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Abstract 
Fresh water scarcity is an urgent global issue. A sustainable and renewable method is 

harvesting atmospheric water, among which fog and dew water can be passively collected onto a 

surface. The efficiency of such collecting systems depends critically on the wetting and dynamic 

behavior of water droplets on the surface. Common approaches to modify surface topography and 

hydrophobicity often relies on lithographic, plasma, or fluoropolymer-based methods that are costly, 

complex, and environmentally unsustainable. In contrast, this work proposes a novel, simple, and 

bottom-up approach for producing surface with functional coatings through cellulose nanocrystal 

(CNC)–stabilized Pickering emulsions. 

The first part of the study focuses on understanding the stabilization and formulation 

behavior of CNC-based oil-in-water emulsions under varying CNC concentration, ionic strength, 

and oil-to-water ratios. The resulting interfacial coverage and droplet packing efficiency govern the 

size and assembly of the wax microparticles, allowing fine control of surface roughness and 

wettability. Coatings derived from these particles exhibit a wide range of wetting states—from 

hydrophilic to superhydrophobic—depending on CNC surface coverage and aggregation state. 

In the second part, these coatings are evaluated for fog and dew water collection, 

emphasizing the differences between liquid water deposition and humid air condensation on surface. 

The results show that overall water collection performance is governed by two coupled processes: 

the rate at which moisture is captured on the surface and the efficiency with which the accumulated 

water is removed. Previous studies have shown that while superhydrophobic surfaces exhibit 

superior droplet removal efficiency, their performance can degrade under continuous usage due to 

partial loss of superhydrophobicity and water film formation. On the other hand, surfaces with 

balanced nucleation density and drainage efficiency are more desirable, especially for condensation. 

This research establishes a biobased, PFAS-free, and scalable fabrication route for tailoring 

surface wettability using CNC-stabilized emulsions. Beyond atmospheric water harvesting, the 

insights gained here into interfacial assembly and condensation dynamics under realistic humid-air 

conditions contribute broadly to the design of sustainable coatings for humidity control and anti-

fogging/anti-icing applications. 
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Chapter 1 Introduction 
1.1 Overview 

There has been an increasing need for sustainable and decentralized clean water generation 

technologies due to the urgent global water scarcity issue. Atmospheric water is a ubiquitous and 

abundant source, and its collection does not require large-scale, energy-intensive infrastructures. 

Therefore, atmospheric water harvesting (AWH), with fog and dew water being the common source, 

presents itself as a passive and renewable strategy that can supplement fresh water without 

geographical restrictions. In this thesis, dew water refers specifically to liquid water formed by 

condensation of atmospheric vapor on a surface cooled below the dew point, rather than suspended 

microdroplets in air. 

To develop efficient AWH devices, the most critical role is building a surface that can 

capture moisture from fog/humid air and drain the collected liquid water. Current research is mostly 

inspired by plants and animals, such as lotus leaf and desert beetle, and they mimic the natural water 

collecting mechanisms. The growing emphasis in functional coatings and green fabrication methods 

reflects the evolving role of material science in bridging fundamental understanding of interfacial 

phenomena with practical solutions in sustainability. 

Developing efficient water harvesting surfaces commonly relies on complex lithographic or 

fluorinated fabrication methods that are costly, non-scalable, or environmentally harmful. Bio-based 

materials, such as cellulose nanocrystal (CNC), offer exciting research opportunities for creating 

tunable, textured, biphilic coatings. Even though CNC has been studied for stabilizing Pickering 

emulsions, there remain limited understanding of how CNC can be systematically tailored to achieve 

the desired emulsion particle properties and surface morphology for AWH devices. Another major 

knowledge gap is the analysis of fog vs. dew water harvesting behavior and their impact on surface 

hydrophobicity change during operation. This study aims to contribute to the understanding of 

these two aspects by establishing correlation between formulation, surface structure, and water 

collection performance. 

1.2 Objectives 
This thesis focuses on both material development and performance evaluation, aiming to 

investigate coatings synthesized from CNC-wax oil-in-water (o/w) Pickering emulsion of varying 
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formulations and testing their application in collecting fog and dew water. The specific objectives 

are: 

1.2.1 Prepare CNC-stabilized o/w Pickering emulsions by systematically varying CNC 

concentration, salt concentration, oil-to-water ratio, and surfactant concentration. 

Examine how formulation parameters influence emulsion stability, droplet size 

distribution, and interfacial coverage. 

1.2.2 Fabricate coatings from the emulsions via spray coating method. Characterize surface 

morphology, roughness, and wettability using contact angle measurements. 

1.2.3 Observe the droplet dynamics on coated surface under controlled dew condensation and 

fog flow conditions. Establish structure, property, performance relationships linking 

formulation parameters, surface features, and water collection efficiency. 

1.3 Outline of thesis 
This thesis consists of the following chapters: Chapter 1 introduces the background and 

motivation for this project. Chapter 2 conducts a literature review on surface engineering 

technologies for fog and dew water harvesting. Chapter 3 studies the Pickering emulsion 

formulation. Chapter 4 evaluates the coating performance. Chapter 5 concludes the key findings and 

suggests future research directions. 
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Chapter 2 Literature Review: Engineered Surfaces for 

Atmospheric Water Harvesting 

2.1 Background and motivation  

2.1.1 Atmospheric water as a sustainable resource 

Fresh water scarcity is an urgent global issue. Over 2 billion people worldwide lack access to 

safely managed drinking water. Freshwater resources are unevenly distributed, with many arid and 

semi-arid regions facing chronic shortages. [1], [2], [3] Current large-scale solutions, such as 

desalination, are energy-intensive, costly, and environmentally impactful. Decentralized systems can 

reduce dependence on large-scale infrastructure, which is especially favorable for rural and remote 

areas. In addition, UN SDG 6: Clean Water and Sanitation calls for innovative, low-carbon water 

technologies. [4] A sustainable and renewable solution is harvesting water from the atmosphere, as 

atmospheric water is ubiquitously available, even in arid regions. Atmospheric water harvesting 

(AWH) technologies are suitable for point-of-use system and are compatible with passive operation, 

such as radiative cooling, or hybrid active/passive designs. [2] 

2.1.2 AWH technologies overview  

AWH technologies can be divided into these general types: 1) harvesting water from cloud, 

rain, and fog; 2) capturing and condensing vapor from humid air via direct dewing; 3) membrane 

separation; and 4) sorbent sorption. 

Rain and fog water are among the most widely explored passive AWH methods. Both are 

low cost and energy independent, but their efficiency is strongly dependent on local meteorological 

conditions, such as wind speed, fog density, relative humidity, nighttime cooling efficiency, etc. [5] 

Cloud seeding is the artificial enhancement of precipitation from clouds by dispersing substances 

such as silver iodide into the atmosphere. These particles act as nuclei for condensation of ice 

crystals and promote rainfall under suitable cloud conditions. The concerns with this method are its 

high cost, unpredictable efficiency, and potential environmental impact. [2] 
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Direct dewing involves cooling the surface below the dew point temperature and allowing 

the water in humid air to condense directly on the surface. The cooling can be achieved either 

passively through radiative or evaporative cooling, or active via refrigeration. [6], [7] 

 

Figure 1. Overview of atmospheric water harvesting technologies, their classifications, and 
schematics of fundamental process. Reproduced from [2]. 

Membrane separation operates by selectively allow water vapor to permeate through the 

membrane while rejecting other gases. It can also be combined with passive or active cooling 

systems to condense the permeated vapor. The challenges with this novel method remain in terms 

of durability and scalability. [2] 

Sorbent sorption methods use hygroscopic or porous adsorption materials, which are 

functionalized with hydroxyl or other polar groups to attract water droplets. Subsequently, the 

desorption process is driven by thermal or solar energy, releasing concentrated water vapor that can 

be condensed and collected. However, such systems often require additional energy input for 

regeneration cycles. [2], [8], [9] 

Depending on the availability of the water in the atmosphere and the amount of energy 

input in running the AWH system, the amount of water collected varies greatly. There has been 
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continuous effort in the development of AWH systems that are made from sustainable materials, 

use only renewable energy, and with good performance under various environmental conditions.       

2.2 Fog and dew harvesting 

2.2.1 Formation mechanism and conventional collecting devices 

Fog & mesh collectors 

Fog is a weather phenomenon that occurs when water vapor in the air condenses into tiny 

liquid droplets that remain suspended near the ground. During nighttime, Earth’s surface radiates 

heat into space, causing the ground temperature to be cooled. Fog forms when the air close to the 

ground is saturated with moisture and cooled to the dew point. Water vapor in the cooled air 

condenses into microdroplets with typical diameter of 1 to 40 µm. These condensed microdroplets 

remain suspended in the air, and they can be captured using fog collectors. The collectors are 

vertical mesh nets, usually made of materials such as polypropylene. Fog mesh is a passive AWH 

method with low maintenance requirements. However, harvesting fog water can only work in 

specific places where fog is regular and predictable, such as in coastal regions, mountains, and 

deserts. As a result, this method is less accessible than seawater on a large scale. [5] The water yield 

also depends on fog density, wind speed, and mesh design. A 1 cubic meter of foggy air can contain 

between 0.05 and 0.5 grams of water. 

Dew & radiative condensers  

Dew water can be harvested and used similarly to fog water in places with high humidity and 

clear skies. However, compared with capturing fog, which is collecting condensed water droplets in 

the air, the capture of dew water has a different physical process. When the surface cools below the 

dew point, water vapor in the air can directly condenses onto surface as liquid water. Dew is the 

moisture that condenses into water droplets on cool surface, such as grass, leaves, or metal, usually 

overnight. Dew collection is a more promising strategy than fog harvesting for the water scarcity 

problem, specifically in arid regions, despite its lower output. [10] 

The additional phase change from vapor to liquid requires different capture method and 

condition for dew water. Radiative condenser is a passive method to collect dew. The ideal 

conditions for dew formation requires high relative humidity at night and surface that cool fast. 

Therefore, the surface of condensers is made of materials that radiate heat well and cool below the 

dew point for water condensation. [11] 
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2.2.2 Limiting factors for water harvesting performance 

As fog and dew water harvesting are both extracting the moisture in the humid air into liquid 

water, the collecting devices have similar designs in surface properties to obtain optimal water 

collection performance. However, there are also differences due to the intrinsic formation 

mechanism difference of fog and dew. Fog has higher quantity of available water, and the design 

should focus on the fast removal of water on the surface. The main limitation of improving a fog 

mesh’s efficiency is the droplet mobility on the surface, which can be measured as the droplet 

shedding rate. A common approach to improve the configuration usually involves the use of 

hydrophobic coatings to reduce droplet pinning to the surface and facilitate faster water drainage. 

[12] 

On the other hand, dew is fundamentally different than fog in that it has lower availability of 

water and the phase change of vapor to liquid on the surface of the collecting device.[6] Dew 

harvesting is limited by the low water flux intake. In addition, the rate of heat loss from the surface 

constrains passive cooling performance. The process of atmospheric moisture extraction via 

formation of dew on a surface can be impacted by various environmental conditions. When the dew 

point is much lower than ambient air temperature, most of the radiative cooling is consumed by a 

sensible heat exchange, causing very low dew yield.[5] Therefore, existing passive dew condensers 

can only be a supplementary water source in regions with favorable conditions. Energy efficient dew 

harvesting requires the condenser surface to be able to both capture and remove water. It requires a 

different surface design with both hydrophilic and hydrophobic properties to improve water 

nucleation and removal rates.  

Active cooling and moisture harvesting index (MHI) 

For AWH via condensation, instead of using passive cooling such as the radiative condenser, 

electric compression expansion or thermoelectric systems can be used to further cool the surface 

below dew point and promote the formation of liquid water. Active systems can produce a more 

reliable quantity of water under a wide range of environmental conditions. However, the challenges 

are that it is energy-intensive and costly. 

The moisture harvesting index (MHI) is defined as the ratio of the energy invested in the 

desired water condensation process to the total energy invested in the cooling of the condensable 

and non-condensable gases in the air bulk. There is considerable variation in MHI due to 

meteorological conditions.[5] 
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2.2.3 Inspiration of performance enhancement from nature 

 
Figure 2. Biomimetic inspirations: a) schematic of water collection mechanism of desert beetle, 
cactus, and moss awn (adapted from [13]); b) wax testing procedure showing the peaks of the 
“bump” on the elytra are wax-free (scale bar = 0.2 mm); c) SEM of the textured surface (scale bar 
= 10 µm) (adapted from [14]); d), e), f) & g) SEM of cactus spine. g) magnified image of a single 
barb (scale bars = 100 μm (d), 20 μm (e–f) and 2 μm (g). ; j) water collection and transport 
mechanism of cactus: droplets preferentially condense at the spine tip, where Laplace pressure 
gradients and surface energy gradients drive directional motion toward the base (adapted from 
[15]); h) & i) tilted high-magnification photograph of SEM of the surface of the moss awn showing 
micro- and nanogrooves structures (adapted from [16]); k) multifunctional hierarchical water 
harvest mechanisms: the concentric shaded areas illustrate the size scales of the moss awn 
structures vs. the size scale of the water that each functional structures collect; the arrows show 
these hierarchical mechanisms work together to capture water available at different scales 
(adapted from [16]). 

Desert beetle & fog capture  

One of the most widely studied biomimetic inspirations for designing AWH systems is the 

desert beetle. It is famous for its ability to survive in the Namib Desert where rainfall is negligible, 

but morning fog is a frequent and reliable source of atmospheric moisture. The strategy of the beetle 

relies on the unique hybrid wettability of its dorsal elytra, which consist of smooth, wax-free 

b)

c)

microgrooves

nanogrooves

a)

d)

e) f) g)

i)h)

j)
k)
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hydrophilic peaks surrounded by wax-coated hydrophobic troughs. Microscopic fog droplets 

preferentially nucleate and grow on the hydrophilic peaks, while the surrounding hydrophobic 

background prevents excessive spreading and facilitates droplet mobility. Once droplets reach a 

critical size (~4–5 mm in diameter), gravitational and aerodynamic forces overcome surface 

adhesion, causing them to roll down the beetle’s tilted body toward its mouthparts. [14] 

Inspired by the beetle surface’s ability to balance water droplet capture and drainage, various 

artificial surfaces that mimic its alternating hydrophilic and hydrophobic patterning have been 

fabricated and studied. With hydrophilic patches to promote droplet nucleation and hydrophobic 

regions to facilitate water transport, these designs can collect more fog water compared with 

surfaces of uniform wettability. This indicates a promising route toward passive, material-driven 

devices of high fog harvesting efficiency. [13], [17] 

Multifunctional system of desert moss and cactus & extraction of water from humid air  

Desert plants also possess highly evolved water conservation and transport systems. The 

cactus Opuntia microdasys employs a multi-structural and multi-functional system for efficient fog 

capture. Its spines consist of oriented barbs at the tip, gradient grooves along the shaft, and belt-

structured trichomes at the base. These features act in sequence to deposit, collect, transport, and 

absorb water. The conical shape of the spines and their grooves establish a Laplace pressure gradient 

and a surface-free energy gradient that drive droplets directionally from the tip toward the base. [15] 

Laplace pressure refers to the curvature-induced pressure difference across a droplet’s 

liquid–vapor interface, and on rough or nanostructured surfaces it plays a central role in how small 

condensate droplets deform, migrate, and eventually detach. It is given by:  

∆𝑃 = 	𝛾(
1
𝑅!
+
1
𝑅"
) 

Droplets confined within re-entrant or asymmetric textures develop curvature gradients 

between constrained and unconstrained regions of the droplet. During growth, these curvature 

differences generate internal Laplace-pressure gradients that act as directional capillary forces, 

enabling droplets to depin, reorient, or climb through complex microcavities. [15], [18], [19] This 

makes Laplace-pressure-driven capillarity a key mechanism underlying robust droplet removal and 

sustained dropwise condensation on rough, multiscale surfaces. 

Another notable plant is the desert moss Syntrichia caninervis, which thrives in extremely arid 

regions despite lacking true roots or vascular tissue. Unlike other plants that primarily rely on fog 

harvesting, the moss has a unique adaptation of its leaf structure to collect water from multiple 



 9 

sources and promote nucleation from humid air. The tiny hair (awn) on the end of the leaf is a 

multiscale structure equipped for four coupled modes of water collection and transport Nucleation 

is considered the smallest scale of water capture, which involves the heterogeneous nucleation of 

liquid dew droplet from a saturated gas phase. The longitudinal nanogrooves on the awn reduce the 

nucleation barrier, allowing dew droplets to condense efficiently when the air reaches saturation. At 

the microscale, grooves and clusters of barbs trap and coalesce fog droplets into larger drops, while 

the conical geometry of the awn drives directional transport of water toward the leaf base. Rainfall is 

the largest scale of water source. The high density of awn clusters can retain falling droplets by 

reducing the losses from splashing. [16] Such unique multiscale structure of the desert moss 

illustrates a strategy of broad-spectrum moisture collection system that integrate dew nucleation with 

fog capture. This is particularly relevant for engineered surface aimed at harvesting water from 

diverse atmospheric sources. 

2.3 Enhancing AWH via engineering surface wettability & topography 
2.3.1 Wetting as a contact angle phenomenon  

 
Figure 3. Schematic drawings for solid surface wetting phenomenon and their correlation with the 
limiting factors in water harvesting performance: a) determination of the contact angle on a flat 

favorable for water drainagefavorable for water nucleation

b)a)

contact 
angle

d)c)

contact 
angle 

hysteresis

f)e)

wetting 
model

!LG

!SL!SG θ

θ

!LG

!SL!SG θ

θ

θadv

θrec

θadv

θrec

θadv

θrec

θadv

θrec
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smooth solid surface that is hydrophilic (q < 90°); b) contact angle on a flat smooth solid surface 
that is hydrophobic (q > 90°); c) droplet pinned on the surface, large contact angle hysteresis; d) 
high droplet mobility, low contact angle hysteresis; e) Wenzel state: droplet impaled on the 
roughness features; f) Cassie-Baxter state: droplet rests on top of roughness features, with air 
trapped underneath. 

Contact angle & Young’s Equation [18], [20], [21], [22], [23] 

The contact angle is a key characteristic of solid surface properties. The wettability of a solid 

surface is primarily governed by its surface chemistry, which dictates the balance of interfacial 

energies at the three-phase contact line (TPCL). TPCL is the boundary line where the solid surface, 

liquid droplet, and surrounding vapor meet, defining the local geometry that governs contact angle 

and droplet mobility. For a droplet of a liquid at a smooth homogeneous and inert solid-gas 

interface, the contact angle q formed by the intersection of the surface of the droplet and the surface 

of the studied material is defined through Young’s equation:  

cosθ =
γ#$ − γ#%
γ%$

 

gSG is the surface free energy for substrate/vapor interface. gSL and gLG are interfacial free energies of 

solid/liquid and liquid/vapor interfaces, respectively. The static contact angle is defined under ideal 

equilibrium conditions between the droplet and the solid surface without external perturbation. For 

partial wetting on hydrophilic surface, 0° < q < 90°, the material has a surface free energy that 

satisfies the relation that gSG > gSL. A solid surface with high surface energy, such as clean metals or 

oxides, tend to lower gSL, leading to enhanced wetting and smaller contact angle. For non-wetting on 

hydrophobic surface, 90° < q < 180°, the material satisfies the relation that gSG < gSL. Low energy, 

such as those modified with fluorochemicals or hydrocarbons, resist liquid spreading, leading to 

larger contact angle. 

Contact Angle Hysteresis (CAH) 

In practical systems, droplets rarely remain at equilibrium, and therefore, in addition to static 

contact angle described by Young’s equation, a dynamic contact angle is also essential to characterize 

the surface wetting properties. The dynamic contact angle refers to the instantaneous angle observed 

when the contact line is in motion, which is advancing or receding. Contact angle hysteresis is the 

difference between the advancing and receding contact angle. Advancing is when the 

TPCL/interface is moving towards the vapor phase, whereas receding is when TPCL is moving 

away from the vapor phase.  
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𝐶𝐴𝐻 = 	𝜃&'( − 	𝜃)*+ 
The dynamic contact angle depends on external conditions such as droplet velocity, applied 

forces, or substrate inclination, and therefore often deviates from the static value. Such deviations 

are influenced by the surface roughness, chemical heterogeneity at the moving contact line. CAH 

reflects the wettability of rough surface, and is critical to adhesion, droplet mobility, and energy 

barriers to wetting states transitions. The observation of droplet pinning to the surface during 

condensation is usually reflected in large CAH, when the released surface energy upon droplet 

coalescence is not sufficient to overcome contact line pinning. [24] 

Wenzel model 

Wetting behavior on rough surface is important for many practical applications. Wenzel 

wetting is obtained on a rough but homogeneous substrate. It describes how surface roughness 

influences the solid surface wettability when a liquid completely penetrates the surface asperities. q* 

is the apparent contact angle on the rough surface, and it is related to the intrinsic contact angle q on 

the smooth and chemically identical surface: 

cos 𝜃∗ = 𝑟cos𝜃 

where r is the roughness factor, defined as the ratio of the true surface area to its project area (r ≥ 1). 

This relationship shows the surface roughness amplifies the intrinsic wettability of a surface: 

hydrophilic surfaces become more hydrophilic, while hydrophobic surfaces become more 

hydrophobic. 

Cassie–Baxter model 

On substrates that are highly textured and chemically heterogeneous, air entrapment often 

prevents complete liquid penetration, leading to a Cassie-Baxter state. Pockets of air become trapped 

beneath the droplet, resulting in a composite solid-liquid-air interface. The Cassie relation 

characterizes the local wetting at some point of the contact line. The roughness of the wetted 

surface causes the deviation of the measured contact angle from that on a smooth surface. The 

apparent contact angle q* in this wetting state with respect to the intrinsic contact angle q is given 

by: 

cos 𝜃∗ = 𝑓-cos𝜃 − (1 − 𝑓-) 
where fs is the fraction of the solid surface in direct contact with the liquid. This relationship 

indicates the presence of trapped air can significantly increase the apparent contact angle. This also 
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explains how to achieve superhydrophobic surfaces (q > 150°) which exhibits properties such as 

self-cleaning (Lotus effect), reduced adhesion, and high droplet mobility. 

The Cassie-Baxter wetting model is a metastable state, which can transition into the Wenzel 

wetting model under sufficient external pressure, vibration, or liquid infiltration. Both wetting 

models provide the theoretical foundation for tailoring surface wettability via hierarchical roughness 

and chemical patterning. 

Experimental method for determination of CA for a sessile droplet on the surface 

The sessile drop method is the most widely used and straightforward technique for CA 

measurement on a solid surface. A small liquid droplet is deposited onto the solid substrate, and its 

profile is imaged to determine the angle formed at the TPCL. The static contact angle is measured 

when the droplet is at rest under ambient conditions by a goniometer or optical tensiometer. The 

sessile drop method can be extended to measure advancing and receding contact angles to study the 

dynamic behavior of the contact line. To measure the advancing contact angle, liquid is added to the 

droplet until it reaches the maximum angle before the contact line begins to move outward. 

Conversely, the receding contact angle is measured by withdrawing liquid from the droplet until it 

reaches the minimum angle before the contact line retreats.  

2.3.2 Droplet dynamics on surface 

 
Figure 4. Schematic drawings of droplet nucleation, growth, and departure on vertically placed 
surface (side view) to illustrate dropwise and filmwise water drainage approach for fog and dew 
water harvesting. 
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To build surfaces with high water harvesting efficiency, it is crucial to first understand the 

droplet dynamics on the surface. Droplets undergo a cycle of nucleation, growth, and departure, 

which determines the extent to which the surface remains available for renewed condensation. In 

addition, unique phenomena such as coalescence-induced droplet jumping can dramatically 

influence water collection and transport efficiency. 

Droplet nucleation, growth, and departure 

Vapor condensation or droplet deposition begins with nucleation at favorable sites on a 

surface, often governed by surface energy.[25] On hydrophilic regions, nucleation occurs more 

readily, leading to a higher density of microscopic droplets, while hydrophobic regions delay 

nucleation but support mobility. Once formed, droplets grow either by direct vapor condensation or 

by coalescence with neighboring droplets. Over time, larger droplets either slide off, roll away, or 

remain pinned depending on their wetting states. In filmwise mode, the pinned droplets quickly 

coalesce into a continuous film, whereas in dropwise mode, droplets depart individually, 

continuously refreshing the surface for new nucleation. This cyclic renewal of nucleation sites is a 

key factor behind the superior efficiency of dropwise over filmwise condensation. [25] 

Coalescence-induced droplet jumping 

Beyond gravity-driven removal, coalescence-induced droplet jumping provides an additional 

pathway for droplet departure on superhydrophobic or specially engineered surfaces.[26] When two 

or more micrometer-sized droplets merge, the reduction in surface area leads to the sudden release 

of excess surface energy. This energy is converted into kinetic energy, propelling the coalesced 

droplet away from the surface in a “jumping” motion. The effect is most pronounced for droplets of 

similar size, where the coalescence event maximizes energy release. Jumping droplets can also collide 

with other droplets, inducing cascading coalescence events that rapidly clear a surface region. This 

autonomous removal mechanism minimizes droplet pinning, accelerates drainage, and ensures that 

condensation sites remain continuously active. However, the effectiveness of jumping is strongly 

dependent on environmental conditions: in humid air with high concentrations of non-condensable 

gases, diffusion limits can reduce droplet nucleation density, thereby lowering the frequency of 

coalescence events. [27], [28], [29] Together, these droplet dynamics—whether by gravity-driven 

shedding, surface sweeping, or coalescence-induced jumping—determine how effectively a surface 

can sustain dropwise mode. Designing surfaces that balance high nucleation density with efficient 

droplet departure mechanisms remains central to advancing the performance of atmospheric water 

harvesting systems. 
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2.3.3 Surface with patterned wetting properties 
The advantage in both water capture and drainage 

Surfaces with patterned wetting properties, where regions of contrasting or gradient 

wettability are arranged in controlled or random configurations, is one of the most common 

strategies in enhancing efficiency in AWH. Unlike uniformly hydrophobic or hydrophilic surfaces, 

the design of wetting patterns is targeted for simultaneously promoting droplet nucleation and water 

transport, overcoming the major trade-off in fog and dew harvesting systems. On such surface, 

hydrophilic domains reduce the energy barrier for nucleation and act as the preferential sites for 

nucleation for condensation or droplet deposition. This creates higher droplet density and earlier 

onset of water collection. The hydrophobic domains, with reduced contact angle hysteresis, facilitate 

droplet mobility by enabling coalesced droplets to roll or slide away by gravity. Such complementary 

interplay ensures water droplets are efficiently captured and continuously removed, quickly 

refreshing the surface for renewed cycle of condensation or droplet deposition. [30]  

Inspired by the desert beetle’s hydrophilic bumps on hydrophobic cuticle, dotted wettability 

pattern is one of the most common designs. The hydrophilic spots promote localized nucleation 

with a hydrophobic matrix that maintains droplet mobility. Alternating stripe or line pattern is 

another common design to guide coalesced droplets along defined channels towards a collection 

reservoir. In addition, a gradient pattern, where a surface gradually transitions from hydrophilic to 

hydrophobic, exploits Laplace pressure differences to drive the spontaneous droplet motion from 

hydrophilic zones (nucleation) towards hydrophobic zones (drainage). [31] 

Fabrication methods 

There are a variety of methods in the fabrication of such surfaces. Photolithography enables 

precise micro and nano scale definition of hydrophilic and hydrophobic domains. Laser surface 

texturing is a more flexible approach by locally altering surface chemistry to create wetting contrasts. 

Plasma treatment combined with masking is a relatively simple and scalable method that uses 

selective plasma exposure to create hydrophilic regions on otherwise hydrophobic surfaces. 

Chemical coatings and self-assembled monolayers are widely used to control selective wettability at 

the molecular level. Fluoropolymers and silanes are the common hydrophobic coatings. Lastly, 3D 

printing also known as additive manufacturing is a novel technique for fabricating complex 

biomimetic structures with integrated wettability contrast. Overall, these various types of methods 

have enabled significant laboratory advances. However, the critical challenge in employing such 

engineered surfaces in practical AWH applications remains in their scalability, durability, and cost. 
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Figure 5. Surfaces with special design in wetting properties that enhance water harvesting 
performance: a) biphilic surface fabrication using plasma micro-nanotexturing, plasma 
deposition, and plasma etching through astencil mask; three biphilic patterns are tested both for 
dew and fog water harvesting (adapted from[32]); b) sample preparation using lithography and 

a) c)

b)

d)
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metal deposition (adapted from [33]); c) hybrid superhydrophobic–hydrophilic surface: 
fabrication process and condensation observation; schematic of droplet growth due to 
preferential nucleation and droplet growth on the hydrophilic needle (adapted from [34]); d) 
fabrication process of the superhydrophilic superhydrophobic hybrid surfaces, optical image, 
SEM images, and CA of the laser treated and untreated area; dew water collection dynamics with 
0.1, 1.5, and 3.0 mm spacing (upper image: droplet coalescence; lower image: droplet sliding off 
surface) (adapted from [35]) 

2.3.4 Surface with micro-nano structures 
 

 
Figure 6. Surfaces with micro-nano structures: a) design of the hierarchical superhydrophobic 
surface with micropatterned nanowire arrays for the nucleation control and rapid departure of 
condensed droplets; b) Condensation modes and droplet behaviors on the three test surfaces 
under different surface subcooling (adapted from [36]); c) SEM and fabrication procedure of 
hierarchical surfaces with various nanocoatings; d) observation of droplet dynamics during 
condensation on different coatings (spherical Cassie droplets, pinned Wenzel droplets, and 
jumping droplets) (adapted from [27]) 

Plain, one-tier, and hierarchical roughness structure 

In addition to creating wettability contrast on surfaces, another major strategy in enhancing 

efficiency in AWH is surface with micro and nano scale roughness. Surface texture influences 

a)

b) d)

c)
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condensation and droplet transport by altering contact angle, droplet adhesion, and departure 

behavior. The tailoring of surface roughness across multiple length scales enables autonomous 

droplet departure and directional water transport. 

Regular arrays of micro-pillars or micro-cones are the common features of rough 

superhydrophobic surfaces. The wetting states of droplets are Cassie-Baxter, which reduces contact 

angle hysteresis and improves droplet mobility. For capillary-driven pathways, nano-grooves and 

ridges enable directional droplet movement. Natural plant surfaces such as lotus leaves and desert 

moss possess a combination of microscale (such as pillars or ridges) and nanoscale (such as 

nanowires or nanogrooves) features to achieve surface superhydrophobicity or moisture extraction 

from air. [27] These surfaces with hierarchical micro-nano structures can be fabricated to have very 

high contact angles and low CAH macroscopically and exhibit different condensation behaviors by 

changes in its nanocoating chemistry.  

2.4 Condensation mode and practical AWH design 
2.4.1 DWC is the target for surface designs 

 
Figure 7. Schematics of condensation modes: a) dropwise: discrete droplets nucleate, grow, 
coalesce, and depart on the cooled surface of a tube; b) filmwise: continuous liquid film spreads 
over the cooled surface of a tube; c) heat flux plotted as a function of subcooling (DT = Tsurface-
Tambient), which shows the transition from dropwise to filmwise mode as the subcooling increases.  
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Condensation on solid surfaces generally occurs in two distinct modes: filmwise and 

dropwise. Numerous previous studies have demonstrated that DWC mode is much more efficient 

compared to the FWC mode, in that it has higher heat and mass transfer coefficient. DWC is 

characterized by discrete droplets that nucleate, grow and depart from the surface, refreshing the 

surface for a new cycle and therefore minimizing the condensate layer thickness. In contrast, in 

FWC, a continuous film forms across the surface, which creates a thermal resistance barrier to 

further condensation process, and is thus less desirable for applications involving condensation. [37] 

DWC is widely regarded as the more efficient mode, with one order of magnitude higher in 

heat transfer coefficients than that of FWC mode under pure steam conditions, mainly due to the 

reduced conductive heat resistance through condensate films. DWC are commonly achieved on 

nanoengineered and chemically treated superhydrophobic surfaces that promotes the autonomous 

droplet departure mechanism, such as coalescence-induced jumping and gravity-assisted sweeping. 

[38], [39] 

One reason that the less efficient FWC is still the major condensation mode in industrial 

applications is the difficulty in maintaining DWC mode under long-term operational conditions. 

Various studies have demonstrated that room temperature superhydrophobic surfaces can lose their 

superhydrophobic properties if the surface is subcooled. [40], [41], [42], [43] In addition, for higher 

degree of subcooling or longer subcooling time, DWC mode can transition into FWC mode. 

Despite these issues in practical applications, DWC consistently outperforms FWC in lab scale 

studies under pure vapor conditions, making it the preferred mode for designing surfaces for 

condensation-based systems. 

2.4.2 The lack of comprehensive comparison for humid air condensation 
The design of dew water harvesting devices need to first consider its ambient condition, 

which is atmospheric moisture. The air consists of more than 95 % non-condensable gases, and 

their presence may have an impact on the atmospheric moisture condensation process. This raises 

the question regarding whether the previous conclusion on DWC being the preferred condensation 

mode is still applicable for AWH applications. 

Only few comprehensive studies or reviews specifically investigate the condensation 

performance of surfaces in atmospheric humid air conditions. The compilation and analysis of 

published literature results may not be sufficient in finding a possible correlation between surface 

wetting properties and their condensation efficiency. The previous subsection has shown that the 

ambient condition (relative humidity, air temperature, air flow) and device operating condition 
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(surface subcooling) both impact the condensation mode and performance. Each published result is 

impacted by these conditions. In addition, there are a lot of experimental uncertainties.  

Attempting to prove the hypothesis that FWC may be the preferred mode in condensing 

atmospheric moisture for dew harvesting applications, Thomas et al. fabricated four surfaces with 

different wetting properties and compared their water collection performance under a wide range of 

ambient and operating conditions. Indeed, their results show that a superhydrophilic surface with 

micro and nano roughness produced the best result for all tested conditions. This observation is 

somehow contradictory to the previous widely demonstrated finding that DWC has higher heat and 

mass transfer efficiencies. To explain the results, they proposed a model that shows the formation of 

condensate liquid film is not the major contribution to heat resistance. And their study raised the 

interesting question of understanding the role of non-condensable gas (NCG) in the condensation 

process. 

2.4.3 Role of non-condensable gases in condensation  

 
Figure 8. heat transfer models of vapor condensation in presence of NCGs for analysis of 
individual contribution of temperature drop: a) a droplet on superhydrophobic coating; b) a 

a) c)

b) d)
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condensate film; c) temperature drop across the vapor region d) temperature drop due to 
conduction (adapted from [44]) 

Non-condensable gases and reduced heat transfer 

As early as the 1920s, Donald Othmer made a significant contribution to heat transfer 

research in condensation, particularly regarding the role of non-condensable gases.[45] His studies 

showed that the presence of small amounts (0.1 to 1%) of non-condensable gases (such as air) in 

vapor steam drastically reduces the overall heat transfer efficiency (by 30 to 90 %) during the 

condensation process. His work demonstrated the significance of diffusion resistance: NCG form a 

stagnant boundary layer at the condensing surface and cause the slow diffusion of vapor through 

this layer, in addition to the condensate film.  

In practical conditions in AWH, water vapor only exists as part of the component in the 

atmospheric air. 95 % of air is NCG such as nitrogen, oxygen, and carbon dioxide. The presence of 

these NCG has a profound impact on condensation efficiency in the design of AWH systems. 

Rather than droplet dynamics dominating the condensation performance in the pure steam 

environments, the limiting factor in humid air condensation is the diffusion of vapor molecules 

through the stagnant boundary of NCG layer at the condensing surface. The diffusion resistance 

reduces the local vapor condensation and lowers the effective driving force for condensation, 

supressing both nucleation and growth of water droplets. Studies show that at high NCG 

concentrations, the heterogeneous nucleation rate can decrease by several orders of magnitude, with 

DWC being disproportionately affected compared with FWC. [45], [46] 

In addition, the thermal resistance across the gas layer needs to be added to the overall heat 

transfer process. In presence of NCGs, the temperature drop across the vapor phase dominates the 

overall process, rendering the conductive resistance through condensate droplets, condensate films, 

or surface coating relatively negligible.  

Understanding and accounting for the influence of NCG is critical in the design of 

engineered surface for AWH systems. Therefore, the strategies overcome this challenge should 

focus on optimizing surface wettability to enhance nucleation and droplet mobility. The NCG-

induced diffusion resistance remains one of the primary barriers to developing and scaling 

condensation-based AWH systems in real-world environments. 

Condensation mode and water collection in presence of NCG 

As the presence of NCG is a major factor that degrades condensation efficiency, it is worth 

further investigation how DWC and FWC mode are each impacted. The relative performance 
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advantage of DWC under pure steam conditions may no longer be the case for humid air 

condensation for AWH systems. In FWC, the continuous liquid layer already imposes thermal 

resistance, and the presence of NCGs exacerbates this by impeding vapor diffusion through the gas 

boundary layer. This finding underscores the challenge of sustaining high-performance DWC in 

realistic atmospheric environments. 

Recent work has attempted to quantify and model these effects. Semi-empirical and 

theoretical approaches, including diffusion layer and boundary layer models, have been developed to 

predict condensation mass flux under varying NCG concentrations. Poredoš et al showed that 

empirical correlations could be adapted for different geometries, such as vertical plates and 

horizontal tubes. [46] Meanwhile, Huang et al emphasized that the dominant mechanisms include 

condensate film thickness, interfacial shear, and surface waves, all of which interact with NCG 

distribution. [45] Together, these findings confirm that overcoming NCG-related resistance is one of 

the most critical bottlenecks in advancing condensation-based atmospheric water harvesting 

systems. 

2.5 Summary and implication for current project 
The literature reviewed above demonstrates that surfaces with special chemical and 

structural characteristics provide an innovative and sustainable pathway to harvest fog and dew 

water. Water collection efficiency of a surface is fundamentally governed by its chemistry, 

topography, and wettability. The critical question that recent studies try to address is balancing the 

trade-off between nucleation density and liquid water removal for a surface to efficiently harvest 

water under varying environmental conditions. Despite the fundamental difference in the 

mechanism (surface-mediated droplet capture vs. heterogeneous vapor condensation on surface), 

fog and dew harvesting are both constrained by this same question. This review uses wetting theory 

to clarify the limitation in existing fog and dew water harvesting technologies, highlights the strategy 

of surface design in mixed wettability and micro-nano structures inspired from nature (desert beetle 

and moss), and further discusses the efficiency of dropwise and filmwise mode and the significance 

of non-condensable gases. However, there is still much future work in systematically understanding 

how to tailor surface characteristics to optimize water collection under varying practical conditions, 

and addressing the challenge in durability, scalability, and cost-effectiveness. 

For the current project, these literature findings emphasize the importance of designing a 

surface that achieves a synergistic balance between water capture and drainage, while also being 

sustainable and robust under outdoor conditions. Cellulose nanocrystal-coated wax microparticles 
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made from Pickering emulsion is a good material to understand wettability and topography control 

in dew and fog water harvesting performance and has the potential to contribute to the 

understanding of droplet dynamics and overall water yield. 
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Chapter 3 CNC-coated Wax Microparticles: Variation 

in Synthesis Formula 
3.1 Introduction 

This chapter studies the sustainable surface materials with tunable wettability and surface 

structures, focusing on cellulose nanocrystal (CNC)-coated wax microparticles as the building block 

of surface coating. In this work, CNC is both used as the particle stabilizer for Pickering emulsion 

and the surface modifier imparting hydrophilicity, roughness, or hierarchical structures. 

CNC have attracted significant attention as sustainable nanomaterials derived from 

lignocellulosic biomass. CNCs exhibit good mechanical strength and colloidal stability due to their 

high crystallinity, aspect ratio, and surface hydroxyl groups that can be chemically functionalized. 

[47], [48], [49] These features allow CNCs to be an excellent stabilizer for Pickering emulsions, 

where particles adsorb at the oil-water interface to prevent droplet coalescence and provide long-

term emulsion stability (Figure 9). Compared with conventional surfactants, CNCs can form more 

robust interfacial layers, leading to tunable properties of the emulsion. [50], [51] 

The CNC-stabilized Pickering emulsion is a versatile platform for developing functional 

particles, capsules, and coatings. The emulsion particles have a hydrophobic core and a CNC-coated 

shell. Their properties, such as size, morphology, and wettability, are tunable by adjusting the 

formulation during the emulsion synthesis process. Factors such as CNC concentration and oil-to-

water ratio can have direct impact on the CNC interfacial coverage, droplet size distribution, and 

emulsion stability.[50], [51] Thus, careful control of synthesis formulation allows for systematic 

tuning of emulsion particle properties.  

The incorporation of wax into CNC-stabilized Pickering emulsions adds new opportunities 

for fabricating microparticles with hydrophobic core and tunable surface functionality. Such hybrid 

material has a wide potential application, such as in sustainable coatings and controlled release. And 

therefore, a detailed understanding on the correlation between formulation parameters and CNC-

coated wax particles properties would be the foundation for further applications. This work aims at 

coating that exhibits special wettability to promote fog and dew water harvesting performance. 

This chapter discusses the synthesis of CNC-coated wax microparticle in Pickering emulsion 

and provides fundamental insights into the emulsion formulation parameters and the resulting 

emulsion properties. A series of factors, including CNC dispersion concentration, oil-to-water ratio, 
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ionic strength, and the incorporation of additional surfactant octadecylamine, are controlled for a 

systematic investigation on particle formation and emulsion stability. The ideal formulation is 

selected for the next step of coating performance evaluation in Chapter 4. 

 
Figure 9. Schematic drawing of oil in water emulsion particle stabilized by surfactants vs. 
Pickering emulsion particle stabilized by solid particles 

3.2 Experimental 

3.2.1 Raw materials 
Cellulose nanocrystals (Celluforce, Inc.), paraffin wax (Sigma-Aldrich), sodium chloride 

(Sigma-Aldrich), octadecylamine (Sigma-Aldrich), ethanol (Sigma-Aldrich), 37% hydrochloric acid 

(Sigma-Aldrich). All chemicals were used without additional purification, unless stated otherwise. 

Milli-Q water (resistivity of 18.2 MΩ·cm) was used to prepare the aqueous dispersions and 

solutions. All emulsions were made in glass scintillation vials (7 and 20 mL) pre-washed with Milli-Q 

water and oven dried.  

3.2.2 Emulsion synthesis procedure 
Stock solution preparation 

CNC aqueous dispersions with different concentrations (0.1 to 3 g CNC/100 g aqueous 

dispersion) were prepared by dispersing pristine CNC powder in Milli-Q water followed by 

ultrasonic treatment for 2 h. NaCl aqueous solutions (0.05 to 1 g NaCl/ 100 g solution) were 

prepared by dissolving NaCl in Milli-Q water. Octadecylamine (ODA) ethanol solution (5 g ODA/ 

100 g solution) was prepared by dissolving ODA in ethanol. HCl (1 M) was prepared by diluting 

37% HCl in Milli-Q water. 
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CNC and NaCl formulation 

Solid paraffin wax, CNC aqueous dispersion, and NaCl were added to the vial at room 

temperature. The mixture was placed in water bath at 70 °C. After solid wax was melted into liquid, 

the mixture was homogenized using the ultrasonic probe (Misonix-Microscon-XL2000) for 30s. The 

homogenized emulsion was allowed to cool at room temperature.  

CNC and ODA formulation 

ODA ethanol solution was added to solid paraffin wax, and the mixture was heated until the 

wax was melted. 1 M HCl was added to stock CNC dispersion to adjust pH to 3. The wax and CNC 

dispersion were added to the vial. The emulsion homogenization followed the same procedure as 

the CNC and NaCl formulation. 

 
Figure 10. Synthesis procedure of CNC-coated solid wax microparticle suspended in water 

Table 1. CNC-coated wax Pickering emulsion formula 

aqueous 
phase

oil phase

1) water bath 65 °C

2) probe sonication 

paraffin wax 
melting point

CNC-stabilized paraffin wax 
Pickering emulsion

cool to RT

wax particles 
solidify

CNC- wax particle 
suspension

 amount 
salt 
formulation 

surfactant 
formulation 

oil phase component 

paraffin wax 5 to 25 wt% of emulsion ✔ ✔ 

ODA 0.5 to 3 wt% in wax  ✔ 

aqueous phase component 

water 75 to 95 wt% of emulsion ✔ ✔ 

CNC 0.1 to 3 wt% in water ✔ ✔ 

NaCl 0.05 to 1 wt% in water ✔  

HCl adjust pH to 3  ✔ 
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 3.2.3 Emulsion characterization 
 Particle size measurement 

The particle size was measured using the particle size analyzer (Anton Paar 1190). For o/w 

CNC-stabilized paraffin wax Pickering emulsions, the particle size was measured at room 

temperature, where paraffin wax is a solid. 

Zeta potential measurement 

The zeta potential was measured using Nano Zetasizer (Malvern ZS90) with temperature 

control system. 

3.3 CNC and NaCl formulation 
In Pickering emulsion synthesis, the behavior of CNC is strongly influenced by the ionic 

environment. Salt ions play a crucial role in modulating CNC surface charge through electrostatic 

screening, which alters dispersion stability and interfacial adsorption. Understanding this salt–CNC 

interaction is essential for controlling emulsion formation, droplet size, and stability, as it determines 

how effectively CNCs can assemble at the oil–water interface. 

3.3.1 Ionic strength and CNC aggregation in aqueous dispersion 

Figure 10 schematically shows the synthesis of wax microparticle suspension from Pickering 

emulsion. Table 1 shows the compounds dispersed or dissolved in either oil or aqueous phase 

before homogenization. As pristine CNC exist as highly charged colloids in water, the environment 

of the aqueous phase critically determines their dispersion behavior and surface activity. The first 

objective is to understand how ionic strength (indicated by NaCl concentration) affects CNC 

dispersion stability and aggregation behavior, which directly influences the emulsion stability in 

subsequent steps. 

For 1 wt% CNC dispersed in NaCl solution of various concentration (0 to 170 mM), there is 

a visual trend of turbidity change shown in Figure 11a. As NaCl concentration increases, the mixture 

changes from transparent to milky, suggesting there exists a threshold of ionic concentration where 

aggregation becomes significant. The zeta potential measurement (Figure 11b) shows a steady 

reduction in surface charge as NaCl concentration increases, reflecting progressive electrostatic 

screening of CNC sulfate groups. As pristine CNCs from acid hydrolysis carry negative surface 

charges due to the sulfate ester groups, the positive charges on sodium ions supress the electrical 

double layer, reducing the electrostatic repulsion between CNCs. For high ionic strength, CNCs 

start to aggregate due to the enhanced van der Waals attraction. Therefore, moderate screening is 
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required for the stabilization of Pickering emulsion with CNCs, while excess screening leads to CNC 

bulk aggregation. 

 

 
Figure 11. 1 wt% CNC dispersed in different NaCl solution (left to right: 0, 9, 17, 43, 85, 170 mM 
NaCl): a) picture of dispersion; b) zeta potential measurements. 

CNC with different salt screening levels were used in the synthesis of o/w Pickering 

emulsion. No phase separation was observed for the synthesized emulsion stored at 80°C for up to 

one week, indicating salt-screened CNC is effective in stabilizing liquid paraffin wax. In contrast, 

pristine CNC and wax only emulsion quickly phase separate after synthesis and cannot be used as 

surface coating. As the salt-screened CNC stabilized Pickering emulsion cools down to RT, wax 

particles solidify and form a suspension. Figure 12a and 12b shows the visual trend of suspension 

(diluted to 5 wt% solid content) made from different salt concentration (9, 17, 43, 85, and 170 mM). 

For 0.5 wt% CNC, the suspension exhibits clear changes with increasing NaCl concentration. At 

low salt levels, the suspension is opaque and homogeneous, suggesting well-dispersed wax particles 

stabilized by a sufficient electrostatic barrier. As NaCl concentration increases to intermediate levels 
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(50–100 mM), partial flocculation and network formation become evident, resulting in thicker upper 

layers and an increasingly defined lower aqueous layer. At high ionic strength (≥150 mM), a 

pronounced upper wax-rich layer forms, while a clear lower aqueous layer appears. This is not true 

phase separation but rather creaming, driven by the density difference between the solid wax 

particles (less dense than water) and the aqueous medium. The loss of uniform dispersion is 

attributed to excessive charge screening, which diminishes interparticle repulsion and allows 

aggregation into larger clusters that cream more rapidly. For 1 wt% CNC, similar trends are 

observed but the suspensions show greater tolerance to ionic strength variation. 

 
Figure 12. CNC-coated wax microparticle suspensions: a) pictures of 5 wt% solid content 
suspension (synthesis formula: 0.5 wt% CNC in varying NaCl solutions, 10% oil fraction); b) 
pictures of 5 wt% solid content suspension (synthesis formula: 1 wt% CNC in varying NaCl 
solutions, 10% oil fraction); c) peak particle size measurement (synthesis formula: 1 wt% CNC in 
varying NaCl solutions, 10% to 20% oil fraction). Error bars represent the standard deviation 
across independently prepared samples of the same formulation. No replicates were done for 
the 20% oil fraction series. 

Figure 12c plots the peak particle size of CNC-coated wax solid particle synthesized 

following formulation of varying NaCl concentration. In general, for all oil fractions, the relationship 

exhibits a U-shaped trend. The droplet size decreases initially with increasing salt concentration, 

reaching a minimum at approximately 25–50 mM NaCl, followed by an increase at higher ionic 

strengths (>100 mM). This characteristic behavior reflects the dual effect of ionic strength on CNC 

colloidal interactions and interfacial adsorption efficiency. At intermediate salt concentrations, 

electrostatic screening compresses the electrical double layer, lowering the repulsive barrier and 
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allowing CNCs to approach and adsorb efficiently at the oil–water interface. This enhances droplet 

stabilization by forming compact interfacial layers. The droplet size reaches a minimum (~2–2.5 µm) 

under these conditions, corresponding to optimal interfacial packing and stability. At high NaCl 

concentrations, excessive charge screening reduces the zeta potential magnitude (ζ ≈ −20 mV or 

less), leading to diminished electrostatic repulsion and enhanced van der Waals attraction. CNCs 

begin to aggregate in the bulk and at the interface, resulting in irregular adsorption and droplet 

coalescence. Consequently, the mean droplet size increases sharply, especially for the 15% and 20% 

oil fraction emulsions where CNC coverage per interface is more limited. 

 
Figure 13. Optical microscopy images of CNC-coated wax microparticles (salt formulation, 
varying CNC and NaCl concentration) 

Figure 13 shows optical microscopy images of the wax microparticles prepared using the salt 

formulation at 10% oil. Across all images, spherical wax droplets are observed, confirming 

successful emulsification and solidification of the dispersed phase. The particle size distribution and 

spatial organization vary noticeably between formulations. Some conditions exhibit relatively dense, 

closely packed populations of microparticles with a broad range of diameters, while others show 

more open structures with visible voids and clustering. These qualitative differences indicate that 
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changes in CNC and ionic strength significantly influence droplet breakup and stabilization during 

emulsification, affecting both the mean particle size and the uniformity of the distribution. 

In formulations displaying more homogeneous packing, the particles appear smaller and 

more uniformly distributed, suggesting enhanced interfacial stabilization by CNCs under favorable 

salt conditions. In contrast, images with pronounced aggregation and wider size distributions likely 

result from insufficient electrostatic stabilization or partial CNC flocculation at higher or lower NaCl 

concentrations, leading to droplet coalescence during processing. The presence of larger particles 

and irregular clusters in these cases implies reduced emulsion stability prior to solidification. Overall, 

the optical microscopy results also shows the role of salt screening effects in controlling 

microparticle size distribution and structural uniformity. 

Based on the visual observation of the wax suspensions and the trend in particle size, a 

moderately salt-screened system (43 mM NaCl) is selected for further formulation study so that 

CNCs retain partial surface charge while exhibit sufficient mobility to adsorb at the interface, 

creating an optimal balance between electrostatic repulsion and interfacial anchoring. 

3.3.2 CNC concentration in aqueous dispersion  

While discussed above in 3.2.1 that interactions among CNCs are modulated by the surface 

functional groups and ionic environment, it is the CNC concentration that governs how effectively 

CNCs the oil–water interface. To form stable Pickering emulsion, CNC irreversibly adsorbs at the 

oil–water interface, forming a steric–electrostatic barrier that prevents droplet coalescence. Figure 

13a shows the visual trend of suspension (diluted to 5 wt% solid content) made from varying CNC 

concentration (0.2, 0.5, 1, 1.5, 2 wt%) The visual changes in opacity, homogeneity, and creaming 

behavior provide direct evidence of how CNC concentration influences the formation, packing, and 

stabilization of wax particles. As they are under the same moderate salt screening conditions (43 mM 

NaCl), all suspensions are relatively opaque and uniform, with only the lowest CNC concentration 

(0.2 wt%) exhibiting a visible creaming top layer and clearer aqueous layer. At this salt level, 

moderate electrostatic screening promotes CNC adsorption without inducing aggregation. The 

interparticle repulsion is sufficiently reduced to allow CNC to anchor strongly to the oil–water 

interface while maintaining colloidal stability in the continuous phase. As a result, the suspension 

remains opaque (indicating well-dispersed wax particles) and shows minimal creaming. For moderate 

and higher CNC concentration (0.5 wt% and above), the suspension is more homogeneous, 

indicating better stabilization, as the number of CNCs available per wax particle is sufficient to fully 

coat particle surfaces with dense CNC layers. 
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Figure 14. CNC-coated wax microparticle suspensions (synthesis formula: varying concentration 
of CNC dispersion in 43 mM NaCl solutions, 10% oil fraction): a) pictures of 5 wt% solid content 
suspension; b) peak particle size measurement. Error bars represent the standard deviation 
across independently prepared samples of the same formulation. No replicates were done for 
the 0.35%, 0.7%, and 1.7% CNC. 

Figure 13b plots the peak particle size of CNC-coated wax solid particle synthesized 

following formulation of varying CNC concentration. In moderately ionic environments where the 

electrical double layer around CNCs is partially compressed, at low CNC concentrations (0.1 wt%), 

the available particle surface area is less sufficient to fully cover the growing oil droplets during 

emulsification. Only a fraction of the droplet surfaces is stabilized, leaving some uncovered regions 

prone to coalescence. The resulted wax suspension exhibits large droplet diameters, low viscosity, 

and rapid phase separation. 

As the CNC concentration increases (0.2–0.5 wt%), interfacial coverage improves 

substantially. CNCs are more abundant, enabling rapid adsorption during emulsification and 

formation of dense particle shells around droplets. The droplet size decreases and the size 
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distribution narrows. Within this range, emulsions exhibit long-term stability and resist coalescence, 

demonstrating an optimal CNC concentration for Pickering stabilization. 

Beyond 0.5–1.0 wt%, the system enters a particle-rich regime. The oil–water interface 

becomes saturated, and excess CNCs remain dispersed in the continuous phase, where they interact 

to form a weak percolated network. This network increases viscosity and sometimes induces gel-like 

behavior. While such systems remain stable, further increasing CNC concentration (>1 wt%) yields 

diminishing returns on droplet size reduction and can impede emulsification efficiency due to high 

bulk viscosity.  

 
Figure 15. SEM images of CNC-coated wax microparticles (salt formulation) 

The SEM images (Figure 15) compare the wax microparticles prepared at a with different 

CNC concentration. At 0.2% CNC, the particles exhibit pronounced aggregation and the formation 

of irregular clusters, with individual microparticles appearing partially fused or closely adhered. The 

surface coverage is non-uniform, and a broad particle size distribution is evident, with smaller 
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particles decorating the surfaces of larger ones. This morphology suggests limited interfacial 

stabilization during emulsification, where the available CNC content may be insufficient to fully 

cover newly formed oil–water interfaces, leading to droplet coalescence and post-solidification 

aggregation. 

In contrast, increasing the CNC concentration to 0.5% results in a more uniform and 

densely packed population of spherical microparticles. The particles appear better separated, with 

smoother outlines and a narrower apparent size distribution, indicating improved emulsion stability 

prior to solidification. The higher CNC availability likely enhances interfacial adsorption, 

suppressing coalescence and yielding more consistent particle sizes. Overall, the SEM images 

demonstrate that increasing CNC concentration plays a critical role in controlling particle 

morphology, aggregation behavior, and size uniformity. This also corroborates with trends observed 

in optical microscopy and particle size distribution analyses. 

Based on the visual observation of the wax suspensions and the trend in particle size, a 

moderate CNC dispersion concentration (0.5 to 1 wt%) is selected for further formulation study. 

3.3.3 Oil phase fraction  

 After an investigation into the effect of ionic strength and CNC concentration, the last 

fundamental design parameter in the Pickering emulsion formula is the oil fraction. It directly 

determines the interfacial area available for stabilization and, consequently, the efficiency of particle 

adsorption at the oil–water interface. For the synthesis of CNC-coated wax microparticles, the oil 

fraction influences not only droplet size and distribution but also rheological behavior and long-term 

stability of the coating. 

 
Figure 16. peak particle size measurements of CNC-coated wax microparticle suspensions. 
synthesis formula: a) 1 and 1.5 wt% CNC in 43 mM NaCl solutions, varying oil fraction; b) 
constant CNC to oil mass ratio, 43 mM NaCl solutions, varying oil fraction. Error bars represent 
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the relative error (relative errors of 1% and 1.5 %CNC, 43 mM NaCl, 10% oil fraction were 
measured from independently prepared samples, and were assumed to be the same for all oil 
fractions) 

Two different formulation set were tested. In the first formulation set, the CNC 

concentration in the aqueous phase is kept constant while varying the oil fraction between 5 wt% 

and 25 wt%. At low oil fractions (5–10%), the available CNCs exceed the amount required for 

complete interfacial coverage, leading to the formation of small droplets. As the oil fraction 

increases, the interfacial area demand outpaces the fixed CNC availability. Consequently, droplets 

experience partial surface coverage, promoting droplet–droplet coalescence during and after 

emulsification. At the highest tested fraction (25%), phase separation appears when the emulsion is 

stored above the paraffin wax melting point. The emulsion becomes visibly unstable, exhibiting 

coalesced droplets and a significant decrease in overall homogeneity. 

In the second formulation set, the CNC mass is scaled proportionally to the oil mass to 

maintain a constant CNC-to-oil ratio across all compositions. This ensures that, as the oil fraction 

increases, an equivalent increase in CNCs maintains the interfacial coverage fraction near unity. 

Under these conditions, stable emulsions are obtained throughout the 5–25% oil range. The droplet 

size in these emulsions remains relatively constant and the size distribution is narrow. The emulsions 

stored above the paraffin wax melting point remain stable over extended periods, demonstrating 

that sufficient CNC availability is the primary determinant of long-term stability under moderate 

ionic strength. 

The contrasting outcomes of the two formulation strategies highlight the interdependence 

between oil fraction, interfacial area, and CNC availability. At 43 mM NaCl, the partial screening of 

CNC surface charge enhances interfacial adsorption, but the magnitude of stabilization still depends 

primarily on the number of CNCs present. The presence of excess salt alone cannot compensate for 

under-coverage at high oil fractions, as the stabilizing barrier against coalescence is mechanical and 

steric rather than purely electrostatic. This confirms that interfacial coverage, governed by the CNC-

to-oil ratio, is the key controlling factor for emulsion stability under these conditions. 
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Figure 17. Optical microscopy images of CNC-coated wax microparticles (salt formulation, 
varying CNC concentration and oil fraction) 

The optical microscopy images (Figure 17) at 43 mM NaCl show CNC-coated wax 

microparticles with clear variations in particle size distribution and spatial organization across 

formulations. While spherical particles are consistently observed, some conditions exhibit more 

clustering and chain-like aggregates with visible voids, whereas others display a more uniformly 

dispersed population of smaller droplets. Overall, the images indicate that 43 mM NaCl represents a 

transitional regime in which modest changes in oil fraction lead to noticeable differences in 

microparticle uniformity and aggregation behavior. 

From a formulation perspective, these findings suggest an optimal oil fraction window 

between 10% and 15%, provided that the CNC-to-oil ratio remains constant. Within this range, 

emulsions achieve small, stable droplets with tunable rheology. 

3.4 CNC and ODA formulation 
In addition to the salt formulation discussed above, another approach to promote the CNC 

adsorption to wax microparticle is adding small amount of surfactant in the emulsion formulation. 

Octadecylamine (ODA) is selected as the surfactant. ODA is a long-chain aliphatic amine 

(C₁₈H₃₇NH₂) with a single primary amine group at one end and a hydrophobic hydrocarbon tail. In 

aqueous solution, ODA exhibits pH-dependent behavior. It has a pKa of ~10.6. Under acidic 

conditions, the amine group is protonated, forming a positively charged ammonium group (–NH₃⁺), 
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and allowing it to adsorb to pristine CNC via the electrostatic interaction with the negatively charged 

sulfate ester groups (–OSO₃⁻). 

 
Figure 18. electrostatic interaction between sulfate ester group on CNC and protonated amine 
group of ODA. 

3.4.1 Electrostatic and hydrophobic adsorption of ODA on CNC  

The interaction CNC and ODA under acidic conditions in the absence of any coupling 

reagent is studied. The CNC dispersion was maintained at 1 wt%, while the ODA amount was 

varied to investigate its influence on surface modification and dispersion behavior. 

 
Figure 19. zeta potential measurements of 1 wt% CNC dispersed in different ODA solution of pH 
=3 (left to right: 0, 0.05, 0.1, 0.25, and 0.5 wt% ODA ) 

The zeta potential profile shows a clear transition from negative to positive values as ODA 

concentration increases, reflecting progressive adsorption of protonated amine groups onto the 

negatively charged CNC surface. At low ODA levels, the surface remains dominated by sulfate 
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groups. With increasing ODA, electrostatic attraction drives adsorption of ODAH⁺, neutralizing 

surface charge and reducing the magnitude of the potential until charge reversal occurs around 0.03–

0.05 wt%, where surface coverage approaches saturation. Beyond this point, the zeta potential 

plateaus near +10 mV, indicating complete or near-complete cationic layer formation and limited 

additional adsorption.  

3.4.2 ODA concentration in emulsion 

 
Figure 20. peak particle size measurements of CNC-coated wax microparticle suspensions (10% 
oil fractions, varying ODA/oil and ODA/CNC ratio) 

Figure 17 presents the peak particle size as a function of the ODA-to-CNC mass ratio for 

three different ODA-to-oil ratios (0.005, 0.01, and 0.03). There is a distinct relationship between the 

degree of ODA addition and the resulting microparticle size, demonstrating how ODA mediates 

CNC adsorption at the oil–water interface and thereby controls the structural integrity of the 

emulsion droplets prior to wax solidification. 

CNC is inherently hydrophilic and do not strongly adsorb at hydrophobic oil–water 

interfaces. The inclusion of ODA in acidic aqueous condition can improve CNC adsorption onto 

the wax droplets. The hydrophobic alkyl chains of ODA orient toward the oil phase, thereby 

rendering the CNC surface partially amphiphilic. However, excessive ODA addition can induce 

aggregation or interfacial destabilization by neutralizing CNC surface charge. Thus, the balance 
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between ODA and CNC determines the efficiency of interfacial coverage and the resulting particle 

size. 

At low ODA-to-CNC ratios (≤0.1), the average particle size remains small, approximately 

1.5–2 µm across all ODA/oil ratios. This size range corresponds to efficient droplet breakup and 

stabilization during emulsification. The limited addition of ODA provides sufficient surface 

hydrophobicity for CNCs to adsorb effectively at the oil–water interface without compromising 

their dispersion stability in the aqueous phase. The electrostatic repulsion between CNCs remains 

strong enough to prevent aggregation, ensuring uniform adsorption and stable droplet formation. In 

this regime, the CNCs act as efficient interfacial stabilizers, forming thin, rigid shells around the 

droplets that resist coalescence during emulsification and cooling. 

As the ODA-to-CNC ratio increases beyond 0.1, the peak particle size begins to increase 

gradually, particularly for systems with lower ODA/oil ratios (0.005 and 0.01). This trend indicates 

that excess ODA begins to partially neutralize CNC surface charge, leading to reduced electrostatic 

stabilization and mild aggregation in the dispersion. When CNCs are less well-dispersed, their 

interfacial adsorption efficiency decreases, and droplet coalescence becomes more likely during 

emulsification. The resulting microparticles are larger, reflecting partial coalescence of droplets prior 

to wax solidification. Additionally, ODA molecules not bound to CNCs may accumulate at the 

interface, forming mixed surfactant layers that are less rigid and less resistant to droplet coalescence 

than CNC particle shells. 

At high ODA-to-CNC ratios (≥0.4), the increase in particle size becomes more pronounced, 

particularly for the lowest ODA/oil ratio system (0.005), where the peak size exceeds 5 µm. This 

behavior arises from over-screening and aggregation effects. As more ODA is added, CNCs become 

heavily coated with hydrophobic alkyl chains, significantly reducing their colloidal stability. The 

resulting hydrophobized CNCs tend to form clusters rather than discrete nanoparticles. These 

clusters adsorb at the oil–water interface in irregular arrangements, leading to non-uniform 

interfacial coverage. The resulting emulsions are less stable, and droplet coalescence or flocculation 

occurs during emulsification. The larger particle size observed under these conditions thus reflects 

poor interfacial stabilization caused by excessive hydrophobization and charge neutralization. 

In addition, the impact of ODA concentration in the formulation is studied by comparing 

the particle size trend of the three different ODA/oil ratios. With the oil fraction kept at 10%, at the 

lowest ODA/oil ratio (0.005), particle size increases sharply at high ODA/CNC ratios, indicating 

that when the total ODA concentration is low, small variations in ODA-to-CNC proportion 
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critically affect the charge balance and interfacial behavior. In contrast, at the highest ODA/oil ratio 

(0.03), particle sizes remain relatively small (<3 µm) even at higher ODA/CNC ratios. This suggests 

that at elevated ODA concentrations, sufficient free ODA is present to stabilize the oil–water 

interface directly, supplementing the CNC layer and preventing extensive coalescence.  

 
Figure 21. Optical microscopy images of CNC-coated wax microparticles (surfactant 
formulation) 

The optical microscopy images (Figure 21) at 10% oil fraction reveal that the addition of 

ODA leads to the formation of clearly defined and closely packed wax microparticles, with 

noticeably improved particle circularity compared to salt formulations. While some clustering and 

interconnected structures remain visible at the optical scale, the droplets are more uniform in size 

and less prone to irregular aggregation. This trend is corroborated by the SEM images (Figure 22), 

which show predominantly spherical, well-defined microparticles with smoother surfaces. At lower 

ODA/oil ratios, larger particles with occasional surface imperfections are observed, whereas 

increasing the ODA/oil ratio produces a denser population of smaller, more uniformly sized 

microparticles. Together, the optical and SEM results indicate that ODA modification improves 
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CNC amphiphilicity and interfacial stabilization, suppressing droplet coalescence during 

emulsification and yielding more uniform wax microparticles upon solidification. 

 
Figure 22. SEM images of CNC-coated wax microparticles (surfactant formulation) 

Overall, the results indicate that there exists an optimal ODA/CNC ratio that maximizes 

interfacial stabilization efficiency. At low ratios, CNCs are too hydrophilic to fully adsorb; at 

moderate ratios (≈0.05–0.1), CNCs acquire partial amphiphilicity and adsorb effectively; and at high 

ratios, aggregation and charge neutralization reduce stability. The dependence of droplet size on 

ODA concentration therefore reflects a balance between surface modification (hydrophilicity to 

hydrophobicity transition) and colloidal stability (repulsion to aggregation).  

The consistent minimum particle size near an ODA/CNC ratio of 0.05–0.1 for all ODA/oil 

conditions suggests that this ratio provides the ideal hydrophilic–hydrophobic balance for interfacial 

anchoring without destabilization. The presence of ODA therefore acts as a molecular bridge 
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between CNCs and the oil phase, controlling their amphiphilicity and ultimately the morphology of 

the final wax microparticles. 

3.5 Conclusions 
This chapter contains investigation into the formulation, stabilization mechanisms, and 

structural transitions of paraffin wax Pickering emulsions and their corresponding solid wax 

suspensions stabilized by CNC. The work focused on understanding how interfacial and colloidal 

interactions, modulated by electrolyte screening and surfactant-assisted adsorption, govern the 

formation, stability, and microstructure of CNC-based emulsion systems. Two primary formulation 

strategies were examined: one relying solely on salt-screened CNC dispersions, and the other 

employing ODA as an auxiliary surfactant to enhance CNC adsorption at the oil–water interface.  

Overall, the results presented in this chapter establish a comprehensive understanding of 

how CNCs stabilize paraffin wax emulsions through physical adsorption, interparticle interactions, 

and surface modification. Ionic strength dictates the balance between electrostatic repulsion and 

adsorption energy; CNC concentration defines interfacial completeness and bulk rheology; oil 

fraction governs the geometric demand for stabilizer coverage; and ODA provides a tunable means 

to bridge the hydrophilic CNC surface and hydrophobic wax phase. Together, these parameters 

form an interconnected formulation framework that determines droplet size, stability, suspension 

texture, and surface wettability. 

In conclusion, CNC-stabilized paraffin wax Pickering emulsions represent a versatile and 

sustainable platform for designing solid–liquid dispersions with controllable microstructure and 

surface properties. Through careful optimization of ionic strength, CNC loading, oil fraction, and 

ODA concentration, it is possible to achieve precise control over interfacial architecture and phase 

behavior, enabling the production of wax microparticles and coatings with tailored hydrophilicity, 

mechanical stability, and morphology. The insights gained here provide a fundamental basis for 

future development of CNC-based colloidal systems for applications in coatings, encapsulation, and 

phase-change materials.
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Chapter 4 Wax Microparticle Coatings: Performance 

Comparison between Fog and Dew Water Harvesting  
4.1 Introduction 

This chapter focuses on using the CNC-wax particle as a surface coating and evaluating its 

performance for fog and dew water harvesting. While the previous chapter investigated the influence 

of formulation parameters on emulsion particles, the next step is to determine how these structural 

and surface features translate into practical performance under both water droplet deposition and 

vapor water condensation processes. These two pathways represent distinct yet complementary 

strategies for harnessing atmospheric moisture.  

As reviewed in Chapter 2, natural organisms, such as desert beetles and spider webs, have 

inspired the design of engineered surfaces that enhance the capture and transport of water. For 

AWH devices, their efficiency can be enhanced by controlling surface chemistry and morphology to 

promote droplet nucleation, directional water transport, and droplet shedding. An optimized surface 

can increase the fog and dew water collection performance by balancing hydrophilic regions for 

nucleation and hydrophobic domains for droplet removal, or by incorporating hierarchical 

roughness to accelerate droplet growth and departure. 

A key gap in the literature is the lack of side-by-side comparisons of fog and dew water 

collection on identical materials. Compounding this, the field is limited by the prevalent use of 

fluorinated coatings and lithography, which pose major challenges for scalable and environmentally 

compatible production. Therefore, the objective of this chapter is to systematically compare the 

water collection performance of scalable and low-cost alternative CNC-wax microparticle coatings 

under fog and dew conditions. In this chapter, we will focus on the following: (i) investigation of the 

correlation between Pickering emulsion particle properties and wettability, morphology, and overall 

harvesting performance of the coated substrate; and (ii) observation of the droplet growth and 

drainage behaviors during fog exposure and dew formation. 
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4.2 Experimental 

4.2.1 Surface fabrication procedure 
Substrate cleaning 

Glass microscope slide and 5052 aluminum sheet (20 GA) were used as test substrates. The 

substrates were washed with acetone, iso-propanol, 0.01 M HCl, rinsed with Milli-Q water, and dried 

with clean air.   

Spraying 

The CNC-wax particle suspension prepared in 3.2.2 was sprayed onto the substrate using a 

spray gun (Figure 18). The spraying content was heated using a heat gun to improve water 

evaporation and wax particle adhesion onto the substrate surface. The sprayed samples were allowed 

to dry for 1 day in the fume hood prior to further testing.   

 
Figure 23. Spray coating procedure 

4.2.2 Surface characterization 
Contact angle 

The static contact angle was measured using the sessile drop method on a tensiometer 

DCAT 11(Dataphysics). A 5 μL water droplet was dispensed onto the test surface using an auto-

dosing system equipped with a 500 μL syringe needle. Once the droplet approached an equilibrium 

condition, a side-view image was captured using a digital camera. The static contact angle was then 

determined by analyzing the captured image with ImageJ software for precise analysis. 
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Contact angle hysteresis 

Advancing and receding contact angles were measured using the sessile-drop goniometry. A 

droplet was first placed on the test surface, and its volume was increased from 3 μL to 10 μL to 

determine the advancing contact angle from the expanding contact line. Subsequently, the droplet 

volume was decreased back to 3 μL to obtain the receding contact angle from the contracting 

contact line.  

4.2.3 Fog water harvesting tests 

Fog water harvesting tests were conducted following the set up in Figure 19. The fog stream 

was directed horizontally toward the test surface mounted at the center opening on top of a balance. 

The droplet deposited on the test surface were allowed to slide off and be collected by the balance. 

Fog flow (300 mL/hr) and humidity (RH = 80 %) were stabilized before each run. Tests were 

conducted at a fixed surface to fog flow distance (≈10 cm) for up to 1 hr fog exposure.  

 
Figure 24. fog harvesting test set up 

4.2.4 Humid air condensation test 

Condensation performance was measured using a Peltier-based setup in Figure 20. The test 

surface was mounted on the cold side of a temperature-controlled Peltier module, with surface 

temperature maintained below dew point a controlled subcooling (ΔT = 5 °C). Tests were 

conducted in lab ambient conditions for up to 45 min of surface cooling.  
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Figure 25. condensation test set up 

4.3 Static and dynamic contact angle 
This section examines how the Pickering emulsion formulation translates into measurable 

wetting behavior on the coated surfaces. Static and dynamic contact angles serve as complementary 

indicators of surface chemistry, texture, and droplet mobility. The static angle reflects the 

equilibrium balance of surface energies, while the advancing, receding, and hysteresis angles reveal 

whether the surface sustains a Cassie state or exhibits Wenzel-like pinning. As established in the 

previous formulation analysis, parameters such as CNC concentration and ionic strength control the 

interfacial organization during emulsification; these microscopic arrangements are now expressed 

macroscopically through differences in apparent contact angle and hysteresis. Together, these 

measurements provide a direct link between emulsion design and surface wetting properties. 

4.3.1 Static contact angle 
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Figure 26. average static contact angle measurements of coated surfaces. Synthesis formulation: 
a) 43 mM NaCl, 10% oil fraction, varying CNC; b) 10% oil fraction, varying ODA and CNC. 

Salt formulation coating 

Figure 21a presents the average static contact angle as a function of CNC dispersion 

concentration, showing a marked transition from hydrophobic to hydrophilic behavior as CNC 

content increases. 

At low CNC concentrations (below 0.5 wt%), the measured contact angles were between 

125° and 135°, indicating a highly hydrophobic surface dominated by exposed wax domains. In this 

region, CNC coverage of the wax particles is incomplete, forming discrete hydrophilic patches 

surrounded by continuous hydrophobic wax regions. The limited surface fraction of CNCs is 

insufficient to significantly alter the overall surface energy, and the water droplet rests primarily on 

the wax phase, similar to pure paraffin-like materials. The strong hydrophobic character suggests 

that the CNCs are sparsely distributed, with minimal overlap or network formation at the particle 

surface. 

As CNC concentration increases to 0.6 to 1 wt%, a gradual reduction in the contact angle is 

observed, reaching approximately 115° at 1 wt%. This change reflects the increased surface presence 

of CNCs, which introduce hydrophilic hydroxyl and sulfate groups to the outer surface. Under these 

conditions, the surface becomes more heterogeneous at the nanometer length scale, exhibiting both 

hydrophobic wax and hydrophilic CNC domains. The water droplets interact with the composite 

surface, and its apparent contact angle is governed by the area-weighted contribution of both 

components. This behavior aligns with the Cassie–Baxter wetting model, where the apparent contact 

angle depends on the fractional coverage of each surface type. The moderate reduction in contact 

angle in this concentration range corresponds to partial CNC percolation across the wax surface but 

not yet to full hydrophilic coverage. 

At CNC concentrations above 1 wt%, a further decrease in the contact angle occurs, 

suggesting the transition from a wax-dominated to a CNC-dominated surface. The water droplet 

now primarily contacts the CNC-rich regions, and spreading is favored due to hydrogen bonding 

between water and surface hydroxyl groups. The hydrophilic nature of CNCs, enhanced by the 

presence of sulfate groups introduced during acid hydrolysis, contributes to a high surface energy 

and strong affinity for water. As a result, the coating behaves as a hydrophilic surface, and the 

droplet rapidly flattens, producing a low apparent contact angle. 
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The correlation between CNC concentration and static contact angle demonstrates that the 

wettability of CNC–wax coatings can be tuned over a wide range without chemical modification. By 

simply adjusting CNC loading during emulsification, the resulting coatings can transition from 

water-repellent to highly hydrophilic. Low CNC loadings produce smooth, wax-dominated 

hydrophobic coatings, whereas high CNC loadings create rough, hydrophilic surfaces rich in 

hydroxyl groups. Intermediate loadings yield partially hydrophilic coatings with mixed surface 

chemistry, offering a balance between water resistance and surface adhesion.  

Surfactant formulation coating 

Figure 21b. Illustrates the effect of ratio of ODA to CNC on the static contact angle. At low 

ODA/CNC ratios (<0.1), the contact angles remain around 105–120°, indicating that the CNC-

coated paraffin surfaces are only partially hydrophobized due to limited ODA adsorption. As the 

ODA/CNC ratio increases, the CA rises sharply, reaching 130–138° at ODA/CNC ≈ 0.25–0.5 for 

ODA/oil ratios of 0.005 and 0.01. This increase suggests enhanced ODA adsorption onto CNC 

surfaces, which reduces surface polarity and improves compatibility with the oil phase. The plateau 

observed beyond an ODA/CNC ratio of 0.25 suggesting near-saturation of ODA at the CNC 

interface, which is consistent with a Langmuir-type adsorption behavior where additional surfactant 

contributes little to further hydrophobization. 

Comparing across the ODA/oil ratios, the samples with the lowest ODA/oil (0.005) exhibit 

the highest CAs at saturation, reflecting more efficient surface modification per unit of ODA, 

possibly due to lower competition for interfacial adsorption sites. In contrast, increasing ODA/oil 

to 0.03 leads to consistently lower CAs (110–125°), indicating that excess ODA in the continuous 

phase may cause partial desorption or micelle formation, limiting its interfacial effectiveness. 

Overall, the data show that static contact angle correlates positively with the ODA/CNC ratio up to 

a saturation point but inversely with the ODA/oil ratio beyond the optimal loading, highlighting a 

balance between ODA availability and interfacial organization in controlling CNC-mediated surface 

hydrophobicity. 

4.3.2 Contact angle hysteresis 

 Contact angle hysteresis of surfactant formulation coating was measured to further 

characterize the droplet dynamics on the surface. The CAH values, ranging from 25° to 59°, exhibit 

less sensitivity to formulation changes than static CA. At low ODA/oil ratios (0.005), CAH 

increases with ODA/CNC, consistent with partial ODA adsorption and heterogeneous interfacial 
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coverage leading to pinning effects. As ODA/oil increases to 0.03, CAH decreases substantially (to 

~25–36°), indicating more uniform ODA–CNC interfacial assembly and reduced surface 

heterogeneity. This inverse relationship between CAH and ODA/oil ratio suggests that excess ODA 

leads to a smaller hysteresis with enhanced dynamic wetting uniformity. Collectively, the data imply 

that while overall hydrophobicity (CA) saturates at moderate ODA/CNC ratios, the uniformity and 

stability of the coating (CAH) continue to improve with increased ODA availability. This highlights 

the importance of balancing ODA concentration relative to CNC to achieve optimal interfacial 

control in Pickering emulsion-derived microparticles. 

4.3.3 Selection of coating for water harvesting  

 Four representative samples—A (ODA/CNC = 0.1, ODA/oil = 0.03), B (ODA/CNC = 

0.02, ODA/oil = 0.01), C (ODA/CNC = 0.1, ODA/oil = 0.01), and D (ODA/CNC = 0.5, 

ODA/oil = 0.005)—were selected from the contact angle (CA) and contact angle hysteresis (CAH) 

plot (Figure 22) to evaluate the water harvesting performance under different surface wetting 

regimes. These conditions were selected to represent the distinct combinations of macroscopic 

hydrophobicity and droplet mobility, which together govern condensation nucleation and droplet 

drainage behavior. 

Samples A and B exhibit relatively moderate static contact angles (110–120°) but differ 

significantly in CAH, indicating surfaces with comparable wettability yet different droplet pinning 

characteristics. Sample A, with lower CAH, represents a surface where droplets are more mobile, 

potentially favoring faster coalescence and drainage. Sample B, having higher hysteresis, corresponds 

to stronger droplet adhesion, expected to enhance initial nucleation but reduce droplet mobility. 

Sample C, with a high CA (~135°) and low CAH (~30°), exemplifies a highly hydrophobic yet 

slippery surface ideal for rapid droplet shedding, thereby maximizing water collection efficiency 

through frequent renewal of nucleation sites. Conversely, sample D combines high CA and high 

CAH, representing a sticky superhydrophobic state where droplets form easily but exhibit strong 

adhesion, leading to slower drainage and possible coalescence-induced losses. 
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Figure 27. Static contact angle vs. contact angle hysteresis of coated surfaces. Synthesis 
formulation: 10% oil fraction, varying ODA and CNC. 

4.4 Fog water harvesting results 

The fog collection efficiency of four surfaces was evaluated over a 60-minute period of 

continuous fog exposure. Samples A to D represent the four distinct wettability regimes described in 

Section 4.3.3. Figure 23 plots the amount of water collection over fog exposure time. Approximately 

after 20 minutes of exposure, all four surfaces have the first droplet sliding off by gravity. With 

further exposure time, the drainage and coalescence of water become slightly different for each 

surface. Surface C (high CA, low CAH) has the greatest cumulative water collection, indicating that 

hydrophobic yet mobile surfaces favor both efficient droplet capture and rapid removal, as the low 

hysteresis enables frequent droplet shedding and continual surface renewal for subsequent 

impingement. Surface A (low CA, low CAH) also demonstrated high collection efficiency. Its more 

wettable, moderately hydrophobic character enhances droplet spreading and coalescence, while its 

low hysteresis promotes filmwise drainage.  

In contrast, Surface D (high CA, high CAH) exhibited intermediate performance. Although 

its high contact angle supports initial droplet adhesion, the large hysteresis causes droplets to 

become strongly pinned, resulting in delayed coalescence and intermittent detachment events. This 

limits the continuous renewal of active collection sites and thus reduces the overall water flux. The 
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poorest performance was recorded for Surface B (low CA, high CAH). The combination of strong 

wetting and high hysteresis led to the formation of a stable, pinned water film that hindered both 

new droplet impingement and gravity-driven drainage. 

Surfaces A and C, both exhibiting low CAH values (below approximately 25°), 

outperformed the high-hysteresis surfaces B and D, confirming that CAH plays the dominant role in 

controlling fog water removal. Low hysteresis minimizes droplet pinning, facilitates coalescence, and 

promotes efficient gravitational shedding, thereby maintaining exposed regions for continued fog 

capture. The static contact angle exerts a secondary but still significant influence. When comparing 

surfaces with similar CAH, the surface with higher CA (Surface C) consistently yields higher water 

collection than the one with lower CA (Surface A), reflecting the improved fog droplet capture 

efficiency of hydrophobic microtextures. Hydrophobic surfaces can better retain airborne 

microdroplets upon impact, allowing them to coalesce before being shed. However, this benefit 

disappears when hysteresis is high, as observed in surfaces B and D, where droplet pinning prevents 

timely removal. 

Overall, the results support the capture–release balance model of fog harvesting efficiency. 

The most efficient collection occurs when sufficient adhesion is present to retain impinging fog 

droplets, yet hysteresis is low enough to allow their rapid coalescence and detachment once a critical 

size is reached. In summary, surfaces with low hysteresis consistently achieve greater fog water yield, 

and coatings with moderately to highly hydrophobic contact angles (approximately 130–135°) and 

low CAH values (below 20°) represent the most effective configuration for fog water harvesting 

under the present experimental conditions. 
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Figure 28. collected water vs. fog exposure time 

4.5 Condensation results 
The humid air condensation efficiency of four surfaces was evaluated over a 45-minute 

period of continuous surface cooling. Samples A to D represent the four distinct wettability regimes 

described in Section 4.3.3. Figure 24 describes the amount of liquid water collection over cooling 

exposure time. The overall condensation behavior differs substantially from the fog collection trends 

discussed earlier, reflecting the contrasting physical mechanisms of vapor-phase condensation and 

liquid droplet deposition on surfaces. 

For the first 25 minutes, tiny condensed droplets remain adhered to the surface; therefore, 

no water collection occurs on all surfaces.  After this nucleation and early droplet growth period, the 

collection rates diverge as the condensed droplets coalesce and reach the critical size for drainage by 

gravity. Surface A (low CA, low CAH) displays the highest cumulative water collection. Its strong 

wettability facilitates high nucleation density, promoting rapid condensation. The low hysteresis 

further enables smooth drainage of the resulting condensate film. Surface C (high CA, low CAH) 

also exhibits a similar final yield. Although its hydrophobic nature slightly reduces nucleation density 

compared to Surface A, the low hysteresis allows frequent droplet detachment. Similarly, Surfaces 

with high hysteresis (B and D) exhibit reduced condensation. The retained droplets merge into 
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larger, immobile patches, creating a quasi-filmwise regime that limits the overall condensation rate. 

The results highlight the role of water drainage efficiency in condensation-driven water harvesting. 

While a low CA promotes abundant nucleation by lowering the energy barrier for droplet formation, 

high hysteresis negates this benefit by trapping condensate on the surface.  

 
Figure 29. collected water vs. surface cooling time 

4.6 Conclusions 
This chapter describes how the structure of CNC–coated wax microparticles directly 

governs the macroscopic wetting behavior of the resulting coated surfaces and, consequently, their 

water-harvesting performance. Systematic variation of the ODA/CNC and ODA/oil ratios revealed 

that both the static contact angle (CA) and contact angle hysteresis (CAH) are strongly dependent 

on the balance between surfactant adsorption and CNC interfacial packing. Increasing the 

ODA/CNC ratio enhanced hydrophobicity up to a saturation point, reflected by CA values 

approaching 135–140°, while further ODA addition or excessive oil content led to reduced 

interfacial organization and increased surface heterogeneity, manifested as higher CAH. In contrast, 

surfaces prepared from emulsions with optimized ODA/CNC ratios exhibited low hysteresis and 

stable high contact angles, characteristic of well-ordered hydrophobic coatings. 
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Comparative water-harvesting experiments under fog and dew conditions revealed distinct 

functional dependencies on surface wetting state. Fog harvesting favored surfaces with moderate to 

high hydrophobicity and low CAH, where sufficient initial droplet capture was combined with 

minimal pinning, enabling efficient coalescence and frequent shedding. Dew collection, however, 

was enhanced on more mobile surfaces exhibiting lower CAH, where reduced pinning facilitated 

rapid droplet shedding and surface renewal. Together, these findings confirm that tuning emulsion 

formulation allows precise control over CNC–ODA surface architecture, enabling the design of 

hybrid coatings optimized for both fog and dew water collection.
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Chapter 5 Conclusions 

5.1 Conclusions 

This thesis describes the design, synthesis, and performance evaluation of sustainable, 

cellulose nanocrystal (CNC) and paraffin wax-based coatings fabricated via Pickering emulsion. The 

work established a scalable and sustainable route for fabricating textured surfaces capable of 

manipulating wetting behavior and collecting atmospheric water from dew and fog. By systematically 

varying the formulation parameters—ionic strength, CNC concentration, oil fraction, and surfactant 

content—the interfacial assembly of CNCs at the oil–water boundary and the resulting particle 

morphology were effectively tuned to control coating hydrophobicity and droplet mobility. 

In Chapter 3, the effects of NaCl concentration and CNC concentration on emulsion 

stabilization and particle size were quantified. Increasing ionic strength screened electrostatic 

repulsion between CNCs, promoting their adsorption at the oil–water interface and leading to 

smaller, more uniform wax particles up to an optimal salt concentration. Similarly, a moderate CNC 

loading enhanced emulsion stability and yielded particles with rough, hierarchical surfaces. 

Incorporation of ODA further modified the CNC surface charge, improving compatibility with the 

oil phase and enabling dense particle coverage. The combined effect of these parameters established 

a formulation map linking emulsion stability and microparticle size distribution to interfacial charge 

and surfactant chemistry. 

In Chapter 4, coatings prepared from these microparticle suspensions were characterized by 

static and dynamic water contact angles. The static angle reflected the composite chemistry and 

micro texture following the Cassie–Baxter model, while the contact angle hysteresis (CAH) captured 

droplet pinning and mobility. Formulations with moderate salt screening and optimized CNC/ODA 

balance achieved high static contact angles (> 130°) and low CAH (< 20°). Comparative tests under 

controlled dew and fog conditions revealed that such surfaces maintained efficient droplet shedding 

and enhanced cumulative water collection. In dew condensation, surface wetting features governed 

nucleation and coalescence, whereas in fog collection, macro-scale droplet mobility and drainage 

dominated performance. Together, these results highlight the dual function of CNC-wax coatings as 

both hydrophobic and water-harvesting surfaces without relying on fluorinated chemistries. 
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Overall, the study demonstrates a robust, low-cost fabrication strategy that integrates 

renewable cellulose nanocrystals with paraffin wax to achieve tunable wettability and water 

collection efficiency. The approach bridges interfacial design principles with sustainable materials 

engineering, offering a path toward scalable, PFAS-free functional coatings for environmental and 

industrial applications. 

5.2 Future work 

While this study addressed key relationships between formulation parameters, interfacial 

assembly, and macroscopic performance, several open questions remain that define the path forward 

for continued exploration. 

5.2.1. Remaining questions in Pickering emulsion design 

The interfacial adsorption behavior of CNCs on wax droplets needs further quantitative 

analysis. Future work should employ in situ characterization methods such as interfacial rheology, 

cryo-TEM, or small-angle scattering to capture CNC packing density and orientation at the oil–

water interface.  

In addition, formulation with further changes in the oil phase composition or CNC 

modification should be studied. Tuning the intrinsic hydrophobicity of the oil phase (such as 

replacing it with more hydrophilic bio-based waxes), or ODA grafting on CNC, could have a further 

impact on the emulsion particle properties, leading to coating with enhanced mechanical stability, 

biodegradability, and wetting properties. 

Lastly, developing predictive models that link surface charge, ionic strength, and droplet size 

distributions could provide a quantitative design tool for scaling up CNC-based emulsions. 

5.2.2. Remaining questions in water harvesting mechanisms 

In the context of atmospheric water capture, the observed differences between dew and fog 

collection highlight the need to decouple condensation kinetics, droplet coalescence dynamics, and 

drainage behavior. Future studies should integrate real-time optical imaging and thermal mapping to 

directly observe droplet nucleation and heat transfer on CNC-wax coatings. Quantifying how 

contact angle hysteresis evolves over repeated condensation cycles will help understand wetting 

degradation and transition from Cassie–Baxter to Wenzel states. Additionally, the role of non-

condensable gases and ambient air flow—critical in real fog and humid-air conditions—should be 
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systematically varied to bridge laboratory and environmental performance. Exploring biphilic 

patterning or gradient coatings using controlled deposition of CNC-wax particles could enhance 

directional droplet transport and improve cumulative water yield. 

5.2.3. Integration, durability, and applications 

To scale this tunable coating system for commercial use, further studies on the mechanical 

durability, UV stability, and long-term water repellency of the coatings under cyclic wetting and 

drying should be pursued. Moreover, for broader applications such as anti-fogging, anti-icing, or 

thermal management, the CNC-wax coating could be further expanded into a functional hybrid 

system by the incorporation of photothermal or conductive additives. 
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Appendix: Error Analysis of CNC-wax Pickering Emulsion 

Particle Size Measurement 

Objective of error analysis 

The objective of this error analysis is to quantify the uncertainty associated with particle size 

measurements. This analysis provides context for the variability observed in the reported particle 

size distributions and supports reliable comparison between different emulsion formulation 

conditions. The error analysis is intended to assess measurement robustness and data consistency 

rather than to establish absolute particle size accuracy. 

Sources of uncertainty 

The primary source of uncertainty in the measured particle size distributions arises from 

procedural variability during emulsion preparation rather than from instrumentation or statistical 

analysis. Although identical formulation parameters were used, samples synthesized on different 

days exhibited noticeable differences in particle size distributions (Figure Aa), indicating sensitivity 

to small variations in experimental conditions during preparation. 

Potential contributors to this procedural variability include minor fluctuations in mixing 

conditions, temperature, emulsification time, and dispersion efficiency, which can influence droplet 

breakup and stabilization during Pickering emulsion formation. These factors are difficult to control 

identically across separate synthesis batches and can lead to batch-to-batch differences in particle 

size. 

In contrast, instrument-related uncertainty was found to be much less (Figure Ab). Repeated 

measurements of the same sample using identical imaging and image analysis procedures produced 

similar particle size distributions, suggesting that image resolution, calibration, and particle detection 

contribute negligibly to the overall uncertainty. As a result, the observed variability in particle size is 

attributed predominantly to sample-to-sample differences introduced during fabrication rather than 

measurement repeatability. 
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Figure A. Particle size distribution. Emulsion formula: 0.5% CNC, 47 mM NaCl, 15% oil fraction. 
a) single measurement of multiple emulsion samples; b) multiple measurements of one emulsion 
sample 

Quantification of particle size distribution width 

To quantitatively describe differences in particle size distributions among formulations, 

characteristic percentile diameters d10, d50, and d90 were extracted from each measured 

distribution. The d10 and d90 values represent the lower and upper bounds of the particle size 

population, while d50 corresponds to the median particle diameter. Together, these parameters 

provide a concise numerical description of both the central tendency and the spread of the 

distribution. 

The width of each particle size distribution was evaluated using the difference between d90 

and d10, which serves as a measure of distribution broadness. Formulations exhibiting a narrow, 

sharply peaked distribution show smaller d90–d10 values, whereas broader distributions are 

characterized by larger d90–d10 values. This metric enables direct comparison of distribution shape 

between different formulation conditions without assuming a specific distribution form. 

For each formulation, the reported d10, d50, d90, and d90–d10 values correspond to the 

measured particle size distribution under the same analysis conditions. These numerical descriptors 

support qualitative observations from the distribution plots, such as peak sharpness and tail 

broadening, and provide a consistent basis for comparing the effects of formulation parameters on 

particle size uniformity. 

Table A. Characteristic particle size metrics extracted from particle size distributions 

Formulation D10 (µm) D50 (µm) D90 (µm) D90-D10 

(µm) 
0.2% CNC, 47 mM NaCl, 10% oil fraction 1.14 2.77 4.84 3.70 

a) b)
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0.35% CNC, 47 mM NaCl, 10% oil fraction 1.23 2.59 4.71 3.47 
0.5% CNC, 47 mM NaCl, 10% oil fraction 1.20 2.45 5.24 4.04 
0.7% CNC, 47 mM NaCl, 10% oil fraction 0.98 2.15 4.84 3.86 
1% CNC, 47 mM NaCl, 10% oil fraction 0.91 1.99 4.48 3.57 
1.3% CNC, 47 mM NaCl, 10% oil fraction 1.00 2.12 6.70 5.69 
1.5% CNC, 47 mM NaCl, 10% oil fraction 0.89 2.05 6.87 5.98 
1.7% CNC, 47 mM NaCl, 10% oil fraction 0.85 1.80 3.45 2.60 
2% CNC, 47 mM NaCl, 10% oil fraction 0.88 1.89 3.72 2.84 
ODA/oil = 0.005, ODA/CNC=0.05, 10% oil 
fraction 0.84 1.58 2.73 1.89 
ODA/oil = 0.01, ODA/CNC=0.05, 10% oil 
fraction 0.71 1.42 2.57 1.87 
ODA/oil = 0.005, ODA/CNC=0.08, 10% oil 
fraction 0.83 1.56 2.69 1.86 
ODA/oil = 0.01, ODA/CNC=0.08, 10% oil 
fraction 0.76 1.43 2.48 1.73 
ODA/oil = 0.005, ODA/CNC=0.1, 10% oil 
fraction 0.69 1.43 2.61 1.92 
ODA/oil = 0.01, ODA/CNC=0.1, 10% oil 
fraction 0.65 1.29 2.32 1.66 
ODA/oil = 0.03, ODA/CNC=0.1, 10% oil 
fraction 0.62 1.31 2.44 1.82 
ODA/oil = 0.005, ODA/CNC=0.25, 10% oil 
fraction 1.37 2.16 3.34 1.97 
ODA/oil = 0.01, ODA/CNC=0.25, 10% oil 
fraction 0.85 1.68 2.98 2.13 
ODA/oil = 0.03, ODA/CNC=0.25, 10% oil 
fraction 0.65 1.63 4.01 3.36 
ODA/oil = 0.005, ODA/CNC=0.5, 10% oil 
fraction 1.63 5.93 11.53 9.89 
ODA/oil = 0.01, ODA/CNC=0.5, 10% oil 
fraction 1.45 2.67 4.83 3.38 
ODA/oil = 0.03, ODA/CNC=0.5, 10% oil 
fraction 0.97 2.80 6.24 5.26 

 


