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ABSTRACT 

Superhydrophobic Sand Mulches for Controlling Evaporative Losses in 

Aridland Agriculture: Fundamentals and Applications 

Adair Gallo Junior 

Modern agriculture, the basis of our civilization, provides sustenance for over 7.9 

billion people. However, considering the increasing global population and rising living 

standards, our food production must to grow by ~50% by 2050. Further constraints of 

limited arable land, freshwater resources, and the threatening effects of climate change, put 

our food security at risk and call for multifaceted technological intervention. Currently, 

irrigated agriculture, while only accounting for 20% of cultivated land, contributes 33%-

40% of the total food production. Therefore, irrigated agriculture in arid and semi-arid 

lands can help us address this complex food–water–climate challenge. However, aridlands 

are characterized by low precipitation, immense evapotranspiration losses, which is often 

compensated unsustainably by colossal amounts of freshwater. Evaporation from the 

topsoil in aridlands remains inadequately tackled. For instance, while plastic mulches have 

been demonstrated to restrict evaporation, their cost, fragility, lack of reuse, and eventual 

disposal in landfills limit widespread acceptance. In response, we have conceptualized, 

developed, and field-tested superhydrophobic sand (SHS), a bio-inspired enhancement of 

common sand with a nanoscale coating of wax. When a 5-10 mm mulch of SHS is applied 

on top of subsurface-irrigated soil, the evaporation is dramatically reduced; higher soil 

moisture boosts plant health, biomass, and yields. Our multi-year field trials of SHS 

application on tomato (Solanum lycopersicum), barley (Hordeum vulgare), and wheat 
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(Triticum aestivum) crops have consistently demonstrated significant enhancement in 

grain yields ranging from 17%–73%. In this dissertation, we present our translational 

surface science research spanning materials development and characterization, mass 

transfer studies and mathematical modeling, and greenhouse and field experiments. To gain 

insights into the mulching capacity of water-repellent granular media such as SHS, we 

present an encompassing novel modeling approach based on particle–particle and liquid–

particle forces to accurately capture the fate of evaporating liquid marbles. Then, we 

explain the origins of SHS superhydrophobicity and provide mechanistic insights into SHS 

mulching action. Subsequently, we present the data from the field trials to demonstrate how 

SHS shifts the water balance towards higher crop yields. We close the dissertation with 

SHS lifecycle analysis and environmental impact and practicality considerations.  

  



 

 

6 

ACKNOWLEDGEMENTS 

 

I would like to thank Prof. Himanshu Mishra for his mentorship during my 

academic life, for his out-of-the box way of thinking and invention of the superhydrophobic 

sand (SHS) mulches, and above all, for his friendship. I am also grateful to Prof. Matthew 

F. McCabe and Prof. Mark Tester for their contributions to this project. I thank Prof. Magdi 

Mousa for his dedication in managing our field trials, Prof. Daniele Daffonchio and Dr. 

Ramona Marasco for their assessment of the rootzone microbiota, and Mr. Joel Reihmer 

for his valuable contribution during the early stages. I am indebted to Dr. Kennedy 

Odokonyero, my friend and lab-partner of all times, for his support throughout my PhD. I 

thank Prof. Simon Krattinger for pointing out the correct methodology for converting grain 

yields, Mr. Samir Al-Mashharawi for his support with the soil moisture sensors, and the 

field workers at Hada Al Sham. 

I thank the committee members, Prof. J. Carlos Santamarina, Prof. Matthew F. 

McCabe, Prof. Daniele Daffonchio, and Prof. Manfred Heuberger, for not only reviewing 

this work, but also for valuable lessons and inspiration for doing science.  

I am grateful to the iLab members who helped me grow as a researcher during these 

years: Ms. Jamilya Nauruzbayeva, Mr. Sankara Arunachalam, Dr. Andreia Farinha, Dr. 

Mahmoud Ibrahim, Mr. Edelberto Malanastas, Dr. Ratul Das, Ms. Nayara Vivian Muskopf, 

Ms. Batool Albar, Mr. Vinicios Santos, and all others. I thankful to my friends Dr. Fernanda 

Tavares, Mr. Natanael Bolson, and Mr. Thiago Reinehr for their camaraderie. 

Finally, I thank my parents, Adair and Vera, and my brother, Carlos, for their 

unconditional support throughout my life.  



 

 

7 

TABLE OF CONTENTS 

 
EXAMINATION COMMITTEE PAGE ........................................................................ 2 
COPYRIGHT PAGE ........................................................................................................ 3 
ABSTRACT ....................................................................................................................... 4 
ACKNOWLEDGEMENTS ............................................................................................. 6 
TABLE OF CONTENTS ................................................................................................. 7 
LIST OF ABBREVIATIONS ........................................................................................ 10 
LIST OF SYMBOLS ...................................................................................................... 11 
LIST OF FIGURES ........................................................................................................ 13 
LIST OF TABLES .......................................................................................................... 25 
1. CHAPTER I – Surface engineering for applications in agriculture .................. 26 
1.1. Introduction ......................................................................................................... 26 
1.2. Dissertation objectives ........................................................................................ 32 
1.3. Soil amendments for aridland agriculture and afforestation ......................... 33 
1.3.1. Superhydrophilic materials ............................................................................. 36 
1.3.2. Natural and artificial mulches ........................................................................ 37 
1.3.3. Surface-active materials .................................................................................. 38 
1.3.4. Biochar ............................................................................................................. 39 
1.4. Discussion and perspectives ............................................................................... 42 
2. CHAPTER II – Fundamentals of hydrophobicity ............................................... 44 
2.1. Introduction ......................................................................................................... 44 
2.2. Hydrophobization techniques ............................................................................ 50 
2.2.1. Silanization coating protocol ........................................................................... 51 
2.2.2. Dissolved wax coating protocol ....................................................................... 53 
2.2.3. Molten wax coating protocol ........................................................................... 56 
2.2.4. Evolution of coating equipment ...................................................................... 57 
2.3. SHS characterization .......................................................................................... 59 
2.3.1. Superhydrophobic silica sands ........................................................................ 62 
2.3.2. Superhydrophobic sandy soils ......................................................................... 66 
2.4. Methodology for determining surface area ...................................................... 68 
3. CHAPTER III – Effects of particle–particle and liquid–particle interactions on 
the evaporation of liquid marbles .................................................................................. 70 
3.1. Introduction ......................................................................................................... 70 
3.2. Results .................................................................................................................. 72 
3.2.1. Liquid marble preparation and characterization ............................................ 72 
3.2.2. Fates of deflating liquid marbles ..................................................................... 78 
3.2.3. Analytic framework .......................................................................................... 83 
3.2.4. Modeling of liquid marble evaporation ........................................................... 90 
3.2.5. Experimental results and model fitting for the evaporation of liquid marbles
 92 
3.2.6. Prediction of the apparent volume of liquid marbles ..................................... 96 
3.3. Discussion ............................................................................................................ 99 
3.4. Conclusions ........................................................................................................ 105 



 

 

8 

3.5. Materials and Methods ..................................................................................... 106 
3.5.1. Preparation of liquid marbles and evaporation experiments ....................... 107 
3.5.2. Model .............................................................................................................. 108 
4. CHAPTER IV – Effects of superhydrophobic sand mulches on evaporation of 
water from topsoil ......................................................................................................... 111 
4.1. Introduction ....................................................................................................... 111 
4.2. Results ................................................................................................................ 113 
4.2.1. Capillary action and diffusion barrier of SHS mulches ............................... 113 
4.2.2. Effects of SHS mulching on evaporation flux at transient state ................. 116 
4.2.3. Effects of SHS mulching on evaporation flux at continuous state .............. 119 
4.2.4. Effects of SHS mulching on soil moisture content ....................................... 126 
4.2.5. Effects of SHS mulching plant evapotranspiration ...................................... 128 
4.3. Conclusions and recommendations ................................................................. 131 
5. CHAPTER V – Effects of superhydrophobic sand mulches on agriculture ... 133 
5.1. Introduction ....................................................................................................... 133 
5.2. Field results for SHS ......................................................................................... 134 
5.2.1. Tomato (Solanum lycopersicum)................................................................... 136 
5.2.2. Wheat (Triticum aestivum) and barley (Hordeum vulgare) ......................... 144 
5.3. Field results for SHS made from local sandy soil .......................................... 148 
5.3.1. Tomato (Solanum lycopersicum)................................................................... 148 
5.3.2. Onion (Allium cepa) ...................................................................................... 152 
5.4. Field details ........................................................................................................ 154 
5.5. Field study limitations ...................................................................................... 155 
5.6. Conclusions ........................................................................................................ 157 
6. CHAPTER VI – Environmental aspects, lifecycle analysis and other potential 
applications of SHS ....................................................................................................... 159 
6.1. Introduction ....................................................................................................... 159 
6.2. Study of SHS wax degradation ........................................................................ 159 
6.3. Effects of SHS on soil-root-rhizosphere microbial life .................................. 166 
6.4. Practicalities of SHS mulching ........................................................................ 168 
6.4.1. SHS mulch stability ........................................................................................ 168 
6.4.2. SHS mulch application .................................................................................. 169 
6.4.3. Field manufacturing and transportation of SH soil mulches ...................... 170 
6.4.4. Economical aspects ........................................................................................ 171 
6.5. Lifecycle assessment of SHS mulches .............................................................. 172 
6.6. Potential alternative applications of SHS ....................................................... 174 
6.7. Final remarks .................................................................................................... 177 
BIBLIOGRAPHY ......................................................................................................... 181 
Appendix for Chapter I ................................................................................................ 200 
Life cycle assessment for biochar production from maize straw ................................. 200 
Biochar reactors ............................................................................................................. 207 
Biochar activation .......................................................................................................... 209 
Greenhouse experiments with biochar .......................................................................... 210 
Appendix for Chapter III ............................................................................................. 215 
Liquid marbles supplementary data .............................................................................. 215 
Appendix for Chapter V ............................................................................................... 221 



 

 

9 

Field soil chemical analyses .......................................................................................... 221 
Field weather data .......................................................................................................... 229 
Appendix for Chapter VI ............................................................................................. 232 
Supplementary information on wax degradability and effects on microbiota ............ 232 
References for Appendices ........................................................................................... 235 
 
  



 

 

10 

LIST OF ABBREVIATIONS 

 

Abbreviation Meaning 
# SHS SHS mulch with # mm thickness 
C11 10-undecenyltrichlorosilane 

C11-Br 10-bromo undecyltrichlorosilane 
C18 Octadecyltrichlorosilane 
C6 Phenyltrichlorosilane 

C6-C2 Phenethyltrichlorosilane 
C8 Octyltriethoxysilane 
L–P Liquid–Particle 
LCA Life cycle assessment 
LPG Liquified petroleum gas 

MENA Middle East and North Africa 
NTP Normal temperature and pressure 
P–P Particle–Particle 
RH Relative humidity 
SFA Surface Force Apparatus 
SH Superhydrophobic 

SHS Superhydrophobic sand 
SHsoil Superhydrophobic sand made from local sandy soil 

SV Sequence variants 
 

  



 

 

11 

LIST OF SYMBOLS 

 

Symbol Meaning 
I Infiltration rate 
E Evaporation rate 
T Transpiration rate 

ET Evapotranspiration rate 
P Percolation rate 
V Volume 
t Time 
𝜃𝜃! Intrinsic contact angle 
𝜎𝜎 Surface particle density 
𝐴𝐴 Area of droplet or marble 
𝐴𝐴"#$ Particle wet area 
𝑃𝑃%&' Particle wet perimeter 
𝑟𝑟%&' Radius of the particle wetting perimeter 
𝜆𝜆(  Capillary length 
𝜌𝜌) Bulk density of particle 
𝜌𝜌* Bulk density of water 
𝑑𝑑) Diameter of particle 

𝐹𝐹+,' 
Interfacial force along the particle wetting perimeter tangential to the liquid 

surface 
𝐹𝐹-./ Adhesion force between the particle and liquid in the radial direction 

𝐹𝐹01 
Friction force between one particle and its neighboring particles (tangential to 

P–P) 
𝐹𝐹(  Compression force experienced by a particle (tangential to liquid) 
𝐹𝐹#2 Ejection force experience by a particle (tangential to P–P) 
𝐹𝐹3 Resulting total maximum force experienced by a particle (tangential to P–P) 
𝛾𝛾 Liquid–air surface tension of water 
𝑅𝑅 Droplet or marble radius 
𝜃𝜃- Apparent contact angle at the triple phase interface 
𝜃𝜃-.4 Advancing contact angle at the triple phase interface 
𝜃𝜃1#5 Receding contact angle at the triple phase interface 
𝜃𝜃/67 Contact angle hysteresis 

𝜃𝜃-./ Contact angle at the triple phase interface relative to the P-P tangential 
direction 

𝜃𝜃1#) Angle of repose of particles 
𝜇𝜇 Coefficient of friction between particles 



 

 

12 

𝑗𝑗 Evaporation flux 
𝑗𝑗! Evaporation parameter 
𝔇𝔇% Diffusion coefficient for water vapor in air 
𝜌𝜌7-$ Concentration of saturated water vapor 
𝜌𝜌8 Concentration of water vapor in the room 
𝜌𝜌9 Liquid density of water 
𝑚𝑚 Mass of water 
𝑚𝑚! Initial mass of water 
𝑚𝑚/𝑚𝑚! Liquid mass fraction 
𝑘𝑘# Geometric constant of the evaporation model 
𝐷𝐷5/-1 Characteristic diameter of the marble or droplet  
𝜓𝜓 Dissimilarity factor (analogous to sphericity) 
𝑉𝑉*,- Apparent volume of the liquid front 
𝑉𝑉; Volume of particles 
𝑉𝑉< Apparent volume of liquid marble 
𝐻𝐻= Height of liquid marble 
𝐷𝐷= Equatorial diameter of liquid marble 
𝐷𝐷 Diameter 
𝑑𝑑 Base diameter of liquid marble 
𝑑𝑑) Particle characteristic dimension 
𝑉𝑉=! Initial marble apparent volume 
𝐷𝐷>3 Water table depth 
𝐿𝐿?@? SHS mulch thickness 

 

  



 

 

13 

LIST OF FIGURES 

 

Fig. 1.1 – Schematics of water balance in the soil–water–plant system. In arid lands, after 
irrigation, water permeates follow one of the following pathways: water can remain within 
in the soil, evaporate from the topsoil, percolate below the root level, be absorbed and 
incorporated in the plant tissues, or transpired through the leaves. The last two processes 
are beneficial to plant metabolism, accumulation of biomass, and temperature regulation. 
Note: the off-scale soil particles illustrate the significance of the surface to volume ratio of 
the soil matrix — the smaller the average particle size, the higher the total surface area and 
the higher the soil’s ability to retain nutrients. ................................................................. 29 

Fig. 1.2 – Particle size distribution of a sample of a loamy sandy soil collected at the Hada 
Al Sham field station in western Saudi Arabia (21.79° N, 39.72° E). (A) Photographs of 
the respective sieve fractions, showing the high percentage of the sand fraction (80% by 
mass) in the soil. (B) Particle size distribution comparing loamy sand soil with a sample of 
pure silica sand. Notice the reduced fraction of clay, corresponding to particle sizes below 
2 µm. Particle size distributions above 63 µm were measured with sieve analysis and 
below, with the hydrometer method33. .............................................................................. 31 

Fig. 1.3 – Aridity index global map. The index correlates with the density of natural 
vegetation. Image taken from Trabucco and Zomer40 under the Creative Commons License 
CC BY 4.0. ........................................................................................................................ 34 

Fig. 1.4 – Superabsorbent polymers (SAP). (A) Chemical structure of the two most 
common polymers used in agricultural applications. (B-C) Photographs of 9 g of SAP 
(potassium polyacrylate) mixed with different volumes of water (250 mL, 800 mL, 700 mL 
from left to right) and common sand (480 g, rightmost flask) showing the absorption 
capability of the polymers. Note that the polymer was added in excess for display purposes 
and that it did not swell to its maximum potential, vide the presence of white unsaturated 
polymers at the bottom of the flasks. ................................................................................ 36 

Fig. 1.5 – Plastic mulch used for tomato crop in our field trials at Hada Al Sham, Saudi 
Arabia (21.79° N, 39.72° E). ............................................................................................ 38 

Fig. 1.6 – Biochar characterization. (A-B) Electron micrographs of barley biochar grown 
in Hada Al Sham and pyrolyzed in a batch reactor at 500 °C at KAUST. (C) Proposed 
molecular structure of biochar based on 13C-NMR, ESR, XRD analyses, and H–C bond 
distance measurements by Lehman67 and Schmidt-Rohr65. The carboxylic acid groups 
significantly increase the soil cation exchange capacity (CEC), while the oxonium and the 
pyridinium groups contribute to a higher anion exchange capacity (AEC). Overall, soil 
fertility is enhanced, e.g., biochar acts like a sponge that stores and releases nutrients as 
plants need them. Photographs of (D) date palm and (E) tree leaf biochar made at KAUST 
in a batch and a continuous reactor, respectively. ............................................................ 40 



 

 

14 

Fig. 2.1 – Wetting diagram for the interaction of a liquid and a solid. Cross-section of 
smooth and flat (A) hydrophilic and (B) hydrophobic surfaces. Sharp edge effect for (C) 
hydrophilic and (D) hydrophobic surfaces. When the liquid meniscus is advancing over a 
solid edge, the apparent contact angle, 𝜃𝜃a, has to be considered relative to the projection of 
the dry surface, and the contact angle can assume values such as 𝜃𝜃1 or 𝜃𝜃2. The liquid 
curvature in (D) has been exaggerated and an appropriate force balance has to be 
considered to minimize the curvature, and therefore, the Laplace pressure, 𝑃𝑃L, of the 
curved liquid. .................................................................................................................... 46 

Fig. 2.2 – Surface force diagram for water filling a cylindrical pore. Cross-section views 
of smooth (A) hydrophilic and (B) hydrophobic cylindrical pores. Green arrows indicate 
the direction of the Laplace pressure, i.e., always towards the concave side of the interface. 
In the absence of air, the pressure of the pore is same as the vapor pressure of water. .... 47 

Fig. 2.3 – Schematic representation of the formation of cavitation in a small hydrophobic 
cavity. (A) Cross-section of two surfaces approaching each other in liquid water, 
representing a metastable state for small distances, 𝑑𝑑. (B) Formation of a cavitation bubble 
of water vapor between the two hydrophobic surfaces. Green arrows indicate the direction 
of the Laplace pressure, which is much greater than the vapor pressure of water for 
sufficiently small 𝑑𝑑. The illustration in (B) is not the final state, since the liquid menisci 
would tend to be repelled from the pore and equilibrate at the edges; or, alternatively, if the 
hydrophobic solids were not fixed in place, they could jump into contact due to the capillary 
forces, as observed in Surface Force Apparatus (SFA) experiments with degassed water102-

104....................................................................................................................................... 48 

Fig. 2.4 – Pressure balance for a water vapor bubble in a hydrophobic cavity. Hydrophobic 
interface with an intrinsic contact angle, 𝜃𝜃 ∘= 105° (Eq. 2.2). Notice that for cavity sizes 
below 190 nm, the Laplace pressure is greater than 𝑃𝑃liq − 𝑃𝑃vap. Thus, at equilibrium, the 
cavity should contain no liquid water. However, experimental results for approaching 
surfaces, i.e., decreasing plate distances starting from fully immersed liquid as in Fig. 2.3, 
show that the cavity contains liquid until ~10 nm size102, indicating a metastable 
equilibrium for pores of ~10-190 nm. Note that this simulation only considers the smallest 
radius of curvature of the meniscus between two hydrophobic plates; this is because in SFA 
experiments, the larger radius of curvature is much larger, and thus, it has a lower influence 
in the Laplace pressure. We considered 𝛾𝛾LV = 72 mN/m for water. ............................... 50 

Fig. 2.5 – Silanization of silica particles and confection of liquid marbles. (A) Silanization 
process. (B) Various hydrophobic surface compositions obtained using silanes. ............ 52 

Fig. 2.6 – Photograph of the dissolved wax coating setup. Sand or sandy soil is loaded into 
the evaporator flask (~50 kg) along with a solution of paraffin wax (1:600 wax to sand; or 
1:100 wax to sandy soil) in hexane (1 L:5 kg, hexane to sand/sandy soil). The bath 
temperature was set at 55 °C and the pressure was reduced to 100 mbar to evaporate the 
hexane, which was condensed and collected for reuse. .................................................... 55 

Fig. 2.7 – Photograph of the molten wax coating setup for in–situ SHS manufacturing. 
Sand or sandy soil (250 kg) is added to the rotary mixer along with paraffin wax (1:600 



 

 

15 

wax to sand; or 1:100 wax to sandy soil). A six–head gas stove is built under the rotary 
mixer to provide heat to melt the wax. The soil is mixed under heat until reaching about 
75°C. ................................................................................................................................. 57 

Fig. 2.8 – Evolution of SHS manufacture over time. (A-D) Scale-up for vacuum 
evaporators from <1 L to 60 L. (E) Field-deployable prototype that produces up to 250 kg 
SHS per batch. .................................................................................................................. 59 

Fig. 2.9 – Gas chromatography analysis of paraffin wax. Paraffin wax was dissolved in 
cyclohexane (~0.1 M) to determine the chain lengths of the constituent alkanes (n) in red. 
The relative compositions of the alkanes are presented in Table 2.2. Note: hexadecane and 
hexadecanoic acid were used as internal standards. ......................................................... 60 

Fig. 2.10 – (A) Carbon13 and (B) hydrogen1 nuclear magnetic resonance spectra of our 
paraffin wax. Paraffin was dissolved in deuterated chloroform (~10-1 M) for this analysis.
........................................................................................................................................... 62 

Fig. 2.11 – Wetting behavior of superhydrophobic sand. (A) Photograph of SHS with water 
on top, demonstrating its superhydrophobicity. (B) High-speed images of a 30-µL water 
droplet dropped onto a 5-mm-thick SHS layer from a height of 2 cm bouncing off and 
carrying a layer of particles along, akin to liquid marbles. ............................................... 63 

Fig. 2.12 – Representative environmental scanning electron micrographs of water droplets 
condensed on (A) common sand grains and (B) SHS grains. The apparent contact angles 
of water droplets are significantly higher in (B) than in (A). Local contact angles agree 
with the intrinsic contact angles on a smooth silica surface ~30° for (A), and on smooth 
wax surface ~105°. ............................................................................................................ 64 

Fig. 2.13 – Energy dispersive spectroscopy (EDS) spectra. (A) Common uncoated sand 
and (B) superhydrophobic sand (SHS) with SEM images (top right insets). The high carbon 
content of (B) indicates the presence of the nanolayer of wax coating. Gold was coated 
onto the sample prior to analysis to avoid a build-up of charge. ...................................... 65 

Fig. 2.14 – Angles of repose of (A) uncoated sand versus (B) SHS. The higher angle of 
repose for SHS indicates higher interparticle friction. ...................................................... 66 

Fig. 2.15 – Superhydrophobic sandy soil made via the molten wax method. (A) SHS made 
from local loamy sand previously sieved to partially remove smaller silt and clay fractions. 
(B) SHS mulch made entirely from non-sieved loamy sand soil; the black tube provides 
sub-surface drip irrigation below the SHS layer. (C) SHS made entirely from un-sieved 
loamy sand soil separating a wet uncoated soil layer from a top water column. Soil was 
collected from the field station in Hada Al Sham, Saudi Arabia (21.7963° N, 39.7265° E).
........................................................................................................................................... 67 

Fig. 2.16 – Determination of surface area of sands via minimum coating with paraffin wax. 
(A) Particle size distribution of sieved sands versus their specific surface area obtained via 
the conventional BET method129. (B) Correlation between the minimum wax loading 
necessary to achieve hydrophobicity and the BET surface area, which establishes an 



 

 

16 

inexpensive and never-before-reported method for determining the surface area of sand 
particles. Error bars in (B) represent the step sizes taken when varying the wax to sand 
ratios. ................................................................................................................................. 69 

Fig. 3.1 – High–speed imaging for the confection of a liquid marble. Hydrophobic sand 
particles are poured onto a water droplet to create a liquid marble. The particles slide along 
the air–water interface and cover the liquid surface from the bottom up, thus covering the 
droplet as a thin mulch. ..................................................................................................... 73 

Fig. 3.2 – Representative scanning electron micrographs of a subset of particles used in 
this study. Scale bars are in micrometers. The last column presents the nomenclature 
pertaining to the particles based on their chemical composition and size (Table 3.1). (A) 
Liquid marbles formed with these particles result in Case I on deflation; (B) liquid marbles 
formed with these superhydrophobic particles result in Case II; (C) liquid marbles formed 
with fuzzy nanoscale particles that tend to agglomerate result in Case III. Note: The cases 
are extensively discussed in the following sections, and representative electron 
micrographs for the remaining particles are presented in the Supplementary Information 
(Fig. A3.2). ........................................................................................................................ 77 

Fig. 3.3 – Representative snapshots and image analysis of evaporating liquid marbles 
formed from particles of sizes varying over four orders of magnitude (7 nm–300	µm) and 
drastically different chemical compositions. (A) Control case: evaporating water droplet 
placed on a hydrophobic glass slide (H-glass). (B) Case I: evaporating liquid marble 
maintains a constant surface particle density and surface area, which requires its shape to 
deviate from that of a sphere. (C) Case II: evaporating liquid marble maintains high 
sphericity and constant surface particle density. In doing so, it ejects particles from its 
surface as the surface area decreases. (D) Case III: evaporating liquid marble maintains 
sphericity as it shrinks and the surface particle density increases owing to the compression 
and layering of particles at the liquid interface. After the liquid evaporates, a hollow shell 
is left behind. (E) Hybrid Cases I–III: the liquid marble behaves as a hybrid of Cases I and 
III and exhibits significant deviation from sphericity and thickening of the particulate layer. 
Schematics of the (F) experimental setup and of (G) a liquid marble depicting the particles 
and liquid within. (Note: additional time-lapse data for the remaining liquid marbles are 
shown in Fig. A3.3). ......................................................................................................... 80 

Fig. 3.4 – Analytic framework: interfacial force balance for a simplified system of spherical 
particles placed on an evaporating liquid marble. (A) Illustration of the initial state of a 
liquid marble. (B) Force balance for the center particle applied at the contact point between 
two particles. As the water evaporates, the receding liquid meniscus pulls onto the particles 
owing to the water surface tension, generating a tangential force, 𝐹𝐹int, which compresses 
the particles, 𝐹𝐹c, such that 𝐹𝐹c = −𝐹𝐹int. This compression force results in the ejection 
force, 𝐹𝐹ej. The ejection force is countered by the forces of liquid–particle (L–P) adhesion, 
𝐹𝐹adh, and interparticle (P–P) friction, 𝐹𝐹fr. (C) Shows the actual microscopic local 
curvature of the liquid meniscus at the particle interface, which gives rise to 𝐹𝐹adh. The 
possible outcomes for the center particle based on the force balance are: (D) the particle 
stays pinned to the liquid, characterizing Case I, (E) the particle gets ejected, Case II, and 



 

 

17 

(F) the particle gets unpinned from the liquid but is held by the neighboring particles due 
to high P–P friction, Case III. Illustration created by Ivan Gromicho, KAUST. .............. 85 

Fig. 3.5 – Analytic framework predictions. Resultant force normalized by the particle wet 
perimeter, FT, as function of (A-B) meniscus relative angle,	𝜃𝜃adh, which relates to the L-
P adhesion, (C-D) particle relative position, given by the angle a, and (E-F) angle of repose 
of particles, 𝜃𝜃rep, which relates to the P–P friction. The colored areas indicate the regions 
of properties for each of the Cases I–III. The boundaries of regions have not been clearly 
defined by our experiments. However, the overlapping region between Case I & III was 
experimentally observed (C18|0.5). Notice that, generally, shifting the properties to 
positive (Y-axis) on the left side in each plot favors Case I, while case III is represented by 
general shifts towards the positive (Y-axis) right side. In contrast, Case II is represented by 
the negative values of the resultant force. ......................................................................... 87 

Fig. 3.6 – Validation of the analytic framework. (A) Resultant force normalized by the 
particle wet perimeter, FT, as a function of the particle relative position, a. The meniscus 
relative angle,	𝜃𝜃adh (approximated by the receding contact angle, 𝜃𝜃rec ≈ 𝜃𝜃adh) and the 
angle of repose of the particles, 𝜃𝜃rep, were obtained from experimental measurements 
(Table 3.1). (B) Analytic framework diagram for a moderate particle relative position 𝛼𝛼 =
10°, with overlaying experimental points from Table 3.1. Note that a is the only variable 
from our model (Eq. 3.4) that we did not obtain experimentally. However, based on our 
experimental data (𝜃𝜃hys), we estimated its maximum value to be 𝛼𝛼max = 24° (Fig. A3.4). 
The model accurately describes the three general cases. Note that although Case II is clearly 
defined by the negative region, the colored boundaries for the positive values in (B) are not 
meant to distinguish between Cases I and III, which could not be precisely defined by our 
experimental results. ......................................................................................................... 89 
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indicated by the number preceding the unit “mm”) exposed to environmental conditions. 
SHS mulch reduced evaporation from the topsoil in proportion to its thickness. (A) 
Schematic of the experimental setup showing evaporation loss from a single pot. (B) 
Photograph of the pots on the first day revealed mulches with dark-colored common sand 
as they absorbed water from the soil underneath, whereas SHS stayed dry. (C) Weather 
conditions during the period of the experiment. (D) Relative water loss from soil under 
different mulching conditions. (E) Evaporation flux as a function of relative soil moisture 
content. (F) Evaporation flux as a function of time. (G) Evaporation flux as a function of 



 

 

19 
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and their effects on plants. (B) Representative photographs of tomato plants grown in 
controlled growth chambers using 10-mm-thick SHS mulches (i.e., mulched plants) and 
bare soils (unmulched plants) under normal and reduced (50% of the normal) irrigation. 
Tomato plants were transplanted and grown for 98 days until final fruit and biomass 
harvest. Each treatment combination involved four (n = 4) plant samples. Figure provided 
by Odokonyero204. ........................................................................................................... 129 
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bars are standard errors (±SE) of the means. Figure provided by Odokonyero204. ........ 131 
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conducted during the 2018, 2019, and 2021 seasons. (A) We split the tomato and (B) 
barley/wheat/onion fields into 2.5 m ´ 2.5 m plots with intercalated SHS and bare soil 
(control). Tomato plants received SHS only around each plant in circles or strips, while 
barley, wheat, and onion received SHS covering the entire plot. The tomato trial in 2020 
employed intercalation of individual plants with SHS and bare, rather than the plot 
configuration shown here. Sub-surface drip irrigation (SSDI) provided equal amounts of 
water to mulched and unmulched plants. The tomato plots received three parallel irrigation 
lines and the barley and wheat plots received seven parallel irrigation lines. Brackish and 
fresh water (normal and low) irrigation fields followed the same configuration. .......... 135 

Fig. 5.2 – Photographs of the tomato fields (season 2018). (A-B) Just after application of 
the SHS mulch, (C) during the flowering stage, and (D) during harvest. ....................... 136 

Fig. 5.3 – Photographs of the tomato fields (season 2019). (A-B) Just after application of 
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Fig. 5.4 – Effects of superhydrophobic sand (SHS) mulching on tomato fruit yield in field 
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Kruskal–Wallis H test, where (S) represents statistical significance (p < 0.05) and percent 
change is the relative difference between the means. The boxes contain the middle 50% of 
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the data points, with the horizontal line indicating the median and the diamond inside the 
box indicating the mean. Tomato (Solanum lycopersicum) variety A is Bushra, and variety 
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The mass of grains per area is presented for barley and wheat. Each treatment was 
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Fig. 5.15 – Effects of SHS mulching (10 mm) made from local sandy soil (SH soil) on 
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percentages provided evidence of advanced levels of oxidation in both aluminum and 
copper samples left under uncoated sand. Oxygen to metal ratios were measured over ~1 
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1. CHAPTER I – Surface engineering for applications in agriculture 

 

1.1. Introduction 

Humans lived as hunters and gatherers for about 300 thousand years1. That lifestyle 

was only possible because the population was small enough (< 0.5 M) to collect food 

directly from natural sources. These limited resources and geographical barriers kept our 

species’ population levels at a steady state. However, humans realized agriculture about 7-

10 thousand years ago, which provided a stable and secure source of food2. Surplus food 

allowed humanity to grow to unprecedented levels: cities were built, and specialized jobs 

manifested which, in turn, catalyzed progress and spurred population growth3. Presently, 

over 7.9 billion humans co-habit Earth and this number is expected to cross 10 billion 

before the turn of the century4. These numbers underscore the success of our species as 

survivors. However, this success has come at the cost of massive deforestation, shortages 

of freshwater resources, mass extinction of other species, and, most recently, global climate 

change5, 6. In fact, imbalances/events caused by climate change, especially due to 

unexpected heat waves, can severely impact agricultural activities and thereby aggravate 

the food–water crisis7. Therefore, this is a crucial moment for our planet’s fate, as we must 

devise sustainable ways to feed humanity without impacting the climate8, 9.  

Innovations are needed in order to maximize food production without diminishing 

the planet’s forest coverage, which plays a vital role in maintaining a climate suitable for 

humans10, 11. In addition to capturing atmospheric CO2 and protecting biodiversity, forests 

act as a buffer for freshwater that can be transported inland via wind. For example, the 

Amazon forest regulates rains in the central South American continent12 and supports 
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extensive agricultural operations13. Globally, it is estimated that about one third of the 

iceless terrestrial area of the planet is being used for agriculture (cropland and pasture), 

another third is still covered by forests, and the remaining third is composed of urban areas 

(0.5-2.5%) and deserts14. Deserts are characterized by low precipitation, poor biodiversity, 

low-density vegetation, and poor, sandy soils15. However, if aridlands could be supplied 

with renewable freshwater resources via natural or engineered solutions, they may present 

a great opportunity for increasing the area of irrigated croplands without endangering 

forests in the tropics16. Egypt is a great example of an aridland that has served many 

civilizations with its agricultural output17. This is only possible due to the Nile River, which 

has afforded a reliable source of freshwater for millennia. More recently, during the course 

of the last century, parts of the Northwestern Indian subcontinent have been harnessed for 

irrigated agriculture by building a network of canals that divert water from rivers 

originating in the Himalayas. 

Presently, the importance of irrigation toward humanity’s ability to produce food 

cannot be overstated. For example, while only 20% of cultivated land is irrigated, this 

fraction contributes 33%–40% of total world food production18, 19. This outsized 

contribution to food production comes at the price of consuming over 70% of global 

freshwater withdrawals annually19-21. Regions with arid and semi-arid climates, such as the 

Middle East, northern Africa, the northwest Indian subcontinent, and western Australia, 

rely on their limited freshwater resources to grow food for sustenance and trade20. The 

plants growing in these regions depend on irrigation for nutrient uptake, optimal 

temperature regulation, and salt stress reduction22. However, due to intense solar radiation 

and direct exposure to dry air and winds, a significant fraction of the water supplied to soils 
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is lost to evaporation23. Therefore, excessive volumes of ground and river waters are 

routinely withdrawn to ensure sufficient availability of water to support plant growth; these 

activities have critically depleted water supplies in many parts of the world24, making food 

and water security concerns become issues of international importance25-30.  

Technologies for boosting the water-use efficiency in the soil–plant–water system 

hold great potential for realizing irrigated agriculture in arid regions (Fig. 1.1). Equation 

1.1 outlines the various sources/sinks of water in irrigated agriculture. Here, we define the 

change in the water volume, 𝑉𝑉, in the top few meters of the soil (relative to root depth), 

based on the influx of water through infiltration (irrigation, or rain), 𝐼𝐼, and subtract the 

losses due to the evaporative loss, 𝐸𝐸, plant transpiration, 𝑇𝑇, and percolation below the root-

level, 𝑃𝑃. Metabolic water used for plant growth is not taken into account because it 

accounts for much lower flux than the other processes. 

AB
A'
= 𝐼𝐼 − 𝐸𝐸 − 𝑇𝑇 − 𝑃𝑃      Eq. 1.1 

Eq. 1.2 gives the maximum volume of water, 𝑉𝑉C-D, that can be stored in a certain volume 

of soil, 𝑉𝑉7!EF, which is limited by the soil water holding capacity, 𝑆𝑆>@G. 𝑆𝑆>@G is a function 

of soil porosity, structure, compactability, organic matter content, and the clay content 

𝑉𝑉C-D = 𝑆𝑆>@G × 𝑉𝑉7!EF      Eq. 1.2 
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Fig. 1.1 – Schematics of water balance in the soil–water–plant system. In arid lands, after 

irrigation, water permeates follow one of the following pathways: water can remain within 

in the soil, evaporate from the topsoil, percolate below the root level, be absorbed and 

incorporated in the plant tissues, or transpired through the leaves. The last two processes 

are beneficial to plant metabolism, accumulation of biomass, and temperature regulation. 

Note: the off-scale soil particles illustrate the significance of the surface to volume ratio of 

the soil matrix — the smaller the average particle size, the higher the total surface area and 

the higher the soil’s ability to retain nutrients. 

 

Now, let us consider the T, E, and P losses in more detail. Plants transpire to 

regulate their temperature and to aid their metabolism. Although drought-tolerant plants 

have evolved to reduce their leaf area to reduce transpiration31, this reduction in surface 
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area also limits the amount of carbon fixation via photosynthesis. Reduction of 

transpiration is not possible for crops, unless induced via genetic manipulation. 

Conventionally, plants are provided with enough water to transpire for optimal growth. 

Unlike transpiration, the evaporation of water from the topsoil does not benefit the plant. 

Similarly, the percolation of water below the root level, which happens when the soil is 

saturated with water, is also regarded as a non-beneficial loss of water. 

 Water, however, is not the exclusive ingredient for plant growth. Other ingredients 

include: (i) solar radiation, typically plentiful in arid regions, such as Saudi Arabia; (ii) 

carbon dioxide, which we are not in danger of running out of; and (iii) nutrients, such as: 

NO3-, NO2-, NH4+, PO43-, HPO42-, K+, SO42-, Ca2+, Mg2+, Fe2+, Fe3+, Mn2+, Cu2+, Zn2+, 

BO32-, Cl-, and MoO42-. Analogous to the water balance, the balance of nutrients for 

specific soils and climates have been well defined. The maximum amount of nutrients a 

soil can hold is dependent on its cation and anion exchange capacities, CEC and AEC, 

respectively. CEC and AEC depend on the characteristics of the soil, such as the clay 

content and soil organic matter32. Clays have a negatively charged silicate lattice, and 

despite being the smallest particles in soil, they also present the largest surface area. Thus, 

the higher the clay content, the higher the CEC; however, too much clay might be 

detrimental due to high compaction and low permeability. Next, soil organic matter, or the 

humic substance, is also perhaps one of the most important constituent of a fertile soil, 

because it contains functional groups that can hold both cations and anions, and enhances 

the soil’s water holding capacity and microbiome.  

Arid lands are characterized by soils that have low clay and organic matter contents; 

these soils typically also have low CEC and AEC. Sands, defined as the portion of soils 
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with a particle size between 50 µm and 2 mm, are the major component in most soils in 

Saudi Arabia. For instance, Fig. 1.2 shows the particle size distribution of a soil collected 

in our experimental field in Hada Al Sham, Saudi Arabia (21.79° N, 39.72° E). As can be 

seen, around 80% of the mass is sand, ~18% is silt, and <2% is clay, characterizing this 

soil as a loamy sand. The high sand content, combined with low clay and low organic 

matter (<1%) contents, render this soil extremely poor and unsuitable for agriculture.   

 

 
Fig. 1.2 – Particle size distribution of a sample of a loamy sandy soil collected at the Hada 

Al Sham field station in western Saudi Arabia (21.79° N, 39.72° E). (A) Photographs of 

the respective sieve fractions, showing the high percentage of the sand fraction (80% by 

mass) in the soil. (B) Particle size distribution comparing loamy sand soil with a sample of 

pure silica sand. Notice the reduced fraction of clay, corresponding to particle sizes below 

2 µm. Particle size distributions above 63 µm were measured with sieve analysis and 

below, with the hydrometer method33. 

Next, we discuss the importance of interfaces, between the liquid–solid–vapor (L–

S–V) phases, in the context of irrigated agriculture in arid lands. For example, the topsoil–
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atmosphere interface, the leaf–air interface, the root–water–soil-particles interface, the 

trapped air bubbles inside irrigated soil, and the multitude of nanoscale biological 

interfaces within the plant and the rhizosphere. Recent advances in interfacial science and 

engineering are now being translated into agrotechnologies. For instance, engineered 

nanomaterials (ENMs) have been employed to enhance water-uptake in soils and reduce 

the impact of heat-waves34, 35; hydrogels have been used for slow-release of nutrients and 

water; pesticide formulations have been designed to stick to leaves when sprayed on36; fog-

harvesting devices that can capture water for irrigation37; treated jute bags capable of 

reducing post-harvest losses38, among others. However, there is plenty of room for 

improvement in the irrigated agriculture supply chain: from soil preparation and 

fertilization, seeding and irrigation, to the plant growth phase, followed by the crop harvest, 

and post-harvest storage and transportation. Significant opportunities exist related to 

controlled release of fertilizers, bio-stimulants for plant growth, flowering/fruiting, 

combating pests, and improving plant tolerance to heat, water, and salt stresses. We are 

most interested in developing nature-inspired sustainable technologies to enhance the 

water-use efficiency in arid land agriculture via surface engineering. 

 

1.2. Dissertation objectives 

The main objectives of this dissertation were: (i) to develop and optimize the 

superhydrophobic sand (SHS) mulches towards a low-cost, sustainable technology to 

reduce water evaporation from the topsoil in hot and dry regions, such as the Middle East; 

(ii) to quantify the effects of this technology on crops grown in fields under real arid 

conditions; and (iii) to understand the potential environmental impacts of the technology. 
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To gain insight into the factors and mechanisms underlying the mulching action of SHS, 

we devised elementary experiments with liquid marbles — the simplest case of mulching 

— to quantify the evaporation behavior as a function of particle size and chemical make-

up and interparticle static friction. We also explored the synergistic effects of biochar as a 

complementary soil-amendment and net carbon-negative technology on plants grown in 

poor sandy soils via a pot-scale study at the KAUST Plant Growth facility. 

 
 

1.3. Soil amendments for aridland agriculture and afforestation 

Agriculture and afforestation giga-projects39 in arid and semiarid lands are posed 

with a myriad of natural challenges: the most obvious ones being the lack or reduced levels 

of freshwater, the low aridity index (defined below), and soils characterized by high levels 

of sand and salinity, combined with typically high temperatures and intense solar radiation. 

These factors contribute to high levels of potential evapotranspiration, which is defined as 

the potential water loss through evaporation and transpiration for a specified crop in a 

certain region40. The aridity index indicates the degree of dryness of the climate in a certain 

region, and it is estimated by the ratio of mean annual precipitation over the potential 

evapotranspiration40. The lower the aridity index, the more arid the region (Table 1.1). 

 

Table 1.1 – Aridity index classification40, 41 

Aridity index Climate 
< 0.03 Hyper-arid 

0.03-0.2 Arid 
0.2-0.5 Semi-arid 
0.5-0.65 Dry sub-humid 

>0.65 Humid 
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The aridity index correlates with the density of natural vegetation (Fig. 1.3). The 

Middle East and North Africa (MENA) region is well defined in the map in Fig. 1.3 by 

mostly arid and hyper arid climates. Parts of the United States of America (USA), China, 

India, Australia, the south of Africa, and South America also contain vast regions with arid 

and hyper arid climates.  

 

 

Fig. 1.3 – Aridity index global map. The index correlates with the density of natural 

vegetation. Image taken from Trabucco and Zomer40 under the Creative Commons License 

CC BY 4.0. 

  
Not surprisingly, arid and semi-arid regions typically present low biodiversity, thus 

the environmental impact of agricultural expansion over these areas could be significantly 

lower in comparison with that in tropical rainforests, the most biodiverse places on Earth42. 

Thus, cultivation of these marginal lands could present a viable source of food for the local 

populations without having a large environmental impact. However, in order to cultivate 

these regions with crops or trees, a sustainable source of freshwater irrigation has to be 

implemented. This source of freshwater can, for instance, be realized from a river or 
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rechargeable (renewable) wells, captured and stored rainwater, or from treated wastewater. 

The last source (treated wastewater) can sometimes be controversial, especially when used 

for agriculture due to the public’s fear of contamination43-45. An additional source of 

renewable freshwater at scale could be realized via the desalination of water via reverse 

osmosis (RO), which currently operates at efficiencies close to the thermodynamic limit. 

Obviously, RO water can only be considered renewable if the primary energy source used 

is derived from a renewable source, such as solar or wind. However, this is not a common 

or viable practice as renewable energy faces cost limitations and competition from cheaper 

sources, like fossil fuels. Nevertheless, freshwater is a precious commodity worldwide, and 

more especially in arid regions. Therefore, inefficiencies in the agricultural and 

afforestation systems must be addressed if the challenge of cultivating sustainably in 

aridlands is ever to be overcome.  

Technologies for controlling the water and nutrient balances in the soil–plant–

atmosphere system are needed to facilitate plant growth with high water-use efficiency in 

aridlands. Next, we present some of the most promising technologies available for 

agriculture and afforestation in aridlands. Many of these technologies are in the early stages 

of development and various aspects of their economic, environmental, and long-term 

impacts have not yet been fully explored. Therefore, we preface the following sections by 

noting that multiscale transdisciplinary efforts must be undertaken to pinpoint the effects 

of these strategies on plants, soils, the soil microbiome, the atmosphere, groundwater, and 

ultimately, on food34, 46. 
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1.3.1. Superhydrophilic materials 

Superabsorbent polymers can absorb more than hundred-times their mass of water. 

Many experiments in agriculture have used potassium polyacrylate and polyacrylamide 

(Fig. 1.4)47-49. Polyacrylates contain carboxylate groups that renders the polymer 

superhydrophilic. These polymers ionize in the presence of water, form strong hydrogen 

bonds with water molecules, and have the capacity to swell. Thus, they increase the soil 

water holding capacity, 𝑆𝑆>@G, and can exchange ions, increasing the soil cation exchange 

capacity, CEC. A soil with higher 𝑆𝑆>@G loses less water through percolation and exhibits 

higher resilience to support plants during periods with less frequent irrigation or rain50. 

 

 
Fig. 1.4 – Superabsorbent polymers (SAP). (A) Chemical structure of the two most 

common polymers used in agricultural applications. (B-C) Photographs of 9 g of SAP 

(potassium polyacrylate) mixed with different volumes of water (250 mL, 800 mL, 700 mL 

from left to right) and common sand (480 g, rightmost flask) showing the absorption 

capability of the polymers. Note that the polymer was added in excess for display purposes 

and that it did not swell to its maximum potential, vide the presence of white unsaturated 

polymers at the bottom of the flasks. 
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1.3.2. Natural and artificial mulches 

Natural mulching consists of covering the soil with the biomass from the previous 

crop cycle by avoiding soil tillage. This practice has several benefits for the soil, as it 

conserves moisture, reduces soil aeration due to tillage, and therefore slows down the 

degradation of the buried biomass and thereby increases soil organic matter. This approach 

is not scalable to commercial farming. Low-density polyethylene (plastic) mulches have 

been widely employed in developed countries to cover the soil around the plants to 

conserve moisture, and reduce weed infestation and nutrient leaching22, 51 (Fig. 1.5). 

Though beneficial to plants, this approach is infrastructure-intensive and plastic landfilling 

is unsustainable51. For example, plastic mulches are currently responsible for over 10 Mt/yr 

of plastic landfilling in China alone. In response to this problem, biodegradable plastics are 

being vigorously pursued, but their success to date has been limited due to their high cost, 

slow or incomplete biodegradability, and time-varying wetting properties after 

deployment51-53. Additionally, subsurface impermeable layers are sometimes employed to 

limit water loss due to percolation; however, their installation is expensive and labor-

intensive54, 55. 
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Fig. 1.5 – Plastic mulch used for tomato crop in our field trials at Hada Al Sham, Saudi 

Arabia (21.79° N, 39.72° E). 

 

1.3.3. Surface-active materials 

Surfactants have been employed to aid the breakup of droplets in sprays for 

agrochemical applications and to improve foliar uptake and retention56-58. It has been 

argued that surfactants act on the waxy layer that cover the leaves of plants allowing for 

better absorption of the active ingredient59. Materials that facilitate the controlled uptake 

of active molecules in agriculture, be it on the leaf or in the soil-root system, will be of 

fundamental importance for the future of agriculture60, 61. As in medical applications, the 

controlled release of molecules, e.g., agrochemicals, biostimulants, or fertilizers49, 62, is 

desirable in agriculture not only because it can spread out the dose over time, but also to 

avoid losses to the environment that contribute to pollution. However, unlike in medicine, 

agriculture has very tight constraints on the cost of materials. Thus, new materials should 

be cheap to manufacture and easily scalable. Perhaps the most promising technology for 
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controlled release of fertilizer molecules is biochar, which we describe in the following 

section. 

 

1.3.4. Biochar 

Biochar has been a topic of intense research in the past decades due to its immense 

potential for carbon sequestration and soil fertility enhancement63-65. Biochar is a surface-

active and extremely stable form of carbon. It does not get degraded easily via microbial 

activity in the soil and exhibits a half-life of hundreds to thousands of years64, 66, 67. Biochar 

soil carbon sequestration involves CO2 removal from the atmosphere into the soil through 

agricultural crops or forest residues. For example, biochar can be made from sources of 

biomass that originally used atmospheric CO2 to grow through photosynthesis, such as 

agricultural residues68, 69, date palm leaves, domestic organic waste, animal manures,70 and 

wastes from the papermill industry71. Chemically, biochar can be simply defined as 

multiple layers of aromatic rings with functional groups such as alcohols, ketones, amines, 

and carboxylic acids (Fig. 1.6C). These groups provide negative sites on the surface of the 

biochar that can bind cations; thus, biochar significantly increases the CEC of the soils, 

while oxonium and pyridine groups contribute to a higher anion exchange capacity (AEC). 

Additionally, since biochar maintains the porous structure of the original biomass (Fig. 

1.6A-B), its surface area can be high (~5–600 m2/g); the surface area can be further 

enhanced via chemo-mechanical treatments. The high surface area also helps to expose the 

oxygenated groups to the soil nutrients and also provide a suitable environment for the soil 

beneficial microbiota to grow72. Also, biochar can adsorb potentially harmful molecules 
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that may come from wastewaters, and reduce the leaching of these molecules into 

groundwater sources73, 74. 

 
Fig. 1.6 – Biochar characterization. (A-B) Electron micrographs of barley biochar grown 

in Hada Al Sham and pyrolyzed in a batch reactor at 500 °C at KAUST. (C) Proposed 

molecular structure of biochar based on 13C-NMR, ESR, XRD analyses, and H–C bond 

distance measurements by Lehman67 and Schmidt-Rohr65. The carboxylic acid groups 

significantly increase the soil cation exchange capacity (CEC), while the oxonium and the 

pyridinium groups contribute to a higher anion exchange capacity (AEC). Overall, soil 

fertility is enhanced, e.g., biochar acts like a sponge that stores and releases nutrients as 

plants need them. Photographs of (D) date palm and (E) tree leaf biochar made at KAUST 

in a batch and a continuous reactor, respectively. 

 

Thermodynamics mandates that in order to convert CO2, a low–density and low–

energy gas, into a stable and high–density form for long–term storage (sequestration), 

energy has to be added into the system. This has been the Achilles’ heel for most carbon 

capture technologies; they necessitate a form of renewable energy, e.g., solar or wind, in 

order to capture CO2. Inputting renewable energy for carbon sequestration makes little 

economic sense, since the renewable energy could be used directly to replace other forms 
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of fossil fuels to begin with. Biochar, however, gets its energy from sunlight. When 

biomass grows, it uses solar energy to photosynthesize biomass from CO2 and water (Eq. 

1.3), in other words, plants are just very cheap solar panels. Next, through anoxic thermal 

degradation, i.e., pyrolysis, biomass gets converted into biochar (Eq. 1.5). The energy to 

power this process comes from the biomass itself via combustion of ~60% of the biomass 

(represented by a glucose molecule), and the bio–oil and syngas products from the 

pyrolysis (Eq. 1.4). The equations below show a simplified chemical balance for the whole 

process.  

 

 

 We performed a full lifecycle assessment (LCA) for biochar production from maize 

residue with data from the United States. Overall, our analysis suggests converting the 

maize straw residue into biochar at the end of the crop cycle could capture ~800 kg of CO2 

per hectare per crop cycle. This result is underscored by the fact that, currently, maize crops 

in the USA emit 2.3 tons of CO2 per hectare due to heavy use of fossil fuels for fertilizer 

production, the manufacture of machinery, grain processing, and transportation. Details of 

the biochar LCA, along with our efforts in biochar reactor design, biochar activation, and 

biochar loading with nutrients for soil amendment, are shown in Appendix for Chapter I.   
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1.4. Discussion and perspectives 

The use of fertilizers along with intense mechanization of agriculture has allowed 

large scale production of food, which has led to substantial improvements in our capacity 

to feed the planet75. Precision agriculture, the use of information technology, sensors, and 

remote sensing represent exciting areas for further technological advances76-79. Yet, as 

agriculture keeps pushing the boundaries for higher efficiencies in producing food with 

limited water and cultivated areas, soils inevitably present an attractive frontier. Enhancing 

soil properties and precisely controlling water, heat/energy, and nutrient flows in the plant–

soil–atmosphere environment will be of great importance in future agriculture. These 

advances may possibly be realized with the addition of soil amendments, as discussed in 

this Chapter. Genetically modified microbes could also potentially be used to modify soil 

properties, enhance nutrient availability, control pests or diseases, and more80. 

Agriculture could serve as a tremendous vehicle for geoengineering, i.e., 

engineering with the potential to change things at the global scale. In fact, agriculture 

already generates profound global effects; even though these effects are not the main 

purpose of agriculture. To use agricultural activities as a geoengineering tool, we could 

reverse some of the negative effects of human activities.  

Sunlight is our primary source of renewable energy, and to capture this energy, we 

need surface area exposed to the sun. In this regard, agriculture is the greatest human 

footprint in terms of used surface area on the planet: it accounts for ~51 million km2, which 

is ~50% of the current habitable land (excluding glaciers and deserts), or roughly one third 

of the total land area of the planet81, 82. This enormous surface area, coupled with the ability 

of plants to directly harvest solar energy through photosynthesis, presents an opportunity 
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for sustainable geoengineering. The core concept of biochar relies on the energy naturally 

harvested by the plants to fix CO2 in the form of stable solid carbon in the soil. The energy 

part of this equation is of utmost importance; since we have to move against entropy to 

change a system from its equilibrium or to reverse any human-made action on the planet, 

such as reducing CO2 levels in the atmosphere. To do so, energy has to be inputted in the 

system. Therefore, photosynthesis could power this process. Theoretically, through 

advances in biotechnology, one could envision not only the control of the carbon cycle, but 

also of other elements/molecules such as nitrogen, ozone, terpenes, etc. These 

geoengineering approaches could potentially be subsidized by enhanced agricultural 

productivity and efficiency. 
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2. CHAPTER II – Fundamentals of hydrophobicity 

 

2.1. Introduction 

In this Chapter, we explore the fundamentals of hydrophobicity based on balancing 

interfacial forces. Then, we introduce the processes and techniques developed to render 

sands and silica particles hydrophobic, such as chemical bonding via silanization and 

deposition of paraffin wax with and without organic solvents. 

When a liquid is placed on a smooth flat surface, the liquid molecules experience 

two types of forces: (i) cohesion forces among the liquid molecules themselves, and (ii) 

adhesion between liquid molecules and the solid interface. At equilibrium, these forces 

balance out and the liquid droplets reach a stable configuration. Note that the time-

dependence of these configurations and wetting transitions is a rich field of research53, 83-

86. The observed angle that a droplet of a liquid forms with the solid–vapor interface 

(measured from the liquid phase towards the vapor phase) is defined as the apparent contact 

angle, 𝜃𝜃-87. If liquid is added/removed from the droplet, then the droplet advances/recedes 

on the surface after it reaches critical values of angles, now defined as the 

advancing/receding angles (𝜃𝜃-.4/𝜃𝜃1#5). Apparent contact angles can be experimentally 

measured and depend on the surface heterogeneity (chemical or topographical), the rate of 

addition/removal of liquid, and even the droplet size. In the context of the last factor, 

capillary length is defined as the length scale above which size inertial effects overtake 

capillary forces. Force balance due to interfacial tensions at the liquid–solid, solid–vapor, 

and liquid–vapor interfaces – 𝛾𝛾*?, 𝛾𝛾?H, and 𝛾𝛾*H – can provide insight into advancing, 

apparent and receding contact angles at the solid–liquid–air contact point88, 89. The 

established Young’s equation90 relates interfacial tensions at the triple line with the 
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intrinsic or actual contact angle (𝜃𝜃!), which is difficult to pinpoint experimentally but 

pertains to thermodynamic equilibrium91. However, an encompassing theory of explaining 

contact angle hysteresis, defined as 𝜃𝜃-.4 − 𝜃𝜃1#5, remains elusive92-96. For smooth surfaces, 

when the apparent contact angle (sometimes also expressed as 𝜃𝜃! in the scientific literature) 

𝜃𝜃- < 90°, the surface is hydrophilic (Fig. 2.1A), and when 𝜃𝜃- > 90°, the surface is 

hydrophobic (Fig. 2.1B). Moreover, surface roughness has a profound effect on wetting. 

For instance, by combining surface roughness with a hydrophobic coating, a 

superhydrophobic surface can be realized, and is characterized by 𝜃𝜃- > 150° and contact 

angle hysteresis < 20° 97-99. Another interesting outcome of surface roughness due to sharp 

corners and edges is that the apparent contact angle of a droplet going over (advancing) on 

such a feature is measured relative to the projection of the dry surface, as shown in Fig. 

2.1C-D – this is known as the edge effect100. In this scenario, the apparent angles on 

hydrophilic surfaces may appear to be 𝜃𝜃1 > 90°. These considerations are crucial for the 

wetting of grains. Note, we discuss air entrapment at the L–S interface of SHS and wetting 

transitions later in the chapter. 
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Fig. 2.1 – Wetting diagram for the interaction of a liquid and a solid. Cross-section of 

smooth and flat (A) hydrophilic and (B) hydrophobic surfaces. Sharp edge effect for (C) 

hydrophilic and (D) hydrophobic surfaces. When the liquid meniscus is advancing over a 

solid edge, the apparent contact angle, 𝜃𝜃-, has to be considered relative to the projection of 

the dry surface, and the contact angle can assume values such as 𝜃𝜃I or 𝜃𝜃J. The liquid 

curvature in (D) has been exaggerated and an appropriate force balance has to be 

considered to minimize the curvature, and therefore, the Laplace pressure, 𝑃𝑃*, of the curved 

liquid. 

 

Now, let us consider a cylindrical pore partially imbibed with water (Fig. 2.2). One 

can apply a force balance at the solid–liquid–air contact point, such that the resultant force 

along the vertical direction and the wet perimeter of the cylindrical pore is 𝐹𝐹1#7 =

𝛾𝛾*H cos 𝜃𝜃- 2𝜋𝜋	𝑟𝑟)!1#. By triangle comparison, we obtain: 

cos 𝜃𝜃1 =
K!"#

JL	N$%!"	O&'
= N$%!"

N()!*
     Eq. 2.1 
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Dividing by the cross-sectional area, 𝜋𝜋	𝑟𝑟)!1#J, we get the Laplace pressure, 𝑃𝑃*.  

𝑃𝑃* =
K!"#
P
= JL	O&'	N$%!"+

N()!*	(L		N$%!"+)
     Eq. 2.2 

Such that: 

𝑃𝑃* =
J	O&'
N()!*	

      Eq. 2.3 

 If the cross-section of the cylinder is not a circle, one can divide the cross-section 

into different curvature sections. Let us say one such pore had two radii of curvatures; thus, 

we could use a simple mean to calculate the effect on the resultant pressure88: 

𝑃𝑃* =
K!"#_-SK!"#_+

P
= I

L	N$%!"+
nL	O&'	N$%!"

+

N()!*_-
+ L	O&'	N$%!"+

N()!*_+
p   Eq. 2.4 

Then: 

𝑃𝑃* = 𝛾𝛾*H n
I

N()!*_-
+ I

N()!*_+
p     Eq. 2.5 

 

 
Fig. 2.2 – Surface force diagram for water filling a cylindrical pore. Cross-section views 

of smooth (A) hydrophilic and (B) hydrophobic cylindrical pores. Green arrows indicate 
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the direction of the Laplace pressure, i.e., always towards the concave side of the interface. 

In the absence of air, the pressure of the pore is same as the vapor pressure of water. 

 

 Next, let us consider the case of a cavity filled with water between two hydrophobic 

plates separated by a distance, d (Fig. 2.3A). As the plates approach each other, at a few 

nanometers apart, they might reach a state of metastability if the difference between the 

pressure of the liquid,	𝑃𝑃FET, and the vapor pressure of water at the given temperature, 𝑃𝑃4-), 

is lower than the Laplace pressure, 𝑃𝑃* >	𝑃𝑃FET − 𝑃𝑃4-). Thus, the preferred thermodynamic 

state would be a pocket of water vapor at 𝑃𝑃4-), i.e., a cavitation bubble101 (Fig. 2.3B).  

 

 
Fig. 2.3 – Schematic representation of the formation of cavitation in a small hydrophobic 

cavity. (A) Cross-section of two surfaces approaching each other in liquid water, 

representing a metastable state for small distances, 𝑑𝑑. (B) Formation of a cavitation bubble 

of water vapor between the two hydrophobic surfaces. Green arrows indicate the direction 

of the Laplace pressure, which is much greater than the vapor pressure of water for 

sufficiently small 𝑑𝑑. The illustration in (B) is not the final state, since the liquid menisci 

would tend to be repelled from the pore and equilibrate at the edges; or, alternatively, if the 

hydrophobic solids were not fixed in place, they could jump into contact due to the capillary 
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forces, as observed in Surface Force Apparatus (SFA) experiments with degassed water102-

104. 

 

The state drawn in Fig. 2.3B is temporary, and will eventually: (i) expel the water 

from the cavity if the plates are held sufficiently to overcome the resultant of the interfacial 

forces in the x-axis; or (ii) the plates will jump into contact with each other if they are only 

loosely held apart. For the second case, the cavitation bubble might be undetectable, as the 

plates will start to move as soon as there is an instability in the liquid. We speculate that 

this instability is related to the orientation of the water molecules. At around 10 nm, the 

surfaces will be roughly ~30 water molecules apart. This number might be low enough that 

thermal fluctuations can create a temporary instability chain that produces a cavitation 

bubble. In Fig 2.4, we calculate the Laplace pressures for cavities of varying separations, 

d. We found that the meta-stability region starts below ~190 nm. Experimental results for 

degassed water show that when the cavity reaches separations of ~10 nm, the plates jump 

in contact with each other102. We predict that higher temperatures, higher vapor pressures, 

lower liquid pressures, and more hydrophobic surfaces might all increase the jump-in 

distances. This simple explanation based on a common surface science equation might 

challenge the understanding of so-called “hydrophobic force”101, 102, 105. It is noteworthy 

mentioning that in SFA experiments, the radius of curvature parallel to the hydrophobic 

plates is much larger than the orthogonal one, thus, the former has a much lower influence 

in the overall effect on the Laplace pressure. However, for other systems, all radii of 

curvature of the meniscus must be taken into account, since multiple radii of curvature can 

diminish Laplace pressures depending on their orientation. 
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Fig. 2.4 – Pressure balance for a water vapor bubble in a hydrophobic cavity. Hydrophobic 

interface with an intrinsic contact angle, 𝜃𝜃∘ = 105° (Eq. 2.2). Notice that for cavity sizes 

below 190 nm, the Laplace pressure is greater than 𝑃𝑃FET − 𝑃𝑃4-). Thus, at equilibrium, the 

cavity should contain no liquid water. However, experimental results for approaching 

surfaces, i.e., decreasing plate distances starting from fully immersed liquid as in Fig. 2.3, 

show that the cavity contains liquid until ~10 nm size102, indicating a metastable 

equilibrium for pores of ~10-190 nm. Note that this simulation only considers the smallest 

radius of curvature of the meniscus between two hydrophobic plates; this is because in SFA 

experiments, the larger radius of curvature is much larger, and thus, it has a lower influence 

in the Laplace pressure. We considered 𝛾𝛾*H = 72 mN/m for water. 

 

2.2. Hydrophobization techniques 

There are two main techniques to render a surface hydrophobic, namely 

chemisorption and physisorption, as discussed below. Chemisorption is achieved by 

chemically bonding hydrophobic molecules onto a surface. Silanization is a popular and 
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simple method for surfaces with oxide groups, such as silica (details in the following 

section). On the other hand, physisorption relies on the intermolecular forces between the 

hydrophobic molecules and the surface, e.g., van der Waals and electrostatic forces103. 

 

2.2.1. Silanization coating protocol 

Here, we focus on silica surfaces, whose chemistry has been extensively studied106. 

Indeed, silanization reactions enable precise control of the chemical make-up of silica 

surfaces107 – their wettability can be tuned from hydrophilic to hydrophobic by varying the 

length/composition of the alkyl (R) chains and the coating density, i.e., how much the 

surface is covered with the molecules by varying the coating times (Fig. 2.5). Previously, 

we utilized silanization reactions to alter the wetting properties of silicon wafers108, mica 

surfaces109, and hollow glass beads110. In this work, we started with silica sand and 1 cm2 

pieces of silicon wafer that were first washed to remove surface contaminants. The wafer 

and particles were stirred in a beaker with acetone for 1 h, then filtered, rinsed with ethanol, 

and dried at 100°C for 6 h in an oven. Subsequently, their surface was activated in piranha 

solution (3:1 volume ratio of 99.9% sulfuric acid and 30% hydrogen peroxide) for 10 min 

at 130°C. The activation step creates hydroxyl groups on the surface silica, which are the 

binding sites for the silane molecules (Fig. 2.5A)111. Then, the piranha solution was 

removed by thoroughly rinsing the wafer several times with deionized water. Next, the 

piece of wafer and particles were dried at 100°C for ~2 hours, cooled, and the silanization 

reactions were performed immediately with 1 g of particles, the wafer piece and 70 mL of 

a 1% solution (by volume) of silane in toluene in a beaker at 40°C with stirring at 300 rpm 

for 3 h. The particles and wafer were subsequently rinsed in toluene several times to remove 
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the unreacted silanes, oven dried at 100°C, and stored in glass vials. Then, the surface 

advancing and receding contact angles on the piece of wafer were measured using a Kruss 

Drop Shape Analyzer (DSA100) with deionized water at flow rates of 16 µL s−1 (Table 

2.1). A more complete description of results obtained for the silanization method is 

presented in Chapter III.  

 

 

Fig. 2.5 – Silanization of silica particles and confection of liquid marbles. (A) Silanization 

process. (B) Various hydrophobic surface compositions obtained using silanes. 

 

Table 2.1 – Contact angle characterization for different silanes. 

Functional group Adv. angle, 𝜽𝜽𝐚𝐚𝐚𝐚𝐚𝐚 (°) Rec. angle, 𝜽𝜽𝐫𝐫𝐫𝐫𝐫𝐫 (°) 

Octyltriethoxy 81 50 
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Octadecyl 114 102 
Phenyl 101 73 

Phenethyl 98 59 
10-Undecenyl 99 50 

11-Bromo undecyl 107 58 
 

2.2.2. Dissolved wax coating protocol 

In nature, several super-water-repellent plants and animals exploit waxy cocktails 

and micro- or nano-textures to achieve superhydrophobicity to perform critical functions, 

including fog harvesting in arid conditions,112 skating on and launching from the water 

surface to avoid predators,113, 114 directing the movement of condensed water,115, 116 and 

respiring under water117. Analogously, SHS is comprised of common sand grains coated 

with a nanoscale layer of paraffin wax, a low-cost and biodegradable hydrophobic material 

that is available at the industrial scale118-120.  

SHS can be produced by dissolving common paraffin wax in hexane (or any other 

organic solvent that dissolves wax and does not react with the components of sand), mixing 

the solution with common sand, and evaporating hexane from the mixture at ~100 mbar 

and 55°C (Fig. 2.6). Then, the hexane is simultaneously condensed and collected in a 

separate container for reuse during the process. The sand comprised silica particles 100–

700 µm in diameter (Fig. 1.2B; particle-size distribution of sandy soil for comparison). 

This process led to the formation of a 20-nm-thick wax coating onto the sand grains, which 

we estimated from the mass, volume, and density of the wax, Brunauer–Emmett–Teller 

(BET) surface area of the sand (0.11 m2/g), and wax-to-sand mass ratio of 1:600. In 

addition to hexane, pentane octane, cyclohexane, diethyl ether, dichloromethane, methyl-

t-butyl ether, petroleum ether (ligroin), chloroform, tetrahydrofuran, and triethyl amine 

were tested as solvents; however, no significant differences were observed with respect to 
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the water-repellent properties of the resulting SHS. Further, a variety of natural waxes were 

also tested, including palm wax, soy wax, and beeswax; the resultant sand samples 

exhibited superhydrophobicity (details in Section 2.3). Given the large scale of agricultural 

operations, we chose to use paraffin wax. 

The method described step-by-step below was used to produce SHS for our field 

experiments, which are described in the following Chapters.  

1. Starting materials:  

1.1. Common sand or sandy soil. 

1.2. Blocks of paraffin wax (melting point 60–65°C), grated to shavings of <1-mm 

size. 

2. The wax shavings were dissolved in approximately 10 L of hexane. 

3. Then, 50 kg of common sand was added to a 60-L evaporator. 

4. The wax/hexane mixture was added to the evaporator flask to achieve a wax-to-sand 

ratio of 1:600 for common sand. Note that concentrations as low as 1:2000 (wax/sand) 

achieved superhydrophobicity for common sand (1:600 wax to sand; or 1:100 wax to 

sandy soil). 

5. Next, the temperature of the evaporator was gradually increased from 22°C to 55°C 

and the pressure was reduced from 1 atm to 100 mbar to evaporate the hexane, which 

was condensed and collected for reuse (recovery rate of ~99%). 

6. The pressure was normalized and SHS was collected and stored for use. 

Note: Due to the flammability of the organic solvents used in this manufacturing 

protocol, potential sources of electrical sparks, such as cell phones, match sticks, and static 
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charge, must be avoided and the setup must be installed in a well-ventilated area. All 

components of the setup were electrically grounded to avoid electric sparks.  

 

 

Fig. 2.6 – Photograph of the dissolved wax coating setup. Sand or sandy soil is loaded into 

the evaporator flask (~50 kg) along with a solution of paraffin wax (1:600 wax to sand; or 

1:100 wax to sandy soil) in hexane (1 L:5 kg, hexane to sand/sandy soil). The bath 

temperature was set at 55 °C and the pressure was reduced to 100 mbar to evaporate the 

hexane, which was condensed and collected for reuse.  
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2.2.3. Molten wax coating protocol 

One of the biggest obstacles to the scalability of the SHS technology was the need 

for high-purity sieved silica sand, which limits the potential for scaling the operation due 

to the high costs involving in purchasing and transporting large volumes of sand. To 

address this, we turned to using the sandy soil (loamy sand) available at our experimental 

field, in Hada Al Sham, Saudi Arabia (21.79° N, 39.72° E). However, the collection of soil 

in–situ can only be accomplished if the local soil is suitable for the process. Since this 

method relies on chemical deposition of waxes onto the soil grains, the higher the surface 

area of the soil, the higher the volume of wax needed to cover the grains with a certain 

thickness of wax (~20 nm). Thus, it is desirable to use a soil with low porosity and surface 

area, low silt and clay contents, or, ultimately, separate the low-porosity sand from these 

fractions via cyclone separation. 

The molten wax coating method described step-by-step below can be used to coat 

sand or sandy soil: 

1. Starting materials:  

1.1. Local sandy soil, with a high sand content (>80%). 

1.2. Blocks of paraffin wax (melting point 60-65°C; 1:600 wax to sand; or 1:100 wax 

to sandy soil). 

2. The materials are added to the rotary mixer and the burners are ignited. 

3. The materials are mixed for ~0.5-1 h under heat until reaching about 75°C. 

4. The contents are unloaded and stored for later use. 

 



 

 

57 

 

Fig. 2.7 – Photograph of the molten wax coating setup for in–situ SHS manufacturing. 

Sand or sandy soil (250 kg) is added to the rotary mixer along with paraffin wax (1:600 

wax to sand; or 1:100 wax to sandy soil). A six–head gas stove is built under the rotary 

mixer to provide heat to melt the wax. The soil is mixed under heat until reaching about 

75°C. 

 
2.2.4. Evolution of coating equipment 

Initially (2018-2019), we used the dissolved wax method. This method was slow 

and required high volumes of solvents. Our first three reactors were vacuum rotary 

evaporators made of glass (Fig. 2.8): the bench-scale reactor had an internal volume of 

~0.5 L with a production capacity of ~200 g of SHS per batch. Then, for the first field 

trials, we produced SHS in a 20 L rotary evaporator with a capacity for 10 kg sand per 

batch; the batches took around 1.5-2 hours to prepare, with a daily capacity of ~60 kg. Then 

we moved to a bigger volume rotary evaporator with 20 kg capacity per batch and ~120 kg 
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per day. We noticed that since the evaporator flasks were round and smooth, the sand was 

not being mixed properly and was just sliding as the evaporator rotated. Therefore, we 

decided to add a fixed metal evaporator flask. However, this flask had the drawback of 

depositing thicker coatings on the sand closer to the bottom of the flask due to the gradual 

increase in the wax concentration as the solvent level decreased. The large batch size (60 

kg) and production capacity, and ease-of-use more than made up for the loss of 

homogeneity in the SHS coating. Nevertheless, the molten wax method was slow and 

limited the size of our initial field trials. Thus, we decided to adapt a commercial cement 

mixer with burners underneath to produce SHS via the molten wax method; this mixer had 

a volume of 500 L and a batch capacity of 250 kg, which allowed us to reach a daily 

production capacity of 1500 kg, an increase of 250 from our first reactor. This high 

production throughput allowed us to produce sufficient amounts of SHS for the 2020-2021 

field trials.  
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Fig. 2.8 – Evolution of SHS manufacture over time. (A-D) Scale-up for vacuum 

evaporators from <1 L to 60 L. (E) Field-deployable prototype that produces up to 250 kg 

SHS per batch. 

 

2.3. SHS characterization 

To characterize the paraffin wax used in our experiments, we performed gas 

chromatography mass spectrometry (GCMS) on a 7890A Agilent Gas Chromatograph 

equipped with a DB-5ms GC column (30 m, 0.25 µm; Fig. 2.9). Paraffin wax was dissolved 

in cyclohexane (~10-1 M) and analyzed over a temperature ramp of 50 °C to 120 °C at 15 

°C/min, then held for 5 min, then increased up to 320 °C at 15 °C/min, then held for 7 min. 
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We used hexadecane (n = 16) as an internal standard. Then we fitted a quadratic equation 

to the number of carbons in the alkane as a function of the retention time and then aligned 

the peaks with the known peak for hexadecane. Our paraffin wax was a mixture of 

hydrocarbons with tails of 27–37 carbons. Table 2.2 shows the concentrations of the 

alkanes in the wax; C32H66 was the alkane with the highest concentration (16%).  

 

Fig. 2.9 – Gas chromatography analysis of paraffin wax. Paraffin wax was dissolved in 

cyclohexane (~0.1 M) to determine the chain lengths of the constituent alkanes (n) in red. 

The relative compositions of the alkanes are presented in Table 2.2. Note: hexadecane and 

hexadecanoic acid were used as internal standards.  

 

Table 2.2 – Chemical composition of the paraffin wax used in our experiments, obtained 

via GCMS. The general formula for linear-chain alkanes is CnH2n+2. 

Retention time (min.) Number of carbons in the 
alkane (n) 

Molar fraction 

21.2 27 0.7% 
21.8 28 1.9% 
22.3 29 4.3% 
22.9 30 12.5% 
23.4 31 15.1% 
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24.0 32 16.3% 
24.7 33 14.0% 
25.5 34 13.1% 
26.4 35 10.1% 
27.4 36 8.4% 
28.7 37 3.6% 

 

We measured the carbon and proton nuclear magnetic resonance (13C-NMR, 1H-

NMR) spectra of the paraffin wax by NMR using a 500 MHz Bruker Automated sampler. 

We performed 256 scans and 512 scans for 13C-NMR and 1H-NMR, respectively. We 

dissolved samples of paraffin wax in deuterated chloroform (~10-1 M) in 5-mm NMR tubes. 

The 13C-NMR spectra in Fig. 2.10A show a major peak around 29–30 ppm and peaks at 

22.8 and 32.1, which correspond to carbons from CH2121. The less intense peak at 14.1 ppm 

corresponds to carbon from CH3 121. The small signal at 34 ppm could be an indication of 

CH in some ramifications. The lack of peaks above 40 ppm indicates the absence of double 

bonds or functional groups, such as acids, esters, or alcohols. In the 1H-NMR spectra (Fig. 

2.10B), the strong signal around 1.3 ppm is indicative of H from CH2 and the peak at around 

0.9 ppm indicates H from CH3 122. The deuterated chloroform peak appears at 7.25 ppm. 

Thus, the NMR data confirmed the wax is mostly a mixture of linear-chain alkanes without 

functional groups.   
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Fig. 2.10 – (A) Carbon13 and (B) hydrogen1 nuclear magnetic resonance spectra of our 

paraffin wax. Paraffin was dissolved in deuterated chloroform (~10-1 M) for this analysis. 

 

2.3.1. Superhydrophobic silica sands 

We did not notice any significant differences at the macroscopic level in terms of 

the wetting of SHS produced via the dissolved wax and the molten wax methods. However, 

the mixing time or wax gradients in the solvent may lead to microscopic inhomogeneities. 

The results below were obtained using sieved silica sand (100 µm < particle size < 700 

µm) coated via the dissolved wax method. 

The water repellency of sand grains dramatically increased after wax coating (Fig. 

2.11). The grain-level apparent contact angles, 𝜃𝜃-, of water microdroplets formed by 

condensing water vapor onto individual sand grains increased from 𝜃𝜃- ≈ 30° (for ordinary 

sand) to 𝜃𝜃- ≈ 105° for SHS (Fig. 2.12). The advancing (𝜃𝜃-.4) and receding (𝜃𝜃1#5) contact 

angles of ≈10 µL of water droplets advanced and retracted at 0.2 µL/s on ~10-mm-thick 

SHS layers were 𝜃𝜃-.4 ≈ 160° and 𝜃𝜃1#5 ≈ 150°, respectively, which are characteristic of 

superhydrophobicity. Water droplets of ~30 µL impacted a 5 mm-thick layer of SHS from 
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a height of ~2 cm and bounced off and re-landed, forming liquid marbles123 (Fig. 2.11B). 

The factors and mechanisms underlying the superhydrophobicity of SHS are presented in 

the Discussion section.  

Next, we characterized the breakthrough pressure of water on SHS, defined as the 

pressure at which water penetrates into the microtexture124. While water spontaneously 

imbibes into common sand, due to capillarity108, a 5 mm-thick SHS layer could prevent 

imbibition of the water column up to a height of h ≤ 12 cm, thereby presenting a 

breakthrough pressure of 𝑃𝑃/ = 𝜌𝜌𝜌𝜌ℎ ≈ 1.2	kPa. 

 

Fig. 2.11 – Wetting behavior of superhydrophobic sand. (A) Photograph of SHS with water 

on top, demonstrating its superhydrophobicity. (B) High-speed images of a 30-µL water 

droplet dropped onto a 5-mm-thick SHS layer from a height of 2 cm bouncing off and 

carrying a layer of particles along, akin to liquid marbles. 

 

First, we explain why micron-scale water droplets on individual SHS grains exhibit 

apparent contact angles of 𝜃𝜃- ≈ 105° (Fig. 2.12B), whereas millimeter-scale water droplets 

placed on SHS mulches, e.g., a 5 mm-thick layer, exhibit much higher values, i.e., 𝜃𝜃-.4 ≈ 
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160° (Fig. 2.11). This dramatic enhancement in water repellence arises from entrapment of 

air between the SHS grains as they come into contact with water—a hallmark of 

superhydrophobicity99, 112-117. In fact, the apparent macroscale angles can be related to 

grain-level (actual) angles via the Cassie–Baxter model, cos 𝜃𝜃-.4 = 𝜙𝜙*? × cos 𝜃𝜃! − 𝜙𝜙*H, 

where 𝜙𝜙*? and 𝜙𝜙*H are the area fractions of the real liquid–solid area and liquid–vapor area 

normalized by the projected area87, 125, 126. Assuming minimal liquid penetration into the 

SHS and that the SHS grains are smooth and devoid of reentrant geometries108, 127, the 

predicted apparent (macroscopic) contact angle for 𝜙𝜙*? = 0.1 and 𝜙𝜙*H = 0.9 yields 𝜃𝜃\ =

158°, which is in reasonable agreement with the experimental observation of 𝜃𝜃P ≈ 160°. 

This means that when a water droplet is placed on SHS mulch, the water practically hovers 

on air (because only 10% of its area touches the solid). This also underlies the effortless 

de-pinning of water from SHS (or the ultralow contact angle hysteresis of water). 

 

 

Fig. 2.12 – Representative environmental scanning electron micrographs of water droplets 

condensed on (A) common sand grains and (B) SHS grains. The apparent contact angles 

of water droplets are significantly higher in (B) than in (A). Local contact angles agree 
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with the intrinsic contact angles on a smooth silica surface ~30° for (A), and on smooth 

wax surface ~105°. 

 
We performed semi-quantitative analysis of the chemical composition of the 

surface of our sand granules using energy dispersive spectroscopy (EDS) coupled to SEM. 

As expected, the SHS surface had a higher carbon content in comparison to that of ordinary 

sand. Specifically, the atomic percentage (At.%) of carbon in normal sand was 3.3% 

(organic contaminants)128 compared to 19.5% for SHS (Fig. 2.13). The increase in the 

characteristic X-ray signal of carbon and corresponding decrease in the silicon signal 

demonstrate the addition of hydrocarbons to the surface of the sand granules. A small peak 

of gold is observed as we coated a 4-nm-thick gold layer to prevent electrical charging of 

our (otherwise insulating) samples under electron radiation. As expected, the major peaks 

are for SiO2 because the penetration depth of EDS is greater than the thickness of the wax 

coating.  

 

 

Fig. 2.13 – Energy dispersive spectroscopy (EDS) spectra. (A) Common uncoated sand 

and (B) superhydrophobic sand (SHS) with SEM images (top right insets). The high carbon 



 

 

66 

content of (B) indicates the presence of the nanolayer of wax coating. Gold was coated 

onto the sample prior to analysis to avoid a build-up of charge. 

 

Additionally, we tested the influence of temperatures above the melting point of 

wax (60–65 °C). We heated the SHS up to 120 °C for 1 hour and then let it cool down back 

to ambient temperature (23 °C). Next, we conducted typical contact angle measurements, 

and did not observe any significant changes in the coating or to the superhydrophobic 

properties of the SHS. However, temperatures higher than 120°C can thermally degrade 

the wax. Lastly, the addition of paraffin wax to the surface of the sand grains slightly 

increased the friction between the sand grains, as evidenced by an increase in the angle of 

response from ~39° to ~49° (Fig. 2.14).  

 

 

Fig. 2.14 – Angles of repose of (A) uncoated sand versus (B) SHS. The higher angle of 

repose for SHS indicates higher interparticle friction. 

 

2.3.2. Superhydrophobic sandy soils 

The abundance of sandy soils in arid lands provides a local, cheap source of sand 

for SH mulches. We managed to make superhydrophobic soils by employing both the 

dissolved wax and the molten wax protocols (Fig. 2.15). However, due to the high silt 

(~18%) and clay (2%) contents, and the high porosity of the sand itself, the surface area of 
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the sandy soil was much higher than that of pure silica sand. Thus, a much higher 

concentration of paraffin (1:100 wax to un-sieved soil) was required to achieve 

superhydrophobicity. In comparison, un-sieve silica sands required a minimum of 1:2000 

wax:sand. The SH soil made from loamy sand collected from Hada Al Sham displayed 

good hydrophobicity over short durations of exposure to water. Longer water exposure 

times led to partial wetting; these results are discussed in Chapter VI.  

 

Fig. 2.15 – Superhydrophobic sandy soil made via the molten wax method. (A) SHS made 

from local loamy sand previously sieved to partially remove smaller silt and clay fractions. 

(B) SHS mulch made entirely from non-sieved loamy sand soil; the black tube provides 

sub-surface drip irrigation below the SHS layer. (C) SHS made entirely from un-sieved 
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loamy sand soil separating a wet uncoated soil layer from a top water column. Soil was 

collected from the field station in Hada Al Sham, Saudi Arabia (21.7963° N, 39.7265° E). 

 

2.4. Methodology for determining surface area  

First, we probed the dependence of the sand surface area on the particle size 

distribution using BET measurements with Kr gas at -196℃ on silica sands, which were 

sieved to tightly control the mean size. Since these grains do not exhibit much nanoscale 

porosity, the particles have a rather low specific surface area. Furthermore, particles with 

a smaller mean size exhibited a higher specific surface area (Fig. 2.16). Next, we also 

identified the minimum amount of paraffin wax necessary to achieve robust hydrophobicity 

for all particle size distributions. These experiments were conducted in a rotary mixer at 

75°C. Paraffin wax and sand were added at varying ratios; after mixing for ~5 minutes, we 

removed the SHS, let it cool down to room temperature, and performed the test for 

hydrophobicity. The criterion for robustness was that a sessile drop of water with an initial 

volume of 20 μL placed on a layer of SHS did not infiltrate until it eventually evaporated. 

We repeated this procedure by successively adding more sand to a fixed amount of wax 

until the droplets failed the test. Curiously, during this exercise, we found a good 

correlation between the BET surface area129 and the minimum wax loading necessary to 

achieve superhydrophobicity (Fig. 2.16B). This methodology is a new way to determine 

the specific surface area of silica sand particles. We will conduct further studies to check 

if this method can be applied to other types of granular media. 
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Fig. 2.16 – Determination of surface area of sands via minimum coating with paraffin wax. 

(A) Particle size distribution of sieved sands versus their specific surface area obtained via 

the conventional BET method129. (B) Correlation between the minimum wax loading 

necessary to achieve hydrophobicity and the BET surface area, which establishes an 

inexpensive and never-before-reported method for determining the surface area of sand 

particles. Error bars in (B) represent the step sizes taken when varying the wax to sand 

ratios. 
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3. CHAPTER III – Effects of particle–particle and liquid–particle interactions on 

the evaporation of liquid marbles 

 

3.1. Introduction 

Superhydrophobic sand mulching consists in covering agricultural wet soils with a 

5-10-mm layer of SHS in order to reduce evaporation. Liquid marbles, however, are a much 

more simplistic case of mulching. Composed of water droplets covered with a thin layer of 

hydrophobic particles or powders, liquid marbles present an interesting platform to 

understand the effect of a layer of hydrophobic particles on evaporation rates130-133. The 

particle arrangement in liquid marbles prevents direct contact between the liquid and 

underlying substrate. Thus, a liquid marble is a “non-wetting soft object”134 that rolls and 

bounces like a marble when gently displaced. Curiously, aphids residing inside confined 

plant galls prepare liquid marbles to preempt life-threatening risks of getting wet by their 

own sugary secretions. To mitigate this, aphids coat the sticky secretions with wax particles 

to produce ~0.1-mm-diameter non-sticky marbles for waste disposal135, 136. Aussillous and 

Quéré were the first to report liquid marbles in laboratories130. Subsequently, many reports 

on the fundamental characteristics of liquid marbles, such as their evaporation137, 

coalescence138, physical partitioning132, viscous dissipation during rolling130, 139, and 

exposure to electromagnetic fields132, have appeared. Several potential applications of 

liquid marbles have also been explored, such as for detecting water pollution140, monitoring 

environmental gases141 and interfacial reactions142, bioreactors for blood typing143, cell 

culture and screening144-147, polymerase chain reaction assays148, electrochemistry149, 

micellar self-assembly143, 144, 146, 148, 150, 151, and magnetic translocation152-155, among 
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others131, 156-161. The majority of these fundamental and applied studies evaluated the liquid 

marbles thermo/electro/mechano/magneto-statically.  

Despite the considerable interest in and value of the above research, a unified 

framework for describing the mechanics of stressed liquid marbles, especially as they 

deflate, is unavailable. Analytical approaches for modeling the evaporation of sessile liquid 

marbles137, 162 exploit empirical parameters that may not provide physical insight into the 

role of liquid–particle interfacial tension, particle surface roughness163, particle–particle 

friction coefficient164, and other attributes such as interfacial electrification165-168. Here, we 

combined complementary experiments and theory to fill this gap. To unentangle the 

contributions of particle size, roughness, friction, and chemical make-up, we investigated 

the evaporation of liquid marbles with particle sizes varying from 7 nm–300 µm and 

chemical compositions ranging from hydrophilic to superhydrophobic. We demonstrate 

that the potential final states of evaporating liquid marbles are characterized by one of the 

following characteristics: (I) constant surface area, (II) particle ejection, or (III) 

multilayering. Based on these insights, we developed an evaporation model for liquid 

marbles that takes into account their time-dependent shape evolution. The model fits are in 

excellent agreement with our experimental results. Furthermore, this model and the general 

framework provide mechanistic insights into the existing literature on the evaporation of 

liquid marbles. Altogether, these findings advance our fundamental understanding of liquid 

marbles and should contribute to the rational development of technologies. 

The particles that constitute the shell of a stationary spherical liquid marble 

experience coupled forces owing to weight (Fw), buoyancy (Fb), liquid–particle adhesion 

(Fadh), capillarity that exerts a compression force (Fc) on the particles, and interparticle 
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friction (Ffr) that depends on Fc and the interparticle friction coefficient. The particles at 

the bottom also experience the weight of the drop, which pushes them inside the liquid. If 

an external stimulus, e.g., mechanical collision138 or liquid withdrawal via evaporation137, 

stresses the liquid marble, additional forces may appear. In practice, when the liquid is 

withdrawn from a liquid marble, drastically varying scenarios may occur including 

physical distortion of liquid marbles such as buckling and crumpling83, 137, 169, particle 

multilayering137, 162, or even the ejection of some particles from the liquid marble into the 

air170, 171. Even though the liquid–particle and interparticle forces majorly dictate the 

outcomes, a generalized framework for analyzing liquid marbles based on these forces is 

lacking. Herein, a complementary experiment and theory are combined to fill this gap. 

First, the study investigates the evaporation of liquid marbles formed using particles with 

sizes varying over four orders of magnitude (7 nm–300 µm) and chemical compositions 

ranging from hydrophilic to superhydrophobic (Table 3.1, Figs. 3.1–3.3). Then, the general 

framework for analyzing liquid marbles is presented, which considers forces generated 

through liquid–particle and particle–particle interactions, as well as an ejection force 

resulting from liquid removal (Figs. 3.4–3.6). Finally, this study constructs a single-

parameter evaporation model based on these insights to describe the potential final states 

of the variegated liquid marbles introduced above and detailed below (Figs. 3.7–3.8). 

 

3.2. Results 

3.2.1. Liquid marble preparation and characterization 

This study used batches of silica particles with a characteristic dimension, dp, 

ranging from 7 nm to 300 μm, to disentangle the effects of particle size and roughness on 
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liquid marble behavior (Figs. 3.1–3.2). Precise control of the chemical composition of 

silica surfaces can be achieved via silanization reactions (Fig. 3.1A–B, Table 3.1). Thus, 

the wettability of the particles can be tuned from hydrophilic to hydrophobic by varying 

the length of the alkyl chains, e.g., from octyl (C8) to octadecyl (C18), chemically grafted 

onto the particles. To quantify the water repellency of the coatings, we measured the 

advancing, 𝜃𝜃-.4, and receding, 𝜃𝜃1#5, contact angles on flat and smooth silicon wafers 

functionalized under identical conditions as the particles (Methods). Glaco Mirror Coat™ 

was applied onto 128-µm-sized (diameter) silica particles that were already coated with 

C18 to render the particles superhydrophobic at the grain-level. 

To create a liquid marble, a 10-µL droplet of water was placed onto a ~2-mm-thick 

layer of hydrophobic particles on a glass slide. Then, the hydrophobic particles were gently 

poured (from the top) over the drop; they initially slid down the drop’s surface, and the 

particulate layer grew from the bottom up, to eventually cover the entire water droplet (Fig. 

3.1). The surface particle density, 𝜎𝜎, which is defined as the mass of the particles divided 

by the surface area of the liquid, can be obtained by comparing the mass of the water droplet 

before and after creating the liquid marble. 

 

 
Fig. 3.1 – High–speed imaging for the confection of a liquid marble. Hydrophobic sand 

particles are poured onto a water droplet to create a liquid marble. The particles slide along 
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the air–water interface and cover the liquid surface from the bottom up, thus covering the 

droplet as a thin mulch.  

 

We studied 𝜎𝜎 as a function of the particle size by fixing the particles’ chemical 

make-up to octadecyltrichlorosilane, C18 (Table 3.1). A linear relationship was observed 

between the particle size, 𝑑𝑑), and the surface particle density, according to the relationship, 

𝜎𝜎 ∝ 𝐴𝐴. 𝜌𝜌). 𝑑𝑑)/𝐴𝐴, where 𝜌𝜌) is the bulk density of the particles, and A is the droplet’s surface 

area (Fig. A3.1A). In addition, 𝜎𝜎 was measured as a function of the particles’ chemical 

composition (Table 3.1) by fixing particle size to 57 µm. A reasonable correlation was 

observed between 𝜎𝜎 and the receding contact angles (Fig. A3.1C) because the particles are 

slightly pushed into the liquid during the rolling of liquid marbles, and the lower receding 

angles prevent them from being expelled, thereby increasing 𝜎𝜎. Next, the interparticle 

friction was characterized, which arises from the chemical composition, topography (Fig. 

3.2), and loading of the particles91, 164. The angles of repose,	𝜃𝜃1#), of the particulate cones 

formed by dropping the particles from a funnel (Table 3.1) were measured, and the tangent 

of the highest values of those angles yielded the static friction coefficient, 𝜇𝜇 = tan 𝜃𝜃1#). 

Further, particle compressibility, defined as the change in the volume of a mass of particles 

under applied stress, was characterized. Compressibility can also be correlated with the 

variance in the angle of repose measurements for a given particle type (∆𝜃𝜃1#)). For 

example, fumed silica particles with fuzzy nanostructure (Fig. 3.2C) and a characteristic 

size of 7 nm presented a wide range of angles of repose (∆𝜃𝜃1#) = 41°) depending on how 

tightly they were packed, whereas all other particles in our study exhibited significantly 

lower compressibility. Hereafter, the particles are referred to using a simple X|Y code, 
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where X refers to their chemical composition (e.g., C8 and C18) and Y refers to the particle 

size in microns (Table 3.1). Note that we used angles of repose here to measure a 

macroscopic effect that considers the intrinsic particle friction along with the effects of 

particle shape, size distribution, etc.; however, for simplicity, from here onward, we 

consider all these effects to characterize an overall “interparticle friction” effect. 
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Table 3.1 – Material characterization of the functionalized silica particles used in this study. 

Characteristic dimension, apparent contact angles for 10-µL water droplets advanced and 

receded at 0.2 µL-s−1, surface particle density, and angle of repose of cones formed with 

particles. 

Exp. Code Functional 
group 

Particle 
size, 𝒅𝒅𝐩𝐩 

(µm) 

Adv. 
angle, 
𝜽𝜽𝐚𝐚𝐚𝐚𝐚𝐚 (°) 

Rec. 
angle, 
𝜽𝜽𝐫𝐫𝐫𝐫𝐫𝐫 (°) 

Surface particle 
density, 𝝈𝝈 ± std. 

error (kg/m2) 

Angle of 
repose,	𝜽𝜽𝐫𝐫𝐫𝐫𝐩𝐩 ±
∆𝜽𝜽𝐫𝐫𝐫𝐫𝐩𝐩/𝟐𝟐 (°) 

[P–P friction] 

Varying 
coating 
(57 µm) 

water [water 
droplet] 0 135 (H-

glass) 
110 (H-
glass) –  – –  – 

C8|57 Octyl- 
triethoxy 57 81 50 0.042 ± 0.000 43.0 ± 3.0 

C18|57 Octadecyl 57 114 102 0.030 ± 0.003 40.3 ± 2.5 

C6|57 Phenyl 57 101 73 0.039 ± 0.004 47.3 ± 2.3 

C6-C2|57 Phenethyl 57 98 59 0.048 ± 0.004 42.7 ± 3.0 

C11|57 10-undecenyl 57 99 50 0.056 ± 0.004 44.8 ± 2.5 

C11-Br|57 11-bromo 
undecyl 57 107 58 0.052  0.000 41.5 ± 2.5 

Varying 
particle 

size 
(C18) 

water [water 
droplet] 0 135 (H-

glass) 
110 (H-
glass) –  – –  – 

C18|0.007 Octadecyl 0.007* 114 102 0.023 ± 0.000 76.5 ± 20.5 

C18|0.5 Octadecyl 0.5* 114 102 0.064 ± 0.009 50.5 ± 7.6 

C18|3 Octadecyl 3 114 102 0.006 ± 0.000 44.1 ± 3.0 

C18|57 Octadecyl 57 114 102 0.030 ± 0.000 40.3 ± 2.5 

C18|90.5 Octadecyl 75–106 114 102 0.145 ± 0.006 42.1 ± 3.0 

C18|128 Octadecyl 106–150 114 102 0.179 ± 0.009 40.5 ± 3.0 

C18|181 Octadecyl 150–212 114 102 0.255 ± 0.006 40.3 ± 3.0 

C18|231 Octadecyl 212–250 114 102 0.233 ± 0.007 42.5 ± 3.0 

C18|275 Octadecyl 250–300 114 102 0.370 ± 0.019 44.2 ± 2.5 

C18|300 Octadecyl 300 114 102 0.309 ± 0.036 41.5 ± 3.5 
Super- 
hydro-
phobic 
(SH) 

SH|128 
Octadecyl 
+ GlacoTM 

layer 
128 >150 >150 0.076 ± 0.001 40.5 ± 3.0 

*Highly branched fumed silica particles, where the described particle size corresponds to 
the smallest dimension of these particles; the commercial particles are labelled using these 
numbers. 
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Fig. 3.2 – Representative scanning electron micrographs of a subset of particles used in 

this study. Scale bars are in micrometers. The last column presents the nomenclature 

pertaining to the particles based on their chemical composition and size (Table 3.1). (A) 

Liquid marbles formed with these particles result in Case I on deflation; (B) liquid marbles 

formed with these superhydrophobic particles result in Case II; (C) liquid marbles formed 

with fuzzy nanoscale particles that tend to agglomerate result in Case III. Note: The cases 

are extensively discussed in the following sections, and representative electron 

micrographs for the remaining particles are presented in the Supplementary Information 

(Fig. A3.2).  
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3.2.2. Fates of deflating liquid marbles 

Next, water loss was induced in the liquid marbles by allowing them to evaporate 

under laboratory conditions at a temperature of 23 ± 1°C and 60 ± 2% relative humidity. 

A precision mass-balance was used to monitor the time-dependent changes in the water 

content, which was tracked as the liquid mass fraction,	𝑚𝑚/𝑚𝑚!, where	𝑚𝑚 and 𝑚𝑚^ denote the 

instantaneous and initial masses of the liquid, respectively. This experimental setup was 

essentially equivalent to slowly removing water from a liquid marble with a capillary such 

that only the liquid was removed and not the particles. In addition to monitoring the mass, 

the concomitant structural changes in the stressed liquid marbles were observed via time-

lapse imaging (Fig. 3.3). The curved particle-laden surface of a liquid marble was observed 

to experience tangential compression as the liquid evaporates, which is analogous to the 

compression of a flat liquid–particle–vapor interface induced by a Langmuir–Blodgett 

trough, as reported previously171. Interestingly, the gradual deflation of liquid marbles 

herein, which are formed from particles of sizes varying over four orders of magnitude and 

drastically different chemical compositions, revealed three general cases. These cases 

could be classified on the basis of liquid–particle (L–P) adhesion and interparticle (P–P) 

friction. These general cases are described below, followed by examples. 

• Case I—constant surface area (Fig. 3.3B): this case involves liquid marbles 

formed with particles with high liquid–particle adhesion (intermediate to low 𝜃𝜃1#5 

values) and moderate to low interparticle friction (𝜃𝜃1#)). As they lose the liquid, the 

marbles maintain the particulate monolayer and preserve their surface area, 

resulting in significant structural deviation from sphericity. 



 

 

79 

• Case II—particle ejection (Fig. 3.3C): this case involves liquid marbles formed 

with superhydrophobic particles having low liquid–particle adhesion (highest 𝜃𝜃1#5 

values) and low interparticle friction (𝜃𝜃1#)). As the liquid is lost, the marbles 

maintain high sphericity and a particulate monolayer by ejecting particles from their 

surface. 

• Case III—thickening of the particle layer (Fig. 3.3D): this case involves liquid 

marbles formed with particles having low liquid–particle adhesion (highest 𝜃𝜃1#5 

values) and high interparticle friction and compressibility. As the liquid is lost, the 

liquid meniscus dewets the particles, which remain adhered to their neighbors, 

thereby thickening the particle layer and increasing 𝜎𝜎; the marbles maintain high 

sphericity. 
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Fig. 3.3 – Representative snapshots and image analysis of evaporating liquid marbles 

formed from particles of sizes varying over four orders of magnitude (7 nm–300	µm) and 

drastically different chemical compositions. (A) Control case: evaporating water droplet 
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placed on a hydrophobic glass slide (H-glass). (B) Case I: evaporating liquid marble 

maintains a constant surface particle density and surface area, which requires its shape to 

deviate from that of a sphere. (C) Case II: evaporating liquid marble maintains high 

sphericity and constant surface particle density. In doing so, it ejects particles from its 

surface as the surface area decreases. (D) Case III: evaporating liquid marble maintains 

sphericity as it shrinks and the surface particle density increases owing to the compression 

and layering of particles at the liquid interface. After the liquid evaporates, a hollow shell 

is left behind. (E) Hybrid Cases I–III: the liquid marble behaves as a hybrid of Cases I and 

III and exhibits significant deviation from sphericity and thickening of the particulate layer. 

Schematics of the (F) experimental setup and of (G) a liquid marble depicting the particles 

and liquid within. (Note: additional time-lapse data for the remaining liquid marbles are 

shown in Fig. A3.3). 

 

Time-lapse imaging experiments revealed that in Case I, particles exhibit strong 

adhesion to the liquid, which keeps them stuck to the interface until the very final stages 

of evaporation (𝑚𝑚/𝑚𝑚! < 0.10). By then, the liquid marble is so deformed that the 

meniscus recedes, possibly even detaching completely from small patches of wet particles. 

Another striking feature of Case I is the manner in which the marbles deform. For larger 

particles, the stiffness and weight of the particulate monolayer is so high that it results in 

the marbles’ collapse, followed by deflation of the hemispherical object (Fig. 3.3B, top). 

For smaller particles (≤ 57 µm), the dome collapses first, and the marble subsequently 

wrinkles as it deflates (Fig. 3.3B, bottom). 

In Case II, the apparent contact angles are the highest at the particle–liquid–vapor 

interface (e.g., SH|128—Table 3.1 with 𝜃𝜃-.4 > 150°	and	𝜃𝜃1#5 > 150°). SH|128 exhibits 

superhydrophobicity because the silica particles were functionalized with a C18 silane 

layer followed by multiple GlacoTM coats (Fig. 3.2B rightmost frame). Thus, the 
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combination of the hydrophobic coating and nanoscale roughness resulting from the use of 

GlacoTM renders the particles superhydrophobic, yielding ultralow liquid–particle 

adhesion98, 99. In addition, the interparticle friction is low, 𝜃𝜃1#) = 40.5°. As the liquid 

volume decreases, the particles become compressed against each other, generating an 

ejection force that expels some particles from the marble surface (discussed in detail in the 

next section). Consequently, the sphericity of the marbles does not significantly deviate 

from their initial shape during evaporation (Fig. 3.3C). 

Case III differs from the previous two cases due to high interparticle friction and 

compressibility, i.e., their ability to form dense particle layers under compression (Fig. 

3.2C). Indeed, high compressibility is evidenced by the high variance in the angle of repose 

of the particles as a function of particle compression (𝜃𝜃1#) = 76.5°	and	∆𝜃𝜃1#) = 41° – 

Table 3.1). As liquid marbles formed with these particles evaporate, the particles are 

pushed against each other and a fraction are dewetted. Due to the high interparticle friction, 

these particles are not ejected, which results in multilayering and an increase in the packing 

density. This can be easily observed in the 7-nm fumed silica particles in Fig. 3.3D, wherein 

the small black cotton fiber on the marble provides a contrasting object that becomes 

gradually buried as the layer thickens. Although coated with the same hydrophobic 

molecule (C18: 𝜃𝜃-.4 = 114°, 𝜃𝜃1#5 = 102°) as the particles of other sizes, these particles 

display superhydrophobicity owing to their nanoscale roughness, which is characterized 

by the contact angle 𝜃𝜃-.4 > 150° and low hysteresis53, 89. This occurs because the particles 

are highly branched, which traps air between the particles172 (Fig. 3.2C). During this 

process, liquid marbles maintain highly spherical shapes. 
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3.2.3. Analytic framework 

Here, we describe the analytic framework for predicting the potential final states of 

liquid marbles (Cases I–III) based on liquid–particle (L–P) and particle–particle (P–P) 

interactions. First, note that liquid marbles are typically formed at length scales below the 

capillary length,	𝜆𝜆( =	~𝛾𝛾*H/(𝜌𝜌9 × 𝜌𝜌), where 𝛾𝛾9B denotes the surface tension of the 

liquid–air interface, 𝜌𝜌9 denotes the density of the liquid, and 𝜌𝜌 denotes the acceleration due 

to gravity (for water, 𝜆𝜆( ≈ 2.7 mm)89. For length-scales ≤ 𝜆𝜆( , the contributions of weight 

and buoyancy are negligible compared to those of capillary forces. Thus, a freshly made 

liquid marble assumes a spherical shape under the influence of tensions at the liquid–vapor 

and liquid–solid interfaces (Fig. 3.4). Owing to evaporation, the liquid interface in contact 

with the particles tends to recede, such that the apparent contact angles at the solid–liquid–

vapor (S–L–V) interface transition from 𝜃𝜃-.4à𝜃𝜃1#5. The receding meniscus pulls onto the 

particles via surface tension, thus applying an interfacial force, 𝐹𝐹E_$. This force compresses 

the particles against one another, generating the compression force,	𝐹𝐹5. Owing to the 

particles’ finite size, irregular packing, and surface topography, this compressive force 

results in an ejection force, 𝐹𝐹#2, which tends to expel the particle away from the liquid 

surface, and an interparticle friction force,	𝐹𝐹01, which counteracts the ejection force. 

For simplicity, we considered a force balance along the tangent at the P–P contacts 

(Fig. 3.4B). The magnitude of the compression force, 𝐹𝐹5, relates to the interfacial force 

as,	𝐹𝐹5 = −𝐹𝐹E_$ = −𝛾𝛾*H × 2	𝜋𝜋	𝑟𝑟"#$× cos 0°, where 𝑟𝑟"#$ is the radius at the particle’s 

wetting perimeter, which is maximum when 𝑟𝑟"#$ = 𝑟𝑟; (coincident with particle radius, at 

the equator), and the angle is 0° because the force is locally tangential to the liquid–air 
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interface. 𝐹𝐹5 can be projected on the P–P contact axis, giving rise to the ejection force, 

𝐹𝐹#2 = 𝐹𝐹5 × sin 𝛼𝛼, or: 

𝐹𝐹#2 = −𝛾𝛾*H × 2	𝜋𝜋	𝑟𝑟"#$ × sin 𝛼𝛼    (Eq. 3.1) 

where 𝛼𝛼 is the particle relative position, given by the angle between the particle being 

ejected and its neighboring particles (Fig. 3.4B). For perfectly aligned horizontal particles, 

𝛼𝛼 = 0°, which gives no ejection force; whereas, the higher the particle misalignment, the 

higher the ejection component of the compression force. 

The adhesion force,	𝐹𝐹-./, or L–P adhesion force is the projection of the 𝐹𝐹E_$ onto 

the P–P contact axis: 

𝐹𝐹-./ = 𝛾𝛾*H × 2	𝜋𝜋	𝑟𝑟"#$ × cos 𝜃𝜃-./    (Eq. 3.2) 

Conversely, the 𝐹𝐹E_$ in this case is tangential to the local liquid meniscus at the S–

L–V contact point (Fig. 3.4C). This angle relates to the wettability of the particle, and can 

be approximated by the receding angle, 𝜃𝜃1#5. However, the liquid meniscus can get pinned 

at reentrant or doubly reentrant features108, 127 on the particle surface, which can in reality 

decrease even further the meniscus angle relative to the P–P contact axis, 𝜃𝜃-./, thus 

maximizing 𝐹𝐹-./. 

The friction force,	𝐹𝐹01, is given by the normal component of the compression force 

projected onto the P–P contact axis, FN, multiplied by the coefficient of static friction 

between particles, 𝜇𝜇. Additionally, 𝜇𝜇 is equal to the tangent of the angle of repose, 𝜇𝜇 =

tan 𝜃𝜃1#), where 𝜃𝜃1#) is the experimentally measured angle of repose of the particles (Table 

3.1, Methods)164. Thus, 𝐹𝐹01 = 𝜇𝜇 × 𝐹𝐹 , which on substituting 𝐹𝐹 = 𝐹𝐹5 × cos 𝛼𝛼 yields, 
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𝐹𝐹01 = (tan 𝜃𝜃1#)) × (𝛾𝛾*H × 2	𝜋𝜋	𝑟𝑟"#$ × cos 𝛼𝛼)    (Eq. 3.3) 

Together, these forces dictate the fate of the particles (Fig. 5) and the potential final 

states of the liquid marbles (Fig. 3.4D-F). We introduce the total normalized force,	𝐹𝐹3, as 

the sum of these forces (Eqs. 3.1–3.3) normalized by the liquid wet perimeter, 𝑃𝑃%&' =

2	𝜋𝜋	𝑟𝑟"#$, such that 𝐹𝐹3 =
I

a."/
Ä𝐹𝐹#2 + 𝐹𝐹-./ + 𝐹𝐹01Å, which after some rearrangement yields 

𝐹𝐹3 = 𝛾𝛾*H	(cos 𝜃𝜃-./ + cos 𝛼𝛼 × tan 𝜃𝜃1#) − sin 𝛼𝛼)   (Eq. 3.4) 

 

 
Fig. 3.4 – Analytic framework: interfacial force balance for a simplified system of spherical 

particles placed on an evaporating liquid marble. (A) Illustration of the initial state of a 

liquid marble. (B) Force balance for the center particle applied at the contact point between 

two particles. As the water evaporates, the receding liquid meniscus pulls onto the particles 

owing to the water surface tension, generating a tangential force, 𝐹𝐹E_$, which compresses 
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the particles, 𝐹𝐹5, such that 𝐹𝐹5 = −𝐹𝐹E_$. This compression force results in the ejection force, 

𝐹𝐹#2. The ejection force is countered by the forces of liquid–particle (L–P) adhesion, 𝐹𝐹-./, 

and interparticle (P–P) friction, 𝐹𝐹01. (C) Shows the actual microscopic local curvature of 

the liquid meniscus at the particle interface, which gives rise to 𝐹𝐹-./. The possible 

outcomes for the center particle based on the force balance are: (D) the particle stays pinned 

to the liquid, characterizing Case I, (E) the particle gets ejected, Case II, and (F) the particle 

gets unpinned from the liquid but is held by the neighboring particles due to high P–P 

friction, Case III. Illustration created by Ivan Gromicho, KAUST. 

 

When 𝐹𝐹3 < 0, the total normalized force points away from the liquid. In this case, 

as the meniscus starts to recede, the adhesion force plummets to zero, and 𝐹𝐹#2 launches the 

particle off, characterizing Case II. Conversely, if 𝐹𝐹b > 0, the particles are not ejected, and 

we have Case I, which is characterized by high liquid-particle (L–P) adhesion, or Case III 

where the interparticle (P–P) friction dominates. Fig. 3.5 shows a compilation of possible 

scenarios for different L–P and P–P properties, where the colored areas indicate the regions 

of properties for each of the Cases I–III. For instance, as the meniscus relative angle, 𝜃𝜃-./, 

increases, effectively meaning that the hydrophobicity increases, the total normalized force 

goes from positive to negative, or from a region where Case I prevails to a region of Case 

II (Fig. 3.5A). However, if P–P friction increases, the scenario shifts towards the Case III 

region. Case II is characterized by the highest hydrophobicity (𝜃𝜃1#5 > 150°, note that we 

assume 𝜃𝜃-./ ≈ 𝜃𝜃1#5), but moderate to low P–P friction (𝜃𝜃1#) = 40.5° ± 3.0°), conferring 

extreme low L–P adhesion to the particles, and low enough P–P friction that the particles 

can easily detach from the liquid and be ejected outwards without being stuck to 

neighboring particles. The next important factor considered in our force balance is the 

particle position relative to its neighbors, 𝛼𝛼. The more aligned the particles are, the lower 
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the magnitude of the ejection force, 𝐹𝐹#2. Consequently, the higher the contribution of L–P 

adhesion and P–P friction to a positive (towards liquid) resultant force (Figs. 3.5B, C, D, 

F).  

Interestingly, hybrids of Cases I & III are also possible, e.g., C18|0.5 lying in the 

overlapping regions (Fig. 3.5A, D, E, F). This hybrid case has a 𝜃𝜃1#) = 50.5° ± 7.6° (Table 

3.1), effectively not as high as Case III marbles (e.g., C18|0.007 with 𝜃𝜃1#) = 76.5° ±

20.5°), but higher than Case I marbles (all coatings with 40° < 𝜃𝜃1#) < 47°). The high P–

P friction of C18|0.007 and C18|0.5 is caused by their nanoscale roughness, which also 

contributes to their hydrophobicity due to air entrapment. 

 
Fig. 3.5 – Analytic framework predictions. Resultant force normalized by the particle wet 

perimeter, FT, as function of (A-B) meniscus relative angle,	𝜃𝜃-./, which relates to the L-P 

adhesion, (C-D) particle relative position, given by the angle a, and (E-F) angle of repose 

of particles, 𝜃𝜃1#), which relates to the P–P friction. The colored areas indicate the regions 

of properties for each of the Cases I–III. The boundaries of regions have not been clearly 

   

 

   

  

 

 

 
 

 

  

   

0° 20° 40° 60° 80°
   

0

0

 

   0

  0

 0

 0

 
 

 

adh = 90°

15°
30°
45°

60°
75°

Particle relative position, 

   

 

   

  

 

 

 
 

 

 = 45°

40°
60°
90°

110°
150°

Meniscus relative angle, adh

   

 

   

  

 

 

 
 

 

  

   

   

 

   

  

 

 

 
 

 

  

   

0° 20° 40° 60° 80°
P i l  l i  i i  

 

   

  

 

 

 
 

 

adh = 90°

30°
40°
45°

50°
60°

Angle of repose, rep

   

 

   

  

 

 

 
 

 

rep = 45°

40°
60°
90°

110°
150°

Meniscus relative angle, adh

   

 

   

  

 

 

 
 

 

  

   

   

-150

-100

 -50

   0

  50

 100

 150

 
 

 

 = 45°

30°
40°
45°

50°
60°

Angle of repose, rep

   

 

   

  

 

 

 
 

 

  

   

   

 

   

  

 

 

 
 

 

  

   

0° 50° 100° 150°
   

-150

-100

 -50

   0

  50

 100

 150

 
 

 

rep = 45°

15°
30°
45°

60°
75°

Particle relative position, 

To
w

ar
ds

 a
ir

To
w

ar
ds

 li
qu

id

To
ta

l n
or

m
al

iz
ed

 fo
rc

e,
 F
T

(m
N

/m
)

Low L-P adhesion

(Moderate P-P friction) (Neutral L-P adhesion)

!

Angle of repose, !!"#
Decreasing L-P adhesion (Increasing hydrophobicity) Increasing P-P friction

A

B

Low P-P friction

High P-P friction

(Slight misalignment)

Case I

Case II

To
w

ar
ds

 a
ir

To
w

ar
ds

 li
qu

id

To
ta

l n
or

m
al

iz
ed

 fo
rc

e,
 F
T

(m
N

/m
)

Low P-P alignment

Meniscus relative angle, !$%&

'

Case I

Case II

High P-P alignment

High L-P adhesion

Low L-P adhesion

(Moderate P-P friction)

Case I

Case II

C

High P-P friction

Low P-P friction

Particle relative position, α
Increasing misalignment

Case I

Case II

(Slight misalignment)

Case I

Case II

High L-P adhesion
Case III

E

Low P-P alignment

(Neutral L-P adhesion)

'

Case I

Case II

D

High P-P alignment Case
III

F

!

Case III

Case III



 

 

88 

defined by our experiments. However, the overlapping region between Case I & III was 

experimentally observed (C18|0.5). Notice that, generally, shifting the properties to 

positive (Y-axis) on the left side in each plot favors Case I, while case III is represented by 

general shifts towards the positive (Y-axis) right side. In contrast, Case II is represented by 

the negative values of the resultant force. 

 

The generality of our model (Eq. 3.4) was confirmed by comparing the resultant 

forces for the wide range of particles studied (Table 3.1), as function of the measured 𝜃𝜃1#5 

and 𝜃𝜃1#), and 𝛼𝛼 (Fig. 3.6). As the particle relative position, 𝛼𝛼, increases, the resultant force 

tends to decrease, i.e., towards expelling the particle (Fig. 3.6A). Although 𝛼𝛼 was not 

experimentally measured, we could estimate the maximum possible misalignment with the 

following logic: when	𝑚𝑚/𝑚𝑚^ = 1, i.e., when the loss of liquid has not translated into 

particle compression, the apparent S-L-V contact angle at the particle interface could range 

from 𝜃𝜃-.4, for a particle least immersed, to 𝜃𝜃1#5, for a particle most immersed. Thus, the 

greater the contact angle hysteresis, the greater the	𝛼𝛼. Amongst, the particles we studied, 

we noticed that C11-Br|57 had the greatest contact angle hysteresis (𝜃𝜃/67 = 49°), which 

yielded 𝛼𝛼C-D = 24° (Fig. A3.4). Next, assuming a moderate misalignment of 𝛼𝛼 = 10°, we 

visualized how the model (Eq. 3.4) correlated with the experimental points in terms of 𝜃𝜃1#5 

and 𝜃𝜃1#). As presented in Fig. 3.6B, the experimental points lay on very distinct regions 

for each of the three general cases. Case II is clearly defined by the red region (negative). 

Note, the boundary between Cases I and III could not be precisely delineated by our 

experiments. Additionally, we present an analytic framework diagram for 𝛼𝛼 = 24° in Fig. 

S5. Although 𝛼𝛼 captures the misalignment between larger particles in a small marble, the 
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model may lose its validity when the liquid marble is formed by a low number of very large 

particles due to curvature effects. 

 

 

Fig. 3.6 – Validation of the analytic framework. (A) Resultant force normalized by the 

particle wet perimeter, FT, as a function of the particle relative position, a. The meniscus 

relative angle,	𝜃𝜃-./ (approximated by the receding contact angle, 𝜃𝜃1#5 ≈ 𝜃𝜃-./) and the 

angle of repose of the particles, 𝜃𝜃1#), were obtained from experimental measurements 

(Table 3.1). (B) Analytic framework diagram for a moderate particle relative position 𝛼𝛼 =

10°, with overlaying experimental points from Table 3.1. Note that a is the only variable 

from our model (Eq. 3.4) that we did not obtain experimentally. However, based on our 

experimental data (𝜃𝜃/67), we estimated its maximum value to be 𝛼𝛼C-D = 24° (Fig. A3.4). 

The model accurately describes the three general cases. Note that although Case II is clearly 

defined by the negative region, the colored boundaries for the positive values in (B) are not 

meant to distinguish between Cases I and III, which could not be precisely defined by our 

experimental results. 
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3.2.4. Modeling of liquid marble evaporation 

In this section and the next we apply the insights from Cases I–III of the present 

study’s analytic framework to capture the potential final states of evaporating liquid 

marbles using a model that harnesses a single geometric parameter, 𝑘𝑘#. 

In the simplest control case, the evaporation rate of a water droplet evaporating 

under normal temperature and pressure (NTP) conditions is limited by the diffusion of 

vapor in the surrounding air137, 173, 174. Analogously, this is also the limiting step for Cases 

I–III until a certain moment during the evaporation (see details in the Discussion section). 

Following those reports, the local radial evaporation flux from the liquid marbles can be 

expressed as 𝑗𝑗 = 	 𝑗𝑗!/𝑅𝑅, where 𝑅𝑅 is the droplet/marble radius, and 𝑗𝑗  depends on the 

diffusion coefficient of water in air (𝔇𝔇%), as well as the saturated and ambient vapor 

concentrations, 𝜌𝜌7-$, and at a long distance from the droplet, 𝜌𝜌8, over the liquid density of 

water, 𝜌𝜌9:   

𝑗𝑗! = 𝔇𝔇%
c#0/dc1

c&
      (Eq. 3.5) 

Thus, the evaporation rate can be expressed as the product of the radial flux and the 

droplet or marble’s exposed surface area, 𝐴𝐴. 

AB
A'
= −𝔇𝔇"

c#0/dc1
c&

P
e
      (Eq. 3.6) 

Next, we write the equation in terms of liquid mass fraction,	𝑚𝑚/𝑚𝑚!, where	𝑚𝑚 

represents the mass at a given time, and 𝑚𝑚! represents the initial mass of the liquid. 

AB
A'
= f%

c&

A(f/f%)
A'

     (Eq. 3.7) 

Considering the structural deformation of the marble as the water is removed, e.g., 

in Case I, 𝐴𝐴/𝑅𝑅 is expressed as a function of a characteristic diameter, 𝐷𝐷5/-1. Approximating 
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the liquid marble to be a virtual hemisphere, where 𝐴𝐴 is area of the hemisphere exposed to 

air, we obtain 

P
e
= JLe+

e
= 𝜋𝜋	𝐷𝐷5/-1      (Eq. 3.8) 

Thus, the characteristic diameter is representative of the apparent size of the liquid 

front in the marble, i.e., not considering the particles’ contribution to the volume. Next, 

consider the concept of sphericity, 𝜑𝜑!h2#5$, which describes the dissimilarity in the area of 

an object from that of a sphere with the same mass and density as 𝜑𝜑!h2#5$ =	𝐴𝐴7)/#1#/𝐴𝐴1#-F. 

Analogously, a dissimilarity factor, 𝜓𝜓, is introduced to describe the deviation in the 

characteristic diameter of the liquid front inside the marble from that of the hemispherical 

droplet as 𝜓𝜓 = 𝐷𝐷/#CE7)/#1#/𝐷𝐷5/-1, where 𝐷𝐷/#CE7)/#1# = [12	𝑚𝑚!(𝑚𝑚/𝑚𝑚!)/(𝜌𝜌*	𝜋𝜋)]I/i. 

During the lifetime of a liquid marble, 𝜓𝜓 represents deflation and distortion. Based on our 

experimental data on the evaporation of liquid marbles introduced in Fig. 3.3 and presented 

in Fig. 3.6B, D, we consider that 𝜓𝜓 may adopt the following functional form, 𝜓𝜓 =

(𝑚𝑚/𝑚𝑚!)j", where 𝑘𝑘# is a geometric parameter related to the evolution of the shape of the 

marble and the particulate layer. For example, for the control case of a spherical droplet 

that evaporates with a constant contact angle, 𝑘𝑘# = 0, implying that the shape of the 

exposed interface is not a function of the mass fraction, i.e., constant sphericity. Applying 

this logic to liquid marbles, the characteristic diameter at any stage of evaporation is given 

by 

𝐷𝐷5/-1 = n
IJ	f%
c&L

p
-
2 nf

f%
p
-324"

2     (Eq. 3.9) 
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Substituting Eqs. 3.7–3.9 in Eq. 3.6, the final expression for the evaporation of 

liquid marbles in terms of liquid mass fraction, ambient properties, and the geometric 

parameter is obtained as  

− A(f/f%)
A'

=	𝔇𝔇5(c#0/dc1)

f%
+
2

nIJL
+

c6
p
-
2 nf

f%
p
-324"

2     (Eq. 3.10) 

 

3.2.5. Experimental results and model fitting for the evaporation of liquid 

marbles 

As described in Figs. 3.1–3.3 and Table 3.1, we formed liquid marbles with 10 µL 

of water using functionalized silica particles in the size range of 7 nm–300 µm; the 

particles’ receding contact angles for water varied in the range of 50°–150°, and P–P 

interactions were characterized by repose angles in the range of 40°–76°. During their 

evaporation, some liquid marbles exhibited higher evaporation rates compared to the 

controls (10-µL water droplets), whereas at other instances, the marbles exhibited lower 

evaporation rates (Fig. 3.7B, D). By fixing the particle size to 57 µm and varying their 

chemical composition, we observed higher evaporation rates compared to those of the 

controls (Fig. 3.7A–B). For Case I, the wiggling behaviors corresponded to actual 

variations in the evaporation rates owing to particle compression and adjustment together 

with the marbles’ structural deformations caused by water loss. Clearly, this effect was 

absent in the case of water droplets. 

Next, the effects of particle size on the evaporation rate were studied by fixing the 

chemical composition to C-18. While there was no clear dependence on particle size, liquid 

marbles formed with 7-nm fumed silica particles consistently exhibited slower evaporation 

than other particles (Fig. 3.7C). Interestingly, for marbles formed with the 7-nm fumed 
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silica particles, the evaporation rates decreased to even below that of the control cases 

(water droplets) at 𝑚𝑚/𝑚𝑚! < 0.3 (Fig. 3.7D). The experiments revealed that this effect was 

caused by the transition of water evaporation from air-limited vapor diffusion to 

particulate-layer-limited vapor diffusion. This resulted from thickening of the particle 

layer, which constricted vapor transport. Moreover, this feature underlies a decrease in the 

evaporation rates of 7- and 500-nm-sized marbles in contrast to other marbles in the range 

of 𝑚𝑚/𝑚𝑚! ≈ 0.75 − 0.65. Finally, the evaporation rates for the liquid marbles formed with 

superhydrophobic particles (SH|128 µm, in pink) were punctuated with significant 

oscillations owing to particle ejection. 

Our model, equipped with a single geometric parameter, 𝑘𝑘#, accurately described 

all potential final states of the liquid marbles during evaporation, i.e., Cases I–III, along 

with their hybrids (Figs. 3.7E–H). The predicted 𝑚𝑚/𝑚𝑚! values ranged within a coefficient 

of determination of 𝑅𝑅J > 	0.98 with respect to the experimental data (Figs. 3.7E, G). In 

terms of its ability to capture the evaporation rate as a function of 𝑚𝑚/𝑚𝑚!, the model 

satisfactorily correlated with the experimental data, yielding 𝑅𝑅J > 	0.85 (Figs. 3.7F, H) in 

most cases. Finally, the model adequately captured the average behavior of liquid marble 

evaporation in Case II (for SH|128 µm). The poor correlation (𝑅𝑅J = 	0.28) was caused by 

the high instantaneous variance in the evaporation rate owing to particle ejection, as 

explained above. 
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Fig. 3.7 – (A–D) Experimental results and (E–H) model predictions for the liquid mass 

fraction and evaporation rates of liquid marbles formed with 10-µL water and evaporated 
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at 23±1°C and 60 ± 2% RH. (A–B, E–F) Effects of varying the chemical make-up of 57- 

µm silica particles. (C-D, G-H) Effects of varying the particle size from 7 nm to 300 µm 

while keeping the chemical make-up fixed to the C18 coating (except for the 

superhydrophobic case that received an additional coating of GlacoTM). The legends 

“water” and “0” refer to sessile water droplets placed on the smooth hydrophobic glass 

surfaces (H-glass). The mass fraction data was truncated at 𝑚𝑚/𝑚𝑚^ = 0.02 owing to 

disintegration of the liquid marbles and the ensuing complications (Fig. A3.9). 

   

The marbles in Case I exhibited a fitted geometric parameter of 𝑘𝑘# = 0.16 with a 

standard deviation of 0.04 (Fig. 3.8A), which is independent of the apparent contact angles 

pertaining to the particle’s chemical composition (Fig. 3.8B–C). Thus, 𝐷𝐷5/-1 >

	𝐷𝐷/#CE7)/#1# and the evaporation rates were higher than that of water droplets, which is 

reasonable owing to the significant structural deformation of the liquid marbles during 

evaporation resulting from high L–P adhesion. 

Case II has 𝑘𝑘# ≈ 0 because of the minimal structural deformation of liquid marbles 

when the compression in the particulate layer is released via particle ejection; low P–P 

friction preempts multilayering. Thus, in this case, 𝐷𝐷5/-1 ≈	𝐷𝐷/#CE7)/#1#. 

For Case III, 𝑘𝑘# is negative; thus, the effective evaporation rate is lower than that 

of a bare hemispherical droplet, i.e., 𝐷𝐷lm\N < 𝐷𝐷/#CE7)/#1#. This is reasonable considering 

the limiting effect of the diffusion barrier created by multilayering because of high P–P 

friction. 

Through this modeling approach, we were also able to pinpoint the behaviors of 

hybrid liquid marbles that simultaneously exhibited features of Cases I and III. The 500-

nm fumed silica particles had an intermediate 𝑘𝑘# value relative to those of Cases I and III 

(Fig. 3.8A). These liquid marbles underwent structural deformation and experienced 
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thickening of the particulate layer; since 𝑘𝑘# > 0, the contribution of the former dominated 

the latter. 

 

 

Fig. 3.8 – Correlations between the geometric parameter, 𝒌𝒌𝐫𝐫, and key particle 

characteristics. Shaded regions represent Cases I–III. (A) Effects of particle size, 

maintaining a fixed chemical composition of C18, with the exception of SH|128 that had 

the GlacoTM coating on top of a C18 layer. (B) Advancing and (C) receding intrinsic contact 

angles for 57-µm-sized particles with coatings ranging from hydrophilic to hydrophobic. 

Black-filled squares are points obtained with the mean values of evaporation runs, whereas 

white-filled squares represent replicates. Note: In these plots, 𝑘𝑘# = 0 represents the 

perfectly hemispherical case, which the control case (water droplets, dotted blue line) 

approaches. The 0.5-µm (fumed) particles are the hybrid/intermediate between Cases I and 

III, wherein the deformation behavior is more pronounced than the layering behavior, thus 

exhibiting positive 𝑘𝑘#. 

 

3.2.6. Prediction of the apparent volume of liquid marbles 

Here, we derived a formula for the characteristic diameter of liquid in the marble 

(Eq. 3.9). Accordingly, we can calculate the apparent volume of the liquid front, 𝑉𝑉*,-, 

approximated as a hemisphere (Eq. 3.12). The apparent volume of the liquid front (Eq. 
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3.11) differs from the actual volume of liquid (measured with a microbalance) as the former 

represents the virtual volume of a hemispherical bare droplet, with diameter 𝐷𝐷5/-1. 

𝑉𝑉*,- =
J
i
𝜋𝜋 nn(70!

J
p
i
      (Eq. 3.11) 

By accounting to the volume of dry particles,	𝑉𝑉;, the apparent volume of the liquid 

marble, 𝑉𝑉= (Eq. 3.12), is obtained. The volume of dry particles was experimentally 

determined through image analysis after complete evaporation of the liquid marbles, 

followed by logarithmic fitting against the surface particle density (Fig. 3.9). 

𝑉𝑉< = 𝑉𝑉9,\ + 𝑉𝑉a      (Eq. 3.12)  

 

 
Fig. 3.9 – Dry volume of particles after complete evaporation. Volume of particles,	𝑉𝑉a, 

relative to the initial volume of the liquid marble, 𝑉𝑉<^, as a function of the initial surface 

particle density for 10-µL water marbles. 

 

To obtain the experimental apparent volume of the liquid marble (Fig. 3.10B, D), 

we fitted the time-lapse images with a truncated ellipse of height, 𝐻𝐻=, equatorial diameter, 
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𝐷𝐷=, and base diameter, 𝑑𝑑, adjusted by the correct mass fractions, which were recorded 

simultaneously using a microbalance. Then, the apparent volumes were calculated through 

rotation around the central axis to form a truncated ellipsoid. However, note that a simple 

correlation (Eq. 3.13) for the measured height and largest diameter of the marble yielded 

accurate results with less than 3% deviation compared to the values obtained from the 

truncated ellipsoid. This approach generated greater errors when fitting Case I with smaller 

particle sizes (≤ 57	µ𝑚𝑚) owing to their more deformed cup-like shape (Fig. 3B). The 

experimental 𝐷𝐷5/-1 for the water droplet was calculated via volume fitting (Fig. 3.10A, C). 

𝑉𝑉= ≈
iL
Io
𝐻𝐻=. 𝐷𝐷=J      (3.13) 

Fig. 3.10A, C shows that the modeled characteristic diameters and apparent 

volumes were greater than those of the water droplet or that of a reference perfect spherical 

(or hemispherical) droplet (denoted using the red dashed curve) in all cases but one. The 

exception was the 7-nm fumed silica marble (only negative 𝑘𝑘#), which expectedly showed 

a lower 𝐷𝐷5/-1 owing to the increased resistance to vapor diffusion in the particle layer. In 

addition, evidently the experimental apparent volume of the liquid marble cannot be 

smaller than that of a spherical droplet; hence, the volume data points for the 7-nm silica 

marble do not actually fall below the diagonal curve, except owing to fitting error. Notably, 

the final larger volumes for the marbles formed from larger particles are clearly the result 

of a higher particle to liquid volumetric fraction, as shown in Fig. A3.9. Furthermore, all 

𝐷𝐷5/-1 go to zero because this is the characteristic diameter of the liquid front, which does 

not consider the volume of particles.  
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Fig. 3.10 – Prediction of the characteristic dimensions of liquid marbles. Experimental 

values are presented as points, and model predictions are depicted as lines. (A, C) Liquid 

front only and (B, D) marble apparent volume compared to experimental results obtained 

from video analysis. (A–B) Varying particle coatings for 57-µm particles. (C, D) Varying 

particle sizes for C18 coating (ODTS). Experimental data points for the marble apparent 

volume, 𝑉𝑉=, are normalized to the initial marble apparent volume, 𝑉𝑉=!, fitted through 

image analysis of the evaporation time-lapse videos (Fig. 3.3). 

 

3.3. Discussion 

We developed an analytic framework based on L–P and P–P interactions to predict 

the potential final states of liquid marbles when the liquid is gradually removed. Based on 
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these insights, a single parameter model was developed that accurately captures the 

evaporation of liquid marbles formed from particles varying in size from 7 nm to 300 µm 

and chemical compositions ranging from hydrophilic to superhydrophobic. This section 

discusses some peculiarities of the observations and discusses the associations with the 

existing literature on this subject. 

The most commonly reported liquid marbles in the literature are formed with water and 

belong to Case I, as common hydrophobic particles exhibit intermediate 𝜃𝜃1#5 and 

intermediate P–P friction (Table 3.1)137. These particles do not have hierarchical, reentrant, 

and/or nanoscale features, which prevents them from robustly entrapping air at the L–P 

contact or exhibiting particle-level superhydrophobicity126. It should be noted that we are 

discussing the particle-level wetting behavior; at the macroscale, a flat surface with a layer 

of these particles will, obviously, exhibit superhydrophobicity owing to the entrapment of 

air between the particles. Thus, in the liquid marble configuration, the L–P interface for 

these particles would be in the Wenzel state175, and L–P adhesion would dominate over the 

ejection force (Case I). Additionally, these liquid marbles maintain a constant surface area 

and monolayer during evaporation by undergoing significant structural deviation from 

sphericity. Thus, the liquid marbles exhibit faster evaporation rates than that of bare 

droplets, along with 𝑘𝑘# > 0 (Figs. 3.7B, D, 3.8A–C). 

In contrast, if nanoscale surface roughness is realized on the particle surface, e.g., 

if SH|128 particles are coated with GlacoTM, they exhibit superhydrophobicity even at the 

particle level, which is characterized by 𝜃𝜃-.4 > 150°	and	𝜃𝜃1#5 > 150° (Table 3.1 and Fig. 

3.2C). Thus, in the liquid marble configuration, the L–P interface for these particles would 

entrap air between nanoscale asperities (Cassie states)125. Interestingly, we were unable to 
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find reports on liquid marbles formed with superhydrophobic particles, presumably 

because their extreme water repellence complicates their preparation, and even faint 

mechanical vibrations can damage the liquid marbles by leading to ejection of patches of 

particles. For example, a liquid marble formed with SH|128 particles lost a patch of 

particles as excess particles were swept off the evaporation plate (Fig. 3.3C). Then, the 

bare patch gradually filled up through particle rearrangement owing to evaporation, the 

compression force built up with further evaporation, and the particle ejection began. 

Notably, particle ejection ceased in the final stages of evaporation. This can be explained 

based on the inhomogeneities among the particles—in terms of structural and surface 

coating—such that the particles with higher water-repellence were ejected first, leaving 

behind less hydrophobic particles. Particle ejection due to low L–P and P–P friction ensures 

that the liquid marbles maintain a monolayer of particles and remain spherical (Case II). 

Thus, the evaporation rates are similar to those of the control cases (water droplets) and 

𝑘𝑘# ≈ 0 (Figs. 3.7H, 3.8A). Furthermore, ejected particles landed on the mass balance, and 

their impacts caused instabilities in the recorded data (Fig. 3.7C–D). However, most 

fluctuations were caused by particle rearrangement, which can locally and momentarily 

change the vapor gradients near the surface of the marble. 

If superhydrophobic particles have high P–P friction, the outcome is markedly 

different. Fumed silica particles (C18|0.007) with a dendritic structure formed larger, 

fluffier particles owing to their high P–P friction (Fig. 3.2C and Table 3.1)176. Thus, in the 

liquid marble configuration, the hairy L–P interface entrapped air113. When the liquid is 

removed, some particles dewet but remain connected to neighboring particles, causing 

multilayering169, 177. Interestingly, interparticle friction was so robust for these particles 
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that, in one of the replicates, the liquid completely detached from the particle structure at 

𝑚𝑚/𝑚𝑚! < 0.1, leaving a free-standing particulate dome (Fig. 3.3D). Remarkably, the 

increase in particle layer thickness due to multilayering was so pronounced that the 

interparticle vapor diffusion became the limiting step for evaporation137. This was 

experimentally evidenced at 𝑚𝑚/𝑚𝑚! ≈ 0.3, when the evaporation rate of the C18|0.007 

liquid marble dropped below that of bare water droplets (Fig. 3.7D). Although our model 

did not directly predict this bottleneck transition—from vapor diffusion in air to 

interparticle vapor diffusion—it yielded negative values of 𝑘𝑘#, signifying multilayering 

(Fig. 3.8A) and the reduction in the evaporation rate (Fig. 3.7H). 

To summarize, L–P adhesion dominates over other forces in Case I; ejection force 

dominates over L–P and P–P friction in Case II, and P–P friction is dominant in Case III 

(Table 3.2). Our model (Eq. 3.4) could precisely identify the sharp boundary between Case 

I (mostly green) and Case II (red) in a diagram plotted between 𝜃𝜃1#) and 𝜃𝜃-./ for a 

moderate 𝛼𝛼 = 10° (Fig. 3.6B). However, the boundary between Case I and Case III appears 

to be less well-defined and it is possible that particles in that region present a mixed 

behavior. For instance, the hybrid Case I–III (for the C18|0.5 marbles) displays a 

combination of structural deformation (Case I) and multilayering (Case III) (Fig. 3.3E). 

This can be attributed to mild L–P adhesion and higher P–P friction, as indicated by the 

highest value of 𝜃𝜃1#) = 50.5° ± 7.6° among the particles in the middle green region in Fig. 

3.6B. Consequently, its 𝑘𝑘# value is positive (Fig. 3.8A) but lower in magnitude compared 

to typical Case I values, indicating a more pronounced structural deformation behavior 

(Case I) than multilayering (Case III). Accordingly, the evaporation rate of the hybrid Case 

I–III was higher than that of the water droplet, but not as high as that of Case I (Fig. 7D, 
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H). Ultimately, friction forces should dominate over adhesion forces in the pure Case III 

marbles, i.e., 𝐹𝐹01 ≫	𝐹𝐹-./. 

 

Table 3.2 – Case summary and outcomes of evaporation of liquid marbles  

 

Next, we examine some of the reported data in the literature through the framework 

of L–P and P–P interactions developed herein. For example, Bhosale et al.178 measured the 

evaporation rates of liquid marbles formed with a microscale polytetrafluoroethylene 

powder (µPTFE) and fumed silica nanoparticles coated with hexamethyldisilazane 

(nHMDS) and dimethyldichlorosilane (nDMDCS). They observed that the former 

evaporate faster, and the latter behave similarly to water droplets. The results for µPTFE 

can be classified as Case I based on the significant structural deformation of the liquid 

marble during evaporation, whereas both nHMDS and nDMDCS can be classified as Case 

III, wherein the larger surface area of nHMDS compared to nDMDCS severely reduced 

vapor diffusion through the particle layer. Rouyer et al.137 reported higher evaporation rates 

Case 
Geometric 
parameter, 

𝒌𝒌𝐫𝐫 

L–P 
adhesion 
[𝜽𝜽𝐫𝐫𝐫𝐫𝐫𝐫]* 

P–P 
friction 
[𝜽𝜽𝐫𝐫𝐫𝐫𝐫𝐫] 

Dominant 
force 

Particle 
outcome 

Evaporation  
outcome 

vs. droplet 

I >0 High 
[<150°]* 

Moderate–
Low 

[<~45°] 

L–P 
adhesion 

No 
layering Faster 

II ~0 Low 
[>150°]* 

Low 
[<~40°] 

Ejection 
force Ejection Same 

III <0 Low 
[>150°]* 

High 
[>~50°] 

P–P 
friction Layering Slower 

Droplet ~0 – – – – Same 

(*) – Typical values. Refer to Fig. 6B for better visualization.   
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for liquid marbles formed with polystyrene particles (140 µm) silanized with 

perfluorodecyltrichlorosilane (FDTCS) compared to bare water droplets. Additionally, 

they reported significant structural deformation of the marbles during evaporation, 

evidencing Case I. Erbil et al.162 investigated the evaporation of liquid marbles prepared 

with polytetrafluoroethylene (PTFE) powder (5–9 µm) as a function of relative humidity. 

They reported structural deformation but an overall lower evaporation rate compared to 

that of bare water droplets, indicating a hybrid of Cases I and III, in which the increased 

resistance to vapor diffusion is the result of thickening of the particle layer. Notably, they 

also reported that an increase in relative humidity (RH) resulted in higher resistance to 

evaporation compared to water droplets. This was attributed to the fact the PTFE particles 

tended to aggregate more in high humidity conditions, which could be due to the reduction 

in interfacial electrification165, 167. Markedly, Case II is the least common in the literature; 

to the best of our knowledge, it has only been reported by McHale et al.170 using spherical 

silica particles (75–1180 µm in size) coated with trimethylsilylchloride. Those particles 

were expected to have very low P–P friction due to their sphericity, which facilitated their 

ejection from the liquid marble’s surface. Experiments with different particle shapes, sizes, 

surface chemistry, and liquids are needed to extend this analytic framework in order to 

precisely identify the boundaries between the cases and hybrids. 

Lastly, we tested the model on larger liquid marbles (12-22 µL) shown in Fig. 3.3 

and Fig. A3.3. We utilized the same 𝑘𝑘#values obtained from the 10-µL marbles to model 

the shape evolution shown in the image analysis in Fig. A3.10. These findings demonstrate 

that the 𝑘𝑘# values robustly capture the P–P and L–P interactions and, hence, predict the 

fate of liquid marbles, irrespective of their initial volume. Nevertheless, the volume should 
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not be too large to create a flattened liquid marble or too small to create a marble with 

extremely few particles. In those cases, the model would not apply anymore. 

 

3.4. Conclusions 

This study presented a general framework for investigating the potential final states 

of liquid marbles based on L–P and P–P interactions. These characteristics can be easily 

quantified via contact angle goniometry, optical imaging, and formation of cones of 

particles of interest. We carefully studied the behavior of evaporating liquid marbles 

formed from particles of sizes varying across four orders of magnitude (7 nm–300 µm) and 

chemical compositions ranging from hydrophilic to superhydrophobic (Table 3.1). The 

behaviors of these diverse liquid marbles can be classified into three categories (Table 3.2). 

• Case I (high L–P adhesion and moderate to low P–P friction): in this case, liquid 

marbles deform to maintain a constant surface area. 

• Case II (low L–P adhesion and low P–P friction): in this case, liquid marbles eject 

particles to maintain sphericity. 

• Case III (low L–P adhesion and high P–P friction): in this case, expelled particles 

remain in the particulate layer and thicken it. 

Based on these insights, we developed a model for predicting the time-dependent 

evaporation rates based on the Fick’s theory of diffusion179. The model exploits a geometric 

parameter based on the sphericity/distortion of liquid marbles as their shapes evolve over 

time. The fits of this model matched accurately with the experimental observations of the 

evaporation rates of the liquid marbles formed from the variegated particles described in 

Table 3.1. Furthermore, this model and the general framework developed herein draw 
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together this interdisciplinary field of research by providing mechanistic insights into 

previous studies, where only a subset of the three general cases and/or hybrids had been 

explored. Taken together, these findings advance our basic understanding of liquid marbles 

and will help to utilize them to probe complex liquids such as dry water180 and Pickering 

emulsions171, 176, 181, the interaction of SHS mulches with rain droplets, runoff or excess 

sub–surface irrigation, and also explore applications of liquid marbles as simple and low-

cost platforms in engineering182, 183 and educational contexts. 

 

3.5. Materials and Methods 

Fumed silica particles with diameters of 0.007 and 0.5 µm were obtained from 

Sigma Aldrich (CAS 112945-52-5). To remove their original coating, the particles were 

exposed to three cycles of piranha treatment, as described below. The resulting surfaces 

exhibited superhydrophilicity toward water. Then, the particles were silanized following 

the protocol described below. Particles in the size range of 3–57 µm were obtained from 

Davisil (Grade 633–CAS 112926-00-8) with a pore size of 60 Å (purchased from Sigma-

Aldrich). Silica sand was used for particles in the size range of 75–300 µm, and was 

purchased from a rural Saudi supplier. The sand was sieved using stainless steel meshes 

with size ranges specified in Table 3.1. All silanes (Fig. 3.1) and chemical reagents 

(including toluene, chloroform, methanol, sulfuric acid, and hydrogen peroxide) were 

purchased from Sigma Aldrich. GlacoTM was purchased from Soft99. Deionized Milli-Q 

water was used for all evaporation experiments, i.e., for water droplets and liquid marbles. 

Silanization reactions were performed according to the process described in Section 

2.2.1. Then, the surface advancing and receding contact angles were measured in a Kruss 
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Drop Shape Analyzer (DSA100) with deionized water flow rates of 16 µL s−1. In a few 

cases, we used GlacoTM to render the particles superhydrophobic (S.H.). This coating 

renders superhydrophobicity by depositing a layer of hydrophobic nanoparticles onto the 

surface, i.e., the particles are physisorbed. For such cases, GlacoTM was added on the 

particles that were previously silanized with C18 to guarantee superhydrophobicity. The 

contact angles for the superhydrophobic cases were less homogeneous due to variability in 

this coating protocol, which depends on the thickness of the film deposited on the surface. 

Values for GlacoTM particles are shown in Table 3.1 as S.H. The angle of repose was 

measured by gently pouring the particles over a glass slide and measuring the angle formed 

between the pile and the horizontal plane. For the 7-nm fumed silica particles, the angle of 

repose exhibited high dependence on interparticle compression. Thus, the reported value 

for this case is the mean value, and the error represents the difference between the 

maximum and minimum angles divided by two. 

 

3.5.1. Preparation of liquid marbles and evaporation experiments 

A layer of hydrophobic particles was spread onto a glass slide or onto a 

superhydrophobic paper coated with GlacoTM (S.H-paper—for cases that required more 

vigorous shaking to attach the particles) and then a 10-µL droplet of water was placed on 

top of the particles. Next, we gently poured more hydrophobic particles until they 

completely covered the droplet (Fig. 3.1C). Then, excess particles were swept away with a 

brush by moving the marble around until only the particles attached to the liquid marble 

remained. The marble was subsequently transferred to another glass slide (or S.H.-paper, 

i.e., paper coated with GlacoTM), and the process was repeated twice to obtain a total of 
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three liquid marbles. The glass slide (or S.H-paper) with the three liquid marbles of the 

same type was placed on a microbalance for evaporation (Mettler Toledo, New Classic 

MF, ML104/03), which recorded the mass every 1 s. The experiments were performed in 

a lab-controlled atmosphere at 23 ± 1°C and 60 ± 2% RH. Note that the variance in 

temperature and humidity was most pronounced between different runs performed on 

different days, and was relatively stable and constant during each evaporation experiment. 

The evaporation of water droplets was performed by placing the droplets on GlacoTM-

coated glass slides (H-glass). After complete evaporation of the water, the final weight of 

dry particles was measured to determine the surface particle density, which was normalized 

by the initial mass of water (Table 3.1, Fig. 3.3). The evaporation time-lapse videos were 

recorded using a digital microscope (Dino Lite, Edge – AnMo Electronics Corporation). 

 

3.5.2. Model 

In our model, 𝐷𝐷5/-1 can be interpreted as the characteristic diameter of a virtual 

hemispherical water droplet that exhibits the same evaporation rate as a liquid marble. In 

addition, normalization of the evaporation rate to the initial rate helps to eliminate the 

significantly large contributions of small daily deviations in atmospheric conditions (±1°C 

and ±2% RH) and thus enables us to exclusively focus on the effects related to marble 

particles and liquid interactions. In addition, the precision of absolute values calculated 

using the absolute form of Eq. 3.10 was considerably enhanced when we considered the 

saturated vapor concentration, 𝜌𝜌7-$, at temperatures between the ambient value (23°C, 60% 

RH) and that of a wet-bulb (17.7°C). This occurs due to the evaporative cooling effect, 

which has been discussed in detail by Kozyrev and Sitnikov184.  
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The model parameter, 𝑘𝑘#, was optimized by minimization of an error function with 

the form 𝐸𝐸𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟 = ∑ (𝑦𝑦E − 𝑓𝑓E)JE , where 𝑦𝑦E is the experimental data point, and 𝑓𝑓E is the model 

point. The curves calculated using our model (Figs. 7E–H) accurately capture our 

experiments (Figs. 3.7A–D). This is evidenced by the high values of coefficient of 

determination, 𝑅𝑅J 	= 1 − ∑ (𝑦𝑦E − 𝑓𝑓E)JE ∑ (𝑦𝑦E − 𝑦𝑦ä)JE⁄ , where 𝑦𝑦ä is the mean of the data 

points. The error is higher for the prediction of the evaporation rate than the mass fraction 

because the model does not describe the wiggling effect created by particle movement and 

rearrangement on the interface. 

The data used to adjust parameter 𝑘𝑘& were obtained during separate runs as the data 

used to obtain the image fitting data for Fig. 3.10 to prevent the heat generated by the LED 

lights from increasing temperature during evaporation. However, this does not affect the 

image data fitting, which only correlates the apparent volume of the marbles with the actual 

mass of liquid. The mass data was smoothened using a quadratic polynomial fit with a 

moving period of 500 data points (8.3 min). The evaporation rate was further smoothened 

with a moving average of 100 data points (1.67 min). These smoothening parameters were 

chosen to remove the noise introduced by the microbalance and did not affect the general 

trend of the data. All data processing was performed in Matlab (R2019a).  

Note: We chose to normalize the data in a manner that reduced biases in the analysis. 

Evidently, temperature and relative humidity are crucial variables when 

determining the concentration of water vapor in air because they govern the 

magnitude of the concentration gradients driving the evaporation. Even though the 

lab environment is controlled at 23 ± 1°C and 60 ± 2% RH, daily variations are 

unavoidable. Small variations of 1°C and 2% RH can account for deviations in the 
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initial evaporation rates in the order of 20%, as can be observed in Figs. A3.7–A3.8. 

Therefore, the data must be analyzed in a manner in which the daily variations in 

such environmental conditions can be neglected. Thus, the evaporation rates were 

normalized to the initial evaporation rate for each run. Instead of normalizing time 

by the total evaporation time, the data are viewed in terms of liquid mass fraction 

(𝑚𝑚/𝑚𝑚!) to reduce biases toward environmental deviations. Moreover, mass 

fraction is an easily and precisely measurable parameter, which can be directly 

connected to the shape of the liquid marble or droplet. In addition, the direction of 

mass fraction axis was reversed to follow a more intuitive direction of time in the 

evaporation process. 
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4. CHAPTER IV – Effects of superhydrophobic sand mulches on evaporation of 

water from topsoil 

 

4.1. Introduction 

Resource management is crucial throughout the entire food supply chain — from 

farm to the consumer — and technology can facilitate this process. Here, we present SHS 

as a mulching technology for sustainably realizing irrigated agriculture and/or growing 

trees in aridlands, where every drop of freshwater is precious185. As discussed in Chapter 

I, there are a few agricultural practices and technologies that reduce evaporation and, thus, 

improve the water-use efficiency186. For instance, no-till farming, or natural mulching, 

wherein a layer of biomass from the previous crop cycle is left on the top-soil; this helps 

to provide shade from sunlight and hence reduces evaporation187. Plastic sheets comprised 

of low-density polyethylene (of ~100	µm-thickness) can be applied to cover irrigated top-

soil to create a barrier against water loss as well as warming up the soil (as in a greenhouse 

effect)188. These methods, especially plastic mulching, are widely used across the world 

and their usage is increasing in developing countries. However, natural mulching and 

plastic mulching may be unsuitable in hot and arid climates due to the rapid microbial 

degradation of biomass189 and exceedingly high temperatures at the soil–plant interface, 

respectively190. Some attempts have been made to control evaporation losses by spraying 

water-repellent polymers over the soil in order to create a diffusion barrier191-194. However, 

this approach needs further development and testing; needless to say, spraying substantial 

amounts of polymers on the soil surface, even if biodegradable, might be economically 

unfavorable in commercial agriculture.  
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In this Chapter, we explore the mechanisms by which superhydrophobic sand 

(SHS) mulches suppress evaporation through a series of complementary experiments to 

evaluate evaporation fluxes as function of soil moisture content, SHS thickness, and the 

soil moisture content. Briefly, SHS mulch is comprised of hydrophobic sand particles (Fig. 

4.1). When SHS is applied as a thin layer (5-10 mm) on top of a wet soil, it creates a 

diffusion barrier that reduces evaporation195, 196. Sub–surface irrigation provides water 

directly at the plant root level; the water then spreads in all directions from the irrigation 

point through capillary action197. As the water moves upward, reaching the surface of the 

soil, it is exposed to direct sun radiation, heat, and wind, which create a moisture gradient 

in the surface of the soil that keeps driving water upwards. The SHS mulch creates a barrier 

to the capillary motion, which stops the upward movement of liquid water, and adds a 

diffusion layer for the water vapor that restricts its flow (similarly to Case III in Chapter 

III Section 3.2.2, Table 3.2). 

 
Fig. 4.1 – Concept of superhydrophobic sand (SHS) mulches to reduce water evaporation 

from soils in arid regions. Water movements for subsurface irrigated (A) bare soil and (B) 

A B
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SHS-mulched soil. SHS prevents the water rising to the top surface though capillary action, 

thereby creating a dry diffusion barrier that allows water vapor to diffuse at a significantly 

lower rate than in bare or unmulched soil. Illustration created by Xavier Pita, KAUST. 

 

4.2. Results 

4.2.1. Capillary action and diffusion barrier of SHS mulches 

Here we explore how SHS influences evaporative water loss from the topsoil. When 

water comes in contact with common hydrophilic soil particles, the mechanical equilibrium 

between the interfacial tensions creates a concave meniscus, which drives the water in all 

directions, including upwards, due to capillarity (Fig. 4.2A-B). Considering that the 

particle sizes of soil range from 1 to 1000 µm, pore sizes between the grains could be 𝑅𝑅# 

≈ 5 µm. For an actual contact angle of 𝜃𝜃! ≈ 39° for silica, the major component of our 

soil, the magnitude of the Laplace or the curvature pressure can be determined by the 

formula:	𝑃𝑃* = 2	𝛾𝛾*H× cos 𝜃𝜃! × 𝐶𝐶C, where 𝛾𝛾 is the surface tension of water, cos 𝜃𝜃! ×

𝐶𝐶C = cos 𝜃𝜃! × 0.5 × (1 𝑅𝑅I⁄ + 1 𝑅𝑅J⁄ ) is the estimated mean curvature of the liquid–air 

interface, and R1 and R2 are the two characteristic pore radii. Assuming spherical symmetry 

for the air–water interface, 𝑅𝑅I = 𝑅𝑅J 	≈ 	5	µm, which yields 𝑃𝑃9 ≈ 23 kPa. This pressure 

drives the water radially from the subsurface dripping point in all directions, including 

upwards to the topsoil–air interface, where it evaporates (Figs. 4.2A, 4.1A). Note, we 

emphasize that all of the field-scale experiments reported in this study utilized subsurface 

irrigation. 
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Fig. 4.2 – Mechanism for reducing evaporative loss of water from the top-soil. (A) Water 

from subsurface irrigation is spontaneously imbibed by the soil media due to (B) positive 

Laplace pressure, 𝑃𝑃* (red arrows). This results in the capillary rise of water, leading to 

evaporation loss. (C) Water from subsurface irrigation is imbibed by the soil, but this 

capillary rise is arrested at the soil–SHS interface due to (D) the negative Laplace pressure. 

Subsequently, SHS acts as a dry barrier that limits diffusion, significantly reducing water 

loss from the soil. Note that this illustration is an exaggeration of the capillary rise in wet 

soils; in real life, air pockets and continuous liquid water capillaries would be present. 

 

Conversely, when soil moisture rises upward and touches the SHS mulch, the 

curvature of the air–water interface at the interface of the SHS grains becomes convex (Fig. 

4.2C–D). Therefore, the same Laplace pressure that drives the capillary rise of water 

prevents its imbibition into the SHS layer; thus, keeping the SHS layer dry (Fig. 4.2D). In 

fact, the magnitude of this preventive (or negative) Laplace pressure can be calculated 

using the formula 𝑃𝑃* = 2	𝛾𝛾*H× cos 𝜃𝜃! × 𝐶𝐶C. We presume that the average value of the 
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pore radius for the air–water interface in contact with SHS grains with sizes ranging from 

100–700 µm is 𝑅𝑅I = 𝑅𝑅J ≈ 	30	µm, which yields 𝑃𝑃* = –1.2 kPa. This result is in reasonable 

agreement with experimental measurements of breakthrough pressures at a water column 

of ~10–12 cm. This analysis explains how the SHS layer creates a dry porous barrier to 

water vapor (and other gases). 

The sub-surface irrigation water moves radially from the irrigation point. Some of 

the water percolates down due gravity and capillary potentials, while some water moves 

upwards due to capillary potentials198 (Fig. 4.3). Then, since the SHS prevents capillary 

action, the water can only move through SHS in the vapor phase, which hinders the 

diffusion of water vapor. Once the water vapor gets through the SHS layer, it is then 

exposed to the convection of the atmosphere, which does not limit the process.  

 

  

Fig. 4.3 – An off-scale illustration of the top-soil–SHS–air interfacial cross-section, listing 

the key physical processes, capillarity, diffusion, and convection, involved in the 



 

 

116 

movement of water (liquid and vapor). The temperature and relative humidity (RH%) 

curves are only illustrative. 

 

While liquid water is unable to spontaneously imbibe SHS, water vapor can diffuse 

through the SHS mulch layer, similarly to Case III of our liquid marbles. In fact, the 

evaporation flux of water from the topsoil and across the SHS mulch can be estimated 

using Fick’s diffusion law: 

 𝐽𝐽 = −𝐷𝐷 × ∆𝜑𝜑/𝐿𝐿?@?      Eq. 4.1 

where ∆𝜑𝜑 is the gradient in the water vapor concentration across the SHS layer, 𝐿𝐿?@?, and 

𝐷𝐷 = 𝔇𝔇.	×s	×t
u

 is the effective diffusivity that depends on the diffusivity of water vapor in 

air, 𝔇𝔇", porosity,	𝜀𝜀, constrictivity, 𝛿𝛿, and tortuosity,	𝜏𝜏, of the granular mulch199, 200.  

 

4.2.2. Effects of SHS mulching on evaporation flux at transient state 

We evaluated the effects of SHS mulching on the rates of evaporation from the 

topsoil and actual moisture content and compared them with the effects of mulching with 

common sand and unmulched (control) sand. For these experiments, bottom-closed pots 

were filled with 75 g potting soil (Metro Mix 360TM) and saturated with 130 g water. Some 

of these pots were then covered with either SHS or common sand, both at layer thicknesses 

ranging from 2.5–20.0 mm; the remaining unmulched pots were used as controls. The pots 

were exposed to natural day/night cycles for 26 days and the loss of soil moisture via 

evaporation was recorded (Fig. 4.4A-B). During this period, the temperature ranged from 

23°C to 34°C and relative humidity ranged from 40% to 90% (Fig. 4.4C). The masses of 

the individual pots (in duplicates) were tracked over time using a mass balance. The 

experiment was started on October 10, 2016 at 9:45 a.m. at Thuwal, Saudi Arabia 
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(22.3084° N, 39.1030° E). The environmental data were obtained from the KAUST 

weather station. 

Compared to mulching with untreated sand and the unmulched controls, SHS 

mulching dramatically decreased water loss via evaporation (Fig. 4.4D). During the first 

few days, while the soil moisture was still high, the evaporation flux of the pots mulched 

with uncoated sand was high, similar to that of the bare controls (Fig. 4.4F); naturally, as 

the moisture content of the pots decreased, the evaporation fluxes of the uncoated sand 

mulches and the controls decreased. In contrast, the evaporation flux of SHS mulched pots 

was lower and mostly independent of soil moisture content (Fig. 4.4E). Remarkably, a 5-

mm-thick SHS mulch layer reduced the evaporation flux from approximately 78% to 56% 

during the first 4 days of the experiment (Fig. 4.4F). Evaporation flux, 𝐽𝐽, was inversely 

proportional to the SHS mulch thickness, LSHS, such that 𝐽𝐽 ∝ (𝐿𝐿?@?)dI; as mulch thickness 

doubled, evaporative flux decreased by approximately 50% (Fig. 4.4G). Additionally, it is 

noteworthy to mention that the color change from the dry SHS to the wet sand and even 

the difference from the much darker soils could have an effect in the albedo and overall 

energy fluxes into and out of the soil. However small that effect may be, further studies are 

warranted to better understand it.  
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Fig. 4.4 – Effects of superhydrophobic sand (SHS) mulching on water loss via evaporation 

from soil. We gravimetrically measured water loss from (bottom-closed) pots containing 

initially wet soil under various thicknesses of common sand and SHS mulches (0–20 mm, 

indicated by the number preceding the unit “mm”) exposed to environmental conditions. 

SHS mulch reduced evaporation from the topsoil in proportion to its thickness. (A) 
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Schematic of the experimental setup showing evaporation loss from a single pot. (B) 

Photograph of the pots on the first day revealed mulches with dark-colored common sand 

as they absorbed water from the soil underneath, whereas SHS stayed dry. (C) Weather 

conditions during the period of the experiment. (D) Relative water loss from soil under 

different mulching conditions. (E) Evaporation flux as a function of relative soil moisture 

content. (F) Evaporation flux as a function of time. (G) Evaporation flux as a function of 

mulch thickness (Note: each curve represents the evaporative flux on a specific day as a 

function of mulch thickness; zero on the abscissa represents unmulched soil). The standard 

error was below 7% relative to the mean (𝜎𝜎v̅ = 𝜎𝜎 √𝜎𝜎⁄ , where 𝜎𝜎 is the standard deviation 

of the duplicates, N = 2). 

 

4.2.3. Effects of SHS mulching on evaporation flux at continuous state 

Next, in contrast to the previous experiments that explored transient regimes, i.e., 

the soil moisture content decreased over time, we evaluated the evaporation rates from 

topsoil with a continuous evaporator that kept a constant soil moisture content profile in 

the soil (Fig. 4.5). This setup provides a continuous supply of water to the evaporation 

columns, to maintain a fixed water table level. Twelve columns were placed side by side 

to allow for testing different conditions at the same time with a satisfactory number of 

replicates. The setup allowed a specific water table to be set by changing the relative height 

of the dyed water tanks.  

The water dyed tanks provide water directly to the evaporation columns, and also 

allow us to monitor the water consumption based on the change in the height of the colored 

water. Note that the water dyed columns are open to the atmosphere at the bottom through 

a tiny hole and the top is closed with a rubber cork. 
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Fig. 4.5 – Continuous-state evaporation setup. Schematic (A) and photograph (B) of our 

experimental setup to measure evaporation from wet soil. A time-lapse camera records the 

volume change in the column reservoirs every 30 minutes.  

 

As water evaporates from the evaporator tank, the water level at the open tank 

decreases by about 1 mm, which allows an air bubble to enter the column of the dyed water 

columns. As long as there is water in the dyed columns, this process maintains a constant 
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water table in the evaporator tank. Herein, we will refer to the uncoated sand as “soil” since 

we used the same raw sand for both the SHS layer and for the soil layer in the evaporation 

tanks. Special care was taken to remove the air bubbles in the line connecting the open tank 

to the evaporation tank. The water was dyed red with a food-grade dye to facilitate the 

image analysis. The water levels in the dyed water columns were recorded every 30 

minutes with a time-lapse camera (Fig. 4.6). Later, we used a MATLAB script to analyze 

the images. The photographs were processed to detect the changes in the water levels by 

applying color thresholds. The change in height was then used to calculate the volume of 

water evaporated. Remarkably, the presence of bubbles in the tubes prevents the flow of 

water due to the same interfacial forces involved in wetting the hydrophobic materials, i.e., 

air bubble can “clog” the tubes that connect the dyed water columns to the evaporation 

columns. Since the experiments were performed indoors, we used lamps to provide the 

thermal energy necessary to drive the evaporation of water from the soil columns. In total, 

we placed four 100 W lamps about 50 cm above the top surface of the evaporation columns. 

 

 

Fig. 4.6 – Time lapse photographs of the dyed water columns during an experimental run. 

The experiment begins with (A) all columns filled to the maximum level; then the 

evaporation columns start to draw water from the dyed water columns and (B-C) the levels 

A B C DInitial Intermediate 1 Intermediate 2 Refill
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decrease; the columns need to be refilled before they run out of liquid in order to keep 

measuring the flow and to avoid decreasing the water table level. Note that the water table 

in the evaporation columns stays constant as long as there is water inside the dyed water 

columns. 

 

The evaporation rates for 5-15 mm SHS mulches were compared against bare soils 

and one reference column with bare soil set for a water table of 17 cm for all experiments 

(Fig. 4.7). The data was treated to remove the lag-time for the system to reach a constant 

evaporation flux. This lag-period was longer for deeper water table levels. We performed 

the experiments from the shallow water levels to the deeper water. Therefore, when the 

experiments at deeper water table levels started, the soil contained more moisture than the 

equilibrium state required. Thus, that moisture had to evaporate first to reach equilibrium, 

and only then, the system started to use the water from the dyed water columns. 

The thicker the SHS mulch, the lower the evaporation fluxes at equilibrium. As 

shown in Fig. 4.7B, 5 mm of SHS mulching reduced the evaporation rates from ~4-5 

mm/day (for bare) to ~2 mm/day, corresponding to roughly a ~50% reduction (Fig. 4.7C). 

Moreover, doubling the thickness of SHS to 10 mm decreased the fluxes to ~1 mm/day; 

this is ~50% reduction compared to the 5 mm SHS mulch, which is in accordance with the 

thickness proportionality set by Fick’s law, i.e., a doubling in thickness halves the 

evaporation flux (Fig. 4.4G). The evaporation with 10 mm SHS mulches represents an 

~80% reduction relative to the bare soils, and the reduction for 15 mm SHS was just slightly 

higher. Thus, the benefits of SHS mulching scale logarithmically with a linear increase in 

mulch thickness (Fig. 4.7C). This fact has practical implications for the optimization of 

SHS mulch application in real-life scenarios. 
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Fig. 4.7 – Effects of various thicknesses of SHS mulching under continuous evaporation 

with varying water table levels. (A) Evaporation for bare, reference, and 5-15 mm SHS 

after removing the lag-time; Reference corresponds to one column fixed at a water table 

depth of 17 cm; Bare corresponds to the control at the specified water table. (B) Mean 

evaporation fluxes. (C) Reduction in evaporation fluxes compared to the bare case. Error 

bars represent one standard deviation. 

 

Furthermore, the temperature profiles of the evaporation tanks showed lower 

temperatures at the top interface of the bare soils due to the evaporative cooling effect (Fig. 

4.8). Since water evaporates faster from the bare interface (than from the SHS mulch), it 

captures heat from the surroundings in order to overcome its latent heat of vaporization, 
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resulting in a lower temperature. This cooling effect is less noticeable on the SHS interface 

due to the lower evaporation fluxes. Additionally, the differences between the different 

thicknesses of SHS are not as pronounced as compared to the bare case. 

 

Fig. 4.8 – (A) Infra-red top-view images of continuous evaporation columns with 5-15 mm 

SHS mulch and bare soil at a water table depth of 10 cm. (B) Temperature analysis shows 

the evaporative cooling effect lowers the temperature in the bare cases due to the higher 

evaporation rates. Note: see Fig. 4.5 for a schematic of the experimental set-up. 
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It is important to point out that real-life soil systems are more complex and can be 

hard to model with a simple experiment like ours. For instance, in these experiments, the 

water tables were relatively shallow, which resulted in a higher moisture content in the soil 

columns than can be found in some soils in deserts. The differences in the evaporation 

fluxes for the several water table depths were less pronounced than we previously expected. 

Since, we measured the capillary rise for the uncoated sand (simulated soil in the column) 

to be ~26 cm, we had expected a much sharper decrease in evaporation fluxes when the 

water table was deeper than 26 cm. However, this effect was only observed for the 10 mm 

and 15 mm SHS.  

Sharper decreases in evaporation fluxes were expected for water table levels deeper 

than the capillary rise, because the liquid water has to evaporate in the soil column and then 

diffuse through the dry soil pores (and dry SHS) to reach the top surface. In that case, any 

dry soil layer would serve the same function as the SHS mulches, thus decreasing the 

relative effectiveness of the SHS layer on top compared to the bare soil. However, soil 

systems are quite complex, and the capillary rise is not a hard-cut measure. Therefore, more 

experiments are needed in order to study a variety of complex soils with different ranges 

of capillary rises. Additionally, it should be noted that the radiation heat in our 

experimental setup was not equivalent to that of most parts of the world, especially arid 

regions. Therefore, experiments with more powerful lamps are warranted to simulate more 

realistic radiation conditions from aridlands. Also, in order to obtain a better understanding 

of the system day-night cycles, different albedos, winds, etc. must be also considered in 

the future. Moreover, plants could be inserted in the experimental setup to allow for steady 
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state or day-night cyclic measurements of evapotranspiration partitioning. Lastly, gas 

sensors could be coupled to the system to analyze O2, CO2, NH3, and other gas fluxes. 

 

4.2.4. Effects of SHS mulching on soil moisture content 

Next, we compared and quantified the effects of 5-mm-thick SHS mulches with 

unmulched soil (control) on soil moisture content at the field station with loamy sand soil 

in Hada Al-Sham, Saudi Arabia (21.79° N, 39.72° E). Unlike the pot-scale experiment and 

the continuous evaporation columns, this setup also allowed for percolation. We installed 

soil moisture and temperature HydraprobeTM sensors (Stevens Water, LLC), which exploit 

the principle of coaxial impedance dielectric reflectometry201, 202. The sensors, specifically 

calibrated for the local soil, were buried in 30–L plastic buckets with a diameter of 35 cm 

and filled with local sandy soil, which was sieved to remove gravel >1 cm. The buckets 

were bottom-perforated to prevent the lateral flow of water while maintaining vertical flux. 

The buckets were then buried to soil level to minimize unrealistic soil temperature profiles 

during the day/night cycles.  

We studied two irrigation scenarios: (i) single irrigation starting from 

supersaturated soil with no further water application (Fig. 4.9D) and (ii) daily irrigation 

using a subsurface drip system, also started from supersaturated soil (Fig. 4.9E, B). As both 

systems started from supersaturation, there were minimal differences at the beginning due 

to water loss via percolation in either case. However, as percolation abated, the effects of 

mulching on the soil moisture content became apparent: the moisture content in the top 5 

cm of the unmulched soil was lost after approximately 14 days; in contrast, it took 

approximately 23 days for mulched soil to dry out (Fig. 4.9D). Next, in the daily irrigation 
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setup, soil moisture achieved steady states in approximately one week, such that the soil 

moisture of mulched soil was approximately 25%–45% higher than that of unmulched soil 

(Fig. 4.9E). Interestingly, the evaporation rates from unmulched supersaturated soil were 

quite high during the first few days, resulting in evaporative cooling, as evidenced by the 

temperature data. These trends, however, reversed after a few days as evaporative cooling 

diminished at a steady state, such that the temperature of mulched soil was 1–3°C cooler 

than that of unmulched soil (Fig. 4.9D-E; bottom panels).  

 

 

Fig. 4.9 – Effects of superhydrophobic sand (SHS) mulching on soil moisture content. We 

used sensors to measure the effects of a 5-mm-thick SHS mulch layer on soil moisture 

content and soil temperature exposed to field conditions. (A) Schematic of the experimental 

setup showing evaporation loss and the soil moisture/temperature sensors in a bottom-

perforated bucket buried at soil level to ensure a more realistic soil temperature profile. 

One irrigation line with a single dripping point passed through the buckets at a depth of 
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approximately 10 cm. (B-C) Photographs of the experimental setup during installation and 

just after SHS application in one of the buckets. (D-E) Average soil moisture and 

temperature for two sets of experiments: (D) a single initial irrigation event up to saturation 

and (E) one initial irrigation to saturation followed by daily irrigation. In (D), the data were 

collected at a depth of 5 cm. In (E), the data represent the average of soil moisture and 

temperature at the following depths: 15, 20, and 25 cm. Soil moisture content significantly 

increased after SHS mulching, particularly in the case of daily irrigation. Mulching also 

reduced the highest daily temperatures, except during the first few days, when evaporative 

cooling was very high for unmulched soil. 

 

4.2.5. Effects of SHS mulching plant evapotranspiration 

Now that the ability of SHS mulching to reduce water evaporation from the topsoil 

and increase the soil moisture content had been established, we explored the effects of SHS 

mulching on plants.  

Evapotranspiration losses depend on the conditions of both the soil surface and the 

plant canopy, i.e., the leaf area index. For instance, Zhao and coworkers determined that a 

furrow-irrigated vineyard located in Northeast China presented about 41-48% of total ET 

were transpiration losses, and about 52-59% were evaporation losses203. 

In a study conducted in the KAUST Plant Growth Facility, we studied 

evapotranspiration partitioning due to 10 mm-thick SHS mulch on tomato plants (Solanum 

lycopersicum) under two irrigation regimes: (i) normal (irrigated to field capacity every 2-

3 days) and (ii) reduced irrigation, 50% of normal irrigation (Fig. 4.10)204. We compared 

the water consumption of mulched pots and unmulched controls with and without plants to 

determine the contributions of the E and T components. 
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Fig. 4.10 – Fig. 4.11 – Effects of SHS mulching on tomato plants grow in a growth chamber 

under two irrigation regimes. (A) Schematics of the evaporation and transpiration pathways 

and their effects on plants. (B) Representative photographs of tomato plants grown in 

controlled growth chambers using 10-mm-thick SHS mulches (i.e., mulched plants) and 

bare soils (unmulched plants) under normal and reduced (50% of the normal) irrigation. 

Tomato plants were transplanted and grown for 98 days until final fruit and biomass 

harvest. Each treatment combination involved four (n = 4) plant samples. Figure provided 

by Odokonyero204. 
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In mulched soils, the total cumulative evaporation accounted for 5% and 9% of total 

ET under normal and reduced irrigation, respectively; while evaporation from the bare soil 

accounted for 21.5% and 31.5% of total ET under normal and reduced irrigation, 

respectively (Fig. 4.11). Relative to bare soil, SHS mulching suppressed evaporation by 

77% and 67% under normal and reduced irrigation, respectively. In mulched soils, we 

found that the total cumulative transpiration accounted for 95% and 91% of total ET under 

normal and reduced irrigation, respectively; as compared with 78% and 65% of total ET 

observed in bare soils under normal and reduced irrigation, respectively. As a result, the 

total transpiration in the mulched soil was 17% and 26% higher than in the bare soil under 

normal and reduced irrigation, respectively (p=0.0*). As a result of these shifts in the water 

balance, the height of the plants in the mulched soil (at the end of the cycle) significantly 

exceeded that of the plants in the bare soil by 9% (p=0.005) and 11% (p=0.0*) under 

normal and reduced irrigation, respectively (Fig. 4.11D).  
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Fig. 4.12 – Cumulative evapotranspiration, ET (A); soil evaporation (B); transpiration (C); 

and plant height (D) throughout the plant growth season under contrasting soil mulching 

treatments (i.e., SHS-mulched, and bare soil) and different irrigation regimes (i.e., normal 

irrigation, N, and reduced irrigation, R). Each data point is a mean of four replicates; error 

bars are standard errors (±SE) of the means. Figure provided by Odokonyero204. 

 

4.3. Conclusions and recommendations 

Here, we established that SHS substantially reduces evaporative losses from 

topsoil, while increasing the soil moisture content and transpiration rates. These effects 

depend on several parameters. Specifically:  

• SHS mulching reduces evaporation rates proportionally to its thickness. 

However, thicknesses greater than 10 mm add disproportionally lower benefits 

compared to the evaporation fluxes in bare soil. 
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• SHS mulching increases the soil moisture content, which has the beneficial 

effect of increasing the transpiration rates of tomato plants.  

• More experiments involving simultaneous measurement of evaporation, 

transpiration, and percolation are warranted to better understand the effects of 

SHS mulching, under different particle size distributions, air flows, albedos and 

water tables. 

• More experiments with different plants are warranted to determine the ET 

partitioning for other plant species under realistic aridland conditions. For 

instance, a comprehensive study on the effects of tree saplings could provide 

insights and contribute to afforestation projects in Saudi Arabia205-207, the 

Middle East, and other aridlands globally. 
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5. CHAPTER V – Effects of superhydrophobic sand mulches on agriculture 

 

5.1. Introduction 

Taken together, the findings reported in the previous Chapters establish that SHS 

mulching boosts plant growth under normal and reduced irrigation conditions23, 196. Further 

motivated by our preliminary greenhouse study on tomato (Solanum lycopersicum) 

plants208, we decided to test SHS mulching in field trials in Hada Al Sham, Saudi Arabia 

(21.79° N, 39.72° E). The site was chosen to be representative of a typical farming location 

in Saudi Arabia, with a natural water catchment basin that provides shallow groundwater 

for the agricultural activities (details of the field are presented in Section 5.4). The site, 

nevertheless, is located in an arid region that cannot sustain agriculture without irrigation18, 

19. Even when irrigated, due to the extremely high temperatures, the site can only be 

cultivated during winter, from December to April. In order to understand the effects of SHS 

mulching on crops grown under arid conditions, we grew a variety of crops over the winter 

seasons of four years (2018–2021). Notably, we experimented with tomato (Solanum 

lycopersicum), barley (Hordeum vulgare), wheat (Triticum aestivum), and onion (Allium 

cepa). Tomato and onion were chosen as relatively high-value crops, while wheat and 

barley were selected as large-scale staple crops of high importance in terms of caloric 

content.  

In this Chapter, we address the following questions: 

• What are the effects of SHS mulching on crop yields and plant biomass? 

• What are the agronomical differences between using silica sands or other sandy 

soils for SHS mulching? 

• How does SHS mulching compare with traditional plastic mulching? 
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• Does applying SHS as a buried layer to prevent percolation have any effect on 

tomato crop yields? 

 

5.2. Field results for SHS 

During 2018–2019, we conducted field trials on a high-value crop (tomato, 

Solanum lycopersicum – variety A, cv. Bushra; variety B, cv. Nunhem’s Tristar F1) and 

two large-scale grass crops (barley, Hordeum vulgare, cv. Morex and wheat, Triticum 

aestivum, cv. Balady). The crops were cultivated in different fields, which were subdivided 

into intercalated plots with SHS and bare conditions (Fig. 5.1). We compared the beneficial 

effects of varying thicknesses of SHS mulches with those of 120 µm-thick polyethylene 

sheets (hereafter referred to as plastic mulches) and unmulched soil (control). Two types 

of irrigation scenarios were investigated: (i) normal freshwater irrigation (<900 ppm NaCl) 

applied twice a day through subsurface drip irrigation and (ii) brackish irrigation (5000 

ppm NaCl) applied twice a day. Due to the mild weather conditions, the crops were sown 

during November–December and were subsequently harvested during March–April of the 

following years. For the 2020 season, we grew a bigger tomato field (variety A and B) 

compared to the previous years, with intercalation of SHS and bare conditions between 

each plant, instead of between each plot. In 2021, we grew tomatoes (variety A and B) and 

onions with SHS made on-site from the local sandy soil. Tomatoes were grown in trays for 

~3-4 weeks prior to transplantation to the fields. Then, the plants were allowed to establish 

for a period of 1-2 weeks before applying SHS or other treatments.  

All our fields contain a subsurface drip irrigation system Rain Bird LD-06-12-1000 

Landscape drip 0.9 Gallon/h (3.4 L/h per dripping point). The plants were fertilized through 
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the irrigation system using common compound fertilizers on a weekly or biweekly basis 

(N:P:K 20:20:20 during the vegetative stage and N:P:K 10:10:40 at the flowering and 

fruiting stages). 

The SHS used in the 2018-2019 seasons was prepared by the dissolved wax method 

(1:600 wax:sand ratio), while the SHS for the 2020 season (1:600 wax:sand) and SH soil 

for the 2021 season (1:100 wax:sand) were prepared with the molten wax method. 

 

Fig. 5.1 – General example of field design separated into intercalated plots for field trials 

conducted during the 2018, 2019, and 2021 seasons. (A) We split the tomato and (B) 

barley/wheat/onion fields into 2.5 m ´ 2.5 m plots with intercalated SHS and bare soil 

(control). Tomato plants received SHS only around each plant in circles or strips, while 

barley, wheat, and onion received SHS covering the entire plot. The tomato trial in 2020 

employed intercalation of individual plants with SHS and bare, rather than the plot 

configuration shown here. Sub-surface drip irrigation (SSDI) provided equal amounts of 

water to mulched and unmulched plants. The tomato plots received three parallel irrigation 
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lines and the barley and wheat plots received seven parallel irrigation lines. Brackish and 

fresh water (normal and low) irrigation fields followed the same configuration.  

 

5.2.1. Tomato (Solanum lycopersicum) 

For 2018 season, we applied SHS mulch in 40-cm-wide strips along the irrigation 

lines in the plots (Fig. 5.2). Each plant received a unique number for subsequent tracking 

of the fruit production. 

 

 

Fig. 5.2 – Photographs of the tomato fields (season 2018). (A-B) Just after application of 

the SHS mulch, (C) during the flowering stage, and (D) during harvest. 

 

During the 2019 season, we decided to apply SHS mulch in 40-cm-diameter circles 

around each tomato plant, while plastic mulches covered the entire plots (Fig. 5.3). 



 

 

137 

Additionally, one of the plots received a 20-mm-wide, 40-50-cm-deep layer of SHS in 

order to study the ability to reduce percolation losses (Fig. 5.3E).  

 

 

Fig. 5.3 – Photographs of the tomato fields (season 2019). (A-B) Just after application of 

the SHS and plastic mulches, (C) during the flowering stage, and (D) during harvest. (E) 

Details of the SHS applied as a 40–50-cm-deep layer to prevent percolation (code: 10/20 

SHS). 

 

Compared with unmulched controls, SHS mulching led to significant 

improvements in tomato yields under both normal and brackish water irrigation. The most 

remarkable result was obtained for the 5-mm-thick SHS mulch under normal irrigation for 

tomato, variety B (2018 season), which achieved a 72% improvement in yield relative to 

the unmulched controls (Fig. 5.4B). The yield enhancements for variety A (2019 season) 
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with 5 mm and 10 mm SHS mulches under normal irrigation were 27% and 40%, 

respectively, compared with unmulched controls (Fig. 5.4A). In fact, the performance of 

SHS mulching was on par with plastic mulches for tomato variety A, for which black and 

clear plastic mulches enhanced the crop yields by 28% and 43%, respectively51, 188, 190. In 

our experiments with brackish water irrigation, the 5-mm-thick SHS mulch enhanced the 

yield of tomato variety B by 53% compared with unmulched controls (Fig. 5.4C). All of 

these results were statistically significant at p < 0.05 (Kruskal–Wallis H test). These effects 

of SHS mulch are highly relevant to increasing the efficiency of arid land agriculture by 

producing more food with same amount of water. 

Additionally, we investigated the effects of SHS mulching with reduced irrigation 

(50% of normal irrigation, i.e., once a day, instead of twice). Under this condition, the 25%-

28% higher yields for 10-5 mm SHS mulches relative to controls were not statistically 

significant (p > 0.05; Fig. 5.4D, E). Presumably, the water stress was too acute for even the 

SHS mulch to provide a benefit, as evidenced by the drastic reduction (~50%) in yields for 

all treatments and controls under low irrigation conditions. Moreover, the sub-surface SHS 

percolation barrier (20 mm) in combination with 10 mm SHS mulch (10/20 SHS) led to 

the only detrimental mulching effect (-18%). We believe this negative effect is associated 

with a combination of two factors: the sub-surface layer at only 40-50 cm may have been 

too shallow, and might have impeded the growth of the roots, and the low level of irrigation 

did not create significant percolation loses, which limited our ability to observe any 

potential benefit of the percolation barrier. Thus, all of these aspects related to the irrigation 

levels need to be investigated further in order to determine the optimum irrigation levels 

relative to SHS mulching and crop yield improvements.   
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Fig. 5.4 – Effects of superhydrophobic sand (SHS) mulching on tomato fruit yield in field 

trials (2018-2019 season). Results for plants grown under 5–10 mm superhydrophobic sand 

(5–10 SHS) mulches (blue) versus bare soil (red) and plastic mulches (orange). (A–B) 

Yield results for plants grown under freshwater irrigation (<900 ppm NaCl). (C) Yields 

under brackish water (5500 ppm NaCl). (D–E) Results for plants under 50% reduced water 

irrigation, irrigated only once per day during the morning (unlike the normal case, which 

was twice per day). Code 10/20 SHS represents 10 mm of SHS as a mulch (on top) and 20 

mm SHS as a barrier to prevent percolation at a depth of about 40–50 cm. We did not test 

black plastic mulch under reduced irrigation. (F) Schematics of the field designs for grains 

with the SHS mulch completely covering the plot, and tomato with the SHS mulch as 40-

cm strips or circles around the plants. Dots in the boxplots represent the measurements for 

individual plants from replicate plots. Each dot represents the total mass of fruit produced 

per plant for tomatoes. Each treatment was compared with the control (bare) case using the 

Kruskal–Wallis H test, where (S) represents statistical significance (p < 0.05) and percent 

change is the relative difference between the means. The boxes contain the middle 50% of 
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the data points, with the horizontal line indicating the median and the diamond inside the 

box indicating the mean. Tomato (Solanum lycopersicum) variety A is Bushra, and variety 

B is Nunhem’s Tristar F1. 

 

At the end of the crop cycles, we cut the aerial parts of the plants (shoots), placed 

them in paper bags and left them to dry in a greenhouse for three weeks. Next, we measured 

the dry biomass for individual tomato plants (Fig. 5.5). In general, we found the changes 

in the plant dry biomass due to the SHS mulches to be less significant than the changes in 

the plant yields. For tomatoes, we found differences for variety B (Nunhem’s Tristar F1) 

under fresh (+45%) and brackish (+59%) water irrigation (Fig. 5.5B, C). In the low 

irrigation case, the plant dry biomass for the clear plastic was significantly lower (-41%) 

for tomato variety A (Bushra) (Fig. 5.5D). Also, plant dry biomass was significantly higher 

(47%) for tomato variety B (Nunhem’s Tristar F1) under 5 mm SHS (Fig. 5.5E).  

On top of the high heat and intense solar radiation, the naturally high levels of soil 

salinity may have been a factor contributing to the overall low crop yields and plant 

biomass production for our tomato crops, as indicated by soil analyses (Tables A5.1-A5.3). 
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Fig. 5.5 – Effects of SHS mulching on tomato plant dry biomass in field trials (2018-2019 

season). (A–B) Plants grown under freshwater irrigation (<900 ppm NaCl). (C) Plants 

grown under brackish water (5500 ppm NaCl). (D–E) Plants grown under 50% reduced 

irrigation, by irrigating only once per day during the morning (unlike the normal case, 

which was twice per day). Dots in the boxplot represent the measurements for individual 

plants from replicate plots. The number of plots and replicates (n) varied according to the 

treatment. The boxes contain the middle 50% of the data points; the horizontal line 

indicates the median and the diamond inside the box indicates the mean. We compared 

each treatment relative to the control (bare) case using the Kruskal-Wallis H test, where 

(S) represents statistical significance (p < 0.05) and the percent change is the relative 

difference between the means. Tomato (Solanum lycopersicum) variety A is Bushra, and 

variety B is Nunhem’s Tristar F1. 

 

In 2020, we established an experiment with 450 tomato plants. However, this time, 

instead of assigning separate plots for specific treatments, we intercalated the SHS and bare 
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treatments in the same plots. The intent was to reduce the field variability even further by 

having treatment intercalation at the plant level. However, we only observed a modest 10% 

increase in fruit yield for 10 mm SHS compared with unmulched controls (Fig. 5.6). We 

consider that the plant-intercalated configuration led to inadvertent sharing of the enhanced 

soil moisture beneath the SHS mulch with the neighboring unmulched regions/plants due 

to capillarity and root growth. Note, the plants were separated by a distance of ~40 cm, 

thus, there was only 20 cm from the center of a bare plant to the SHS mulch on the next 

plant. However, despite low benefit observed, the results still demonstrated statistical 

significance (p = 0.02) due to the much greater number of replicates for this crop cycle (N 

= 218 for bare and N = 225 for 10 mm SHS). 
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Fig. 5.6 – Effects of SHS mulching on tomato fruit yield in field trials with intercalated 

SHS and bare plants (2020 season). (A) Tomato fruit yield. (B) Tomato shoot fresh mass. 

Results for plants under 10 mm superhydrophobic sand (10 SHS) mulches (blue) versus 

bare soil (red). (C) Photograph of the field showing the intercalation of SHS and bare soil 

plants. This was the only experiment that had individual plant intercalation and did not 

follow the separated “plots” configuration. The combined moisture retention effect of the 

SHS next to the bare soil plants decreased the absolute difference between the treatment 

and control. However, the results were still significantly better for SHS (p = 0.02). Dots in 

the boxplot represent the measurements for individual plants. The boxes contain the middle 

50% of the data points; the horizontal line indicates the median value; we compared each 

treatment relative to the control (bare soil) case using the Kruskal-Wallis H test. The 

differences in both fruit yield and shoot fresh mass were statistically significant (p < 0.05). 
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Tomato (Solanum lycopersicum) variety A is Bushra, and variety B is Nunhem’s Tristar 

F1; both varieties were intercalated between plots. Weather details for 2020 season are 

presented in Fig. A5.2. 

 

5.2.2. Wheat (Triticum aestivum) and barley (Hordeum vulgare) 

Our grain fields (barley and wheat) received SHS over the entire plot area. The 

fields were sown in 2.5-m-long and 5-cm-deep lines, with 15-cm lines in between. The 

distance between the plants was adjusted to approximately 2 cm by thinning the seedlings 

after full germination. The plants were allowed to grow to ~10-15 cm before the application 

of SHS (Figs. 5.7-5.8). At the end of the crop cycle, barley and wheat plants were collected 

over a homogeneous area of 1 m2 inside each plot. The plants were manually separated and 

counted, followed by extrapolating the yield per plant to yield per area by multiplying the 

total number of plants in the measured area by the mass of grains per plant. Extrapolation 

to area was preferred to avoid the inherent difficulty of separating one plant from another 

due to their close proximity and tangled roots. 
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Fig. 5.7 – Photographs of the barley fields (season 2018). (A-B) Just after application of 

the SHS mulch, (C) during the mid-stage, and (D) during harvest. 

 

 

Fig. 5.8 – Photographs of the wheat fields (season 2019). (A) Field preparation, (B) detail 

of the application of the SHS mulch, (C) aerial photograph of the entire field (including 
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tomato and other experiments), and (D) the protective net installed over the wheat field (in 

February) to prevent the influence of birds. 

 

Grain crops also benefited from SHS mulching. We observed statistically 

significant (p < 0.05) enhancements in the yield of barley mulched with 5 mm SHS under 

normal (73%) and brackish water (208%) irrigation compared with unmulched controls 

(Fig. 5.9). For wheat, SHS mulching led to a significant 17% enhancement in grain yield 

under normal freshwater irrigation. These results are very promising in terms of increasing 

the production of grains with the same amount of water, or with slightly saline water 

irrigation. However, note that, overall, these crops consume huge amounts of water and 

might not be the most optimal choices for water-scarce regions20. 

The mulching-induced increase in soil moisture likely played a key role in 

transporting salts away from the root region via percolation/capillarity, as evidenced by the 

39–60% lower sodium concentration in the topsoil (p < 0.05, Table A5.1). However, 

further research is required to obtain detailed insight into this mass transport.  

 

 

Fig. 5.9 – Effects of SHS mulching on wheat and barley yields in field trials (2018-2019 

season). (A) Wheat grain yield under freshwater irrigation, and barley grain yields under 
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(B) fresh (<900 ppm NaCl) and (C) brackish (5500 ppm NaCl) water irrigation. (D) 

Schematics of the field design for wheat and barley with the SHS mulch completely 

covering the plot. Dots in the boxplots represent the measurements for individual plants 

from replicate plots. Each dot shows the total mass of fruit produced per plant for tomatoes. 

The mass of grains per area is presented for barley and wheat. Each treatment was 

compared with the control (bare) case using the Kruskal–Wallis H test, where (S) 

represents statistical significance (p < 0.05) and percent change is the relative difference 

between the means. The boxes contain the middle 50% of the data points, with the 

horizontal line indicating the median and the diamond inside the box indicating the mean. 

The wheat (Triticum aestivum) variety is Balady, and the barley (Hordeum vulgare) variety 

is Morex. 

 

In terms of wheat and barley biomass under brackish irrigation, SHS only led to a 

significant increase in plant dry biomass for barley (44%; Fig. 5.10C). This was likely due 

to the extreme stress imposed by the saline water on the bare barley plants. 

 

 

Fig. 5.10 – Effects of SHS mulching on wheat and barley plant dry biomass in field trials 

(2018-2019 season). (A) Wheat and (B) barley under freshwater irrigation, and (C) barley 

under brackish water irrigation. Dots in the boxplot represent the measurements for 

individual plants from replicate plots. The number of plots and replicates (n) varied 

according to the variable. The boxes contain the middle 50% of the data points; the 
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horizontal line indicates the median and the diamond inside the box indicates the mean. 

We compared each treatment relative to the control (bare) case using the Kruskal-Wallis 

H test, where (S) represents statistical significance (p < 0.05) and the percent change is the 

relative difference between the means. The wheat (Triticum aestivum) variety is Balady, 

and the barley (Hordeum vulgare) variety is Morex.   

 

5.3. Field results for SHS made from local sandy soil 

One of the translational goals of this research is to scale-up this technology for real-

world agricultural applications. Thus, considering the usually tight profit margins in 

agriculture, the costs of a technology must reasonably low. Therefore, we aimed to use the 

local sandy soil available in Hada Al Sham to produce “SH soil” (Details in Section 2.3.2); 

further discussion is available in Chapter VI. 

 

5.3.1. Tomato (Solanum lycopersicum) 

SH soil was applied around the tomato plants in 40-cm-diameter circles, following 

a similar intercalated plot configuration as in the seasons 2018-2010 (Fig. 5.11). Notice the 

differences in color from the wet (dark) to the lighter dry soil and SH soil. 
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Fig. 5.11 – Photographs of the tomato field with SH soil (season 2021). (A) SH soil plot 

immediately after the application of a 1-cm-thick, 40-cm-wide circle of SH soil. (B) 

Comparison of wet (dark) soil without SH soil around 2 hours after irrigation. (C) Detail 

of SH soil during the initial fruiting stage. (D) View of the entire tomato field. 

 

SH soil did not perform on par with SHS from the previous cycles. The yield 

increase for SH soil was 6.3% relative to the bare case, although this change was not 

statistically significant (Fig. 5.12). Plant fresh and dry biomass were 18.8% and 12.1% 

higher, respectively (p < 0.05). We were intrigued by why these larger plants did not 

produce significantly higher fruit yields. The quality of the SH soil mulch could explain 

these unimpressive results. We noticed that SH soil was much less hydrophobic than SHS, 

despite having six times more wax per unit of mass. A few days after application, SH soil 

A B

C D
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formed clumps that were not completely wet nor completely dry, as shown in Fig. 5.11C. 

This low hydrophobicity of SH soil could be the cause for the insignificant enhancement 

in yields. Overall, the crop yield and plant biomass for the bare control cases in the 2021 

tomato crop were significantly lower than in the previous years. This could be associated 

with variability in the field site, weaker plants/seeds, and/or environmental effects; further 

research is warranted. 

 

 

Fig. 5.12 – Effects of SHS mulching (10 mm) made from local sandy soil (SH soil) on 

tomato plants in field trial (2021 season). (A) Tomato fruit yield. (B) Tomato shoot fresh 

mass. (C) Tomato shoot dry mass. The overall yield improvements were not statistically 

significant (+6.3%). However, fresh and dry biomass were 18.8% and 12.1% higher for the 

SH soil mulch in comparison with the bare plants. Dots in the boxplot represent the 

measurements for individual plants. The boxes contain the middle 50% of the data points; 

the horizontal line indicates the median and the diamond the mean values; we compared 

each treatment relative to the control (bare soil) case using the Kruskal-Wallis H test. 

Differences in both shoot fresh and dry masses were statistically significant (p < 0.05). We 

intercalated plots with tomato (Solanum lycopersicum) variety, A Bushra, and variety B, 

Nunhem’s Tristar F1. Weather details for 2021 season are presented in Fig. A5.3. 
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Site variability is of utmost importance in field experiments. Despite having the 

same type of sub-surface drip irrigation and being connected to the same irrigation line, 

the field displayed some zone variability in the irrigation conditions in our 2021 field trial 

(Fig. 5.7). This was probably due to the fact that the field leveling facilitated accumulation 

of water towards the south-west side of the field (Fig. 5.7B). This led the plants in that 

location to produce the greatest fruit yields in our experiment and introduced variability 

into the data (Fig. 5.7C). Intercalation of the small SHS and bare plots certainly helped to 

reduce any bias associated with this effect; however, a more homogeneous approach of 

plant intercalation was out of question due to the shared benefits experienced by placing a 

bare plant right next to a SHS-mulched plant (Fig. 5.3). 

 

Fig. 5.13 – Details of the tomato field (season 2021) used to test superhydrophobic sand 

made with sandy soil (SH soil). (A) Photograph of the tomato field. (B) Photograph of a 
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top view of the field identifying the lanes of plots (2.5 m by 2.5 m each) and the 

intercalation between the SHS and bare plots. (C) Fruit yield comparison between SHS and 

bare separated by plot lanes, shown in (B) from left to right, show that zone variability in 

irrigation conditions in the field led to variability in the yields. 

 

5.3.2. Onion (Allium cepa) 

We also tested SH soil in an onion field during the 2021 season (Fig. 5.14). SH soil 

was applied over the area of the entire mulched plots. 

 

Fig. 5.14 – Photographs of the onion field with SH soil (season 2021). (A) View of the 

entire tomato field. Comparison of (B) a dry region mulched with SH soil and (B) wet 
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(dark) without SH soil around 2 hours after irrigation. SH soil was applied over the entire 

plot in a 1-cm-thick layer. 

 

Although not statistically significant (p > 0.05), the yield of onion mulched with 

SH soil increased by 7.5% (Fig. 5.15). Again, we believe that the poor hydrophobicity of 

SH soil in comparison with SHS may explain the lack of a significant effect. Sandy soils 

with a lower intrinsic surface area might be necessary in order to obtain a more 

hydrophobic mulch. This aspect is discussed further in the Chapter VI. 

 

Fig. 5.15 – Effects of SHS mulching (10 mm) made from local sandy soil (SH soil) on 

onion plants in a field trial. (A) Onion bulb yield. (B) Onion bulb and foliage fresh mass. 

(B) Tomato shoot dry mass. The overall yield improvements were not statistically 

significant (+7.5%). Dots in the boxplot represent the measurements for individual plants. 

The boxes contain the middle 50% of the data points; the horizontal line indicates the 

median and the diamond the mean values; we compared each treatment relative to the 

control (bare soil) case using the Kruskal-Wallis H test. The differences in both shoot fresh 

and dry masses were statistically significant (p < 0.05). 
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5.4. Field details 

These field trials were conducted at King Abdulaziz University (KAU) agriculture 

research station in Hada Al Sham, Saudi Arabia (21.7963° N, 39.7265° E). The region has 

a loamy sand soil, and experiences a lower temperature during the winter that suitable for 

crop growth (Figs. 5.16, weather details for the 2019-2021 seasons are presented in Figs. 

A5.1-5.3). The experimental field is situated in a catchment basin that collects rainwater 

and supplies groundwater for a number of local farms. 

 

 

Fig. 5.16 – Weather details for tomato and barley field trials (season 2018). (A) Air 

temperature and (B) relative humidity, and (C) experimental timeline. Hada Al Sham, 

Saudi Arabia (21.7963° N, 39.7265° E).  

 

The fresh water source used in our experiments had a total dissolved salt 

concentration of ~900 ppm (mostly NaCl), while the brackish water had a NaCl 
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concentration of about ~5000 ppm. Irrigation was performed twice per day for 10-20 min 

(depending on the plant growth stage and weather). The entire field received freshwater 

during plantation and for two weeks after transplantation; the brackish water experiment 

only started with saline water at two weeks after transplantation. 

For all crops, we calculated the amount of fertilizer based on the water volume in 

the tank and the usage rate. We dissolved the fertilizer externally and added it to the tanks 

filled with about 6000 L of water. We added compound fertilizers (N:P:K 20:20:20 during 

the vegetative stage and N:P:K 10:10:40 at the flowering and fruiting stages) on a weekly-

biweekly basis; the fertilizers were obtained from a local market (2 g/L). All treatments 

and their respective controls were supplied using the same water tanks to ensure that the 

plots received the same amount of irrigation and fertilizer. 

 

5.5. Field study limitations 

For the 2018-2019 seasons, we used the dissolved wax method, i.e., organic 

solvents and vacuum distillation, for the SHS manufacturing process (Section 2.2.2). This 

process was challenging and slow, and it took a significant number of working hours to 

complete the production of SHS for the 2018 season. For instance, 10 kg of SHS took 

around 1.5-2 hours to prepare. For the 2019 season, there was a considerable improvement 

due to the development of a bigger metal evaporation flask that increased the batch size to 

60 kg. Regardless, both the 2018 and 2019 season field experiments were limited in size 

due to our maximum SHS production capacity. This limited our study in terms of the 

number of replicates and conditions, such as reduced irrigation. However, after 

development of the molten wax method (Section 2.2.3), we were able to increase the 
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production of SHS and, therefore, increase the size of the experiments. This time, we were 

mostly limited by our capacity to deal with the work of bigger field experiments, in terms 

of site preparation, plantation, labeling, weekly harvests and measurements, etc. 

We noticed that field studies naturally present high variability, which reduces the 

ability of statistical tests to determine significant differences for limited numbers of 

replicates. For instance, ANOVA using Tukey tests for the comparison of means with an 

alpha value of 0.05 and a standard deviation of 40% relative to the mean will require a 

minimum of 20 samples to detect an actual difference of 30% between two means. Our 

field trials showed very high variability, with some standard deviations being as high as 

~50%-75% relative to the mean in some experiments. This variability made it very 

challenging to detect subtle differences between treatments, especially in the SH soil 

experiments. By pure luck, the number of replicates for the 2018-2019 experiments was 

sufficient to yield observe statistically significant differences for the normal irrigation 

tomato experiment. Our luck ran short for the low irrigation scenario, as even 25‒49% 

higher mean yields for SHS were not sufficient to yield statistical significance due to the 

high variability in the data. Then, for the 2020 season, we overshot the number of replicates 

to ~220, which made it possible to determine statistical significance for even a small 10.5% 

yield improvement for 10 mm SHS over bare soil in the plant-intercalated experiment, in 

which the benefits of SHS were likely shared with bare plants. However, in 2021, ~160 

replicates per treatment was not sufficient to confirm the 6.3% yield enhancement for SH 

soil.  

Therefore, our recommendation prior to run any field experiment is: (i) gather some 

historical data for the most similar conditions available and establish the typical standard 
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deviation, (ii) determine the minimum differences you expect to see with your experiment, 

(iii) run statistical test simulations with varying number of replicates with randomized data 

that suit the previous two parameters until you find the minimum number of replicates 

capable of yielding statistical significance, (iii) add a safety factor to account for samples 

that might be eliminated due to factors unrelated to the treatments.  

 

5.6. Conclusions 

Food production in arid regions may make little economic sense in the modern and 

stable mercantilist world, since food could be theoretically commercialized from regions 

with more efficient production. However, water–food security can control regional stability 

in many parts of the world27. Thus, it is important to achieve food security by being capable 

to produce a certain fraction of food locally; even if it makes more economical and 

environmental sense to just import it from other regions25-30. This security can be 

implemented though irrigation, which is capable of producing large amounts of food, even 

in the most arid environments of the planet185, 209-211. Understandably, under this scenario, 

higher water usage efficiencies are needed to grow more food with limited amounts of 

water. In this sense, SHS mulching shows great potential in becoming an important tool in 

aridland agriculture.  

In this Chapter, we have demonstrated: 

• SHS increased the crop yields of tomato (up to 72%), barley (73%), and wheat 

(17%) under unconstrained levels of freshwater irrigation. 
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• Silica sands (SHS) performed better than the local coated soil (SH soil); this needs 

to be further explored in order to identify the most suitable types of sandy soils (and 

their specific surface areas) for manufacturing SH mulches. 

• SHS performed on par with plastic mulches: 10 mm SHS increased tomato yields 

by 40% compared to 43% for clear plastic mulches; while 5 mm SHS increased 

yields by 27% compared to 28% for black plastic mulches. 

Further experiments are needed in order to optimize the SHS mulch thickness based 

on the irrigation volume and frequency for different types of high-value crops. 
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6. CHAPTER VI – Environmental aspects, lifecycle analysis and other potential 

applications of SHS  

 

6.1. Introduction 

In this Chapter, we consider the practical and environmental aspects of SHS. Since 

SHS is a novel idea and a completely new approach to soil mulching, there are many 

questions that need to be answered: 

• Is SHS biodegradable? 

• How long does its superhydrophobicity last? 

• What are the effects of SHS mulching on the soil and plant microbiota? 

• What are the effects of wind on SHS mulching? 

• What are the effects of rain on SHS mulching? 

• How should SHS mulch be applied in fields? 

• What is the lifecycle of SHS and SH soil mulches and paraffin wax? 

• Is SHS mulching sustainable for large-scale applications? 

• What are the next steps in this translational research and development? 

 

6.2. Study of SHS wax degradation 

As presented in Chapter II, there are several methods to render sands 

superhydrophobic. One of the most popular methods consists of chemically grafting 

hydrophobic silane molecules onto the surface of the sand particles. This method renders 

robust long-term hydrophobicity that is an undesirable for field applications, as it would 

ultimately lead to accumulation of the material after multiple cycles. In contrast, as soon 
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as SHS is placed on the topsoil, it is partially mixed/displaced due to the elements – wind, 

rain, and human and animal movement. Thus, the hydrophobic particles mix with the 

hydrophilic soil particles, such that there is no continuous SHS layer to create a capillary 

and diffusion barrier and the mulch starts to lose its effectiveness (even if the particles are 

still hydrophobic). A better approach is to use biodegradable212 hydrophobic molecules that 

last as long as the duration of a crop cycle. Paraffin wax, the functional component of SHS, 

is composed of petroleum-derived aliphatic hydrocarbons; in our case, with chain lengths 

of 27-37 carbons (Fig. 2.9). Paraffins are naturally biodegradable and non-toxic, and are 

present in the packaging of many domestic products, including food items118-120. In our 

field trials, we left the SHS mulches in the field after the crop harvests. We observed that 

the SHS mulches lost their hydrophobicity after about 9-12 months. The silica sand, 

although mixed a little with the surrounding soil, was still visible as a top layer. So, the 

loss of hydrophobicity was not due to hydrophilic particle mixing, but rather due to 

degradation of the wax. It is also important to mention that paraffin wax costs about US$ 

1-4/kg, while silanes can cost >US$ 200/kg. 

Our main hypotheses for the wax degradation in our field trials were UV radiation 

and microbial activity. We ruled out UV degradation by exposing wax-coated glass 

samples to a 100 W UV lamp for 4 weeks and then comparing the GC-MS spectra of the 

exposed sample to that of a non-exposed sample. Both spectra were identical; thus, we 

believe that UV does not degrade the wax. 

To better understand the mechanisms of paraffin wax degradation, we set up a 

preliminary experiment in the KAUST Greenhouse with pots containing uncoated sandy 

greenhouse soil (GH soil) and a top layer of different types of SH mulches at thicknesses 
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of 2.5 mm and 5 mm (Fig. 6.1 and A6.1). The SH mulches were all sieved to particle sizes 

of 300–425 µm and received four concentrations of paraffin wax: the minimum 

concentration necessary to achieve superhydrophobicity, and 25%, 50%, and 100% more 

than the minimum; a 20 µL water droplet was placed on top of the mulch to assess the 

hydrophobicity limits at the minimum possible concentration (Details in Section 2.4). 

These minimum concentrations varied depending on the type of mulch; they are expressed 

in terms of wax to sand ratios in the legends of each graph. This preliminary experiment 

was performed using duplicates of each sample; the various types of SH mulches 

investigated here are listed below, along with their BET surface areas: 

i. Silica sand (S) – 0.46 m2/g; 

ii. Greenhouse soil (GH soil) – 2.6 m2/g; 

iii. KAUST field soil (KF soil) – 15.9 m2/g; 

iv. Silica sand with 0.2% CuCl2 relative to the mass of wax (S) – 0.46 m2/g; 

Silica sand with baked greenhouse soil underneath (105 °C for 12 h) – 0.46 m2/g; 
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Fig. 6.1– Wax/mulch degradation experiment in the greenhouse. (A) Schematic of the 

experimental protocol to test hydrophobicity performed on a weekly basis; water is added 

through the bottom of the pots in order to simulate field conditions. Hydrophobicity is 
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assessed by placing a 20 µL water droplet on top of the mulch and observing whether it 

infiltrates or stays on top of the mulch. (B) Hydrophobicity tests over a period of three 

months for a silica sand (S), greenhouse sandy (GH) soil, KAUST field (KF) soil, silica 

sand coated with wax and 0.2% CuCl2 by mass (relative to wax), and silica sand sitting on 

top of previously baked soil (105 °C for 12 h). Each sample received four concentrations 

of paraffin wax: the minimum concentration necessary to achieve superhydrophobicity 

(blue lines), and 25% (green), 50% (yellow), and 100% (red) more than the minimum, 

represented by wax:sand ratios in the legends. All samples were performed in duplicate, 

thus, the results in between hydrophobic (Phob.) and hydrophilic (Phil.) indicate that one 

of the samples became hydrophilic, while the other was still hydrophobic.  

 

The variabilities/inconsistencies observed between replicates in this preliminary 

experiment indicate that the number of samples was insufficient and should be increased 

in the next study. Nevertheless, despite the variability, some trends emerged and will be 

useful when designing the future experiments (Fig. 6.1B). Broadly, the mulches that 

comprised the minimum concentration of wax failed first (blue lines), followed by the 25% 

(green), 50% (yellow) and 100% (red) higher wax concentrations. Additionally, the 5-mm-

thick mulches lasted longer than the 2.5-mm-thick mulches. These trends were expected, 

since microbial degradation is likely to proceed bottom-up, starting at the interface between 

the SHS and the wet soil. Also, the higher the wax concentration and the thicker the mulch 

layer, the longer microbes took to degrade the wax. However, an alternative explanation is 

that moisture slowly infiltrates the uncoated pores of the particles and slowly wets the 

grains.  

We used the minimum thicknesses of wax possible in order to expedite the study. 

Incremental differences in the wax-layer thickness helped to differentiate the degradation 

rates of wax along the radial direction, i.e., relative to the particle center. Using the BET 
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surface areas and the wax:sand ratios, we estimated the thickness of the wax layer 

(assuming a homogeneous coating); the minimum wax thickness for the silica sand was 

1.3 nm, while the maximum value (at double the minimum wax concentration) was 2.6 nm. 

These values are much lower than for the sand we used in our field trials, which received 

1:600 wax:sand and had an estimated thickness of 18.9 nm (~20 nm) and should take longer 

in the field to decompose/wet. 

 The GH soil mulch was the quickest to degrade/wet, with almost all samples being 

completely wet after one week. Even the GH soil with a wax ratio of 1% (by mass) lost its 

hydrophobicity after 1 week. This concentration of wax was 10 times higher than its 

counterpart in the silica sand mulch. This most likely indicates that not all of the wax was 

degraded within one week, and other factors might have played a role in the loss of 

hydrophobicity. For instance, if the degradation of wax decreases the concentration to just 

below the minimum concentration limit, the particles get wet. GH soil mulch had a greater 

wax thickness, at 2.4-4.8 nm; in contrast, the wax thickness for KF soil mulch, that received 

100 times more wax than the silica sands (10%), ranged from 3.9-7.8 nm. Additionally, the 

KF soil mulch formed a clump and showed signs of being a little moist, although not wet. 

Overall, these results indicate that the mechanisms that control the wetting of SH mulches 

are quite complex for small and porous particles, such as the GH and KF soil mulches. One 

possibility is that the molten wax method only deposits paraffin wax on the outer surface 

of the particles, which allows moisture to diffuse and condense in the inner pores over time. 

Another peculiarity of KF soil mulch was that the sieved particles (300-425 µm) were in 

fact aggregates of smaller particles that could be easily broken apart by squeezing them 

between two fingers. 
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Lastly, our goal with addition of copper chloride (CuCl2) was to evaluate its effects 

as a bactericide, while we baked the soil underneath the mulch to evaluate the degradation 

of the mulch over an initially sterile soil. Unsurprisingly, the addition of 0.2% CuCl2 

relative to the wax mass resulted in a faster loss of hydrophobicity when compared to the 

silica sand mulches. This result is much less associated with the microbial degradation than 

the natural hydrophilicity of CuCl2 itself. Remarkedly, the silica sand mulches over baked 

soil also failed faster than their respective counterparts over unbaked soil. This surprising 

result is possibly due to complete elimination of the microbial community under the mulch, 

which possibly allowed more rapid spread of wax-degrading microbes without 

competition. Samples of the soil under the mulches were collected and frozen at the initial 

stages and right after the mulches failed. Future microbial analyses will allow us to 

characterize the microbial communities and to establish with certainty their influence in 

the mulch degradation. 

At the moment, we are designing a follow-up experiment with a greater number of 

replicates and a wider range of wax concentrations and mulch thicknesses to establish a 

comprehensive wax degradation model. Further aspects related to the soil underneath the 

mulch, the microbes initially present in the soil, fertilizer contents, and temperature and 

humidity cycles will need to be explored in order to emulate real-world scenarios with this 

simple experiment. Complementary experiments are needed in order to characterize the 

influence of particles with high surface area and porosity on the time-dependent wetting 

behavior of SH mulches for both the molten wax and dissolved wax coating methods. 
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6.3. Effects of SHS on soil-root-rhizosphere microbial life 

To assess the impact of SHS mulching on the soil microbiome in our field trial, we 

conducted a study co-led by our collaborators (Marasco and Daffonchio) to characterize 

the structure and composition of the soil and plant root microbial communities of tomato 

and barley plants (2018 season)196. We collected and analyzed root, rhizosphere, and bulk 

soil samples for unique sequence variants (SVs) of the bacterial 16S rRNA gene. We 

identified a total of 6,912 unique bacterial 16S rRNA gene SVs associated with root system 

compartments (root tissues and rhizosphere) and bulk soil samples from barley (6,338 SVs) 

and tomato (6,350 SVs; Table A6.1). Of the tested experimental factors (root system 

compartments, irrigation type, and the SHS mulch overlay), the variation (beta-diversity) 

in the bacterial communities was mainly affected by niche-compartmentalization of the 

root system (barley: R2 = 0.26, F2,98 = 18.04, p = 0.001 and tomato: R2 = 0.22, F2,99 = 14.99, 

p = 0.001; Fig. 6.2A, D), followed by irrigation type, i.e., fresh versus brackish water, 

(barley: R2 = 0.04, F1,99 = 5.29, p = 0.001 and tomato: R2 = 0.04, F1,100 = 5.76, p = 0.001; 

Fig. 6.2B, E). The application of the SHS mulch overlay did not significantly affect the 

composition of the bacterial communities (barley: R2 = 0.011, F1,99 = 1.54, p = 0.06 and 

tomato: R2 = 0.009, F1,100 = 1.27, p = 0.15; Fig. 6.2C, F).  
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Fig. 6.2 – Unconstrained principal coordinate analysis conducted on the root-system-

associated bacterial communities. We used the tested experimental factors 

(compartmentalization, irrigation type, and overlay treatment) to evaluate the variations in 

the overall composition of the bacterial communities in (A–C) barley and (D–F) tomato. 

The Venn diagram shows the percentages of bacterial sequence variants (SV) shared 

among overlay treatments (bare soil and SHS mulch) in the root system (root and 

rhizosphere) and bulk soil of (G) barley and (H) tomato. SVs percentages are indicated by 

large areas, whereas the relative abundances of SVs are reported in parenthesis. 

 

Multiple comparison tests showed that the type of irrigation induced a significant 

change in the composition of the bacterial communities associated with different plant root 

system compartments in both crops; in contrast, SHS mulch had no effect on the 

composition of the bacterial communities (Table A6.2). This finding was supported by the 

number of SVs shared between the treatment with SHS mulches and normal soil: 4,954 

(78%) for barley and 5,024 (79%) for tomato, accounting for 98% of the relative abundance 

in both crops (Fig. 6.2G-H). Gammaproteobacteria, Alphaproteobacteria, and 
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Bacteroidetes, followed by Firmicutes, Gemmatimonadetes, and Actinobacteria dominated 

the bacterial communities (Fig. 6.3). 

 

 

Fig. 6.3 – Relative abundance of bacterial phyla/classes for the 2018 crop season. (A) 

Barley and (B) tomato. Red B indicates bare soil and blue S indicates SHS. (*) indicates 

classes belonging to the Proteobacteria phylum. Phyla/classes with a relative abundance < 

0.01% are classified as others. 

 

6.4. Practicalities of SHS mulching 

6.4.1. SHS mulch stability 

During the course of the trials, the field station experienced dust storms and daily 

wind speeds of ~0-15 m/s without noticeable loss of SHS or its water-conserving 

properties213. This may be due to the larger size and mass of the SHS particles relative to 

soil particles (Fig. 1.2B). In fact, dust storms frequently covered SHS mulches with a fine 

layer of dust/soil particles. However, this does not affect the function of SHS since the 

capillary effect acts at the bottom of the mulch. 
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During the later stages of the crop cycles (March–April), the soil temperatures in 

our fields reached values of more than 70 °C. However, this did not compromise the wax 

coating (bulk melting point ~60-65 °C); the adhesive force at the sand–wax interface 

exceeded the weight of the wax, preventing the wax from dripping off the particles89. The 

contact angle of molten wax on smooth silica surfaces is ~0 °, which indicates that silica is 

wetted by molten wax. 

 Although precipitation events can disturb the SHS mulch layer, a thicker layer of 

10 mm or more might prevent such damage by limiting mixing with the hydrophilic soil 

particles. During the four years of our field trials, we experienced a few severe rain events 

that partially flooded the field by ~5-10 cm of water. However, this did not have a 

significant detrimental effect on the SHS mulches, since the water formed puddles over the 

SHS and later infiltrated into the soil from the unmulched soils (in the vicinity of mulched 

plants). Obviously, heavy rain and run-off could carry the SHS mulch particles away; this 

could be an issue in arid parts of the world that occasionally receive heavy rains during 

crop cycles.  

  

6.4.2. SHS mulch application 

In our field trials, SHS mulch was applied after the tomato seedlings were 

transplanted into the field and after barley and wheat had germinated. However, 

greenhouse experiments with tomato plants revealed that plants are perfectly capable of 

germinating and passing through a 10-mm layer of SHS (and possibly more). Since 

germination is one of the most crucial stages in plant development, SHS mulching at early 

stages could ease the stress due to the severe temperature and moisture fluctuations in the 
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top-soil in arid lands, thereby enhancing their survival/germination rate. This logic also 

applies to saplings of plants and trees. 

Although we applied the SHS mulches by hand in our field trials while measuring 

the mass applied over a certain area, machinery is needed for field-application of SHS 

mulches at controlled thicknesses. Ideally, after the subsurface irrigation system is installed 

and the seeds or seedlings are planted in the field, a machine could go over the field 

applying the SHS mulch. We will develop this machinery in the near future as a part of our 

scale-up activity. 

 

6.4.3. Field manufacturing and transportation of SH soil mulches 

The low profit margins in agriculture mandate that agrotechnologies must be low 

cost. Even when applied as a thin 10-mm mulch layer, ~150 tons of SHS are required per 

hectare. That number could be lowered to ~30-40 tons per hectare of cultivated tomato 

crop if the mulch is only applied around the plants. As a reference, maize dry biomass can 

reach around 7.3 tons of dry grains, with typically less than 15 tons of total dry biomass 

per hectare214. Nevertheless, SHS mulching requires huge volumes of sand. There is little 

economic sense in purchasing silica sands and transporting such large volumes to farms. 

However, most soils in arid regions are comprised of high fractions of sand. For instance, 

the soil in Hada Al Sham contains ~80% sand. This is a valuable resource. Ideally, SHS 

mulching would process local sands into SHS. However, as our experiments with GH soil 

and KF soil showed, some sands may not be suitable for SHS due to the high porosity of 

the grains, which results in higher surface areas, requires higher wax loadings, and usually 

produces lower quality results. A comprehensive survey of the qualities of sand in arid 
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regions is warranted in order to establish the availability and amount of low-surface area 

sands that are suitable for processing into SHS. Ideally, these locations should be as close 

to the farms as possible to avoid high transportation costs.  

On-site manufacturing could become a scalable approach, since the molten wax 

process only requires a source of heat that can be provided from LPG cylinders, and 

electricity to mix the ingredients. Mechanical sieves and cyclones could aid the separation 

of the sand fraction of the soil from the silt, clay, and organic matter. We are currently 

exploring these directions towards the scale-up of this technology. 

 

6.4.4. Economical aspects 

Silica sands require significantly low concentrations of wax to become 

hydrophobic. For instance, we used a wax:sand ratio of 1:600 in our field trials. To cover 

1 m2 with a 10-mm-thick layer of SHS mulch, we need 15 kg of SHS or ~25 g of paraffin 

wax. Considering that we can easily grow four tomato plants in 1 m2, and using the same 

SHS application diameter of 40 cm around each plant, we have a wax usage of 12.5 g. 

Considering that each plant produces ~200 g of shoot dry biomass (not accounting for fruit 

mass) or 800 g/m2, the mass of wax accounts for only ~1.5% of mass relative to the plant 

shoot dry biomass, and around 0.75% if root dry biomass is included. From a baseline of 

1.5 kg of tomato fruit per plant or 6 kg/m2, a mere 10% increase in fruit yield could generate 

600 g of tomato fruit, or a 48:1 fruit to wax mass ratio. Furthermore, considering retail 

price of tomatoes in Saudi Arabia is ~1.6-4 $/kg (2021 USD) and the price of wax to be 1-

4 $/kg, this yields a 19:1-192:1 tomato revenue per wax cost ratio; or a wax cost of ~0.05 

$/kg of extra tomato mass. This ratio gives us a cost baseline for further development of 
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the technology. For instance, the costs related to sand extraction, and processing and 

application of SHS should be compared to the potential revenue related to yield increases.  

In the latest iteration of our batch SHS reactor, the energy consumption for SHS 

manufacturing was around 500 g of LPG per 250-kg batch of SHS. This gives around 30 g 

of LPG per full m2 coverage of SHS, or 15 g of LPG for four tomato plants in 1 m2. With 

the LPG cost at 0.27 $/kg (USD 2021) in Saudi Arabia, the LPG cost of the additional 

tomato production is ~0.007 $/kg. It is noteworthy to mention that we did not aim to 

optimize the energy efficiency of the reactor, and most of the heat was lost. More efficient 

reactors are achievable and should be pursued in next iterations. 

Machinery, labor, and transportation costs are hard to estimate at this stage of 

development of the technology. Continuous, more efficient, high-throughput reactor 

prototypes should be built in order to better understand the capacities and energy/labor 

requirements.  

 

6.5. Lifecycle assessment of SHS mulches 

Sands and paraffin wax are the two components in SHS mulches. Local sourcing 

of low-surface area sands from sandy soil is a major requirement for the scalability of SHS 

mulching. Ideally, sands should be collected from the same source as they will be used. If 

this is not possible, alternatively, one could consider partially refilling the sand extraction 

pits with the soil from the local farms, giving a net zero balance between soil and sand. 

Obviously, if this process is repeated over time, enough low-surface sand might be 

deposited in the farm soil so that soil/sand cyclone/sieve separation and reuse might 

eventually become possible.  
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Wax, the non-renewable element in our product cycle, originates from fossil 

sources and degrades to CO2. The SHS mulches in our field trials were completely 

degraded within 7-12 months of application. The longevity of SHS mulches might be tuned 

by using different wax loadings and adding other additives to the wax. For now, let us 

consider the CO2 associated with the degradation of paraffin wax from the SHS. Going 

back to our base case of four tomato plants in 1 m2, we have ~12.5 g of wax or 41.5 g of 

CO2 emissions. This translates into ~70 g CO2/kg of extra tomato fruit (considering just a 

10% enhancement). Additionally, the LPG emissions for our current batch reactor are 

estimated at 15 g for an enhancement in yield of 600 g, or 25 g CO2/kg of extra tomato. 

Thus, the total equivalent emissions accounting for wax degradation and LPG usage in 

SHS processing reaches 95 g CO2/kg of extra tomato.  

A life cycle assessment (LCA) study for tomatoes, produced in California and 

consumed in Michigan versus those produced and consumed in Michigan that accounted 

for all greenhouse gas emissions from the farm production (including fertilizer usage), to 

processing, packaging, and transportation, concluded that the emissions were ~1000 g of 

CO2 equivalent per kg of raw tomato fruit215. In comparison, the conventional maize crop 

cycle in the USA emits ~300 g of CO2/kg of corn grain (analyzed in Chapter II and its 

respective Appendix). Note that the equivalent CO2 emissions for growing tomatoes in arid 

lands might be even higher than in California or Michigan considering the inefficiencies in 

water usage and in other parts of the production chain. 

In summary, the extra production (assuming a 10% increase in yield) emits only a 

fraction of the conventional emission of tomato crops 95/1000 g CO2/kg of extra tomato 

fruit, or about ~10%. Please note that this estimation only accounts for the wax degradation 
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and LPG used in SHS processing. Wax manufacturing and transportation, sand collection 

and transportation, and SHS machinery manufacture and labor must also be accounted for. 

However, this can only be estimated at later stages when the reactor throughput and 

operational efficiencies and associated energies are determined. However, even if these 

values are underestimated, there is still plenty of room for the estimated emissions for SHS 

to not exceed the levels for conventional tomato crop cycle emissions. Also, our 

calculations were based on a yield improvement of only 10%, which is a conservative 

estimate — close to the minimum improvements observed in our field trials. 

 

6.6. Potential alternative applications of SHS 

SHS could potentially be used to insulate buildings or pipelines from water 

intrusion. Many pipelines run for thousands of kilometers; for instance, the East-West 

crude pipeline in Saudi Arabia has a length of ~1,200 km. Also, pipelines in coastal areas 

suffer from seawater intrusion that causes corrosion and requires frequent monitoring and 

maintenance. We performed a simple proof-of-concept study by comparing the insulation 

against seawater intrusion rendered by SHS with that of common (uncoated) sand (Fig. 

6.4). Copper and aluminum tapes were attached to an acrylic tank and buried in 4-5 cm of 

SHS and normal sand. Then, saline water from the Red Sea (~ 38 g/L) was added and 

periodically refilled with deionized water to avoid changing the salt concentration. As 

expected, the normal sand got completely wet on day 1, while the SHS remained dry 

throughout the experiment. After 3 months, we removed the samples and observed 

advanced-stage corrosion of the metal under normal sand. Some pits of corrosion were 

observed under the microscope for the copper tape under SHS, although much less than 
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the copper under normal sand (Fig. 6.4). Note, this was a preliminary experiment and only 

served the purpose of a proof-of-concept. Pipelines in the real world receive protective 

hydrophobic coatings as well as sacrificial metals to delay the onset of corrosion. We 

believe that SHS could serve as an extra layer of protection at a potentially lower cost. 

Further experiments are warranted to emulate the real conditions experienced in pipelines, 

such as water pressure head, temperature gradients that could cause condensation, soil/sand 

compaction, and the long-term effects of SHS buried under fresh or saline water conditions.  
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Fig. 6.4 – SHS for corrosion prevention. We buried (A-D) copper and aluminum tapes 

under a layer of ~4-5 cm-thick layer of (E-H) SHS or (I-L) normal (uncoated) sand and 

then added sea water to the matrix (salt concentration ~38 g/L). The samples were left for 

3 months, and deionized water was added periodically to keep the normal sand wet. Note, 

there was no barrier separating SHS from the normal sand. Liquid did not intrude the SHS 
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side due to the capillary forces. Photographs and the oxygen to metal (Al or Cu) 

percentages provided evidence of advanced levels of oxidation in both aluminum and 

copper samples left under uncoated sand. Oxygen to metal ratios were measured over ~1 

mm2 area via EDX at 5 kV and are shown in (C, D, G, H, K, L). The bottom two rows of 

photographs were taken using a Leica DVM 6 microscope. 

 
Lastly, as an alternative to paraffin coated SHS, we could consider silanized SHS 

to be a viable option for field applications if some conditions are met. The drawback for 

silanized SHS is that the coating is much more persistent and is not biodegradable. This 

could be a positive characteristic for long term applications of SHS where the sand is less 

exposed to mixing effects, for instance, as in underground pipeline insulation. However, 

for agriculture applications, mixing with surrounding hydrophilic soil would make the SHS 

mulching lose its effect, since it requires a continuous layer of SHS particles, and the 

coating would still be present. Therefore, it would be desirable to have a process to separate 

hydrophobic particles from soil, followed by re-application. One such process could be 

achieved through floatation, by passing a mixture of SHS and soil though a bubbling 

column of water such that the hydrophobic grains would preferentially attach to the bubbles 

and rise to the surface, while the hydrophilic soil would stay in suspension or sink. 

Experiments are needed in order to test the viability of this idea and to determine the best 

SHS particle and air bubble sizes, along with other parameters in the process.  

 

6.7. Final remarks  

In In this dissertation, we present our translational research on our patent-pending 

SHS technology and its application in irrigated agriculture under one of the harshest 

aridland conditions. In addition to material development, characterization, and studies with 
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several plants in greenhouse and real fields, we investigated the physics of wetting and 

mass transfer under a variety of scenarios. Notably, our fundamental study focused on 

liquid marbles formed from particles with sizes varying across the nano- to microscale and 

chemical make-ups ranging from hydrophilic to superhydrophobic, to establish a 

comprehensive analytical framework for describing mass transfer rates during evaporation. 

This model, which only requires experimentally measurable liquid–liquid and liquid–

particle properties, can explain the behavior of all evaporating liquid marble systems 

reported to-date.  

Next, via a variety of laboratory and field experiments, we demonstrated that SHS 

mulch acts as a capillary barrier for water, allowing only the vapor to diffuse. Therefore, 

in comparison with bare soil, SHS mulching significantly reduces the evaporation flux. We 

studied this effect under both transient and continuous states. We built a simple and 

inexpensive experimental rig to continuously measure and compare evaporation fluxes 

from several columns via image analysis. An iteration of this system could potentially be 

used to determine evapotranspiration partitioning. Overall, SHS mulching lowers 

evaporation flux, and results in a higher soil moisture content and higher water uptake and 

transpiration rates by plants. 

During 2017-2021, we produced over 20,000 kg of SHS to conduct our field trials 

in real aridland conditions. Significant yield enhancements for tomato, barley, and wheat 

crops were demonstrated under normal levels of irrigation. During this evolutionary period 

for our technology, we moved away from organics and pure silica sands and developed 

off-grid batch reactors to apply molten wax coatings directly to sandy soils. We hope this 

crucial development will eventually pave the way for scaling-up SHS. Paraffin wax is a 
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low-cost biodegradable chemical that is available at an industrial scale, in contrast to its 

non-biodegradable perfluorinated counterparts54, 216. To keep the costs of manufacture low, 

we would need to derive low-surface area sands at the point-of-use, as described above in 

Section 6.2. Alternatively, or synergistically, improvements to our coating methodology 

could enable this approach to work with highly porous sandy soils. To start, obtaining data 

on soil-type and particle size distributions and/or conducting soil surveys at the sites of 

interest would be illuminating. 

With a vision towards scaling-up, we compared the carbon footprint of SHS vis-à-

vis the yield enhancements. Our calculations reveal that boosting food production using 

SHS is associated with significantly lower CO2 emissions than simply increasing the 

cultivated crop area. Further optimization of the application of SHS and irrigation volume 

and frequency is warranted to better understand the trade-offs between the cost, water 

savings, and the yield enhancements of SHS as a function of plant species and the 

characteristics of the arid region. Paraffin biodegradation rates and the time-dependent loss 

of SHS water repellency also need to be studied, along with other potential applications for 

SHS, such as preventing/delaying corrosion and insulating roads and buildings in coastal 

areas against seawater intrusion. 

In addition to food production, SHS mulching could contribute to massive 

afforestation projects to offset global climate change and improve the quality of life in arid 

regions. This would require field work with native species to quantify the potential benefits 

to young tree saplings and compare SHS with existing technologies. These experiments 

must be conducted at specific locations across the KSA and Middle East, where 

afforestation is intended, in order to understand the effects of the soils and the climate on 
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biomass growth. It has not escaped our attention that combination of SHS mulching with 

other soil amendments like biochar and superabsorbent polymers could lead to 

personalized formulations for fortifying sandy soils. Such formulations could, in principle, 

optimize water-use efficiency and water holding capacity, boost ion-exchange capacity, 

adjust soil pH, and improve mechanical properties, while also sequestering carbon in the 

soil to reverse climate change. These avenues of work are ongoing as we scale up our soil-

amendment technology portfolio for global food–water–energy–climate security. 
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Appendix for Chapter I 

 

Biochar for carbon capture and soil amendment 

Life cycle assessment for biochar production from maize straw 

Conventionally, crop residues are just left in the ground to decompose after each 

crop cycle. This decomposition releases all the carbon from the biomass, in the form of 

CO2, and CH4 depending on the conditions, back into the atmosphere (Fig. A1.1A). On the 

other hand, the biomass residues from crops or date palms, in the case of Saudi Arabia, can 

be pyrolyzed and reincorporated into the soil in the stable form of biochar (Fig. A1.1B). 

Biochar does not degrade like biomass, and serves the dual purpose of long-term storage 

of carbon, and improving soil fertility64-66. 

 
Fig. A1.1 – Energy and carbon fluxes comparing (A) conventional and (B) biochar crop 
cycles. The overall carbon balance for the conventional crop cycle is negative, since a 
significant amount of CO2 is released during the manufacture of fertilizers. The overall 



 

 

201 

carbon balance for the biochar crop cycle is negative, since the carbon in the biochar stored 
in the soil is stable for hundreds of years67. 

 

We performed a simple life cycle assessment (LCA)217 for maize production in the 

USA, due to the richness of data available. The goal was to determine the environmental 

impact of the maize biochar crop cycle (BCC) versus maize conventional crop cycle (CCC) 

in terms of CO2 emitted/captured per year per area of cropland in the USA. We considered 

all of the main material and energy inputs for CCC and BCC in the USA (Fig. A1.1). CCC 

was divided into four stages and BCC into five stages: 

1. Planting: included the material and energy inputs up to the planting stage, i.e., 

fertilizer manufacture (ammonium nitrate, P2O5, K2O, CaO), machinery 

manufacture, transportation, irrigation, fuel usage, and labor.  

2. Growing: included the material and energy inputs between planting and harvesting, 

i.e., fertilizer and agrochemical (herbicides and insecticides) application, fuel 

usage, and photosynthesis.  

3. Harvesting: included the material and energy inputs and outputs at the moment of 

harvest, i.e., grain output (considering total conversion back to CO2 at the end-of-

life, not differentiating between uses), and fuel usage.  

4. Pyrolysis for BCC: included only the pyrolysis step with a relative yield of biochar 

of 40% (60% combustion); from the biochar fraction, 31.4% was degradable, 

64.1% was non degradable, and 4.5% was ash. All of the energy released in the 

process was considered to be used within the pyrolysis process; no extra products 

(bio-oil or syngas) were extracted.  
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5. Degradation: included the degradation of biomass in CCC and the degradation of 

the degradable fraction of biochar in BCC. 

The system boundary is an average hectare of maize cropland in the USA. The main 

data sources for the maize CCC was Patzek, 2004214 and Lehmann, 201567 (Tables A1.3-

A1.7). We used simple energy and mass balances during each stage of the crop cycles. 

Glucose was used as to represent biomass in the calculations of energy required for 

photosynthesis and energy released during combustion or degradation. Also, we consider 

stable biochar as pure carbon (C) for this analysis. The main assumptions for the mass and 

energy balances are: 

• Distance from the farm to the pyrolysis plant = 100 km. 

• Maize above-ground biomass excluding grains = 8.6 ton/ha. 

• Constant soil organic matter over crop cycles and no accounting for methane or N2O 

production during biomass decomposition. 

• Biomass moisture content = 10%. 

• Fuel and extra energy requirements for pyrolysis are expected to be of same order of 

magnitude as fuel spent for activities during plant growth phase. 

• Mass fraction of metal/machines needed compared to the sum of other agricultural 

processing machinery (this has to be further evaluated in the light of new continuous 

reactors, lifetime, and processing capacity). 

• Some energy is stored in the form of biochar during pyrolysis (more energy than 

biomass per kilogram, due to higher C/(H, O) content). 

• No increase in yields due to biochar amendment in soil. 
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• No decrease in fertilizer usage due to lower leaching (prevented by the biochar 

amendment). 

• Energy released by combustion of syngas and volatiles is only used for pyrolysis (not 

off-setting other energy requirements). 

• Glucose, C6H12O6(s), is used to represent biomass. 

• The system is defined as a hectare of arable land; the positive values correspond to 

values added to the system, while negative values are emissions or outflows. 

• No co-products of pyrolysis are considered as part of this LCA. Although, most likely, 

some of the produced bio-oils could be used to off-set some of the energy requirements. 

 

The details for the mass and energy balances for each of the stages of conventional 

crop cycle (CCC) and biochar crop cycle (BCC) are presented in Table A1.8. We show the 

energy and equivalent CO2 associated with each of the main components during each stage. 

Also, we notice that the main carbon flows involved are: (i) the growth of biomass in which 

the plants collect CO2 from the atmosphere; (ii) the degradation of biomass; and (iii) the 

harvest and eventual degradation of the grains at the end-of-life (Fig. A1.2).  
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Fig. A1.2 – Comparison of the total CO2 balance for each stage and during the complete 
cycles. The net result per hectare shows a capture of 0.8 ton of CO2 for BCC and release 
of 2.3 ton of CO2 for CCC.   

 

Total energy flows are associated with carbon flows, where the main energy flows 

are linked to (i) solar energy used for photosynthesis; (ii) the degradation of biomass; (iii) 

the use of grains for energy, either as animal feed/human food or fuel production; and (iv) 

the energy released during the combustion of 60% of biomass to provide energy for the 

pyrolysis of the remaining 40% (Fig. A1.3B). We chose to add a separate plot with only 

fossil fuel energy uses (Fig. A1.3A) in order to differentiate between sustainable and 

unsustainable energy flows. Note, the total energy flows also include the fossil energies. 
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Fig. A1.3 – Comparison for (A) total and (B) fossil energy balances for each stage and 
during the complete maize crop cycles. Overall, BCC stores solar energy in the form of 
stable biochar in the soil. BCC requires a little more fossil energy for the processing of 
biomass and spreading of biochar, but the overall energy balance is positive for BCC. 

 

The attentive reader can readily note that the biochar crop cycle, while releasing a 

considerable amount of energy and CO2 during the pyrolysis step, emits very little during 

the degradation phase. This is due to the high stability of biochar against microbial 

degradation in the soil. Biomass will typically degrade in a matter of months to a couple of 

years depending on the climate of the region. The degradation phase overlaps with 

subsequent phases of the next cycles. However, assuming constant soil organic matter, all 

the leftover biomass from CCC has to be degraded in a roughly continuous manner. This 

is a fair assumption when comparing against BCC, but in reality, it is known that CCC in 
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many regions is degrading the soil, i.e., the soil organic matter is being reduced year after 

year. If we take this into consideration, the CO2 emissions from CCC would be even higher. 

Moreover, natural degradation of biomass can release methane (CH4), depending on the 

conditions218, which is a ~25-times more potent greenhouse gas than CO2 over a 100-year 

period219. Our calculations did not take methane emissions into consideration due to the 

uncertainty in assigning its value. This, again, downplayed the equivalent CO2 emissions 

for the CCC. An additional uncertainty was the emission of nitrous oxide (N2O) during 

pyrolysis and biomass degradation or fertilizer application. It is expected that this emission 

is a function of the pyrolysis reactor type and combustion temperature. 

 Overall, the net result of our analysis shows an absolute capture of 0.8 ton of CO2 

per hectare for BCC and absolute release of 2.3 ton of CO2 per hectare for CCC. Whereas 

the relative environmental impact of adopting BCC over CCC is 3.1 ton of CO2 per hectare 

(Table A1.1).  

 

Table A1.1 – Main fluxes for maize crop cycles. 

Flow Unit 
Crop cycle net 

balances* 
Crop cycle net 

differences  
(CCC) (BCC) (BCC-CCC)  

Carbon capture (CO2) ton/ha -2.3 0.8 3.1  

Total energy  MJ/ha -27476 43882 71358  

Fossil energy MJ/ha -27476 -
32245 -4769  

Grain env. impact ton CO2/ton grain -0.3 0.1 0.4  

Biochar ton/ha – 2.2 2.2  

Specific carbon capture ton CO2/ton biochar – 0.4 0.4  

*Negative values are emissions and positive values are accumulation in the soil.  
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Biochar reactors 

Biochar production technology has yet to reach large-scale agriculture. We believe 

that the main bottleneck for expansion is in the pyrolysis process. Conventionally, biochar 

has been made in batch reactors, which hinders the production capacity per volume of 

reactor due to wasted warming up and cooling down times. Continuous pyrolysis reactors 

exist, but are very complex machines and are typically used for high-end applications, such 

as production of charcoal for energy purposes or activated charcoal for water treatment. 

Therefore, focused efforts to develop simple and high-throughput continuous pyrolysis 

reactors are necessary to achieve biochar production for large-scale agriculture. We 

developed a proof-of-concept batch scale reactor for biochar that can produce about 2.7 

kg/batch in about 2 h, and a continuous reactor that can operate at 1-3 kg/h rate depending 

on the biomass source (Fig. A1.4). Both reactors are started by combustion of liquified 

petroleum gas (LPG) as the heat source.  

 
Fig. A1.4 – Biochar reactors developed. (A) Batch reactor filled date palm (B) biomass and 
(C) biochar. (D-E) Continuous reactor. 
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The continuous reactor utilizes electricity to drive a screw arm that moves the 

pyrolyzed biomass forward and out (Fig. A1.5). Our reactor has been designed to enhance 

heat recovery from the exothermic pyrolysis reaction by utilizing the flue gas to pre-

heat/dry the biomass prior to entering the reactor. The syngas and oils released by the 

pyrolysis flow through a condenser, which separates them. The syngas is used to supply 

the energy necessary for the reaction in the burner. Also, we included a fan to recycle the 

flue gas at fast speeds in the reactor shell to enhance the coefficient of convection and, 

thus, heat transfer to the reactor core. The bio-oil and syngas recovery units have not yet 

been fully installed. In the upcoming iterations, we will focus on optimization of the design 

and operating conditions. 

 
Fig. A1.5 – Flow diagram for our continuous biochar reactor. Biomass enters from the top 
left and is transported through the reactor within a heated shell. The gases produced by the 
pyrolysis exit the reactor from the top right side and pass through a condenser. Oils are 
captured and syngas (H2, CH4, CO) flow to the burner to provide heat for the reaction. The 
LPG cylinder supplies the startup energy and keeps the flame in the burner alive. Numbers 
(1) and (2) refer to passive and active instruments, respectively. 
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Although we have already built a functional continuous-mode reactor for biochar 

production (1–3 kg/day capacity), this design cannot directly be scaled up. This is because 

the reactor volume scales roughly with the square of its diameter times the length, 𝑉𝑉 ∝

𝑑𝑑J × 𝐿𝐿, while the reactor surface area, which is responsible for convective heat transfer, 

scales roughly with the diameter times the length, 𝐴𝐴 ∝ 𝑑𝑑 × 𝐿𝐿. Thus, as the reactor volume 

increases, the surface area does not increase sufficiently to maintain good heat transfer. We 

believe that forced convection techniques should be implemented both in the shell and in 

the tube of the reactor to enhance heat flow.  

 

Biochar activation 

We experimented with post-processing to “activate” biochar in order to enhance 

CEC. We tested a series of chemical activation methods in order to increase the CEC of 

the biochar (Table A1.2). Remarkably, we managed to boost the CEC of our date palm 

biochar by 1019% by treating it with 30% aqueous solution of H2O2 at 65 ℃ for over 24 h. 

However, a chemical activation process needs to be cheap in order to be scaled up to large 

agricultural scales. Thus, an expensive chemical like hydrogen peroxide is unlikely to be 

useful. Steam combined with ozonation seems to be a promising approach. Preliminary 

experiments showed an average increase of around 245% in CEC, up to a value of 69 

cmol/kg of biochar. To measure CEC, we followed the pH-meter protocol reported by Lee 

and co-workers220. 
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Table A1.2 – CEC enhancement of date palm biochar by chemical treatments 

Activation Method Temperature 
(°C) Duration CEC (cmol/kg) CEC 

enhancement 
Control - - 20.0 0% 

Washed; Ozonation 21/68 24h/24h 23.1 15% 
Hydrogen peroxide (30%) 65 48h 223.8 1019% 

Steam 150-160 48h 40.3 101% 
Steam; Ozonation 150-160; 65 24h 40.4 102% 

Steam + Ozonation 150-160 24h 69.0 245% 
Acetone; Ozonation 21; 65 21h 22.7 13% 

Hydrogen peroxide (30%) 21 48h 60.3 202% 
 

Greenhouse experiments with biochar 

We also carried out done greenhouse experiments with green pepper plants 

(Capsicum annuum) in severely nutrient-depleted sandy soils. These experiments 

demonstrated significant differences in the plant biomass during a 2-month-long study 

(April-June) under a natural day-night cycle in KAUST greenhouse, with 28-20 °C, and 

55%-75% air relative humidity. Biochar was added at 2% relative to the soil mass in 1.75 

kg pots; two types of biochar were tested: (i) made in our continuous (cont.) reactor and 

(ii) made in our batch reactor. Raw date palm biochar made in the batch reactor was 

naturally highly saline (~7% by mass); therefore, had a detrimental effect on plant growth 

(Fig. A1.6B). In response, biochar was washed to remove the salts and this led to ~64% 

enhancement in the plant dry biomass compared to the control case with no biochar. 

Biochars made in the continuous reactor were made from dry Acacia leaves due to clogging 

issues with the screw conveyor. The continuously made biochar yielded even greater 

benefits with 123% enhancement for the raw (unwashed) biochar. 

Additionally, we loaded biochars with a mixture of nutrients. To every 48 g of 

biochar in 400 mL of water, we added 2.2 g of ammonium sulfate, 2.1 g of potassium 
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phosphate, 6.8 g of boric acid, 7 g of copper sulfate, 19.8 g of manganese sulfate, 7.3 g of 

ammonium molybdate, and 23.7 g of zinc sulfate. The biochar samples were “activated” 

for 5 days in solution at 23 °C. After that, the biochar was filtered out and thoroughly 

washed with deionized water. Then, the biochar samples were left in a 400 mL of deionized 

water for 3 cycles of 24 h to remove excess ions that were not chemically bound to the 

biochar surface, filtering and adding clean water every cycle. This method (activ.) yielded 

the greatest results, with 730%-928% enhancement of plant dry biomass. These results also 

prove that biochar can indeed retain high amounts of fertilizer ions without leaching. 

Additionally, biochar activated with cow manure (man.) led to the third highest benefit in 

terms of plant biomass. 

 

 

Fig. A1.6 – Results of greenhouse experiments on the effects of biochar on (A) fresh 
biomass and (B) dry biomass. Biochars were made in the batch reactors from dry date palm 
leaves and biochars made in the continuous reactor were prepared from dry leaves of 
Acacia trees. Overall, plant health was significantly higher when activated biochar was 
loaded with ammonium ions. N = 2. 
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Reference data 

Table A1.3 –  Properties of fuels and use in maize farming214 

Fuel type 
Calorific 

value 
Application 

rate Density Total fuel  
Total 
fuel  

CO2 
emissions 

  MJ/kg L/ha Kg/L MJ/ha ton/ha ton/ha 

Gasoline 47 29 0.7374 1005.1 0.021 0.067 

Diesel 44 80 0.84 2956.8 0.067 0.204 

LPG 47.3 47 0.54 1200.5 0.025 0.071 
Natural 

gas 55 21.3 0.665 779.0 0.014 0.039 
    sm3/ha kg/sm3       

Total       5941.4 0.128 0.381 
 

Table A1.4 – Specific CO2 emissions214 
Source Emission Units Emission Units 

Electricity 0.322 kg CO2/kWh 0.089 kg CO2/MJ 
Coal 0.089 kg CO2/MJ     

Gasoline 0.067 kg CO2/MJ     
Diesel 0.069 kg CO2/MJ     
LPG 0.059 kg CO2/MJ     

Methane 0.05 kg CO2/MJ     
Lime 0.785 kg CO2/kg CaO     

Nitrogen 2.7 kg CO2/kg N     

Truck (Class 6) 1.06 
MJ/(km.ton of 

material) 0.0731 
kg CO2/(km.ton 

of material) 
 

Table A1.5 – Specific Chemical Exergies214 
Component MJ/kmol M.W. (kg/kmol) MJ/kg 
C6H12O6(s) 2928.8 180 16.3 

6 CO2 119.22 264 0.45 
6 O2 23.82 192 0.1 
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6 H2O (l) 0 108 0.0 
6 H2O (g) 1416.6 108 13.1 

Charcoal/biochar C(s)     28.26 
 

Table A1.6 – Degradable/stable biochar214, 221 
Absolute Normalized  Comment 

0.47 0.314 degradable fraction 
0.96 0.641 fixed carbon fraction 
0.067 0.045 ash fraction 
1.497   sum  

 

Table A1.7 – Biochar conversion fractions221 
Source Conversion fraction 

Biomass 1 
Biochar 0.4 
Volatiles 0.6 

Degradable biochar 0.126 
Stable non degradable biochar 0.257 

Ash in biochar 0.018 
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Table A1.8– Energy and mass balances for CCC and BCC. Negative values are outflows 
and positive values are inflows relative to the soil. 

 
  

Mass
Energy

CO2
Mass

Energy
CO2

Mass
Energy

CO2
Mass

Energy
CO2

ton/ha
MJ/ha

CO2  (ton/ha)
ton/ha

MJ/ha
CO2  (ton/ha)

ton/ha
MJ/ha

CO2  (ton/ha)
ton/ha

MJ/ha
CO2  (ton/ha)

Fuels 1/3 (gas., diesel, LPG, NG)
-0.043

-1980.5
-0.127

Fuels 2/3 (gas., diesel, LPG, NG)
-0.043

-1980.466
-0.127

Fuels 3/3 (gas., diesel, LPG, NG)
-0.043

-1980.5
-0.127

Biomass for degradation (4)
-8.60

-139931.6
–

CO2 
-2.3

ton/ha

Fertilizer Ammonium Nitrate
0.149

-8099.2
-0.724

CO2  for photosynthesis (12)
23.33

–
23.3

Grains out
-7.31

-118941.8
-10.7

Emitted CO
2 

-12.6
–

-12.61
W

ater
0.00

ton/ha
Fertilizer P2 O5

0.063
-425.0

-0.038
Water for photosynthesis

9.55
–

–
Virtual water in grains

-4.39
–

–
Emitted water

-5.2
–

–
Biom

ass
0.00

ton/ha
Fertilizer K2 O

0.094
-635.8

-0.057
Emitted O

2
-16.97

–
–

Virtual consumed O2
-7.80

–
–

Consumed O2
9.17

–
–

Grains
0.00

ton/ha
Fertilizer CaO

0.333
-582.8

-0.052
Biomass (3)

8.60
139931.6

–
O2

0.00
ton/ha

Seeds
0.019

-1968.1
-0.176

Grains
7.31

118941.8
–

Total energy 
-27475.7

MJ/ha
Inputs (Fert./seeds) transportation

0.009
-400.0

-0.036
Agrochemicals (herb./insect.)

0.00362
-373.5

-0.033
Fossil energy

-27475.7
MJ/ha

Hardware (machinery)
0.055

-6050.0
-0.541

Grain env. im
pact

-0.316
ton CO2  / ton grain

Extra (Labor, electricity)
–

-3000.0
-0.268

Total fossil energy
–

-2354.0
–

Total fossil energy
–

0
–

Total fossil energy
–

-23141.3
–

M
ass Balance (Plant)

0.00
–

–
Total fossil energy

–
-1980.5

–
M

ass Balance (Plant)
0.00

–
–

TOTAL
0.7

-23141.3
-2.020

TOTAL
31.8

256519.4
23.2

TOTAL
-19.5

-120922.3
-10.8

TOTAL
-17.2

-139931.6
-12.6

Mass
Energy

CO2
Mass

Energy
CO2

Mass
Energy

CO2
Mass

Energy
CO2

ton/ha
MJ/ha

CO2  (ton/ha)
ton/ha

MJ/ha
CO2  (ton/ha)

ton/ha
MJ/ha

CO2  (ton/ha)
ton/ha

MJ/ha
CO2  (ton/ha)

Fuels 1/3 (gas., diesel, LPG, NG)
-0.043

-1980.5
-0.127

Fuels 2/3 (gas., diesel, LPG, NG)
-0.043

-1980.5
-0.127

Fuels 3/3 (gas., diesel, LPG, NG)
-0.043

-1980.5
-0.127

Biochar (degradable) 
-1.080

-17573.2
–

CO2 
0.804

ton/ha

Fertilizer Ammonium Nitrate (10)
0.149

-8099.2
-0.724

CO2  for photosynthesis
23.33

–
23.3

Grains out
-7.31

-118941.8
-10.7

Biochar (non degradable) 
2.206

–
–

W
ater

1.416
ton/ha

Fertilizer P2 O5
0.063

-425.0
-0.038

Water for photosynthesis
9.55

–
–

Virtual water in grains
-4.39

–
–

Minerals (Ash)
0.154

–
Biom

ass
0.00

ton/ha
Fertilizer K2 O

0.094
-635.8

-0.057
Emitted O

2
-16.97

–
–

Virtual consumed O2
-7.80

–
–

Emitted CO
2 

-1.584
–

-1.58
Grains

0.00
ton/ha

Fertilizer CaO
0.333

-582.8
-0.052

Biomass (3)
8.60

139931.6
–

Total fossil energy
–

-1980.5
–

Emitted water
-0.648

–
–

O2
-2.52

ton/ha
Seeds

0.019
-1968.1

-0.176
Grains (9)

7.31
118941.8

–
TOTAL

-19.5
-120922.3

-10.8
Consumed O2

1.152
–

–
Total energy 

43882.4
MJ/ha

Inputs (Fert./seeds) transportation
0.009

-400.0
-0.036

Agrochemicals (herb./insect.)
0.00362

-373.5
-0.033

3.1 Pyrolysis
ton/ha

MJ/ha
CO2  (ton/ha)

Fossil energy
-32244.9

MJ/ha
Hardware (machinery)

0.055
-6050.0

-0.541
Moisture in biomass (5)

0.86
–

–
Fuel for biomass/biochar handling (6)

-0.043
-1980.5

-0.127
Grain env. im

pact
0.110

ton CO2  / ton grain
Extra (Labor, electricity)

–
-3000.0

-0.268
Biomass completely burned (60%) (11) (14)

-5.16
-83958.9

-7.6
Biochar

2.206
ton/ha

Biochar (degradable) 
1.08

–
–

Carbon capture
0.364

ton CO2  / ton biochar

Biochar (non degradable) (8)
2.21

26447.6
–

Water from drying biomass (1)
-0.86

11280.3
–

Emitted water in pyrolysis
-3.10

–
–

Minerals (Ash)
0.15

–
–

Fuel for biomass/biochar transport. (2)
-0.0290

-1276.24
-0.0881

Hardware (machinery) (7)
0.0138

-1512.5
-0.135

Consumed O2
5.50

–
–

Total fossil energy
–

-2354.0
–

Total fossil energy
–

-4769.21
–

Total fossil energy
–

0
–

Total fossil energy
–

-23141.3
–

M
ass Balance (Plant)

0.00
–

–
M

ass Balance
0.00

–
–

M
ass Balance (Plant)

0.000
–

–
TOTAL

0.7
-23141.3

-2.020
TOTAL

32.6
256519.4

23.2
TOTAL

-0.2
-51000.2

-7.9
TOTAL

0.2
-17573.2

-1.6

Mass
Energy

CO2
Mass

Energy
CO2

Mass
Energy

CO2
Mass

Energy
CO2

ton/ha
MJ/ha

CO2  (ton/ha)
ton/ha

MJ/ha
CO2  (ton/ha)

ton/ha
MJ/ha

CO2  (ton/ha)
ton/ha

MJ/ha
CO2  (ton/ha)

Absolute change
–

0.0
0.0

Absolute change
–

0.0
0.0

Absolute change
–

-51000.2
-7.9

Absolute change
122358.3

11.0
CO2 

3.111
ton/ha

Relative change
–

0.0%
0.0%

Relative change
–

0.0%
0.0%

Relative change
–

42%
73%

Relative change
-87%

-87%
W

ater
1.416

ton/ha
Biom

ass
0.000

ton/ha
Grains

0.000
ton/ha

Value inputs
Units

O2
-2.517

ton/ha
in table

Energy 
71358.148

MJ/ha
100

km
Fossil energy

-4769.206
MJ/ha

in table
Grain env. im

pact
0.426

ton CO2  / ton grain
in table

Biochar
2.206

ton/ha
0.10

Moisture mass fraction
Carbon capture

0.364
ton CO2  / ton biochar

in table
0.25

Fraction of biochar equipment
in table

1
Relative yield increase factor

in table
Total CO2  balance

0.804
ton/ha

in table

in table

in table
in table

(5) Function of biomass moisture content
(6) Fuel and extra energy requirements for pyrolysis are expected to be of same order of magnitude of fuel spent for activities during plant growth phase
(7) Mass fraction of metal/machines needed compared to the sum of other agricultural processing machinery (this has to be further evaluated in the light of new continuous reactors, life-time and processing capacity) 
(8) Some energy is stored in the form of biochar during pyrolysis (more energy than biomass per kilogram, due to higher C/(H,O) content) 
(9) Increased yields due to biochar amendment in soil (1 means no change)
(10) Not considering less fertilizer use due to lower leaching prevented by the biochar amendment
(11) Energy released by combustion of syngas and volatiles is used only for pyrolysis (not off-setting other energy requirements) 
(12) For energy and mass balances C6 H12 O6 (s) is used to represent biomass
(13) The system is defined as the hectare of arable land and the positive values correspond values added to the system, while negative values area removed (emissions)
(14) No co-products of pyrolysis are being considered as part of this LCA. Although most likely some of the produced bio-oils could be used to off-set some of the energy requirements

MAIN RESULT

ASSUM
PTIONS

Description

(1) Function of moisture content in the biomass
(2) Function of distance from the farm to the pyrolysis plant
(3) Maize above-ground biomass excluding grains (USA)
(4) Constant soil organic matter over crop cycles and not accounting for methane or N2 O production during biomass decomposition

CYCLE NET DIFFERENCES (BCC-CCC)

BIOCHAR CROP CYCLE (BCC)

1. Planting
2. Growing

3. Harvesting
4. Degradation

CYCLE NET BALANCE (BCC)

STEP NET 
BALANCE

1. Planting
2. Growing

3. Harvesting &  3.1 Pyrolysis
4. Degradation

CONVENTIONAL CROP CYCLE (CCC)

1. Planting
2. Growing

3. Harvesting
4. Degradation

CYCLE NET BALANCE (CCC)
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Appendix for Chapter III 

Liquid marbles supplementary data 

 
Fig. A3.1 – Marble surface particle density, 𝜎𝜎, and correlations for 10-µL water marbles. 
(A) Effects of varying particle sizes with constant chemical composition (C18). (B) Effects 
of varying chemical compositions of particles at a fixed particle size of 57 µm. Note: 
particle-level increasing and (C) decreasing contact angles of water droplets were obtained 
via the silanization of flat silica surfaces with the specified functional groups (e.g., C8, 
C11, etc.). 
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Fig. A3.2 – Scanning electron micrographs of sand and silica particles used to fabricate the 
liquid marbles. Scale bars are in micrometers.  
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Fig. A3.3 – Time-lapse photographs of the evaporation of (topmost) water droplets on a 
hydrophobic glass slide (H-glass) and of several water marbles coated with C18. The 
particle sizes vary from 0.007 to 300 µm. 
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Fig. A3.4 – Estimation of the maximum particle misalignment, 𝛼𝛼C-D = 24°, for the 
maximum value of contact angle hysteresis for the experimental particles we studied (Table 
1). This analysis assumes that the particles are spherical and smooth and that there is no 
lateral compression force, i.e., the particles are at equilibrium at 𝑚𝑚/𝑚𝑚^ = 1.  
 

 
Fig. A3.5 – Analytic framework diagram for the maximum estimated particle misalignment 
at equilibrium contact angles 𝛼𝛼C-D = 24°, with overlaying experimental points from Table 
3.1. 
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Fig. A3.6 – Dependence of the dissimilarity factor, 𝜓𝜓, on the liquid mass fraction for three 
typical 𝑘𝑘# values. 
 

 
Fig. A3.7 – Variation in the evaporation rates of liquid marbles over time. (A) Effects of 
chemical compositions at a fixed particle size of 57 µm. (B) Effects of particle size with a 
fixed chemical composition of C18 (ODTS). Note: The volume of water inside the marbles 
was 10 µL, and evaporation experiments were performed at 23 ± 1°C and 60 ± 2% relative 
humidity (RH). 
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Fig. A3.8 – Variation in the evaporation rates as a function of mass fraction. (A) Effects of 
chemical compositions at a fixed particle size fixed of 57 µm. (B) Effects of particle size 
with a fixed chemical composition of C18 (ODTS). Note: The volume of water inside the 
marbles was 10 µL, and the evaporation experiments were performed at 23 ± 1°C and 60 
± 2% RH. 
 

 
Fig. A3.9 – Ratio of mass of particles to the mass of liquid for 10-µL liquid marbles. (A) 
Different particle coatings at 57-µm particle size, and (B) different particle sizes with C18 
coating. 
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Appendix for Chapter V 

 
Field soil chemical analyses 

Season 2018 

We collected three soil samples from each plot at different locations within the 

plot—in total, nine samples per treatment. We removed the top 1 cm layer of the soil, and 

then collected and homogenized the samples from 2–10 cm depth, and put them in sealed 

plastic bags. We labelled the samples and shipped them to Geomar Lab (Germany) for 

analysis. Geomar performed the analyses according to the protocols mentioned below. We 

present the results in Table S2.  

Soil leaches: We leached the soils with deionized water according to EPA 

protocols. The procedure involved the leaching of ca. 4 g sediment sample with 45 mL 

deionized water for a period of 4 hours, followed by centrifugation and subsequent 

filtration using a 0.45 µm hydrophilic syringe filter (PES, 33 mm)222. 

Nutrient analyses: We analyzed nitrate, silicate, and phosphate in the deionized 

water leaches of the soils using standard auto-analyzer techniques on a Seal Quaatro 

instrument, following the best practice guidelines for performing nutrient measurements. 

We analyzed ammonium with a fluorescence method, using Orthophthalate223. 

pH measurements: We measured pH of the soil leach solutions using a Metrohm 

pH meter with an Orion-Thermo Fischer electrode, calibrated using NIST pH buffers. 

Conductivity measurements: We measured conductivity (in dS/m) in the soil leach 

solutions using a Metrohm conductivity meter with an Orion-Thermo Fischer electrode, 

calibrated using Cl solutions. We calculated soil salinity (in ppt or g/L) from the 
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conductivity measurements, which we conducted using a standard approach utilizing 1 g 

soil with 1 mL added water.  

ICP-OES analysis of soil leachates: We obtained the total elemental concentrations 

of Ca, Mg, and K in the leachate samples using an inductively coupled plasma optical 

emission spectrometer (ICP-OES; SPECTRO Ciros). We prepared standard solutions from 

certified single-element standard solutions. We corrected all sample values for blank 

interference by subtracting the mean procedural blank values. 

Particulate Organic Carbon (POC) and Particulate Organic Nitrogen (PON) 

analysis: We analyzed particulate carbon and nitrogen samples with an elemental analyzer 

(Thermo Finnegan Flash EA1112) using acetanilide as the calibration standard. The 

analysis yielded total particulate carbon and nitrogen. On a separate sample aliquot, we 

removed inorganic carbon by acidification with sulfurous acid (H2SO3) under vacuum for 

24–48 h, and the subsequent analysis provided POC and PON data224. Subtraction of the 

POC and PON from the total carbon and nitrogen results yielded the particulate inorganic 

carbon and nitrogen, PIC and PIN, respectively. We chose the factor 2.0 to convert POC 

to POM225. 

Cation Exchange capacity (CEC): We used the hexaamminecobalt (III) chloride 

method to determine CEC, adding CaCO3 as the pH of the samples was basic. We followed 

the standard method according to ISO 23470:2018. We weighed samples of air-dried soil 

and transferred them to a tightly stoppered polyethylene centrifuge tubes of about 50 mL 

capacity. Then we added 50 mL of 0.0166 mol/L hexaamminecobalt (III) chloride solution 

to the soil and shook the samples on the rotary shaker for 1 h, then balanced the tubes and 

centrifuged them at 3000 g for 10 min. We determined the cobalt concentration in the 
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extract by ICP-AES. We calculated the CEC on the basis of the difference between the 

initial concentration of cobalt in the extraction solution and the quantity remaining in 

extract. 
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Season 2019 

We collected soil samples from different points within each plot and then mixed 

the samples into a single bag. We collected replicates from other plots of similar treatments. 

We removed the top 1 cm layer of soil, and then collected and homogenized the samples 

from 2–10 cm depth, and put them in sealed plastic tubes. We labelled the samples and 

stored them for further analysis at KAUST analytical core laboratory. We conducted the 

soil analysis during the mid-stage of the crop cycle in March and at the end of the crop 

cycle in May, 2019. We present the results in Tables S3–S4.  

Soil leaches: We leached the soils with a solution of 0.5 M ammonium acetate and 

0.5 M acetic acid. For the procedure, we used 7 g of sediment sample with 45 mL of 

solution. We then transferred the samples to a shaker for 30 min and decanted the 

supernatant. Finally, we filtered the samples with No. 2 filter paper. 

ICP-OES analysis of soil leachates: We diluted the leached samples 10 times for 

this procedure, and prepared the standard solution using element standards. We measured 

the concentrations of Ca, K, Mg, P, S, and Si in the diluted leached samples with an 

inductively coupled plasma optical emission spectrometer (ICP-OES; PerkinElmer Optima 

8300). 

POC and PON analysis: To determine the total amount of nitrogen and carbon in 

the samples, we used an Elemental Analyzer (Thermo Fisher Scientific Flash 2000) with 

Soil Standard (Thermo Fisher Scientific – Certificate: 13317) as the calibration standard. 

First, we measured the weight of each sample to within 10 mg ± 1 mg, placed and sealed 

the samples in a tin container. Next, we weighed the samples for organic nitrogen (PON) 

and carbon (POC) by following the procedure explained above, but in this case placed the 
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samples inside the silver containers. We removed the inorganic part from the samples by 

adding 5 µL of 3M HCl and kept the samples inside an oven at a temperature of 65 ˚C for 

20 min. We repeated this procedure four times, in all adding 20 µL of acid solution. 

Thereafter, we completely dried the samples at 65 ˚C overnight. We then sealed the silver 

containers, wrapped them with tin containers for analysis.  

  



 

 

227 

  

Ta
bl

e 
A

5.
2 

– 
So

il 
ch

em
ic

al
 a

na
ly

si
s f

ie
ld

 tr
ia

l 2
01

9 
(M

ar
ch

). 
(S

) i
nd

ic
at

es
 st

at
is

tic
al

ly
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
 (p

 <
 0

.0
5)

 a
nd

 (N
) 

 
 

 
 

 
 

 
 

  
 

 
 

 
 

 
 

 
 

 



 

 

228 

  

 

  

Ta
bl

e 
A

5.
3 

– 
So

il 
ch

em
ic

al
 a

na
ly

si
s f

ie
ld

 tr
ia

l 2
01

9 
(M

ay
). 

(S
) i

nd
ic

at
es

 st
at

ist
ic

al
ly

 si
gn

ifi
ca

nt
 d

iff
er

en
ce

 (p
 <

 0
.0

5)
 a

nd
 (N

) 
 

 
 

 
 

 
 

 
  

 
 

 
 

 
 

 
 

 
 



 

 

229 

Field weather data 

 

Fig. A5.1 – Weather details for tomato and wheat field trials (season 2019). (A) Air 

temperature, (B) humidity, and (C) experiment timeline. Hada Al Sham, Saudi Arabia 

(21.7963° N, 39.7265° E). 
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Fig. A5.2 – Weather details for tomato trial (season 2020). (A) Air temperature, (B) relative 

humidity. Hada Al Sham, Saudi Arabia (21.7963° N, 39.7265° E). 
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Fig. A5.3 – Weather details for tomato and onion trials (season 2021). (A) Air temperature, 

(B) relative humidity. Hada Al Sham, Saudi Arabia (21.7963° N, 39.7265° E). 
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Appendix for Chapter VI 

Supplementary information on wax degradability and effects on microbiota 

 

Fig. A6.1 – Photograph of the wax degradation experiment conducted in the KAUST 

greenhouse. Bottom-perforated pots were filled with common sandy soil (GH soil). A layer 

of SH mulch was placed on top. The pots were irrigated weekly by filling the tray to about 

1-2 cm for ~1 h, followed by drainage. 
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Table A6.1 – Tomato and barley microbial richness under fresh and brackish water 

irrigation, and SHS versus bare soil. We calculated the number of samples, mean (±SD) 

sequences, and mean (±SD) richness (number of SVs) for bacterial communities associated 

with the root-system compartments (root tissues, rhizosphere, and bulk soil) subjected to 

the different irrigation types (fresh and brackish water) and overlay treatments (bare soil 

and SHS mulch). 
Crop Compartment Irrigation Overlay N. 

sample* 
N. seq.* Richness* 

Barley Bulk soil Fresh Bare soil 9 71139 ± 17288 1099 ± 131 
   SHS mulch 8 68014 ± 13005 1109 ± 193 
  Brackish Bare soil 9 63915 ± 9533 816 ± 112 
   SHS mulch 9 54156 ± 20706 882 ± 234 
 Rhizosphere Fresh Bare soil 8 47714 ± 10961 557 ± 108 
   SHS mulch 9 48033 ± 13583 660 ± 108 
  Brackish Bare soil 7 51348 ± 25300 665 ± 261 
   SHS mulch 9 35989 ± 11357 535 ± 186 
 Root tissues Fresh Bare soil 8 163531 ± 51171 427 ± 121 
   SHS mulch 9 141735 ± 55532 390 ± 39 
  Brackish Bare soil 8 141293 ± 56799 365 ± 125 
   SHS mulch 8 144158 ± 63975 321 ± 120 

Tomato Bulk soil Fresh Bare soil 9 38053 ± 15207 478 ± 78 
   SHS mulch 8 36376 ± 32606 421 ± 173 
  Brackish Bare soil 7 4607 ± 4874 79 ± 47 
   SHS mulch 9 7649 ± 18287 81 ± 92 
 Rhizosphere Fresh Bare soil 9 37442 ± 8514 583 ± 208 
   SHS mulch 9 47854 ± 9694 677 ± 175 
  Brackish Bare soil 9 49944 ± 10258 574 ± 161 
   SHS mulch 9 35890 ± 5878 507 ± 107 
 Root tissues Fresh Bare soil 8 53305 ± 14563 862 ± 156 
   SHS mulch 8 55451 ± 15428 981 ± 286 
  Brackish Bare soil 8 74404 ± 22545 1065 ± 249 
   SHS mulch 9 50498 ± 11575 798 ± 147 

* Values obtained after quality filtering described in the material and methods section and 
chloroplast/mitochondria removal. 
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Table A6.2 – Results of multiple comparison tests of bacterial compositional similarity of 

the communities associated with the different root system compartments (root tissues, 

rhizosphere, and bulk soil) in barley and tomato. For each fraction, we also evaluated the 

effect of different irrigation regimes (fresh and brackish water) and overlay treatments 

(bare soil/superhydrophobic sand mulches). We consider the results of t-tests with p < 0.05 

to be significant. 

Crop Compartment* Compartment $ Irrigation# Irrigation$ Overlay# 

Barley F2,98=18.04, Bulk soil (a) 
t = 1.69, p = 

0.002 
Fresh (a) t = 1.09, p = 0.257 

 p = 0.001   Brackish (b) t = 0.89, p = 0.631 

  Rhizosphere (b) 
t = 2.23, p = 

0.001 
Fresh (a) t = 1.18, p = 0.165 

    Brackish (b) t = 1.14, p = 0.237 

  Root tissues (c) 
t = 2.34, p = 

0.001 
Fresh (a) t = 1.27, p = 0.079 

    Brackish (b) t = 1.14, p = 0.226 

Tomato F2,98=14.99, Bulk soil (a) 
t = 1.62, p = 

0.003 
Fresh (a) t = 1.01, p = 0.451 

 p = 0.001   Brackish (b) t = 0.91, p = 0.546 

  Rhizosphere (b) 
t = 2.63, p = 

0.001 
Fresh (a) t = 1.34, p = 0.065 

    Brackish (b) t = 1.31, p = 0.071 

  Root tissues (c) 
t = 3.07, p = 

0.001 
Fresh (a) t = 1.05, p = 0.342 

    Brackish (b) t = 0.86, p = 0.684 

* Results of ANOVA main test 
# Results of t-test 
$ Lowercase letters in parenthesis indicate the results of multiple pair-wise comparison test among the levels 
of the experimental factor analyzed 
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