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ABSTRACT
Synthesis, Characterization, and Application of
Superhydrophobic Sands in Desert Agriculture
Joel Reihmer
A sustainable supply of fresh water for the human population is a global concern.
Intriguingly, about 70% of the total fresh water consumed in the world annually is
claimed by agriculture alone; this fraction is even higher in the Middle East and North
Africa (MENA) region, where natural regeneration of groundwater is the slowest. Thus,
there is a serious need for innovative materials and technologies to enhance the
efficiency water usage in agriculture. To this end, plastic mulches have been employed
across the developed world to minimize evaporative loss of water from top-soils. While
plastic mulches are inexpensive, they do require specialized farm machinery for
installation and long processing times. On one hand, plastic mulches have proven to
increase crop yields, but on the other their non-biodegradability poses serious
environmental concerns. In response, development of low-cost bio-/photo-degradable
artificial mulches remains an area of intense research.
In this thesis, we report on a novel superhydrophobic material exploiting inexpensive
simple components to reduce the amount of water required for irrigation in agriculture
by suppressing evaporative losses from the top-soil. Our material consists of ordinary
beach sand coated with < 20 nm thick layer of paraffin wax. We synthesized and
extensively characterized our material and applied them as mulches for tomato and
barley plants at the KAUST greenhouse. We found that when a ~5 mm thick layer of
superhydrophobic sand was placed onto the top-soil in pots, it dramatically suppressed
evaporative losses and significantly enhanced the yields. Our preliminary field-scale
experiments with tomatoes and barley crops at the Hada Al Sham site corroborate these
results. Our approach might find applications in desert agriculture and other fields and
alleviate water stress in the MENA region.
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Chapter 1
Introduction
A sustainable supply of freshwater for the human population is a global concern.
Of the total water on our planet, nearly 97% is in the oceans (and salty) and only ~3%
fresh water. Major sources of fresh water are underground aquifers, lakes, rivers,
glaciers, and rainfall(1). Currently, approximately 70% of the global fresh water supply is
exploited by agricultural practices. Further, it has been predicted that in the year 2040,
the world would need to provide food for nine billion people(2-4), which might
necessitate a significant increase in agricultural land in arid and lower population
density regions of the world, such as the Middle East and North Africa (MENA).
Ironically, the fresh water resources in the MENA region are already in a dire situation in a recent report from the World Bank, it was stated that nearly 85% of the fresh water
in the MENA region was consumed by agriculture (5). Not only the MENA countries lack
renewable water resources, they have been drastically depleting their groundwater
aquifers over the years due to unsustainable agricultural practices(6). Thus, we expect
stresses on water resources to sustain the food-water-energy nexus in the MENA region
to escalate in the coming years, and consider that technological interventions are more
necessary than ever.
In well-irrigated agriculture conditions, the water from the top-soil is lost via three
major pathways (i) evaporative loss at the soil-air interface, (ii) percolation of water
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downward due to capillarity, and (iii) transpiration through plants(7). (Figure 1) We
consider that the first two pathways are open to engineering intervention, while the the
third is intimately connected to the well-being of the plant and cannot be reduced
under constraints of high yields (8).

Figure 1: A schematic showing the three mains pathways for water to escape top-soil
due to evaporative loss, percolation in the soil, and transpiration
To reduce percolation of water beyond the depth of roots in the soil, researchers have
investigated installation of superhydrophobic barriers underneath(8, 9)

(A similar

process is shown in Section 2.2). However, this process is labor intensive and timeconsuming.
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Reducing the evaporative loss from the top-soil via mulching has been the most
promising technique for over 60 years (10). A mulch is defined as a layer that is added
on the top-soil to aid the condition of the plant. For example, natural mulches comprise
foliage and animal excreta and they help maintain the natural organic matter in the
soil(11). However, natural mulches cannot support intense agricultural operations and,
thus, artificial mulches, comprising of a variety of plastics are heavily used due to their
low cost. For instance, one could purchase cassettes of low-density polyethylene
mulches that comprises of sheets of thickness varying from 30-100 μm that are installed
in specific farm machinery and rolled out in rows little holes are placed for the saplings
(12). (Figure 2) Manual deployment is also a possibility, though it is cumbersome.

Figure 2: A representative photograph of a tomato field benefitting from polyethylene
mulch (photograph taken from Reference #(12))
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The use of polyethylene has been so efficient at reducing evaporation and weeds, that
by 2006 the world consumption of polyethylene mulches was around 2.48 million
tons/yr, all of which was land-filled after use (13). While the numbers are alarming,
potential adoption of plasticulture in developing countries, such as the Brazil, Russia,
India, Indonesia, and China, exacerbated by poor disposal regulations, might lead to
serious environmental challenges.(14, 15) In response, researchers have developed
biodegradable mulches, which can integrated directly into the soil, sometimes
accelerated by photodegradation (16-19) (20). While biodegradable mulches might have
significant advantages on conventional plastics, they can pose challenges, such as
breaking down too quickly or slowly depending on the soil chemistry and environmental
conditions; another factor limiting their wide acceptance is cost (12, 21).
Another promising approach to reduce water consummation from agriculture
top-soils involves use of (proprietary) sprays to cover the soil. This method has been
Tested in Oman on Okra (Adelmoschus esculentus) and depending on the season when
applied the water used was 25, 50% less respectively(22).
Lastly, irrigation with partially salty water (40 mM-150mM NaCl) has emerged as
a practical solution to make-up for the lack of fresh water(23). However, the use of
saline water without proper management could result in accumulation of salts in the
roots, that could impact crop productivity. We consider that a combination of mulches
with limited irrigation with saline water (for salt-tolerant crops) could be a reasonable
strategy.
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Chapter 2 Hydrophobic granular mulches
Section 2.1 - A bio-inspired strategy for mulches:
Next, we list a survey of four naturally occurring natural soils that, intriguingly, repel
water.(24-28). We sought inspiration to create our superhydrophobic sands from these
case studies.
1. A study performed in southern Australia showed that the sandy soil in that area was
hydrophobic due to the presence of approximately 55-65% organic matter, akin to a wax
coating. While the researchers did not provide an exact mechanism underlying the
origin of hydrophobic wax in soil, it did, however, speculate that local eucalyptus trees
might be secreting terpenoids that could perhaps bind on to natural surfaces, including
soils. (29) Indeed, there are similar reports on protonation and oligomerization of
terpenes on mildly acidic surfaces(30).
2. In a similar study performed in Ecuador, researchers analyzed a volcanic soil to
understand its interactions with the moisture(26). The soil samples were characterized
using several analytical techniques, such as elemental analysis, infrared spectroscopy,
and gas chromatography-mass spectrometry; the results showed that the soil contained
long-chain fatty acids, and complex non-polar alkyl components (wax). These
researchers went on to demonstrate that after extracting the organic components from
the soil, the adhesion of water with the soil increased, as evidenced from a decrease in
apparent contact angles (> 90°, i.e. hydrophobic) to (78°, partially hydrophilic).
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3. A study conducted in New Zealand using water repellent sandy soil, from the
southwest coast of the north island, revealed that there was no clear relationship
between total carbon content and repellency(24). It was shown that water repellency is
a surface phenomenon and that in vitro surface soil modification, or messing with the
soil right below the surface it could alter the repellency.
4. A similar study performed with water repellant volcanic ash in Japan concurred with
the results of New Zealand study; the researchers analyzed reduction in water
infiltration, enhanced surface runoff, and other relevant environmental issues(25). The
researchers concluded that the presence of volcanic ash hydrophobic soil was affecting
mainly the top layer of the soil, and had limited effect below the surface soil layer.
5. Lastly, in 2009 researchers in Spain sampled soils from a region in the southwest that
was affected by fires(28). It was proven that water repellant proprieties of the soil were
induced from the products of combusion. They sampled pine forests, shrublands, and
sparse herbaceous vegetation(28), and found the fire-induced soil samples from the
pine forest and shrublands to exhibit higher degree of water repellency. The samples
that didn’t suffer fire-induced proprieties did not show any significant water repellency.
These researchers also observed that as the deeper the soil sample is placed, the less
water repellant proprieties it was.
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Section 2.2 - Hydrophobic sand previously used in desert agriculture:
As we explored more, we found that already some researchers had studied effects of
hydrophobic sands in reducing irrigation and enhance yields of lettuce plants (Lactuca
sativa L.), Bermuda grass (Cynodon spp.), and datepalms (Phoenix dactylifera L.) in both
greenhouse and fields (9, 31, 32). They placed hydrophobic sand layers, 10-20 cm thick,
under the plants to prevent percolation of water from the top-soil (Figure 3).

Figure 3: A schematic taken from from Reference (9) showing their technique to reduce
percolation of water in the soil by placing a 10-20 cm thick barrier-layer comprising of
hydrophobic sands.

One of the first articles that these researchers published was focused on lettuce plants
where the new hydrophobic sand was described and fully characterized; the
hydrophobic sand was prepared by DIME technologies using silanes reagents to
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decorate the sand surface (9). The rational study was performed being controlled when
and how much the plants were watered; this was check by weighing the end biomass
and the height of the plants. The presence of an extra soil layer below the layer of
added sand was also tested to understand if it induces a difference in the end biomass
and the height of the lettuce plants. The researchers found that just with once a week
water irrigation the presence of hydrophobic sand layer, below the plants roots, led to
an improvement on biomass weight. Nevertheless, they have shown that increasing the
water irrigation for more than once per week resulted in a loss of biomass in the lettuce
plants(9). In 2013 two new studies on this subject were simultaneously reported, being
focused on two completely different plants and uses. One research work was focused on
Bermuda grass and how a layer below the plant would affect the irrigation levels in the
landscape. The other study was focused on datepalm plants and seeing how placing a
layer below a plant with a larger root system could impact the sand layer over multiple
harvest cycles. The main goal of Bermuda grass study was to observe if reducing the
water loss would increase the heavy metals concentration in the soil, with watering and
treating over the years. The results showed a slight increase in heavy metals
concentration over time, but nothing so drastic to induce cause for disarray. In the case
of the Datepalm study, the goal was to observe if a sand layer below a plant could be
productive in a longer lasting plant or tree, such as the datepalm. The researchers
concluded that a ten centimeters’ layer about twenty centimeters below the plant could
reduce water loss, and still not affect the growth or root system of the trees. Both
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studies have allowed the researchers to conclude that the sand layer below soil could
work for longer usage, such as landscaping or orchard based irrigation(31, 32).
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Chapter 3
Materials and methods:
Section 3.1
Coating the Sand
Superhydrophobic sands described in this thesis were prepared starting from (i) Fisher
Chemical “sand sea-washed,” or (ii) sand found at the north beach of King Abdullah
University of Science and Technology (KAUST). Sand commonly found on a sea coast and
in desert areas, it is a complex granular mixture of minerals, such as quartz (SiO2),
aragonite (CaCO3), alumina (Al2O3), iron oxide (Fe2O3) and Titania (TiO2) with particle
sizes, 75 𝜇𝑚 < 𝑙 < 150𝜇𝑚, it is hydrophilic due to the presence of silanol (Si-OH)
functional groups at its surface. This sand was then washed(figure 4A) and sieved(figure
4B). The sand was washed by first placing the sand in a large container exposed to a
continuous flow of water for about an hour, while mixing, the sand about every five to
ten minutes(figure 4A). The sand was then dried overnight at a low temperature (5065°C) using an oven. After this, the sand was sieved using the sieving machine(figure 4B)
the sand was then prepared for surface decoration. To coat sand particles with wax, we
used unscented commercial candles from a local supermarket. Wax was dissolved in
toluene or dichloromethane(figure 4C) and placed in contact with sand(figure 4D). The
amount of solvent volume used during each batch was a minimum of 250ml per 600
grams. We used 1 gm of wax for 600 grams of sand. After 2 hours of incubation at
standard temperature and pressure (295 K and 1 atm), the organic solvent was allowed
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to evaporate naturally or use a rotary evaporator to speed up the process (figure 4E),
and condensed for further use; this procedure allowed the formation of a thin layer of
hydrophobic wax on sand. This process was also done employing a rotary evaporator to
reduce the amount of solvent in the atmosphere and to reuse the solvent. In addition,
several wax sources were used; paraffin wax, beeswax, palm wax and soy wax, all of
which produced similar outcomes.

Figure 4: Shows our process to create hydrophobic sands: (A) First the sand was
cleaned; (B) clean sand was sieved to remove larger sand particles; (C) wax was
dissolved in toluene; (D) the toluene solution was then poured onto a batch of sand; (E)
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the slurry was placed in a rotary evaporator where toluene evaporated leaving behind
wax-coated superhydrophobic sand.

Section 3.2
Physical Characterization of Hydrophobic sand
Section 3.2.1 Scanning Electron Microscopy(SEM) and Environmental SEM:
Superhydrophobic sand was characterized using Scanning Electron Microscopy
(SEM) and Environmental SEM to inspect morphology of individual sand granules (Figure
5) and interaction with condensed water. SEM as by the title is a type of electron
microscope. The SEM produces pictures of a sample by scanning the sample with a
focused beam of electrons. These electrons interact with the atoms in the sample
producing many signals that contain information about the sampl’es surface
composition and topography. As shown in Figure 5, as-is hydrophilic sand showed a
pretty small apparent contact angle with water, whereas apparente contact of water on
wax-coated sand was significantly higher. The images obtained trough environmental
SEM showed that the key differences between the two sand samples where the water
contact angles were significantly higher for modified hydrophobic sand. The images also
allowed us to conclude that the hydrophobic propriety of our modified sand was not a
bulk propriety, but present in each granule proving that a physical change during the
protocol used.
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Figure 5: Water droplets forming on (A) a normal sand granule at a Hydrophilic contact
angle (<30°) and (B) the side of a hydrophobic sand granule at hydrophobic contact
angle (>90°).

Section 3.3
Chemical Characterization of Hydrophobic sand
Section 3.3.1 Energy Dispersive Spectroscopy
Using Energy Dispersive Spectroscopy (EDS), coupled to the SEM, we could obtain a semiquantitative analysis of the chemical composition of the surface of our sand granules.
The results demonstrated that the hydrophobic sand is, as expected, coated with carbon
containing coumpounds. The atomic percentage (at.%) of Carbon in normal sand is 3.3%
(Figure 6A) whilst for our hydrophobic sample the at.% increases to 19.5% (Figure 6B).
This increase in the characteristic X-ray signal of Carbon and correspondent decrease in
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the Silicon signal shows that there was an addition of hydrocarbons to the surface of the
sand granules. The presence of gold is due to the coating of the analised samples with a
thin (4 nm?) layer of Gold/Palladium alloy used to increase the electrical conductivity of
the samples and thus decrease the acumulation of charge during the SEM/EDS imaging
and characterization.

Figure 6: EDS spectra for (A) hydrophilic sand granule and (B) hydrophobic sand granule.
The later shows a higher at.% of Carbon existent at the surface of the granules with an
increase of 16.2%, include if the figures also shows the element %, and the original scan
that the EDS is scanning.

Section 3.3.2 Thermal Gravimetric Analysis and Brunauer–Emmett–Teller method
The next step in hydrophobic granule characterizing was to determine the thickness of
the wax layer covering the sand. This was achieved by determining the amount of wax
added per granule, and the surface area of the average granule. To find the amount of
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wax that was layered onto a single granule a thermal gravimetric analysis (TGA) was
conducted. TGA is an analytical process that heats up a sample to extremely high
temperatures (1000°C in this case) while measuring the weight variance in the process.
Usually, this technique is used to study the ability of materials to loss or gain mass
during the heating process. In this case, we used the TGA to determine the volume of
wax presented in our sample. The analysis process started with heating up hydrophilic
sand to 1000°C (Figure 7(A)) and then doing the same process with the hydrophobic
sand (Figure 7(B)) and take the % difference as the % of wax that was added. The TGA
showed that 1.07% of wax was added to each sand granule, meaning that for every 10
mg of hydrophobic sand roughly 0.106 mg wax was contained in that weight.
To determine the specific surface area of our sand it was conducted a Brunauer–
Emmett–Teller method (BET) surface analysis. The BET measurement was done
performed using a BET equipment available in the KAUST analytical core lab
(Micromeritics). The first experiment was run using nitrogen gas, and it showed
evidence that the sand was microporous. To prove that the granules are microporous
the experiment was conducted using Krypton gas instead nitrogen gas, being the BET
surface area of 0.1123 𝑚2 /g.
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(A)

(B)

Figure 7: Shows the hydrophilic(A) and Hydrophobic granules being heated up to 1000
degrees and measuring the difference of mass /%, the difference in mass between the
two samples is and sample 1.07% proving there is an addition to the hydrophobic
granules, and that percentage can be used to find out the volume of wax that was
added to the hydrophobic granule.

Section 3.4 Physical characterization
Section 3.4.1 - Contact angle experiments
The hydrophobic sand was tested and proven to be superhydrophobic. The water drops
stayed on the hydrophobic sand as liquid marbles till the end of our week-long
observation trial. While the apparent advancing contact angle of a sessile water drop on
a packed sand bed appears to be 𝜃𝐴 ≈ 140°, it is not the case (Figure 8 (A)). Water
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drops form liquid marbles will roll of the sand surface at the slightest tilt. The roll off
angle is defined as the angle at which if the substrate, with a drop placed on it, is tilted
such that the liquid drop rolls off the surface. The roll-off angle for the hydrophobic
sand, 𝜃𝑟𝑜𝑙𝑙−𝑜𝑓𝑓 , was found to be 𝜃𝑟𝑜𝑙𝑙−𝑜𝑓𝑓 ≈ 5°.

A)

B)

Figure 8: (A) A sessile water droplet on a packed bed of hydrophobic sand. The roll-off
angle was found to be, 𝜃𝑟𝑜𝑙𝑙−𝑜𝑓𝑓 ≈ 5°. (B) High speed imaging micrographs of a water
drop (2 µl) dropped on a packed bed of hydrophobic sand from a height of 2.28mm.

Water drops of 2 µl could not penetrate a packed bed of hydrophobic sand from a
height of 2.28cm (Figure 8(B)) and imaged via high-speed imaging (20,000 photos per
seconds). It was found that the water drop could not penetrate the surface and even
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bounced off the surface to eventually land on the surface as a liquid marble decorated
with sand particles. This (due to preventive Laplace pressure explained in the
introduction) will eventually land as a liquid marble decorated with sand particles. It is
considered that the nature of the interaction between the decorating sand particles and
water is dominated by van der Waals forces.
A reasonable measure of wetting of sand particles with water is advancing and receding
contact angles of water on commercially available smooth and flat single crystal SiO 2
surfaces in air. Theoretically, for an atomically smooth SiO2 surface, the advancing and
receding angles would be the same, 𝜃𝐴 = 𝜃𝑅 = 𝜃𝑜 ≈ 35°. Sand forms an intrinsic
contact angle with water 𝜃𝑜 < 90°. Invariably, the equilibrium between interfacial
tensions as water comes in to contact with, approximately spherical, sand particles will
lead to a concave liquid meniscus. (Figure 9A). The Laplace pressure, which is the
pressure difference of a curve surface that formed a boundary between gas and liquid,
created by this curvature will drive water inward(33). If we consider that sand particles
are approximately spherical, with diameter in the 75 − 150 𝜇𝑚 range an approximate
value of Laplace pressure can be calculated as 𝑃𝐿 = 2𝛾𝐿𝑉 ⁄𝑟2 ≈ 7 − 0.07𝑘𝑃𝑎 (where
𝛾𝐿𝑉 = 73 𝑚𝑁/𝑚 is the surface tension of the air-water interface and 𝑟2 = 200𝑛𝑚 −
20 𝜇𝑚 is a possible range for radius of curvature of the liquid meniscus depending on
the packing of sand grains and their multiscale roughness). Figure 9(A) shows why water
is absorbed/imbibed in ordinary sand spontaneously due to capillary forces. Here, we
have ignored chemical reactions at the sand-water interface, represented sand grains as
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uniform spherical particles, and assumed liquid menisci to be (axis-symmetric) truncated
spherical caps as shown in Figure 9.

(A)

(B)

Figure 9: A schematic representation of how water imbibes in hydrophilic (A) granular
sand media. To explain how water imbibition will be prevented in hydrophobic granular
(sand) media(B).

If sand could be rendered as hydrophobic (i.e. 𝜃𝑜 > 90°), the curvature of the liquid
meniscus at the solid-vapor interface will have the opposite curvature as compared to
the ordinary sand, with contact angle, 𝜃𝑜 < 90° (Figure 9A). In other words, the force
responsible for driving water imbibition in sand will now prevent it! (Figure 9B). To turn
sand hydrophobic, it needed to be functionalized though. Wax, we used wax because it
is a convenient and cheap compound with a typical intrinsic contact angle with water
𝜃𝑜 > 90°.

31

Section 3.4.2 – Breakthrough pressure for water onto superhydrophobic
sands
To study the sand resistance to water infiltration a column was packed with ordinary
farm soil, and hydrophobic sand in a graduated plastic pipette (Polystyrene with 1 cm
diameter) and water was added from the top (Figure 10A). Water percolated through
farm soil and stopped at the interface with the hydrophobic sand. During the ten-day
experiment, no further penetration was seen. This result led to to the testing of only
the hydrophobic sand as a preventative layer. The trial allowed enough data available
what the pressure at which water will break through a 1 cm hydrophobic sand barrier. A
1 cm thick column of hydrophobic sand was packed above ordinary beach sand and
filled with water on top (Figure 10B). The experiment allowed us to estimate the
hydrostatic pressure based on the height of the liquid column, ℎ ≈ 60 𝑐𝑚 for an
approximate area of the pipette, 𝐴 = 𝜋𝑟 2 ≈ 𝜋(1)2 = 3.14×10−4 𝑚2, as 𝑃ℎ = 𝜌𝑔ℎ =
103 ×9.8×0.6 ≈ .6 𝑎𝑡𝑚, which is similar to the pressure range that was estimated
above (See Figure 9 and associated discussion).
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A)

B)

Figure 10: An experiment designed to estimate the breakthrough pressure required to
force water through a 1 cm thick column of hydrophobic sand(A), and establishing that
the hydrophobic sand would work with a layer of soil above using a layer of soil before
the 1 cm layer(B) (water was colored violet by Rhodamine B dye).
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Chapter 4
Evaporation study
Since there was the want to test the hydrophobic sand as a top layer in agriculture, it
was determined necessary to see the effect of hydrophobic sand on reducing
evaporative loss of water through ordinary agriculture soil. To determine this a twoweek long pot scale study was conducted to understand the evaporation. The study
used a standard mass balance (accuracy 0.01 gm) over the two-week period.
Temperatures ranged from 26 to 48 °C and relative humidity of 14 to 93% with an
average of 48%. The study was able to show that a hydrophobic sand layer as low as a 23 mm on top of ordinary soil reduced evaporative loss of water by 48% from normal soil
over a 24-hour period (Figure 11). The evaporation experiments were also conducted
with other thicknesses, such as 20, 10, 7.5, 5 and 2.5 mm. It was observed that that
thicker the sand layer tested the more it reduced the evaporation rate. The twentymillimeter-thick layer (thickest layer tested) had less than ten percent of the original
water volume evaporate in an entire week. This resulted in us to consider employing
hydrophobic sand as a cover for the agricultural soil to dramatically reduce water losses
via evaporation. The results showed that even a two-millimeter hydrophobic sand layer
would reduce evaporation more (at day 6 showed 55% of water fraction in the soil) than
any layer of hydrophilic sand (20 mm showed at day 6 50% of water fraction in the soil)
or normal soil (20% of water fraction in the soil). The experiment also showed that the
hydrophobic sand layer was hotter than the hydrophilic sand. This is important because
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it shows that the sand is absorbing heat, instead of directly letting sunlight go to the soil
and affecting the moisture.

Figure 11. Evaporation study at KAUST, the pilot study compared the evaporation loss
from water saturated common soil using different thicknesses of mulch layers of normal
sand, hydrophobic sand and bare soil. Temperatures ranged from 26 to 48 °C and relative
humidity of 14 to 93% with an average of 48%. The initial time corresponds to 9:45 a.m.
on October 10, 2016.
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Chapter 5 Plant Based Experiments
Section 5.1 - Greenhouse evaporation experiment
The outcome of the preliminary evaporation trial showed significant decrease in the
consumption of water via evaporation. This encouraged us to conduct further
experiments at the KAUST greenhouse (Figure 11) employing the Hydrophobic sand as a
top layer on tomato (Solanum lycopersicum cv Moneymaker), and barley (Morex)
plants. We conducted a test to understand the field capacity, which is the water content
that stays in the soil after excess water has left the soil, and to understand the wilting
point, the minimum amount of water in the soil to sustain the plant before it dies. These
tests led us to see the field capacity of the soil used in the greenhouse experiments was
~30% and the wilting point ~16%.
In the experimental design for the greenhouse evaporation tomato and barley growing
study four groups for each type of plant created. Group 1 is the control group each pot
had soil, and the pots were maintained at a field capacity of 30%. Group 2 contained
only soil, and the pots maintained a field capacity stayed at 17% for the tomatoes and
17% for the barley until 21 Days After Transplant (21 DAT) where the field capacity was
lowered to around 12.5%. Then group 3 and 4 had a hydrophobic sand top layer that
was applied 7 DAT for the barley and 14 DAT for the tomato plants. Group 3 received
water, so the pots stayed at 30% field capacity. Group 4 contained each pot with a
hydrophobic sand top layer, and the pots maintained a field capacity stayed at 17% for
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the tomatoes and 17% for the barley until 21 DAT where the field capacity was lowered
to around 12.5%. Each group had six pots, each pot was checked once a day to make
sure the pot stayed at its correct field percentage capacity, and this was done with
simple water to weight calculations. Water to weight means that each pot was weighed
during the prepping of this experiment to make sure the pots were uniformed in weight,
then a certain amount of water was added depending on the field capacity. Water to
weight meant that every day each pot was weighed and was given water to equal that
weight. After six weeks of having hydrophobic sand covering the plants were harvested,
and the roots and shoots were weighed. Field capacity is the maximum amount of soil
moisture content found in field conditions; this is when there is no water draining,
simplest terms it is the max amount of water that a soil can hold without leaking.(34)

Figure 12: (A) Pots with the barley and tomato plants. (B) Barley plants after harvest.
For the greenhouse evaporation experiments the hydrophobic sand was used as a top
layer to reduce evaporation. The experiment was conducted in the KAUST greenhouse
and lasted over seven weeks on tomato and barley plants. The tomato plant was chosen
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because it is a high-value crop and the hydrophobic sand could be used instead of
plastics and other artificial mulch films(35, 36). The Tomato also has been tested heavily
with point drop irrigation technique and salinity testing, making it favorable to be used
as a high-value crop grown in the desert and arid regions(37-39). The barley was tested
because it is a crop cultivated in desert countries. The experiment was conducted over
six weeks and used four different pot designs already stated in materials and methods.
All the pots received water through a plastic pipe with holes in it so that the top soil was
not changed or affected. The Tubing was introduced to simulated a point drip method
commonly found in desert agriculture and high yield crops. The results showed that the
sand had no negative effect on the growth of the plants. The plants that were covered
with a hydrophobic sand layer consumed about 55% less water in tomato plants, and
about 42% less water was consumed in barley plants. Then the effect of the
hydrophobic sand top layer on reducing evaporation was analyzed during this trial
(Table 1 and 2). The 50% water is referring to 30% field capacity or “well watered” pots
while the 37.5% pots are referring to the 17% field capacity pots or the “drought” pots.
Since the experiment is water to weight, and the water is being added each day, that
means that if less evaporation is happening in the soil less water will be added each day
as shown in the “Mean water loss everyday %” in Table 1 and 2 both have a lower
percentage of loss everyday in the hydrophobic sand pots. This means that every day
there is more moisture in the pot for the plant to access, so the hydrophobic sand pots
should have larger productivity or larger plants, and that is a trend we saw in all of the
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experiments except in the barley drought pots, where the pots might have been
stressed too much.

The experiment produced positive results as tomato plants required half the amount of
water than the nontreated plants and were more productive with hydrophobic sand
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coating than the plants without a hydrophobic sand coating. The plants with the
hydrophobic sand were more productive because the sand reduced the water
evaporation rate. this meaning that more water was available for the plant to consume.
Similar results were found for the barley plants. All the results observed by using
hydrophobic sand as barrier to reduce water loss in plant grow are very promisors.
Overall, the plants that had a hydrophobic sand layer applied used less water, as less
water was being lost to evaporation, and produced more biomass than the plants that
did not have that sand layer.
Section 5.2 Hada Al Sham field test
We designed and conducted field-scale experiments with our superhydrophobic sands
in collaboration with King Abdul-Aziz University, Jeddah at Hada al Sham (Figure 13).
The field was characterized as sandy loam, as shown by our soil analysis confirming sand
content ~60 %, clay ~8-9%, and the remainder was silt. Field experiments were divided
in two sections depending on what type of water the plants received, low salinity, and
medium salinity water source. The tomato fields were split into six areas where each
area had three columns with 4 plants in each column with a spacing of 0.6m between
plants. The barley area was split into six sections, each with six water pipes going
through. The field experiment originally used the same commercial cultivars used in the
greenhouse, i.e. tomato (Solanum lycopersicum cv Moneymaker), and barley (morex).
The plants were planted in early November 2016. Unfortunately, our tomato plants got
infested with aphids and with white fly severely and did not survive despite our
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intervention with different pesticides. In response, we planted a locally used cultivar,
Nunhem’s Tristar F1, in the first week of February, 2017. Fortunately, this cultivar
performed much better; we had little to no infestation during the first month. However,
in the second week of march tomatoes started to show signs of white fly infestation and
after multiple sprays the white fly seemed to wilt the plants. So we decided to cut our
losses and harvested the tomato plants. Remarkably, results of the early harvest of
tomatoes showed promising results.

(A)

(B)

Figure 13 (A) A snapshot of our barley crop at the Hada Al Sham facility; (B) Our tomato
fields. The white color is due to hydrophobic sand layers. The plants were separated by
about 0.6m. each row had about 1m between each dripper line.

At the time of writing of this thesis, results for the barley crop were still being
processed. Results from tomato crops have been analyzed and presented in Table 3.

41
We deployed sensors to monitor time-dependent temperatures and moisture contents
in the farm soil during the course of our experiments. Twenty four sensors were placed
at depths of 5 cm and 10 cm directly under some plants in each of the test cases and
data were recorded every 5 minutes. Our sensor data from the fresh water tomato field
(Figure 14) reported on the volumetric water content (VWC) of the soil, defined as the
volume of water in the liquid form vs the volume of the soil(40), (Figure 14A). The VWC
was significantly higher in soil that was covered by our superhydrophobic sand mulch in
comparison to bare soil; this also confirms data shown in Figure 11 in Chapter 4. Figure
14 shows the peaks when the field is watered in the control soil. The hydrophobic sand
covered soil showed limited flux in the VWC hinting that the soil was kept near field
capacity the entire time. This trend is not an anomaly as seen in figure 14B over the
shown two month period the hydrophobic sand has a lot less flux in the VWC than the
untreated soil.

(A)

(B)
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Figure 14: (A) Representative comparison of volumetric water content in normal soil at
the Hada Al sham field against soil covered by ~5 mm superhydrophobic sand mulch
over 24 hours. Clearly, there is a dramatic conservation of soil moisture.. (B) A
comparison of moisture content over a span of 2 months, from December 2016 until
February, 2017. The regular peaks are due to irrigation times. Notes: Sensor data was
obtained from those at a depth of 10 cm below the surface in fresh water conditions.
Data were collected at a frequency of 5 minutes.

The results of the Tomato Harvest (Table 3) showed that the tomatoes that had a
hydrophobic sand covering produced more biomass than the control plants. This was
consistent across the analysis of the harvest. the biggest stattistic to observe through
the table is that the overall biomass in the shoots of the hydrophobic sand covered field
was 108% more than the biomass in the shoots of the control in the same conditions.
Another statisitc that is important is that even though the tomatoes were harvested a
lot early than wished, the mass per fruit was 15% heavier in the hydrophobic sand layer
than the control group meaning to believe that the tomatoes were growing larger and
more effieciently in the hydrophobic sand covered field than the control field

water

sand/control

shoot mass
per plant(g)

root mass per
plant(g)

# fruits

mass per
fruit(g)

Fresh

sand

147.3

22.7

25

7.54

fresh

control

68.7

15.1

7

6.57

salt

sand

112.3

19.9

9

5.94

salt

control

64.8

11.2

3

1.33

Table 3: The table demonstrates weights of shoots, total biomass, meaning all of the
shoots biomass in that category( i.e. fresh water sand field). The tomatoes that were
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covered with a hydrophobic sand top layer had more biomass than any data in the
control fields, salt or fresh water.
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Chapter 6 Discussion/conclusion
The main goal of this thesis was to develop a new hydrophobic material based on
ordinary sand and wax and apply this new material in desert agriculture to reduce water
loss. We successfully hydrophobized sand using commercially available paraffin wax via
a process developed in our laboratory. We characterized our superhydrophobic sands
via

various techniques,

such

as

infrared

spectroscopy, elemental

analysis,

thermogravimetric analysis, and contact angle measurements. Subsequently, we made
hundreds of kilograms of this material towards experiments at the KAUST greenhouse
and at fields at Hada al Sham site in collaboration with King Abdulaziz University,
Jeddah. Our experiments, both in the greenhouse and fields, strongly indicated that the
superhydrophobic sand could be used as artificial mulch. When placed on soil, our
superhydrophobic sand reduces evaporation of water, enhances soil moisture content,
which improves yields of crops. Further, we note that the novelty of our method lies in
our processing technique, which starts with inexpensive and abundant sand grains and
turns them superhydrophobic with minimal resources. In comparison, there are
products on the market that are able to reduce evaporation using non-degradable
plastics, or expensive sprays (12, 22, 36). Thus, we consider that this material might be
able to contribute towards lowering the stress on the food-water-energy nexus in the
MENA region.
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Chapter 7 Ongoing work
A new collaboration with the Plant Accelerator in Adelaide in Australia was also created
to reinforce the results obtained at the KAUST greenhouse and increases the available
experimental data. We are currently studying growth of strawberries, maize, tomatoes
and barley. A statistical model will then be applied to all the data in order to rationalize
all the results. These experiments will further inform on when and how the sand should
be applied to maximize plant growth.
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