in Ks between the control sand
and the hydrophobic sands shows the latter provide the capillary barrier with a higher
infiltration resistance. Dell’Avanzi et al. [10] reported a decrease in 3 orders of magnitude
between the Ks of untreated sand and the Ks of Polytetrafluorethylene (PTFE)-coated sand.
The hydrophobic sands (SA and POS-M) have very similar Ks; SA being the one with the
lowest even though it is less hydrophobic. Nonetheless, at −7.4 cm-H2O, (pF > 0.87) the
hydraulic conductivity of POS-M is lower than that of SA and even reaches cero conductivity
37.3 cm-H2O before SA. This is because POS-M has less water retention, it stops conducting
water at higher moisture. Liu et al. [62] suggest that because hydrophobicity decreases with
saturation, the effects of a hydrophobicity are more visible in dryer regions. Thus, explaining
why POS-M has the lowest conductivity once the soil drains. Additionally, Zheng et al. [5]
point out that for capillary barriers, it is necessary that the coarse lower layer has a lower
unsaturated hydraulic conductivity; this is what will provoke the barrier effect. According
to these results, POS-M has the optimum hydraulic conductivity for a capillary barrier.

The SEM images revealed that the synthetic sand particles have an angular geometry.
Both POS-M and SA seem to lack a uniform layer of coating around the particle, but
according to Doerr [41], it is expected that hydrophobic agents will absorb onto soil particles
as small globules. The mixing method seems to coat PFA onto these particles more efficiently
and allows full coverage. It has also been discussed that angularity hinders the formation of
a multilayer of fatty acid [2], which could explain why the peak hydrophobicity is obtained
at a higher concentration than other studies [2,11,12]. Additionally, the ATR-FTIR spectra
show that POS-M and SA impregnated indistinctively with a mixture of fatty acids or
single stearic acid, present the asymmetric stretching vibration (2918–2924 cm−1) and the
symmetric stretching vibration (2850–2853 cm−1) of the aliphatic C-H group typical of
alkane. This is the driving cause in lowering the surface energy of borosilicate sand, thus in
increasing the contact angle that leads to the capillary effect.

Finally, the qualitative assessment showed promising results; a barrier effect was in
fact observed which is evidenced by the rapid decrease in suction in the tensiometer above
the hydrophobic sand layer and the formation of a 7.2 cm H2O column. Additionally,
the bottom layer of soil remained mostly unsaturated even at the start of the collection of
water, except for a leak near Tensiometer 2. The infiltration of water occurs, roughly, when
the soil becomes ponded, which could indicate that 2 cm layer of hydrophobic sand can
experience leaks when subjected to a 4 cm-H2O column. This test observes the efficacy of
the capillary barrier, it is not as a quantitative measure to determine its exact breakthrough
point. Zheng et al. [5] and Dell’Avanzi et al. [10] conducted laboratory scale capillary
barrier tests comparing the water entry points of a conventional capillary barrier and a
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hydrophobized capillary barrier. Zheng et al. [5] found that the water-repellent barrier
was able to withstand up to 6.3 cm-H2O, whereas the conventional capillary barrier has
a breakthrough at a negative pF, in other words before saturation. Dell’Avanzi et al. [10]
reported similar results, where in same conditions, the conventional capillary barrier lasted
44 min without leaking; the hydrophobic capillary barrier lasted more than 2 h. The top
layer of finer soil’s role is to act as a reservoir that stores the water and holds it; therefore, it
is important to consider this layer also when constructing the capillary barrier.

5. Conclusions

This study addressed the sustainably use of solid waste to produce hydrophobic sands
from borosilicate glass and palm oil production. The first cannot be recycled for bottle
production due to its high melting point compared to standard glass. Therefore, optional
uses of borosilicate glass are compulsory. Palm oil residual sludge results demonstrated that
there is at least 4.5% of fatty acids remaining that can be extracted before final disposition.
Gas chromatography revealed that PFA consists mostly of palmitic acid and oleic acid,
with a small amount of lauric acid. Regarding the borosilicate glass waste, we obtained
a median particle size of 180 µm by a combination of mills normally applied in the glass
industry, producing sands with an angular geometry that can be valuably hydrophobized.

The hydrophobization of these synthetic sands was successful and reached contact
angles above 90◦. The maximum contact angle reached for PFA-coated particles was
119.73◦: a result of the mixing method and a concentration of 10 g/kg. POS-M delivered
the most water-repellent sand in the study, reflected by its greater initial contact angle and
time dependent contact angles.

The effects of hydrophobization were also seen in the sand’s hydraulic properties.
POS-M and SA’s saturated hydraulic conductivity was two orders of magnitude lower than
the control sand. Water holding capacity decreased with a higher hydrophobicity, POS-M
being the sand with the lowest capacity. These results are congruent with the necessary
characteristics for the development of hydrophobic capillary barriers.

The qualitative assessment of the capillary barrier effect shows that hydrophobic
borosilicate glass in loam soil can harvest water. The micro-tensiometer above the layer
of POS-M registered values between −130 cm-H2O and 7.2 cm-H2O, while the micro-
tensiometers below the layer remained unsaturated for the most part. At 1100 s, there was
a leak which was registered on only one side of the glass box.

PORS and waste borosilicate glass have proven to be effective materials for the fabri-
cation of hydrophobic sands and can be used for the construction of hydrophobic capillary
barriers in water harvesting and landfill cover systems. Further research could apply
industrial scale extraction methods and analyze the economic impact of this to produce
hydrophobic sands. Other non-recyclable glass, such as flat glass, should be considered for
future studies andthe leaking in the qualitative assessment should be addressed by scaling
and optimizing the capillary barrier design.
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