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Abstract

High Internal Phase Emulsions (HIPES), with internal phase volume fractions exceeding 0.74, hold
potential for diverse applications. Nonetheless, their broader adoption is constrained by
limitations, including the need for high concentrations of stabilizers and the ability to fine-tune
their morphology. This thesis evaluates the capability of two fully water-wetting sub-10 nm
asphaltene-derived carbon dots — asphaltene-derived carbon dots 1 (ACD1) and asphaltene-
derived carbon dots 2 (ACD2) — for stabilizing oil-in-water (o/w) HIPE. A universal route is
introduced to generate o/w HIPEs with ultra-low loading of water-wetting solid stabilizers by
exploiting the synergy of high maximum capillary pressure to resist the thinning of liquid films
and particle detachment energy. The HIPE formation involves a 2-minute single-step
homogenization of ACDs, water, and dodecane. HIPE was generated with a minimal particle
loading of 0.025wt% ACD1, capable of emulsifying 0.82 of oil volume fraction. To probe the link
between the evolving microstructure and rheological properties, laser scanning confocal
microscopy (LSCM), rheometer, and confocal-rheology (LSCM in conjunction with dynamic
oscillatory amplitude sweep) were utilized, testing HIPE thixotropy and creep recovery. A
correlation between the HIPE microstructure and rheological properties with the emulsion
stabilization mechanisms has been established. The result is a HIPE with spherical dispersed
droplets, superior thixotropy, shear-thinning behavior, excellent creep recovery, complete
structural recovery, and storage stability of more than 6 months, achieved with just 0.075wt%
ACDL1 loading. Taking advantage of these properties, finely detailed 3D structures have been
successfully printed using an ultra-low loading of 0.075wt% ACD1-stabilized HIPE in an
extrusion-based 3D printing method at a low extrusion pressure of 4kPa with a nozzle diameter of
just 0.400 mm. This addresses the challenges in HIPE 3D printing, like high extrusion pressures
and the need for large nozzle sizes or additional chemicals, thereby broadening the potential

applications of HIPEs in 3D printing technologies.
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Chapter 1

Introduction
1.1 Background

Emulsions are the heterogeneous mixtures of two immiscible liquid phases, are formed when one
phase is dispersed within the other. Each emulsion embodies both a continuous phase (commonly
identified as the external phase) hosting the distribution of droplets called dispersed phase, which
is also called as the internal or discontinuous phase [1][2]. High Internal Phase Emulsions (HIPE),
as distinguished by Lissant [3], are distinct emulsions, in which the internal phase or dispersed
phase exceeds 74.05% of the total volume of emulsion [3][4]. The HIPEs generation required the
application of mechanical force to dispersed one phase within the other [3]. However, in the
absence of an emulsifying stabilizer, the produced emulsions typically exhibit instability,
ultimately leading to complete separation of phases due to the differential densities [3]. HIPE
stability can be enhanced by introducing emulsifying agents, which can be divided into two types:
surfactant-stabilized HIPEs, known as classical HIPEs, and solid particle-stabilized HIPEs, known
as Pickering HIPEs [3][5].

In classical or surfactant-based HIPEs, the formation and stability of HIPEs largely hinge on the
use of surfactants, or surface-active agents, which significantly reduce the interfacial tension
between the two immiscible liquid phases [5]. Surfactants are amphiphilic molecules, with a
hydrophilic head and hydrophobic tail, allowing them to adsorb at the oil-water interface, increase
the system’s kinetic stability and resist coalescence of the dispersed droplets [6]. Surfactants can
be classified as ionic (anionic or cationic), nonionic, or zwitterionic based on the charge of their
hydrophilic head groups [6]. The choice of surfactant depends on factors like pH, ionic strength,
and the intended application of the emulsion [5-7]. The concentration of surfactant plays a pivotal
role in emulsion formation and stability. The minimum surfactant concentration needed to create

a stable emulsion is termed the critical micelle concentration [8].

Pickering emulsions represent a specialized class of emulsions stabilized by solid particles instead
of traditional surfactants. This concept was first introduced by S.U. Pickering in the early 20th
century and hence the name [9]. The unique and fascinating characteristics of Pickering emulsions

have garnered significant attention in fields such as materials science, food technology, and
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pharmaceuticals due to their remarkable stability [9][10]. The stability of Pickering HIPES is
predominantly due to the irreversible adsorption of the particles at the interface, forming a rigid
layer around the droplets, which creates a steric and/or electrostatic barrier to droplet coalescence
[3][5]. This forms a mechanically robust layer around the droplets, leading to highly stable HIPEs
which can resist coalescence and Ostwald ripening, making these emulsions more stable than their
surfactant-stabilized counterparts [5][10]. The type of solid particles used plays a critical role in
determining the properties and applications of the Pickering HIPEs. The particle size, shape,
surface chemistry, and concentration can significantly influence the stability and the final
characteristics of the emulsion [5]. Pickering emulsions can be used to reduce the environmental
impact and potential toxicity associated with surfactants. Since they are stabilized by solid
particles, the need for potentially harmful surfactants is eliminated or reduced, thus providing a
more environmentally friendly and safer alternative [5][11].

Petroleum asphaltenes, the heaviest component of crude oil, boast a unique and intricate chemical
makeup. Predominantly, this structure is characterized by a polynuclear aromatic core housing
between 4 to 10 aromatic rings, flanked by peripheral aliphatic chains encompassing 3 to 7 carbons
[12-15]. Asphaltenes emerge as a compelling precursor for crafting multi-functionalized carbon
dots [14], coupled with their high abundance and low cost, have gained traction as alternative in
optoelectronics [15] and advanced sensing applications [14]. Yet, their use as emulsifying agents
to stabilize high internal phase emulsions remains largely unexplored.

In extrusion-based 3D printing applications, HIPEs are promising as inks due to their capacity to
encapsulate a significant amount of oil, coupled with their excellent thixotropy and stability [16].
HIPEs facilitate the extrusion of highly intricate designed products, including forms such as
numerals, alphabets, and various geometric shapes [17]. While the application of HIPEs in 3D
emulsion printing exhibits immense potential, it isn't without of challenges. For the successful
formulation of stable HIPEs, several challenges must be addressed. First, a high loading of
stabilizers is needed [16], which may pose challenges in material sourcing and increase costs.
Second, the formulation often requires the integration of multiple stabilizers, complicating the
composition [16]. Finally, when working with solid stabilizers, there is the added complexity of

introducing salts or surfactants [16]. High particle loading led to increased viscosity [17], which

13



adversely affects the flowability of the material, necessitating higher extrusion pressures and larger
nozzle diameters during printing [17]. Such limitations are especially disadvantageous in
industries that require high precision, like bio fabrication via 3D printing [18], where smaller
nozzle diameters and reduced extrusion pressures are crucial for producing intricate outputs [18].
Such constraints can complicate the printing process and potentially reduce the definition of the

final printed detail [16].

1.2 Thesis Objectives

In this thesis, two distinct types of carbon dots (CDs)—Asphaltene derived carbon dots 1 (ACD1)
and Asphaltene derived carbon dots 2 (ACD2), both derived from asphaltene precursors—will be
utilized and evaluated for their capability to stabilize oil-in-water High Internal Phase Emulsions
(HIPE). This will represent the first study to employ asphaltene-derived CDs as emulsion agents
for HIPE.

The main objectives of this thesis are:

1. Understanding HIPE Stabilization Mechanisms with ACDs : The goal will be to present an
experimental strategy to stabilize High Internal Phase Emulsions (HIPEs) solely through
the utilization of fully water-wetting particles at ultra-low loading. Additionally, it will aim
to theoretically understand the synergy between maximum capillary pressure and the
detachment energy of solid particles in HIPE stabilization.

2. Morphological and Rheological Analysis of the ACD-Stabilized HIPE: Laser scanning
confocal microscopy will be employed to analyze the morphological features of the ACD-
stabilized HIPE. Furthermore, the rheological properties of the emulsion will be
investigated using a rheometer. The objective will be to establish a link between the
microstructure of HIPEs and the mechanisms of emulsion stabilization.

3. ACD-Stabilized HIPE in Extrusion-based 3D Printing: The aim will be to demonstrate the
applicability and efficiency of ACD-stabilized HIPE as an emulsion ink for extrusion-

based 3D printing.
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1.3 Thesis Outline

Chapter 1 introduces the primary theme, objectives of the thesis, and provides an outline of the
thesis. Chapter 2 delves deeply into an extensive literature review, highlighting Asphaltene derived
Carbon Dots, High Internal Phase Emulsions, and 3D Printed HIPEs applications across various
industries, along with other concepts related to this thesis. Chapter 3 presents a detailed research
paper, titled "Exploiting Maximum Capillary Pressure and Detachment Energy Synergy for 3D-
Printable High Internal Phase Emulsions with Ultra-low Loadings of Water-Wetting Carbon Dots
", which is intended for submission for publication. The final segment Chapter 4 concludes with a

summary of the major findings from this thesis and provides recommendations for future research.
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Chapter 2
Literature review

2.1 High Internal Phase Emulsions (HIPES)

HIPEs, as defined by Lissant [3], is a category of emulsions where the volume of the internal phase
exceeds 74.05% [4]. This specific percentage represents the maximum volume that a group of
uniformly sized spheres, densely packed, can occupy in a given space [3]. Initially, it was believed
that this limit determined the maximum achievable internal phase volume of an emulsion before
phase inversion ensues [3][5]. While this is frequently accurate, numerous instances of highly
concentrated systems that exceed this limit are now acknowledged [14]. Diverse terminology has
been employed to describe these concentrated emulsions in literature, such as high internal phase
emulsion (HIPE) [19-25], high internal phase ratio emulsions (HIPRES) [25-30], gel-emulsions
[31-37], and hydrocarbon gels [38-49]. However, the terminology 'HIPE' will be consistently used
in this study.

2.1.1 Classification of HIPE

HIPEs can be systematically classified based on several key parameters: firstly, their dispersed or
internal phase; secondly, the type of stabilizer utilized; and lastly, the droplet morphology of the

HIPEs. A schematic visualization of these classifications can be observed in Figure 2.1.

a) Classification Based on Internal or Dispersed Phase: Based on Internal or Dispersed Phase,
HIPEs fall into two main classifications: direct or oil-in-water (o/w) HIPEs (Figure 2.1a), and
inverse or water-in-oil (w/o) HIPEs (Figure 2.1b) [50]. In the case of o/w HIPEs, water
functions as the continuous phase while oil represents the dispersed phase. On the contrary, for
w/o HIPEs, oil constitutes the continuous phase with water serving as the dispersed phase.[50].

b) Classification Based on Stabilizer: The type of stabilizer plays a crucial role in the formation
and stability of HIPEs. Based on the stabilizer employed, HIPEs can be sorted into surfactant-
stabilized HIPEs (Figure 2.1c) and solid particle-stabilized HIPEs (Figure 2.1d). Surfactant-
stabilized HIPEs employ surfactants as their stabilizing agents. These surfactants,
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encompassing both ionic and non-ionic variants, are highly effective in reducing interfacial
tension, which lends to the emulsion’s stability [50-51]. In contrast, particle-stabilized HIPEs,
also known as Pickering HIPEs, use solid particles as stabilizers instead of surfactants [52].
These solid particles in most cases get adsorbed at the oil-water interface, thereby forming a
structural barrier around the dispersed droplets that prevents phase separation. Pickering HIPES
are renowned for their enhanced stability against coalescence and variations in temperature or
pH [52-54].

Classification Based on Dispersed Droplets Shapes: HIPEs can be distinguished by their
droplet morphology. Commonly, in HIPES, dispersed droplets often morph into polyhedral
structures, where the densely packed droplets assume a tessellated arrangement, reminiscent
of a honeycomb. (Figure 2.1e) [26-28]. However, it has also been observed that HIPEs can
surpass this maximum packing limit for uniform spheres with the polydispersity of droplet
sizes, with smaller oil droplets effectively fitting between larger ones optimizing the packing
efficiency and minimizing void spaces. As seen in Figure 2.1f [55]. This promotes an
optimized droplet packing arrangement while still maintaining their spherical shape [55].
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Figure 2.1 Categorization of HIPEs based on i) dispersed or internal phaseo/(a)Oil-in-
Water) HIPE, (b)w/o (Waterin-Oil) HIPE; ii) Stabilizers (c) Surfactanstabilized HIPE, (d)
Pickeringstabilized HIPE, iii) Droplet shapg (e) Polyhedral structureHIPE , and (f)
Polydisperse droplets HIPE
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2.1.2 Synthesis of HIPEs

a)

b)

Single Step Approach: The Single Step methodology for creating HIPEs typically involves
homogenizing oil, water, and stabilizers. Prior to the homogenization process, the stabilizer is
dispersed within the continuous phase. Homogenization, which is done by high-speed
shearing, is a widely preferred method due to its simplicity, speed, and cost-effectiveness
[56][57]. The technique encompasses the high-speed blending of oil and water phases, thereby
creating substantial shear forces that fragment and disperse the droplets facilitating the
formation of a stable HIPE. [56-62].

Dual Step Approach: The dual-step methodology is utilized to stabilize HIPEs, particularly
when the one-step methodology is insufficient, and is especially beneficial for creating HIPES
with smaller droplets. The first step begins with the homogenization of oil and water phases
that have a low dispersed phase volume, facilitated by a high-shear mixer [63]. Following this,
the dispersed phase volume is increased by adding more dispersed phase in emulsion. To
surpass the high internal phase limit of 74.05%, and then the emulsion is subjected to a second
homogenization [63]. Additional processes can also be involved, including centrifugation,

micro fluidization, and ultrasonication, to create a more concentrated emulsion [65-69].

2.1.3 Stabilization mechanism of Pickering HIPE

Emulsion stabilization can be done through either thermodynamic or kinetic mechanisms.

Emulsions inherently lack thermodynamic stability, which can be attributed to the increased

interfacial area generated post-emulsification. This subsequently increases the Gibbs free energy.

Hence, there's an intrinsic tendency in emulsions to undergo phase separation, which acts to

minimize the interfacial area region between the two immiscible phases, leading to a reduction in

the interfacial Gibbs free energy. The free energy associated with emulsion stabilization is

represented in the equation 2.1 adapted from refences [70]:

3 31 A7433 (2.1
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In this relation:

3 signifies the emulsion formation's free energy.

31 symbolizes the fluctuation in the interfacial area.

A refers to the tension at the interface between the coexisting liquid phases.
4 denotes temperature.

33 represents the variation in configurational entropy.

= =4 =4 -8 9

Typically, the free energy value, 3 is positive because the magnitude of 3 A considerably
supersedes 43-3 [70]. This suggests that the inception of the emulsion is not a spontaneous
event and is thermodynamically disadvantaged, necessitating an external energy contribution. The
presence of smaller dispersed droplets corresponds to a greater interfacial area, exacerbating the
thermodynamic instability of the emulsion. In scenarios without emulsion stabilizers (surfactants
or solid particles), emulsions are predisposed to phase separation. This continues until the
interfacial energy of the liquids achieves an optimal minimal value. However, when stabilizers are
present, the emulsion’s kinetic stability can be prolonged, ranging from several hours to years [70].
Under certain circumstances, phenomena like spontaneous emulsification or the emergence of
thermodynamically stable microemulsions have been documented [71]. This stability is anchored
in the exceedingly reduced interfacial tension [71]. While the creation of a new oil/water interface
is energy-intensive and thermodynamically unfavorable, its remarkably low surface tension
minimizes this energy contribution. The dispersion of droplets augments configurational entropy,
and this escalation compensates for the newly formed oil/water interface, yielding a
thermodynamically stable emulsion.

Emulsions, by their nature, undergo various transformations over time driven by processes
occurring at the micro-level. One primary inclination of these systems is the spontaneous evolution
into fewer, yet larger droplets. To fully grasp the intricacies of emulsion stability, it's essential to
delve into the ways dispersed droplets interact with each other. Key mechanisms like creaming,
sedimentation, along with aggregation (or flocculation), coalescence, and Ostwald ripening (as
illustrated in Figure 2.2) often lead to instability and complete phase separation. Ostwald ripening,
or disproportionation, is a phenomenon that occurs due to the finite solubility of liquid phases [70].
Smaller droplets exhibit greater solubility due to curvature effects compared to larger droplets.

Over time, smaller droplets disappear as their molecules diffuse into the bulk and become
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deposited on the larger droplets, resulting in an increase in the mean droplet size [70]. Phase
inversion is the process where the dispersed phase and the continuous phase inversely exchange
roles, with the dispersed phase becoming the continuous phase and vice versa. This can occur due
to a change in the volume of the dispersed phase or other stimuli such as pH, salt concentration,
or temperature [65][70]. Creaming and sedimentation are outcomes of the density differences
between the dispersed and the continuous phases. Creaming implies emulsion droplets rising to
the container's top, whereas sedimentation corresponds to the opposite. When the dispersed
droplets begin to aggregate and, while maintaining their distinct identities, move as a single unit
much like grapes on a vine, culminating in a larger, collective aggregate [70], this process is called
flocculation, Coalescence is a phenomenon where smaller droplets merge, forming larger droplets
and finally phase separation. An emulsion might exhibit stability against coalescence but be

susceptible to aggregation, or it could resist aggregation but yield to sedimentation [70].
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Figure 2.2 Figure illustrating different emulsion destabilization mechanisms, adapted from

reference [70].

Kinetically, there are two ways to stabilize HIPEs. The first one involves the irreversible
adsorption of particles at the oil-water interface to create structural barriers that prevent
coalescence, which is denoted by the detachment energy of particles at the interface. The other
way is to resist the thinning of the liquid film between droplets, stabilizing the emulsion, as denoted

by the maximum capillary pressure.
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Particles Detachment Energy: It is the energy required to remove an adsorbed particle from the
oil-water interface, termed as the detachment energy (w "O ), Is intricately tied to several
parameters. The assessment of the free energy associated with particle adsorption at the oil-water
interface was initially proposed by Levine [72]. This relationship can be mathematically expressed

as:
w0 “Y, p wei O (2.2)

Here, ('Y) signifies the radius of the solid particle, which is presumed to be spherical. (,, ) represents
the interfacial tension, relevant between two liquids in emulsions or between a liquid and gas in
foams. (O corresponds to the contact angle. The ‘+’ and ‘T * signs respectively indicate particle
migration into the bulk oil phase and into the bulk water phase. The  "O is highly dependent
on the particle contact angle and its size; as both increases, the energy required for removal also
increases quadratically. The irreversible adsorption of particles at the interface require energy
several orders of magnitude (greater than 10* J/KT) higher compared to the thermal energy of the
particle, represented as KT [73]. Here, k is the Boltzmann constant, and T refers to the absolute
temperature of the system [73-80]. Notably, once these particles attach at an interface, they are
considered permanently absorbed, unlike surfactants which typically exist in a dynamic
equilibrium between interface and the bulk phase, constantly attaching and detaching rapidly[81].
The high @O implies that, while particles cannot be integrated back into the bulk phases,
they can experience lateral movement on the interface[81][82]. A crucial determinant of Pickering
HIPE stability is the density with which particles pack or the extent of surface coverage on the
droplets of the dispersed phase. If this coverage is inadequate, it engenders coalescence, given that
certain sections of the interface lack particle presence[81-88]. Drawing from the research by Wiley
[84], Arditty et al. [85] propounded the notion of 'limited coalescence’ in the context of Pickering
emulsions. As delineated in Figure 2.3, droplets that suffer from suboptimal surface coverage
persist in undergoing coalescence until a point where every droplet achieves adequate coverage,
and particles achieve a jammed state at the interface. In other words, there ceases to be any lateral
particle mobility on the interface [88].
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The detachment energy significantly increases when particles exhibit amphiphilic behavior, with
acontact angle close to 90° . Itis possible to create true amphiphilic particles with one hydrophobic
part and another hydrophilic part, termed Janus particles, which truly mimic surfactants [89].
However, this requires additional processes such as chemical grafting to introduce both
functionalities onto the solid particles [89]. The major limitation of the detachment energy theory
is the lack of explanation for the stabilization of emulsions by solid nano particles with contact
angles lower than 60° or higher than 120° [90].

Fully Covered Droplets

Dis;;ersed Dispersed
[SUEES phase
Disp:]ersed Dispersed
phase phase

Interface Generation Partially Covered Droplets

Dispersed
Dispersed

phase

phase

—

Figure 2.3 Figure depicting the limited coalescence mechanism in Pickering Emulsions, based on

reference [89].

The Maximum Capillary Stabilization PhenomenonAlthough the detachment energy theory
provides insight into the overall stability of emulsions, deviations from this theory are seen.
Specifically, in many emulsion systems, the contact angles for optimal stability often lie below
90°, usually within the range of 30°-70° [90]. One potential explanation center on the impact of
solid particles in thin liquid films on the capillary pressure between droplets. This shifts the focus
from an individual particle's attachment to a liquid-liquid interface to the collective effect of solid
particles on the stability by preventing interfilm drainage between droplets [90]. The 0 refers
to the capillary force exerted on the thin liquid film area between droplets to reduce droplet-droplet
distance to zero with particles in the film holding them apart [90]. This reflects the pressure
difference between the droplets (P1) and the interfilm fluid film (P2) as seen in Figure 2.4. For
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specific particle arrangements (assuming particles remain stationary between droplets), it's feasible
to determine a system's theoretical maximum capillary pressure (0 ). A larger 0 suggests
enhanced system stability. Early conception of such systems was introduced by Ivanov et al. [91],

with subsequent refinements by Nushtaeva & Kruglyakov [92] ,and Kaptay [93].

large droplet with P, ALY

solid particle 1 N \

thin liquid film with P, --- {H--X-.

solid/liquid interface liquid/liquid interface
large droplet with P,

Figure 2.4 Particles located within the liquid film between two droplets influence the maximum

capillary pressure{ ) required for coalescence, adapted freaferences [9].

Delving deeper, Kaptay [93] presented an analytical approach for a singular hexagonal layer of
interstitial particles between two droplets, building upon the work of Visschers et al. [94]. In this
model, particles with a zero-contact angle (radius R) fully reside within the interfilm separating
two droplets (illustrated in Figure 2.4). Absent maximum capillary pressure (i.e., no pressure
gradient between droplets), these particles establish a flat interface with the droplets. However, as
drainage ensues, the droplets form a meniscus around these particles. The curvature of this
meniscus correlates with a hypothetical sphere of radius ‘r’, elevating the maximum capillary
pressure. The contact angle and contact area are defined by ® and o, respectively. As drainage
intensifies, the meniscus increasingly engulfs the particles, diminishing the overall droplet
separation 'H'. With escalating maximum capillary pressure, droplet coalescence is imminent when
H approaches zero, defining 0 . Kaptay [93] reconciled this maximum capillary pressure with
the Laplace equation by integrating the evolving parameters associated with interface alterations,

resulting in Eq. (2.3) adapted from references [93] :
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NS Oe G (2.3)

CA

Here, the positive sign is associated with oil-in-water (o/w) emulsions, whereas the negative sign
pertains to water-in-oil (w/0) emulsions. 0 symbolizes the maximum capillary pressure, while
parameters 1) and @, detailed in Table 2.1 adapted from [93], pertain to particle dynamics at the
interfilm. Particles exhibit very 0 , over 100 bar or 10 MPa, can resist external pressure,
gravity, and vibrations during usage and transportation [93]. Such pressure ensures a long-lasting

emulsion, assuming the liquid phases do not evaporate or degrade [93].

Parameters  Single Layer of particles  Closely pack Double Closely pack Double

J ooV layer of particles layer of particles
0 < 90Yo/w) 900U 0129.310/w)
0 >904w/o) 50.7°O U 090Yw/o)
p 6 (hexagonal packing) 4.27 2.73
z 0 0.405 0.633

Table2.1 The values of parameters z gmddapted from referencf03]

Kaptay delved into the relationship between w "O and 0 to understand how they influence
of solid particles stability of emulsions resulting in the relationship of complex probability term,
denoted as - [93] , which symbolizes the probability of a coinciding event: the simultaneous
adsorption of the particles at the interface and the particles resistance of drainage of liquid films.
This can be depicted through varied contact angle intervals for both oil-in-water (o/w) and water-

in-oil (w/0) emulsions. The formulations adapted from reference [93] are as follows:

For single layer of particles

Contact angle interval Complex probability

- 7 p ATO® AT©® (2.4)
¢

- 7 p AT® AT ® (2.5)
¢

For closely packed double layer of particles
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For oil-in-water emulsions:

Contact angle interval
"7 0 wih

-7 g wn

For oil-in-water emulsions:

Contact angle interval

¥ 0 ot

T g wt

Complex probability
g xp AT® AlT® m mvu
¢
gop AT® Algd & o
¢

Complex probability

&op Al® Algd oo

®
g xp AT® AlT® m mvu

¢

(2.6)

2.7)

(2.8)

(2.9)

To further crystallize this concept, the derived complex probabilities will stand true if the

subsequent conditions are met:

A preference for €] 0 emulsion arises when: p

preference for 0] € emulsion is observed when:

water volume fraction in the emulsions [93].

p o “O7TE o ETO -

o "OTE o~ €10 - On the contrary, a

is the
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Figure 2.5 (a) Graphical representation of the complex probability with respect to contact angle
combiningmaximumcapillary stabilization and detachment energy for emulsions stabilized by a
single layer of particles, and (d) for emulsions stabilized by a closely packed double layer of

particles in the thin liquid film adapted from refence8][9

In Figure 2.5 Kaptay pinpointed the complex probability where emulsions are stabilized by a
single layer or closely packed double layer of solid particles, the stability varies based on the type
of emulsion [93]. Specifically, for oil-in-water (o/w) emulsions, stability is achieved within a
contact angle range of p v J 'O  w Tt for single layer of solid particles. In contrast, water-in-
oil (w/o) emulsions exhibit stability when the contact angles lie in the range of wmJ O

p @ vskown in Figure 2.5a [93] , Figure 2.5b shows for systems comprising closely packed

double layers of solid particles, at a contact angle of O v & Jslightly above the critical value
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of 50.7°, there's a pronounced stability in the water film surrounding oil droplets compared to the
stability of the oil film surrounding water droplets [93]. As a result, for O v @ Joil droplets
encompassed by thin water films are likely to be predominantly stable for almost all values of
[93] . Thus, the dominant emulsion type under these conditions would be oil-in-water (o/w).
Similarly, when the contact angle is O  p ¢ &d, just marginally below the critical threshold of
129.3°, the oil film enveloping water droplets showcases significantly enhanced stability in
comparison to the water film surrounding oil droplets. Given this pronounced difference in film
stability, neither the water nor the oil content of the emulsion can offset it. Hence,at O  p ¢ &,
water droplets, which are separated by thin oil films, emerge as the preferentially stable entity
across virtually all values of . Consequently, the predominant emulsion type in this scenario is
water-in-oil (w/o0) [93]. Hence, Kaptay, in terms of maximum capillary pressure (greater than 100
bar ) successfully explained how particles having contact angles lower than 60 degrees or higher
than 120 degrees can stabilize emulsions by resisting the thinning of the liquid film.

Disjoining pressures m : Disjoining pressure describes the difference between the pressure of a
thin film between two surfaces and the corresponding pressure in a bulk phase[95]. The disjoining
pressure is essential for understanding the properties of thin films and confined fluids. It arises
from the interaction of various forces, such as van der Waals forces, electrostatic forces, and
oscillatory structural forces [96]. The Disjoining pressure can be defined as derivative of total
interaction energy with respects to distance and per unit area at constant cross-sectional area,

temperature, and volume as given by equation 2.10 adapted from refences [95].

o (2.10)
0

Oz o
—a, —=

Here, L is the disjoining pressure (in N/m2), A is the surface area of the interacting surfaces (in
m?), G is the total interaction energy of the two surfaces (in J) including the van der Waals
interaction potential 'O  , Electrostatic interaction potential ('O , and Structural interaction
potential ("O , and H is the distance (in m) [95][96]. The indices T, V, and A signify that the

temperature, volume, and the surface area remain constant in the derivative [95].
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Van der Waals forces are a type of physical attraction between colloids, including dipole-dipole
interactions, dipole-induced dipole interactions, and London dispersion forces [95][97]. Van der
Waals forces can cause particles to attract each other, leading to aggregation or flocculation
[95][97]. The total Van der Waals interaction potential can be expressed in the equations 2.11 and
2.12 adapted from refences [97].

oY (2.19)

_ (2.12

Here, "O  represents the van der Waals interaction potential, 0 is the effective Hamaker
constant, R is the radius of the colloid particles, and # is the interparticle separation between two
colloids. 6 is the Hamaker constant for the particle dispersed in the medium, and 6 s the

Hamaker constant for the medium.

In colloidal systems particles often acquire an electric charge on their surface when immersed in a
liquid medium [95][97]. This charge can be due to the dissociation of surface groups, adsorption
of ions from the medium [97]. The charged surface attracts ions of opposite charge from the
surrounding medium, forming an electric double layer [97]. This double layer consists of a Stern
layer (where ions are strongly adsorbed) and a diffuse layer (where ions are less tightly bound)
[97]. Zeta potential, denoted as (, is defined as the electrical potential at the slipping plane of a
colloidal particle [97]. This slipping plane marks the boundary between ions moving with the
particle and those in the surrounding fluid. Zeta potential provides insights into the surface charge
of the particle. A higher { potential indicates greater stability of the colloids due to high surface
charge, reducing the likelihood of particle aggregation [97]. When two colloidal particles come
close to each other, their electric double layers overlap, leading to electrostatic repulsion forces
which resist the aggregation of the colloidal particles [95][97] . The Electrostatic interaction

potential ('O , can be expressed in the equations 2.13 and 2.14 adapted from references [97].
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Here, "O is the electrostatic interaction potential, W is the surface potential, R is the radius of the

particle, and h is the distance between two charged colloidal particles. - is the dielectric constant
of the fluid, - is the permittivity of free space, and — is the Debye length. k is Boltzmann's

constant, € "®the number of ions per unit volume present in the bulk solution, T is the absolute

temperature, @ is the valency of the ions, and e is the elementary charge [97].

DLVO (Derjaguin, Landau, Verwey and Overbeek) theory which combines the attractive van der
Waals interaction potential ("O and repulsive Electrostatic interaction potential (O [97]. It
provides a comprehensive framework for understanding the particle-particle interaction due to the
interplay between attractive van der Waals forces and repulsive electrostatic forces on stability of
colloidal dispersions. Particles exhibiting high electrostatic repulsion can have better dispersion in
the bulk phase and, if present between two droplets, can sterically hinder coalescence. On the other
hand, van der Waals forces can generate an attraction between particles leading to aggregation,
which inhibits their ability to maintain colloidal stability and increases flocculation, leading to
coalescence [98-101]. However, as highlighted by Henderson [102], the DLVO theory only
captures the forces acting between colloidal particles a separation distance of 5nm -10 nm [101].
One of the forces interactions acting over larger distance is the Oscillatory Structural Force
(OSF) which gives rise to structural interaction potential "O . The range of these structural and
depletion forces, spanning 5-100 nm, surpasses the influence of DLVO forces [101]. Fig. 2.6
illustrates the interaction between two dispersed droplets in the presence of the colloidal particle,
which could be surfactants or solid particles. As the separation distance decreases between the
large macroscopic surfaces approaches several diameters of the colloidal particles, Brownian
motion leads these colloidal particles to interact with the macroscopic surfaces (dispersed droplets)
[101]. This interaction results in an ordering of the particles near the interface of macroscopic

entities and continues phase, which extends over several particle diameters. For thin liquid films,

31



overlapping structured regions near both opposing surfaces (between two dispersed phase droplets)
give rise to Oscillatory Structural Force. This long-range structural force produces a repulsive
barrier that hinders the flocculation or coalescence of the Macroscopic entities. When the
separation between macro-particles is less than the colloidal particle diameter, preventing the
smaller particles from fitting in the gap, an attractive depletion force emerges due to the osmotic
pressure difference between the bulk and confined spaces [101]. The overall interaction prompted
by the colloidal particles between the dispersed droplets is oscillatory in nature, encompassing
both the repulsive structural barrier and the attractive depletion force, oscillating at a period
equivalent to the size of the colloidal particles. The structural stabilization barrier is amplified with
an increased concentration of small particles, resulting in a net increase in particle concertation per
unit increasing the repulsion forces stabling emulsions [101]. However, at lower colloidal particle
concentrations, the stabilization barrier diminishes relative to the attractive depletion well, causing
flocculation [101]. The Structural forces interaction potential can be investigated with atomic force

microscope and in a surface force apparatus [103].

The the van der Waals interaction potential ('O , Electrostatic interaction potential (O
and Structural forces interaction potential (O combined give the total total interaction energy

(in J) and can be written as

" 0 O O (2.15)

In order to have high disjoining pressure in thin films the "O O "0 which can be
achieved by increasing the colloidal particle repulsion in both electrostatic and structural forces
interactions [97] and by decreasing the interface fluctuation by enhancing the Gibbs elasticity.
Gibbs elasticity refers to the change in surface tension as a function of the change in surface area
[97]. In emulsions, this elasticity is crucial because it affects the stability and behavior of the thin
liquid films between droplets [97]. A higher Gibbs elasticity implies a more stable film, which in
turn contributes to the stability of the emulsion [97]. Gibbs elasticity increases with a decrease in
mean droplet diameter due to their reduced susceptibility to interface or surface fluctuations [97].

Gibbs elasticity can be expressed in Equation 2.16, adapted from references [87].
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Q, (2.16)

0O _—
‘Qaeod
Here O is the Gibbs elasticity , ,, represents the interfacial tension, and 0 surface area of the
interface [87].
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Figure 2.6 Schematic representation of the structural force between two large droplets in a

colloidal suspension system, adapted from referencf [10

2.1.4 Factors Affecting the Properties of Pickering HIPE

Parameters like particle shape, size, wettability, and particles-particle interactions play a crucial

role in the stabilization of Pickering HIPE.
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Particle Wettability: Particle contact angle influences both the o/w HIPE and w/o HIPE type and
the particle's o "O and0 . Generally, contact angles between 60° and 120°, closer to 90°
is preferred for the irreversible adsorption of particles at the interface making it the dominant
stabilization mechanism, and where particles tend to migrate to the interface instead of remaining
in the thin liquid film [93]. On the other side , stabilizing HIPES by resisting the drainage of liquid
film particles with high hydrophilicity (0° to 60°) or hydrophobicity (120° to 18°) are preferred
which result in very low detachment energies approximately equal to thermal energy of the particle
but have high maximum capillary pressure making it the dominant stabilization mechanism. Zhu
et al. demonstrate this by stabilizing mechanism o/w HIPEs with fully water wetting Chitin
Nanofibrils with contact angle of 40° [104].

Particle Morphology : The morphology, encompassing size and shape, of colloidal particles
critically impacts emulsion stability and microstructure. smaller particles yield a reduction in
emulsion droplet size, producing more uniform droplets layers due to improved packing efficiency
[105]. As we have seen with the ¢ "O equation (equation 2.2) and the 0 equation
(equation 2.3), both are dependent on the size of the particles. The w O increases
quadratically with the size, making it more dominant in the emulsion stabilization mechanism [94].
Conversely, a decrease in particle size leads to a higher 0 , indicating that the smaller the
particle, the better its ability to resist the thinning of the liquid film between droplets, thus making
it the dominant mechanism behind emulsion stabilization [94]. Particle shape anisotropy has
recently drawn interest due to enhanced mechanical stability with lower particle concentrations at
fluid-fluid interfaces compared to spherical particles [106]. This anisotropy decreases the
percolation threshold, lending rigidity at lower particle loading. Furthermore, strong capillary
interactions are observed between anisotropic particles at fluid interfaces, influencing interface
rigidity [107]. Madivala et al. highlighted better emulsification efficiency with increasing aspect
ratios of ellipsoidal hematite particles [107]. This shape anisotropy and aspect ratio influence the
interface's viscoelastic properties, with ellipsoidal particles leading to higher elastic modulus
compared to spherical ones, attributed to robust capillary interactions between ellipsoids, forming

highly elastic layers.
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Influence of Particle Particle Interactions:In HIPEs, particle-particle interactions, which include
attractive and repulsive forces, play a significant role in determining the HIPE stability behavior.
Attractive particle-particle interactions, governed by van der Waals forces, can lead to particle
aggregation which can lead to increase in the detachment energy leading to increase in adsorption
of particle at the interface and increase the drainage of thin film [93][97] . On the other hand,
repulsive particle-particle interactions, influenced by electrostatic repulsion forces which work
against aggregation by repulsing the particle apart in the bulk phase and in thin film between
droplets leading to resisting of thinning of liquid film and positively affecting the maximum
capillary pressure and disjoining pressure [97][103]. A high surface charge results in greater
electrostatic repulsion (higher zeta potential shown in literature which is to be greater than +30

mV and — 30 , promoting stability and preventing particles from clumping together [108].

2.1.5 Characteristics of Pickering HIPEs

Droplet Arrangement and GeometryHIPEs are distinguished by an internal phase volume
fraction that surpasses 0.74. This threshold, rooted in Kepler's conjecture, represents the densest
arrangement of equally sized, non-deformed spheres, given by the formulaaA TVp ¢ T& T 1T T @
[109]. When this threshold is exceeded, a shift from uniform spherical droplets to droplets of
varying sizes or non-spherical (polyhedral) shapes separated by a continuous phase [109]. Such
systems, where the interfacial free energy is maximized, are recognized as non-equilibrium due to
their deviation from the minimum total free energy state [26]. Delving into the geometry of HIPEs,
Princen's theoretical analysis posited the regular pentagonal dodecahedron (RPD) as a probable
polyhedral structure for HIPEs with phase volume ratios nearing unity [27][29]. Subsequent
research on ideal foam cell morphology identified three primary geometric configurations: the
pentagonal dodecahedron, Thomson's minimal tetrakaidecahedron, and the B-tetrakaidecahedron,
as illustrated in Figure 2.7 [110-117]. The tendency of the pentagonal dodecahedron to dominate
during the transition from spherical to polyhedral foam can be attributed to its close-packing nature
that resembles uniform spheres. While Lissants suggested the packing of tetrakaidecahedron
demands fourteen neighboring units, geometric constraints hinder this transition [28]. In contrast,
the pentagonal dodecahedron allows each cell to have twelve adjacent units, akin to spherical

configurations. The inevitable spatial gaps compel some cells to modify, resulting in a varied size
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distribution or polydispersity [114]. Princen experiments emphasized that the increase in surface
area during the shift from spheres to polyhedral is less noticeable in polydisperse systems than in
monodisperse configurations. This indicates polydisperse systems are energetically more
beneficial [115-118]. Kwok et al showed HIPE exhibiting polydispersity, where packing
arrangement of internal-phase droplets, constituting up to 95% volume fraction, maintain
spherical shapes and self-organize following equations that are derived from the principles of
Apollonian gasket construction and are theorized to form through coalescence and fragmentation
processes that adhere to geometrical rules of volume conservation and sphericity [55]. These
emulsions are created by dispersing oil into water with minimal surfactant and allowing them to
settle for a week. Unlike polyhedral HIPEs, these display flowability at high volume fractions due
to the sphericity of droplets [55].

@ (b) © (d)
@ @ @ @

Figure 2.7 presents various droplet packing arrangements: (a) Spherical, (b) Regular pentagonal

dodecahedron (RPD), (c) Kelvin's tetrakaidecahedron (often referred to as Kelvin's cell), and (d)

b-tetrakaidecahedrondapted from reference [108]

Rheology: High Internal Phase Emulsions (HIPES) exhibit shear thinning behavior, characterized
by a decrease in shear viscosity with increasing shear stress. Influential factors include droplet
size, internal phase volume fraction, salt concentration, and aging effects [119-121]. These factors
impact the emulsions' rheological properties. Through tuning of these factors HIPEs can be
tailored for specific applications, offering a wide range of potential uses in various industrial
sectors[120].
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Influence of Droplet Size on Bblogy of HIPE:In HIPEs, as in other emulsions, droplet size is
significantly influenced by composition and preparation method (one-step or two-step process).
Typically, longer homogenization, increased stabilizer concentration, and a low internal volume
phase led to smaller droplets [122]. This reduction in droplet size is correlated with an increase in
both the complex modulus and yield stress of HIPEs [121-123]. This relationship can be attributed
to changes in the emulsion’s microstructure. As droplet size decreases, the Laplace pressure of
droplets increases, necessitating more energy for deformation, which elevates the modulus.
Moreover, a higher concentration of solid particles increases the rigidity of the emulsion, and

thereby enhancing its viscoelasticity and complex modulus [125].

Internal Phase Volume Fractiaon Rheology of HIPEThe VVolume of the internal phase affects
the rheological characteristics of HIPEs. In traditional emulsions, as the fraction of the dispersed
phase increases leading to increases in viscosity of the emulsion, which subsequently enhances
their resilience against gravitational separation [126]. In the context of HIPES, the increase in the
internal phase volume also forces droplets into closer proximity and finally induce droplet
deformation into polyhedral structure [121]. This leads to an increased yield stress, elastic
modulus, and viscosity provided that these deformed dispersed droplets remain intact and do not
coalesce [121] [124].

Impact of the Exteral Environmenbn Rheology of HIPEThe HIPEs rheological properties are
influenced by external factors such as salt concentration, pH, temperature, and additives. The
incorporation of thickening agents like methyl cellulose in the continuous phase can increase the
viscosity and rigidity of HIPEs [124]. The change of pH and incorporation of salt in HIPE can
alter the electrostatic interactions by modifying the surface charge of stabilizers, which could
potentially lead to aggregation or the uniform dispersion of solid particles [108][127]. This
aggregation could enhance the detachment energy of the particles, driving them to the interface
and creating a thick adsorbed layer of solid particles there. Alternatively, it can aid the colloidal
particles in uniformly dispersing throughout the continuous phase due to an increase in
electrostatic repulsion, particle dispersibility in the continuous phase thereby assisting in resisting
the thinning of liquid films and stabilizing the HIPE [127], and consequently increasing the elastic
modulus of the HIPE [121]. Notably, the rheological behavior of HIPESs is dynamic; it commonly
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evolves over time. As HIPE ages, they might undergo processes such as coalescence or
flocculation, leading to alterations in their droplet size distribution which could lead to change in
HIPEs viscosity [97]. Furthermore, change in droplet size distribution interactions can lead to
variations in elastic modulus [97]. For instance, coalescence reduces the number of droplets,
potentially lowering elastic modulus, while flocculation can lead to an interconnected network of
droplets that might increase elastic modulus [97]. Hence, aging process may yield changes in the
emulsion's viscosity and stability [121] [128-130].

2.1.6 Pickering HIPE in 3D Printing

Extrusion-based 3D printing is a process where ink is extruded through a nozzle to build up a
three-dimensional object layer by layer. Once deposited, the material typically undergoes a
solidification process, which can be achieved through drying, chemical curing, or thermal
treatment, depending on the ink's composition [131]. The precision and control over the material
deposition in extrusion based 3d printing allow for the creation of complex structures with high
resolution [131]. Extrusion-based 3D printing is the most common and widely used method in
various sectors, including industrial production [132], biomedicine [131], and food processing
[133]. Extrusion-based 3D printing depends on several key parameters, including the
characteristics of the printing ink, such as its rheological properties, the ease of tuning its
composition, its extrudability, and the ink's ability to regenerate internal structure post printing, as
well as the method of extrusion, printing temperature, the size of the nozzle, its travel speed, and
the nozzle elevation and layer spacing [134 -136]. Pickering HIPES, possessing shear-thinning
behavior, high viscosity, and thixotropy, as well as the ability to print at room temperature, are
suitable for 3D printing applications [137-139]. They have recently been utilized in extrusion-
based 3D printing to generate porous foams [137]. The 3D printing of HIPE depends on several
factors which are the composition of solid particles, the volume fraction of the internal phase, and
the printing temperature are pivotal in determining the rheological properties of the final product
in 3D printing. These factors not only affect the printability of the ink but also significantly
influence the structural rigidity and elasticity of the end product [140-145]. The distinctive
characteristics of Pickering HIPEs, particularly their tunable composition, make them suitable for
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a wide array of industries, including food, biomedical, and electronic applications as illustrated in

Figure 2.8.

Food Industry Applications 3D printing technology, coupled with the unique properties of
HIPEs, offers novel avenues for the creation of food items with intricate designs and customized
nutritional profiles [146]. These food products could range from simple shapes to more complex
structures, such as lattices or interlocking patterns [146]. Additionally, these technologies could
allow for the incorporation of different ingredients or additives into the food products. For
example, vitamins, minerals, probiotics, or flavorings could be included in the HIPEs and then
printed into the final product [149]. This could be especially beneficial for personalized nutrition,
where food products could be tailored to meet the individual dietary needs and preferences of
consumers [149].

Biomedical ApplicationsHIPEs also hold potential in the biomedical field, such as in the creation

of drug delivery systems and scaffolds for tissue engineering [147][150]. In drug delivery systems,
HIPEs could be designed to carry specific drugs and release them in a controlled manner.
Extrusion-based HIPE 3D printing enables customization to produce personalized dosage forms
with high drug content and varying drug release profiles from separate printed compartments and
rapid printing at lower temperatures [150-158]. The microstructure of HIPEs allows for the
encapsulation of drug molecules within the internal phase, protecting them from degradation and
enabling targeted delivery [151]. This is particularly useful for drugs that are unstable, poorly
water-soluble (in lipid-based formulations), or have poor bioavailability. Another biomedical
application of HIPEs in 3D printing of hierarchical porous scaffolds in tissue engineering. This
process involves creating HIPEs templates which are then solidified through photocuring. The
photocuring reaction solidifies the HIPE template, maintaining the scaffold structure and
improving stability. The scaffolds created using this technique have interconnected macropores
and a microporous structure, suitable for biomedical applications such as bone tissue engineering
[147]. The hierarchical porous nature of these scaffolds is beneficial for cell adhesion and
proliferation [147][159].
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Electronics Industry : HIPEs could be engineered to possess electrical conductivity, either by
incorporating conductive materials into the emulsion or by post-processing treatments. This could
enable the production of conductive inks or filaments that could be used in 3D printing to create
electronic circuits or components [160-168]. Li et al. illustrated the application of a water-in-oil
(w/o) HIPE, wherein the oil phase, contributing to 10% of the total volume, comprised an
organometallic substance that could function as a photo-catalyst following polymerization [169].
More recently, they fabricated 3D conductive structures using 3D printing comprising metal
nanoparticles dispersed in a curable oil-in-water HIPE. Upon exposure to UV radiation, the printed
monomers undergo polymerization, resulting in a composite material embedded with silver NPs
[170]. However, the resultant structure lacks conductivity, necessitating additional sintering for
practical application [171]. Cooperstein et al. addressed this limitation by using an oil-in-water
emulsion to create a 3D porous structure, followed by embedding silver nanoparticles within the
pores [171]. When these structures are subjected to sintering at room temperature, a 3D conductive

composite object composed of metal and polymer is produced [171].

40



@)

3D Layered Sructure of HIPE

Figure 2.8 demonstrates various applications of High Internal Phase Emulsions (HIPES) in
extrusionbased 3D printing. (a) offers a schematic representation of the printing process using
HIPE. (b) displays a 3Eprinted Mickey Mousé€&igure created on multigrain breadsing food

grade HIPE,Figure reproduced with permission from [139]. Copyright © 2021 Elsevier Ltd. All
rights reserved (c) presents a dried emulsion scaffold, constructed by 3D printing HIPE
M7.5P10H1.5, and demonstrates its potential use in creatinguaigical porous scaffolds for
bone tissue engineeringdapted from reference [147] © 2019 Published by Elsevier Inc. (d)
showcases a clean, porous 3D electric circuit strucadapted from reference [148]. (e) shows
the porous structure post the insertiof Ag into a DB dispersion, the sintering process, and its
connection to a 3V LED. This structure was printed from an emulsion containing 70 wt% DPGDA
as the oil phase [148]. Finally, (f) exhibits an Ultra High Resolution Scanning Electron
Microscope (UHR-SEM) crosssection image of the printed structure, emphasizing the embedded

Ag nanoparticlesadapted from reference [148]
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2.2 Asphaltene Derived Carbon Dots

Carbon dots are a new addition to the carbon nanomaterials family, with particle sizes of less than
10 nm, and have an innate ability for fluorescence [172]. They can be derived from various
precursors including biomass [173], citric acids [174], and asphaltene [18]. They offer tunable
fluorescence emission and excitation, are chemically stable, and have high biocompatibility
making them popular in bio-imaging and sensing [18] [172]. Asphaltene, with its heavy molecular
weight, forms the non-saponifiable fraction of petroleum [16]. Liu et al research underscored the
potential of petroleum asphaltene as a precursor for developing carbon dots [18]. Asphaltene
having a polycyclic aromatic carbon core (approximately 4-10 aromatic rings) infused with
various heteroatoms such as nitrogen, sulfur, and oxygen, also containing functional groups
encircled by short alkyl chains [16] are aptly viewed as a natural carbon precursor, ideal for
crafting multi-functionalized carbon dots [18]. Liu et al in 2023 was the first to synthesis
asphaltene derived carbon dots using straight forward microwave-assisted synthesis [18], a process
well-suited for a large-scale production due to its simplicity. The synthesized multi-functional
CDs, which boasted tunable photoluminescence and hydrophobicity. The asphaltene derived CD
with non-ionic type polymeric micelles was used to made micelle-based fluorescent nanoprobe for

2,4,6-trinitrophenol sensing in the water [18].

In the application of emulsions stabilizers CDs have been explored as emulsion stabilizers in
various studies. Monje et al. in 2021 synthesized CDs from Biomass (yerba mate) demonstrating
excellent performance in stabilizing emulsions with high fluorescence [175]. Zhou et al. in 2020
developed a novel strategy using carbon dots-stabilized Pickering emulsion polymerization to
create NIR light-responsive Poly-lactide-co-glycolide (PLGA) drug delivery systems [176]. This
method facilitated the encapsulation of both hydrophobic and hydrophilic drugs, showcasing the
versatility of CDs in drug delivery applications [176] Abbas et al. in 2022 reported the creation of
switchable oil-in-water o/w emulsions stabilized by the synergistic effect of cationic surfactant
cetyltrimethylammonium bromide and CDs. This study highlighted the role of CDs in reducing
water secretion and preventing droplet coalescence, leading to stable emulsions with potential
applications in various fields like water purification [176]. CDs have shown promising applications
as emulsion stabilizers; however, the potential of asphaltene-derived CDs as emulsifying agents

for o/w emulsions and HIPE remained largely untapped. In this study We shift our focus to two
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asphaltene-derived carbon dot-stabilized HIPEs, named Asphaltene Carbon Dots 1 (ACD1) and
Asphaltene Carbon Dots 2 (ACD2), synthesized from the same asphaltene precursor using two
different methods: the modified Hummers’ method and the mixed acid method. The synthesis of
ACD1 and ACD2 was carried out in accordance with a procedure also developed in our
laboratories. Asphaltene oxide was first synthesized using the modified Hummers’ method from
asphaltene powder. ACD1 were synthesized from the asphaltene oxide (AO) by dispersing AO
powders (1g) in 200 mL of deionized (DI) water. To this mixture, hydrazine hydrate (0.4 ml) was
slowly added. The solution was then refluxed overnight at 90°C to yield ACD1. Subsequently, the
product was filtered and washed to remove excess hydrazine hydrate, resulting in a final product
with a mass yield of 70%-80%. For synthesizing ACD2 1g of asphaltenes was first dissolved in
2.5 mL toluene. Then, the 2.5 mL of the mixed acids (Sulphuric Acid and Nitric Acid) were added
to the asphaltenes/toluene solution. The mixture was heated at 80 C for 4 h. Then, the mixed acids
derived ACD2 were recovered by centrifugation, dialysis, and vacuum oven drying at a yield of
57% . Both ACD1 and ACD2 are hydrophilic and have a nano disc shape.
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Chapter 3

Exploiting Maximum Capillary Pressure and Detachment Energy Synergy for 3D-
Printable High Internal Phase Emulsions with Ultra-low Loadings of Water-Wetting
Carbon Dots
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Abstract: High Internal Phase Emulsions (HIPES) offer unique potential across diverse
applications, yet their wider adoption has been limited due to challenges such as the requirement
for high concentrations of stabilizers and the ability to fine-tune their morphology. Here, we
propose a universal route to generate oil-in-water (o/w) HIPEs with ultra-low loading of fully
water wetting stabilizers by exploiting the synergy between maximum capillary pressure (greater
than 100 bar) and detachment energy ( between 102 J/KT and 10* J/KT), provided they exhibit
colloidal stability and uniform dispersion in the continuous phase. The HIPE formation contains

only asphaltene-derived carbon dots (ACD), water, and dodecane, and is prepared in 2 minutes
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using a single-step homogenization process. A HIPE can be created with as little as 0.025wt%
ACD1 particle loading and can emulsify an oil volume fraction of up to 0.82. The result is a HIPE
with superior thixotropy, shear-thinning behavior, excellent creep recovery, and storage stability
of more than 6 months, achieved with just 0.075wt% ACD1 loading. Taking advantage of these
properties, we have fabricated highly intricate and detailed 3D printed shapes using an ultra-low
loading of 0.075wt% ACD1-stabilized HIPE ink in extrusion-based 3D printing with a nozzle
diameter of just 0.400 mm. Overcoming the current challenges in HIPE 3D printing, such as high
extrusion pressure, larger nozzle diameters, and the need for adding salts or surfactants, paves the

way for the extended utilization of HIPEs in the domain of 3D printing.

Keywords: Asphaltene-derived carbon dots, high internal phase emulsions, extrusion-based 3D

printing, pH neutral emulsions

3.1 Introduction

High Internal Phase Emulsions (HIPEs) represent a particular class of emulsions in which the
internal phase occupies more than 74% of the total volume [177]. HIPEs can be classified into
surfactant-stabilized HIPEs and particle (colloid)-stabilized HIPEs. Surfactant-stabilized HIPEs
employ surfactants, which encompass both ionic and nonionic variants, are highly effective in
reducing interfacial tension, enhancing emulsion stability [178]. In contrast, particle stabilized
Pickering HIPEs, use solid particles as stabilizers instead of surfactants [178]. Various solid
particles, including polysaccharides [179], synthetic polymers [180], and inorganic materials like
silica [181] have been employed to stabilize HIPEs. Carbon dots (CDs) are nanoscale carbon-
based materials with innate fluorescent properties, finding applications in diverse fields, from
bioimaging to environmental sensing. [18]. CDs have been synthesized from various precursors
such as Biomass [173], citric acid [174], and asphaltenes [18]. Asphaltenes, with their heavy
molecular weight, forms the non-saponifiable fraction of petroleum [16]. They contain polycyclic
aromatic carbon core (approximately 4-10 aromatic rings) infused with various heteroatoms such
as nitrogen, sulfur, and oxygen [16]. They have also been pinpointed as ideal for crafting multi-
functionalized CDs [18]. Their widespread availability of ensures a cost-effective CD production
process that can be scaled up efficiently [16][18]. However, the potential of CDs as emulsifying

agents for oil-in-water (o/w) HIPEs remains largely untapped.

45



HIPEs are utilized in various applications, such as precursors to produce polymeric foams [182]
and controlled-release drug delivery systems [183]. HIPEs have also been employed in 3D printing
to produce structures with different forms such as numerals, letters, and various geometric shapes
[184]. A variety of printing technologies exist within the domain of 3D printing, including
extrusion-based printing [185], powder condensation-type printing [185], and inkjet printing
[185]. Extrusion-based printing is the most common method observed among these [184]. In this
technique, ink is extruded layer by layer following a predetermined path, resulting in the creation
of a 3D printed structure [185]. The application of HIPEs in 3D emulsion printing has
demonstrated substantial potential, however, it is not without its challenges and shortcomings. For
the successful formulation of stable HIPEs, several challenges must be addressed. First, a high
loading of stabilizers is needed [186], which may pose challenges in material sourcing and increase
costs. Second, the formulation often requires the integration of multiple stabilizers, complicating
the formulation of HIPEs [186]. Finally, when working with solid stabilizers, there is the added
complexity of introducing salts or surfactants to stabilize HIPEs [186]. High particle loading leads
to increased viscosity [187], which adversely affects the flowability of the material, necessitating
higher extrusion pressures and larger nozzle diameters during printing [184]. Such limitations are
especially disadvantageous in industries that require high precision, like bio fabrication via 3D
printing [188], where smaller nozzle diameters and reduced extrusion pressures are crucial for
producing intricate 3D outputs [188]. Zhu et al. addressed these challenges by stabilizing HIPEs
with Chitin Nanofibrils [188]. With a size of just 10 nm, these nanofibrils ensured that fewer
particles were needed for droplet coverage due their small size and rod like structure, thereby
reducing the stabilizing particle concentration [189]. Consequently, they achieved printing with
decreased extrusion pressures and smaller nozzle diameters, overcoming the typical limitations
associated with high particle concentrations [189]. However, this stabilization necessitated a shift

to acidic pH 3 [189], which is not suitable for various applications.

Here, we present an experimental strategy to stabilize HIPEs solely by fully water-wetting
asphaltene-derived carbon dots at ultra-low loading by exploiting synergy between maximum
capillary pressure, and detachment energy of the solid particles. The preparation involves a single-
step homogenization; no additional salts or surfactants are needed. We investigated ACD-

stabilized HIPEs microstructure using Laser Scanning Confocal Microscopy (LSCM) and its
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rheological properties using a rheometer as well as confocal-rheology. we established a link
between HIPES microstructure and emulsion stabilization mechanisms. Our results provide
thorough insights into fabricating highly intricate and detailed 3D printed structures using ACD-
stabilized HIPE ink at ultra-low loading. Furthermore, to the best of our knowledge, this is the first
study to print 3D structures using solely ultra-low loading of water-wetting particle-stabilized
HIPEs at neutral pH.

3.1.1 Emulsion Theory

Detachment energy at liquitiquid interface: A fundamental metric used in emulsion studies to
elucidate the stability of a solid particle at a liquid/liquid interface is the energy required to remove
or detach the particle from its equilibrium position at the interface, moving it into the bulk liquid

phases. This can be represented as adapted from reference [93].

~

©"0 “v . p ®EI O (3.1)

Here, w0 represent the detachment energy of the solid particle (Y) signifies the radius of
the solid particle, which is presumed to be spherical. (,, ) represents the interfacial tension, relevant
between two liquids in emulsions or between a liquid and gas in foams. (O corresponds to the
contact angle. The ‘+’ and ‘T ‘signs respectively indicate particle migration into the bulk oil phase

and into the bulk water phase.

Maximum capillary pressure of coalescend&hile the detachment energy theory offers valuable
insights into many stability aspects in emulsions, discrepancies arise when evaluating certain
systems. Notably, when contact angles are within the 30-70° range, the detachment theory falls
short in providing comprehensive explanations [90][93]. The role of particles in impeding the
thinning of the continuous phase film that drains between droplets must be considered. Prior
studies have examined how particles positioned between two droplets can alter the maximum

capillary pressure, influencing the overall emulsion stability [90]. The maximum capillary
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pressure refers to the capillary force exerted on the thin liquid film area between droplets to reduce
droplet-droplet distance to zero with particles in the film holding them apart [90][93]. Kaptay [93]
conducted a rigorous analysis of both the scenario of single layer and double hexagonal layer of
particles packing which is sandwiched between two droplets. This examination enabled a deeper
understanding of the 0 by drawing parallels with the Laplace equation and incorporating the
intricate nuances associated with the evolving structure of the interface [93]. According to
Kaptay’s derivation, the equation for the 0 for single and double hexagonal layer of particles

is between two droplets is formulated as [93]:

(3.2)

Here, where (0 ) denotes the maximum capillary pressure. () is a positive parameter, dictated
by factors such as the coverage of the interface by particles, the organization of particles in the
thin liquid film, and the contact angle. (,, ) symbolizes the interfacial tension. ('Y) represents the
radius of the particles. the positive (+) sign is indicative of oil-in-water (¢j 0) emulsions.
Conversely, the negative (—) sign is representative of water-in-oil (0] €) emulsions. Both (r}) and
(&) are empirical derived parameters intrinsically linked to the organization of particles in the thin

liquid film the values are given in the table 3.1 adapted from references [93]

Parameters  Single Layer of particles  Closely pack Double Closely pack Double

J O90Y layer of particles layer of particles
0 < 904o/w) 9000 0129.340/w)
U >904wi/o) 50.7'O0 O90{w/o)
p 6 (hexagona packing) 4.27 2.73
0 0.405 0.633

Table3.1 The values of parameters z gmddapted from referend®3]

Drawing from Equations 3.1 and 3.2, it becomes evident that, for constant contact angle and
interfacial tension, particle size is pivotal in determining the emulsion’s stability mechanisms. As
the particle radius decreases 0 increases, capillary stabilization (resisting of thinning liquid

film) emerges as the primary stability mechanism for emulsions stabilized by solid particles [93].
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Conversely, with an increase in stabilizer size, @ "O increases quadratically becoming more
significant in promoting emulsion stability due to increase in the adsorption of particles at the
interface [93]. Especially if the particles exhibit colloidal stability [93]. In this study, 0 will be
estimated using closely packed double-layer parameters because of its ability to incorporate the
impact of particle close packing and organization on the stability of emulsions where single-layer
models fail [93].

Disjoining pressures m of thin liquid film : Disjoining pressure describes the difference between
the pressure of a thin film between two surfaces and the corresponding pressure in a bulk
phase[95]. It arises from the interaction of various forces, such as van der Waals forces,
electrostatic forces, and oscillatory structural forces [96]. The Disjoining pressure can be defined
as derivative of total interaction energy with respects to distance and per unit area at constant cross-

sectional area, temperature, and volume as given by equation 3.3 adapted from refences [95].

1o . (33)
0

o:|©
—a, —a

Here, L is the disjoining pressure (in N/m2), A is the surface area of the interacting surfaces (in
m2), G is the total interaction energy of the two surfaces (in J) including the van der Waals
interaction potential (O , Electrostatic interaction potential ('O , and Structural forces
interaction potential ('O , and H is the distance (in m) [95][96]. The indices T, V, and A signify

that the temperature, volume, and the surface area remain constant in the derivative [95].

Impact of Interpartide Distance on Particle Packing and Organization in Thin Liquid Films
The interparticle distance is crucial in determining the packing configuration and organization of
particles within an emulsion or foam system [190]. When the interparticle distance is reduced,
either by increasing particle concentration or by decreasing the water volume fraction in the
emulsion system, particles are packed more closely together. As a result, the organization of
particles can shift from a single layer of particles to closely packed double layers, and further to
multilayered structures in the thin liquid films [190]. This transition affects the packing parameter
'a," which ranges from 0 for the single layer to 1 for the multilayers as seen in Figure 3.1. Such

changes increase the 0O within the thin liquid films, thereby enhancing the stability of the
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emulsion and strengthening it against coalescence [93][190][191]. Furthermore, the net decrease
in interparticle distance increases the number of particles per unit volume present in the continuous
phase, which in turn enhances the electrostatic interaction potential and repulsive structural
interaction potential. This continues until the distance between two dispersed droplets is greater
than or equal to the diameter of the colloidal particles. Consequently, this positively increases the

disjoining pressure [95][101].

Reduced interparticle distance

Increase in particle packing parameter (2)
z=0 z2=0.405 z=1

Large oil droplet

Large oil droplet
Large oil droplet

Solid particles

R

\/
solid-liquid interface

liquid-liquid interface X

solid-liquid interface
Large oil droplet

solid-liquid interface

Large oil droplet
Large oil droplet

Single Layer CP Double Layer Multilayers

Increase in Maximum Capillary Pressure (P7*%* )

Figure 3.1 Schematic representation of the change in maximum capgtassure with respect to

particle packing parameters and interparticle distance adapted from referfififels

3.2 Experimental section

3.2.1 Materials

Asphaltenes were supplied in powder form by InnoTech Alberta, Canada. Sodium nitrate (NaNOs
3), sulfuric acid (H.SO.), nitric acid (HNO;), potassium permanganate (KMnQO,), hydrazine
monohydrate (NH, NH..H,0) (reagent grade, 98%), hydrogen peroxide (H.O,), hydrochloric acid
(HCI), toluene, and dodecane (anhydrous >99%) were purchased from Sigma Aldrich. All
chemicals were used as received without further purification in all the experiments. Millipore
Milli-Q grade deionized water (resistance of 18.21 MQ.cm at 25°C) was employed in our

experiments.
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3.2.2 Methods

Synthesis of ACD1Asphaltene oxide (AO) was first prepared from asphaltene using a modified
Hummer’s method, a standard procedure to oxidize graphite. A mixture of asphaltene (1g) and
NaNO3 (1g) in H2SO4 (25 ml) was stirred for 2 hours at 0-5 °C in an ice bath. KMnOa (3g) was
then added while maintaining the reaction temperature below 15°C. The mixture was subsequently
stirred for 5 hours at 90 °C, diluted with 75ml of water, and the reaction was stopped with H>O;
(5ml). The mixture was washed with 10% HCI and deionized water, then dried to obtain AO as a
powder, with a mass yield of 80-90%. Hummers’ method derived Asphaltene carbon dots 1
(ACD1) were synthesized from AO by dispersing AO powders (1g) in 200 mL of DI water, to
which NH2NH2.H20 (0.4 ml) was slowly added. The solution was then refluxed overnight at 90°C
to yield ACD1, which were filtered and washed to remove excess NH2NH2.H-O, yielding a final
product mass of 70%-80%.

Synthesis of ACD2The synthesis of ACD2s was carried out in accordance with a procedure also
developed in our laboratories. Briefly, 1g of asphaltenes was first dissolved in 2.5 mL toluene.
Then, the 2.5 mL of the mixed acids (H.SOs and HNO3) were added to the asphaltenes/toluene
solution. The mixture was heated at 80°C for 4 h. Then, the mixed-acids derived Asphaltene carbon
dots 2 (ACD2) were recovered by centrifugation, dialysis, and vacuum oven drying at a yield of
57%.

Dynamic light scattering (DLS):ACDs particle size was assessed through Dynamic Light
Scattering (DLS), conducted using a Zetasizer Nano ZS instrument (Malvern Panalytical, United
Kingdom). The apparatus was utilized to determine the perceived hydrodynamic diameter of the
ACDs.

Zeta potential measuremesitThe zeta potential of the ACDs was ascertained using the identical

Malvern® Zetasizer Nano ZS instrument (Malvern Panalytical, United Kingdom), but the analysis

was conducted in a disposable cuvette (DTS1070).
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Contact angle measurementhe evaluation of contact angle for the given samples was performed
using the sessile drop method, facilitated by an OCA 15EC instrument (DataPhysics Instruments,
Germany). ACDs films were fabricated by applying ACDs dispersions (0.5 wt %) onto pre-cleaned
glass slides and then drying them at 90°C. The slides were submerged in the dodecane oil during
the test. The contact angles were determined by depositing a 5 puL droplet of deionized water onto

the films. Images of the formed water droplet were subsequently taken.

Fourier transform infrared (FT-IR) spectroscopy The functional groups of ACDs were
determined by Fourier transform infrared (FT-IR) spectroscopy conducted on a Cary 630 FTIR
(Agilent, USA).

Interfacial tension measurementThe IFT between dodecane and water phases were determined
using a spinning drop tensiometer from Future Digital Scientific Corp., model SVT20. To conduct
the measurement, tubes were first filled with the water phase. Subsequently, a single droplet of
dodecane was injected into the tube. The water phases density and refractive index values were
taken as 0.999 mg/mL and 1.3305, respectively. For IFT calculations, a dodecane density of 0.7487
mg/mL was utilized. All measurements were consistently conducted at a temperature of 25°C. The
final IFT values reported were derived from an analysis of the droplet shape, employing the

Young—Laplace method [192].

Laser scanning confocal microscopy (LSCMACD suspensions and subsequently developed
HIPEs were imaged by an inverted SP8X Leica confocal microscope (Leica Microsystems,
Germany). The choice between a 10x water or 63% oil immersion objective was used on the
required resolution, with the higher magnification objective being deployed to discern specific
morphological features. Utilizing a plastic spatula, samples were taken from the uppermost layer
of the emulsions. The ACDs exhibited fluorescence under microscopy when excited at a
wavelength of 405 nm, with a detection range of 500 — 580 nm. Images were obtained at multiple
magnifications, and the determination of droplet size was based on the analysis of the LSCM
dataset using Avizo 3D (Thermo Fischer Scientific-FEI, USA). [192]
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ACD stabilized HIPE PreparationHIPEs were prepared by introducing an oil phase (dodecane)
at volume fractions of 0.75, and 0.82 to the ACD suspension in water. These HIPES were
formulated using ACD1 particle loadings at concentrations of 0.025, 0.05, and 0.075wt% relative
to the total emulsion mass. To ensure a homogeneous blend and the formation of a stable emulsion,
this mixture was subjected to a thorough homogenization process at 24,000 rpm for 2 minutes as
seen Figure 3.2a. This was achieved using a rotor-stator homogenizer, fitted with a 10-mm saw

tooth generator.

(a) HIPE Preparation

(b) BExtrusion Based 3D Printing
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Figure 3.2 (a) Schematic representation of the singfiep fabrication of HIPE and (b) 3D printing
of the HIPE.

Rheology: The rheological properties of the emulsions were examined using the MCR-302
rheometer (Anton Paar, Austria), equipped with a 25 mm sandblasted parallel plate geometry. This
specific setup was strategically selected to prevent potential wall slippage during testing. All
measurements were done at a gap size of 1 mm and implemented under controlled environmental

conditions, maintaining a constant temperature of 25+0.1°C [193]. Small amplitude oscillatory
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strain sweep measurements (ascending and descending) were done at a constant frequency of 1
Hz. Interfacial shear rheology experiments on the water containing ACD1 and oil (dodecane) were
performed using an MCR-302 rheometer (Anton Paar, Austria), equipped with a Du Nouy ring
(platinum ring) geometry with a radius of 10 mm, placed at the oil/water interface. Small amplitude
oscillatory strain sweep measurements were conducted at varying shear strains from 0.005% to
1%. Simultaneous rheological and LSCM tests (confocal rheology) have been used to probe 3D
(xyt) visualization of the microstructure while probing their viscoelastic characteristics . A glass
coverslip was used as the lower plate of the parallel plate geometry glass cover slip was employed
as the lower plate. The confocal microscope was connected via a periscope arm and a piezo stage
to the lower plate of rheometer, facilitating precise objective movement in the z-direction. Images
were captured using a 50x objective paired with an 8kHz resonant scanner. The objective was
positioned slightly off-center in the parallel plate geometry. A three interval thixotropy test was
implemented to simulate real-time 3D printing process and assess the leveling of ACD stabilized
HIPEs. Initially, a shear rate of 0.1 s was applied for 60 seconds to mirror the HIPE condition
before printing [194]. Then, to imitate the HIPE during printing as it moves through the nozzle, a
high shear interval at shear rate of 100 s** was applied for 10 seconds. Finally, the rate returned to
low shear interval of shear rate of 0.1 s for 120 seconds as a regeneration time tg, representing
the HIPE state post-printing. The recovery rate was deduced by dividing the mean viscosity in the
third stage with that in the first [194]. Moreover, to understand the extrusion printing dynamics,

the shear rate during this process was calculated via equation 3.8 [195].

) (38)
Q

Where Qis the nozzle diameter (0.400 mm) and is the average velocity (5 mm s?), which results

in a calculated shear rate of 99.75 s,

The creep-recovery test was conducted by subjecting the system to a constant shear stress of 1 Pa
for a predetermined duration of 300 s. During this phase, the deformation over time (in s) and
strain (in %) were measured. Subsequently, the applied stress was removed for a recovery phase

of 600 s, during which the deformation value was also measured. [194].
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Printing of Three-Dimensional Structure:HIPEs were utilized as a printing ink for the creation
of three-dimensional structures using the extrusion-based printing as illustrated in Figure 3.2b. The
entire procedure was executed using a BioX Printer (Cellink, Sweden). For each of the samples
tested, a 0.400mm nozzle was utilized. The selected designs were then transferred onto a Petri
dish, employing a grid pattern for infill, while retaining the infill density at from 15% - 25%. The
printhead’s moving speed was calibrated to 5 mm s~ ! and the pressure for extrusion was sustained
at 4kPa. Following the printing of the 3D structures, images of the printed structure were taken
after one-hour post-printing.

3.3 Results And Discussion

3.3.1 Carbon dots Characterization

Figure 3.3a elucidates the FT-IR spectra of the synthesized ACDs. A characteristic -OH bending
vibration is identified at 1372 cm™ across both samples. Notably, the presence of N—-O groups is
indicated by a series of bands at 1580 and 1356 cm™. These groups are integrated into both ACDs
during the oxidation phase of synthesis. The pronounced band between 1200 and 1040 cm™
corresponds to the C—O-C stretching vibration, mainly attributed to the stretching vibrations of
single C-O and C-N bonds in diverse structures like epoxides, amines, phenols/alcohols, and
carboxylates/carboxylic acids. The ACDs spectra further display noticeable C—N stretching at
2108 and 1916 cm™. A broad band at 2853 cm™ signifies the aromatic C—H stretching vibrations,
indicative of the presence of hydrophobic hydrocarbon chains within ACDs. ACD2 exhibits
minimal presence of such C—H stretching vibrations, while ACD1 displays more distinctive peaks
than ACD2. The largest difference between ACD1 and ACD2 is in the band at 3400 cm™,
predominantly attributed to the hydroxyl O-H stretching vibration found in phenolic/alcoholic
hydroxy groups and adsorbed water. In this context, ACD2 displays broader and sharper peaks
than ACD1, suggesting the ACD2 have more hydrophilic groups . Figures 3.3b reveal that the
average apparent hydrodynamic diameter for ACD1 and ACD2 is 7 nm respectively. Concurrently,
the average zeta potentials were found to be -46.5 mV and -58.8 mV for ACD1 and ACD2,
respectively (Figure 3.3c). High zeta potential values cause large repulsion forces prevents
aggregation of the particles and accordingly ensures easy dispersion in bulk phase. The standard
criterion for colloidal stability is a zeta potential that exceeds +30 mV or -30 mV[196][197]. High

zeta potential increases the total repulsion interaction potential ("O "O ) which increases the
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disjoining pressure and help in the stability of thin film [97]. As both particles have a similar size,
but ACD2 has a higher zeta potential than ACD1, it suggests that ACD2 imparts a higher disjoining
pressure compared to ACD1. Figures 3.3d and 3.3e present the LSCM visualizations of ACD1 and
ACD?2 dispersion in an aqueous medium, respectively. Both ACD1 and ACD2 exhibit uniform
dispersion with no aggregation, due to their high surface charge. As presented in Figure 3.3f and
3.3g, the measured contact angle of ACD1 and ACD2 were approximately 61.12° and 29.33°,
respectively. This confirms that ACD2 is more hydrophilic than ACD1, which corroborates the
FTIR results showing a higher presence of hydroxyl groups in ACD2. The interfacial tension (IFT)
tests revealed IFT of 36.79 mN/m between water and dodecane as seen in the Figure 3.3h. A
negligible increase in IFT was observed with the introduction of both types of ACD. We believe
that this minor increase in IFT is due to the minor change in the refractive index of water due to
addition of ACDs [198].
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3.3.2 Stabilizing HIPEs at Ultra-Low ACD Loadings through Exploitation of
Maximum Capillary Pressure and Detachment Energy Synergy

To evaluate the capabilities of both water wetting ACDs in stabilizing HIPEs, a 0.75 oil volume
fraction was used to prepare emulsions. The LSCM images in Figures 3.4a and 3.4b depict the
HIPEs stabilized by ACD1 and ACD2, respectively. In these images, ACD1, ACD2, and dodecane
(the oil phase) are represented by the red, green, and black signals, respectively. ACD1 and ACD2
appear uniformly distributed in the water phase with no evident aggregation. However, ACD2 fails
to stabilize the emulsion at particle concentrations lower than 0.625wt%, whereas ACD1 can
stabilize HIPEs at concentrations of 0.025 wt% with a 0.75 oil volume fraction. To theoretically
understand ACD1's superiority over ACD2, calculations were made for detachment energy,
maximum capillary pressure, and the complex probability of stabilizing €j 0 emulsion for both
ACDs. Figure 3.4c and 3.4d depicts the calculated ¢ "O and 0 for €j 0 emulsions
stabilized with ACD1 and ACD 2, respectively. The results indicate that ACD1 possesses more
than 16 times the w "O of ACD2 as shown in Figure 3.4c. Utilizing Equation 3.2, 0 was
calculated to be 112.7 MPa for ACD2 and 78.36 MPa for ACD1, respectively (Figure 3.4d).
Notably, the O for ACD2 is approximately 1.4 times greater than that for ACD1. Figure 3.4e
shows the relationship between complex probabilities and contact angles using Equations S.1-S.4,
adapted from reference [93], with specific data points for ACD1 and ACD2 highlighted as stars.

Furthermore, using Equation 3.4, the values of - ¢ for ACD2 and ACD1 were determined to be

0.016 and 0.168, respectively. This indicates that ACD1 possesses a tenfold greater probability of
stabilizing oil-in-water emulsions compared to ACD2 [93]. Figure 3.4f illustrates the impact of
particle size and contact angle on the synergy of adsorption of particles at the oil-water interface
and the stability of the thin film between droplets in emulsion for stabilization. The green region
indicates particles possessing w "O of greater than 10* J/KT due to increase in its particle
size, Such a high w"O underscores its dominance, ensuring that particles are irreversibly
adsorbed to the interface, especially when the  "O greatly surpasses the thermal energy (kT)
in several orders of magnitude (greater than 10* J/KT) as corroborated by existing literature
[191][199-200]. Such behavior suggests a preference for the particles to migrate to the oil-water
interface rather than remaining within the thin liquid film. This predisposition could potentially
lead to the thinning out of films, subsequently facilitating the formation of very thick particle layers

around the droplet [191], to stabilize the emulsion. The yellow region depicts particles with very
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low w "O , lower than 102 J/KT, which will not migrate to the interface and remain within the
thin liquid film. However, these particles exhibit very 0, over 100 bar or 10 MPa, which
literature suggests can resist external pressure, gravity, and vibrations during usage and
transportation [93]. Such pressure ensures a long-lasting emulsion, assuming the liquid phases do
not evaporate or degrade [93]. ACD2 due to is sub-10 nm size falls into the yellow region,
characterized by very high 0 but lacking sufficient detachment energy. The orange region
represents an optimal balance for creating these ultra-low loading of water-wetting particle-
stabilized HIPEs where particles possess high 0 and moderate ¢ "O , between 102 J/KT
and 10* J/KT . These particles have enough w "O to resist thermal agitation and migrate to the
interface but not enough w "O to lead to irreversible adsorption. This means they are in
dynamic equilibrium between the bulk phase and interface. Moreover, these particles exhibit high
0 (greater than 10mPa or 100 bar), providing resistance against the thinning of the liquid film,
thereby offering a synergy of w "O YN0 for stabilization of emulsion. ACD1 falls into
this region. The intrinsic fluorescence of ACD1 limits our ability to discern variations in particle
concentration in the bulk phase (water) and at the oil-water interface, particularly at high particle
concentrations. Hence, a particle loading of 0.0025 wt% with a 0.5 oil volume fraction was used
to enhance visibility (Figure 3.4g). This unique representation is noteworthy, as there are yet to
reports in literature on successful emulsion stabilization with this ultra-low loading of stabilizer.
Figure 3.4g shows the bulk of ACD1 are dispersed within the water, forming a uniformly spread
ACDI network and few particles wide order layer of particle adsorbed at the oil-water interface.
This observation confirms our theoretical predictions shown in the orange region of Figure 3.4e,
about achieving an optimal balance where particles possess high 0 and moderate w O

The ACD1 possesses w 'O approximately 100 times greater than thermal energy (KT). This
suggests that they can be migrate to the oil-water interface to form few particles wide layers around
the oil which is shown in in Figure 3.4g by white arrows resisting coalesces. Yet, this w "O IS
not so high as to cause irreversible adsorption, enabling ACD1 to maintain a dynamic equilibrium
between the interface and the bulk phase. Additionally, ACD1 can exert a high maximum capillary
pressure, effectively resisting the thinning of the liquid film between interfaces [93]. Furthermore,
Due to high surface charge of both ACDs, ACDs network in water have high colloidal stability
and a reduced likelihood of particle aggregation which could minimize the maximum capillary

pressure due to increase in the size of particles upon aggregation. ACD1 was chosen as the suitable
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emulsion stabilizer for this study due to its advantageous synergy of moderate «w "O and high

O . These characteristics enhance its ability to stabilize HIPEs at ultra-low particle

concentrations which ACD2 lacks.
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3.3.3 Characterization of ACD1 Stabilized HIPEs.

The ACD1 stabilized HIPEs droplet microstructure, its distribution in the continuous phase were
investigated using multichannel fluorescent microscopy via LSCM. In Figure 3.5a and Figure S1,
the LSCM images show ACD1 dispersed throughout the continuous phase of HIPEs for all
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evaluated oil volume fractions with no sign of particles aggregation. ACD1 and dodecane (oil
phase) are the red and black signals, respectively. The images presented in Figure 3.5a, Figure
S1b, and S1d, distinctly revealed an overcrowding of oil droplets when the increases from 0.75
to 0.82. For spheres of uniform dimensions, the maximal volumetric packing is roughly 74%: In
conventional Pickering HIPEs, where dispersed droplets often morph into polyhedral structures
[109], the ACD1-stabilized HIPEs, surpassing this maximum packing limit for uniform spheres
with polydispersity of droplet sizes with smaller oil droplets effectively fitting between larger ones,
thereby promoting an optimized droplet packing arrangement, while still maintaining their
spherical shape. In ACD1 stabilized HIPEs Figure S2 provides a 3D visualization of the emulsion
droplet. The droplets, depicted in blue, effectively demonstrate the polydisperse arrangement of
the 0.075wt% ACD1-stabilized HIPE € "0Q& ¢

As expressed by Equation S.5, there is a direct relationship between the mean droplet diameter and
the . The mean droplet diameter exhibits an inverse proportionality with particle concentration,
signifying that an increase in particle concentration will result in a reduction in the mean droplet
diameter. As seen in the Figure 3.5a, for the emulsion stabilized at 0.075wt%, there is an increase
in droplet size corresponding to the rise in oil volume fraction. A similar trend is observed in Figure
S3, where the impact of particle loadings at 0.025 and 0.05 wt% on the mean droplet diameter is
depicted. An increase in particle loading culminates in a decrease in the mean droplet diameter.
Furthermore, the decrease in droplet diameter helps in resisting surface fluctuations, which
enhances the Gibbs elasticity [97]. Additionally, an increase in the net concentration of particles
per unit volume boosts the overall repulsive interaction potential, both factors increasing the
disjoining pressure [97]. With an ascending , the mean droplet diameter increases. It
demonstrates the tunability and adaptability of ACD1-stabilized emulsions. By adjusting the oil
volume fraction and particle concentration, the properties of these emulsions such as mean droplet
diameter, droplet packing can be easily tuned. This allows for the formation of emulsions with

either larger or smaller droplets, emulsifying low to high oil volume fractions.
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Figure 3.5 (a) Changes in droplet size within emulsions stabilized by 0.07 @Bl with respect
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38.3.3.1 HIPEs Rheology

By conducting amplitude sweep measurements on ACD1 stabilized HIPEs, their flow behavior
was investigated. Figure 3.5b presents the amplitude oscillatory strain sweep measurement for
0.075wt% ACD1-stabilized HIPEs, while Figure S4 (a-b) shows the same for 0.025wt% ACD1
and 0.05wt% ACD1-stabilized HIPEs, respectively. In the ACD1-stabilized HIPEs, there was a
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noticeable increase in the magnitude of the storage modulus ("Gewhen the ACD1 particle loading
was increased from 0.025 to 0.075 wt%, coupled with an increase in . All HIPEs exhibited a
predominant elastic behavior at small strain amplitudes, as evidenced by the higher magnitudes in
‘@4201]. At low shear rates, the "O is higher than the loss modulus ("@ indicating a more solid-
like behavior. The rise in particle concentration, along with the decrease in the water volume, leads
to a net increase in particle concentration per unit volume of water, which, in turn, decreases the
interparticle distances [202-204]. Consequently, the number of ACD1 interparticle contacts within
the water rises, which contributes to the formation of a percolated network. This network formation
amplifies the "Oand enhances the overall stability of the HIPEs [202-203]. Similarly, the "@,
representing the deformation energy dissipated due to internal friction processes, exhibits an
overshoot in all HIPEs [205]. This phenomenon, known as the Payne effect, was observed before
yielding [205-206] and increases with a net decrease in interparticle distance of individual mobile
particles, ACD1, which are uniformly distributed in the water and not interconnected or fixed
within the network in the water [201][205-206]. This leads to the increase in relative motion
between particles, creating an increase in internal friction and subsequently generating frictional
heat [201].

Theoretically, to comprehend the effects of increased particle concentration and oil volume which
leads to decrease in the interparticle distances of the hydrophilic ACD1 particles in the water on
0 of ACDL1 in HIPEs. It is important to acknowledge that the @ "O of a particle is
independent of both the interparticle distance and the packing of the particles within the water
phase, and thus remains unchanged. Figure S5(a-c) presents the oscillatory strain sweep
measurements at the o/w interface with ACD1 dispersed in water at particle loadings of 0.025wt%
(Figure S5a), 0.05wt% (Figure S5b), and 0.075wt% (Figure S5c¢). At the interface, ACD1 exhibited
a predominantly elastic behavior at small strain amplitudes, as indicated by the "@across all particle
loadings, similar to the ACD1-stabilized HIPEs in all the particle loading [201]. In parallel with
the behavior of ACD1-stabilized HIPEs, ACD1 at the interface also displayed shear thinning
behavior and yielded at very low shear strain (lower than 0.01%), corroborating with the theoretical
findings that due to very high 0 (greater than 100 bar) and moderate w "O ( between 10?
E/KT and 10* E/KT) the majority of ACD1 remains in water and is in dynamic equilibrium between

the interface and water and does not create a thick solid particle barrier at the interface with
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increase in ACD1 concentration, which would increase the yielding point of the ACD1 at the
interface [201]. We observed in Figure S5(a-c) that both the "@and “@ at the interface for all the
ACD1 concentration remain approximately same and do not increase with a change in particle
concentration. Since ACD1 particles are highly charged and uniformly dispersed in the continuous
phase, they do not aggregate, which could otherwise increase the size and ¢ "O which will
increase particle adsorption at interface and increase in the complex modulus [202-203].
Therefore, the WO of ACDL1 is independent of particle concentration and oil volume in the
HIPE. However, a decrease in the interparticle distance of ACD1 in the water leads to a more
closely packed arrangement of particles, thereby increasing the packing parameter (¢)[93][190].
Assuming that ACD1 at X vare closely packed in a double layer with a packing parameter
(6= 0.405), the 0 will be 78.36 MPa. When it reaches its highest Ty ¢ we assume that
ACD1 starts to form a closely packed multilayer, reaching the highest packing parameter of (¢=
1), increasing the 0 to 130.86 Mpa, an increase of 1.67 timesinthe 0  [190]. Hence, both
the 0 and the complex moduli of the HIPEs increase as the interparticle distance decreases,
demonstrating a theoretical linear relationship between the 0 and the complex moduli. Figure
3.5¢ shows the theoretical calculated packing parameter using the theoretical linear relationship
between 0 and complex moduli. Whenthe isincreased from 0.75to 0.82, the "@&s observed
to increase by 1.8 times at 0.1% shear strain. Assuming a theoretically linear relationship with
O ,italso increases 1.8 times, raising the 0 from 78.36 MPa to 141.04 MPa; hence, the &
at of 0.82 will be 1.1. Similarly, the relative loss overshoot was observed to increase by 1.62
times. Assuming a theoretically linear increase in 0 to 128 MPa, hence the & at ¢ "Q.82
will be 0.96. As both estimated qare very close to the maximum packing parameter value of z,
which is 1 [90][190] where 0 is 130.86 MPa, Hence, The observed complex modulus data
indirectly supports the correlation that increases in particle concentration and  lead to a rise in
0 due to increase in particle packing parameter. In the oscillatory sweep test, the HIPE
stabilized with 0.075wt% ACD1 ata € "Q.82 exhibited the highest relative values for both

storage and loss moduli.

3D printing ink for extrusion-based printing should possess a fluidic consistency during the
extrusion shear for smooth nozzle passage, but they also need to promptly regain viscosity post-

printing, ensuring a sharply defined printed shape [194]. The three interval thixotropy test (3ITT)
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was employed to mimic the distinct phases of the 3D printing process: pre-printing (i1), during
printing (i2) (high shear), and post-printing (i3) (low shear) [194-195] [201]. Figure 3.5d elucidates
the viscosity change through the 3ITT procedure for 0.075wt% ACD1-stabilized HIPE with
different . A consistent pattern could be observed across all HIPEs: initial high and stable
viscosities that decreases dramatically in the second phase due to the HIPEs droplets' structural
realignment under high shear (100 s*). Once the shear rate reverted to 0.1 s during the third, or
regeneration, phase, HIPESs viscosity increases sharply and reaches back to pre-printing emulsion
viscosity. This can be ascribed to the oil droplet's structural reorganization and the regeneration
of intra- and interparticle interactions of ACD1 and oil droplets in emulsion [194][207-208]. Table
S1 shows mean viscosity values in all the intervals during 31T test for 0.075wt% ACDL1 stabilized
the HIPEs. The 0.075wt% ACDL1 at a ¢ "0.82, demonstrated a viscosity of 372.71 Pa.s,
behaving as a highly viscous liquid during the low shear rate interval (0.1 s™). Intriguingly, it
underwent a significant transition during the high shear rate interval (100 s™), becoming a quite
mobile liquid with viscosity dropping to 0.730 Pa.s [208]. This transformation highlights the
emulsion’s high thixotropy, a beneficial property during the printing process [194] [207-208]. The
3IIT test revealed that the HIPE with a 0.075wt% ACDJ1 concentration with € "Q82 exhibited
the highest viscosity recovery rate of 104%. This was followed by the emulsionwitha € "Q75,
which had a recovery rate of 102%. Therefore, 0.075wt% ACD1-stabilized HIPEs demonstrate
high thixotropy and complete structural recovery, suggesting that when shear forces are alleviated,
the ACD1-stabilized HIPE are capable of reverting to its pre-shear viscosity [201]. Such behavior
is particularly advantageous in 3D printing. For optimal performance, it's imperative that the
printing material undergoes immediate structural recovery. This ensures the material can sustain
its own mass, facilitating the continuous addition of layers during the printing phase while
preserving its intended geometry [194][201]. The rheological evaluation underscored that ACD1-
based HIPEs boasted superior stability, a notable 3ITT recovery rate, and distinguished thixotropy.

The derived creep-recovery curves, subjected to a constant shear stress of 1 Pa, are illustrated in
Figure 3.5e. The HIPE with a ¢ "0Q.82 exhibited a lower maximum deformation ¢ ) at
0.2% strain, compared to the HIPE witha ¢ "@75, which reached 0.46% strain. Consequently,
the HIPE with ¢ "0.82 demonstrates superior structural integrity, indicating a heightened

resistance to external stress [194]. Moreover, the extent of residual deformation after the creep
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recovery phase (' ) was approximately zero (0.0037% strain) for the ¢ "Q.82, in contrast to
0.13% strain for the € "Q.75, which underscores the superior elasticity of the ACD1-stabilized
HIPEs with € "M.82 [194] [201][209]. Figure S6(a-b) demonstrates the ascending and
descending oscillatory amplitude sweep for the 0.075wt% ACD1-stabilized HIPE with of
0.75 (Figure S6a) and 0.82 (Figure S6b). ACDL1 stabilized HIPE exhibits almost complete
reversibility in the complex modulus across both ascending and descending shear strain [210-212].
Figure S7 and Video S1 depicts LSCM visualization of ACD1 stabilized HIPE with ¢ Q82
during the ascending and descending oscillatory amplitude sweep. At low strain during the
ascending oscillatory amplitude sweep, we can observe the HIPE maintaining its spherical droplets
shape (Figure S7a). As the shear strain increases, the droplets begin to stretch and deform into
elongated droplets, and the ACD1 percolated network in water breaks down (Figure S7b). As soon
as the high strain is removed, the droplets quickly reform into spherical shapes, and the ACD1
network in water also recovers quickly, as seen in Figure S7c. Then, during the descending
amplitude sweep at high shear strains, the ACD1 percolated network breaks down again, and the
droplets elongate and deform, which can be observed in Figure S7d and Video S1. However, as
seen in Video S1, upon reaching a low shear strain, the network instantaneously reforms, and the
droplets regain their undeformed spherical shape (Figure S7e), with the complex modulus closely
matching that observed during the ascending amplitude sweep (Figure S6b) [210-212]. During
the ascending and descending oscillatory amplitude sweep, as seen in Video S1, the droplets are
stretched out but fully recover even at high shear strain. The droplets resist coalescence and
maintain their size. This elastic behavior demonstrates droplet interface elasticity, as the
hydrophilic ACD1, due to their high 0, resist the thinning of liquid films between droplets, as
well as external pressure and vibrations during usage [93]. This resistance of the thinning of liquid
ensures that the droplets are always dispersed and do not come into contact with each other to form
polyhedral structures, which would occur if particles exhibited low 0, leading to the thinning
of the liquid film and particles becoming jammed at the interface. These jamming forms a thick
layer around the droplets and droplets deforms into polyhedral structure, leading to a loss of
elasticity at the droplet interface and permanent deformation [210-212]. In Figure 3.6, a
comparison is presented between the 0.025wt% ACD1-stabilized HIPE from our study and data
from the literature on other Pickering HIPEs. This shows the relationship between the required

particle concentration and the maximum oil volume fraction stabilized. Notably, our research
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makes a pioneering claim, showing the lowest particle concentration stabilized HIPE with an

¢ "@xceeding 0.8. This finding underscores the efficiency and efficacy of the ACDL1 in the
stabilization process, as compared to previously reported methods and materials [213-240]. Long-
term stability is crucial for practical applications, especially in the context of HIPEs. Impressively,
the ACD1-stabilized HIPEs showed negligible changes (such as oiling-off) even after a 6 month
storage period under ambient conditions. This highlights their durability, even with high oil
loadings and minimal ACD1 loading. This finding was corroborated by LSCM images of the
HIPEs captured after 6 months (Figure S8). The oil droplets were uniformly distributed,
maintained their original shape, and droplet size remained nearly consistent.
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Figure 3.6 Comparison of particle loading and maximum oil volume fraction for AGakilized
HIPEs and other Pickering HIPEs in the literature [2230]. ACD1 is shown as star in thgure.
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3.4 Application of ACD1 stabilized HIPE in 3D printing

The extrusion-based 3D printing was utilized for the printing of 3D shapes from HIPEs (Figure
9a). The HIPE formulated with 0.075wt% ACD1 and stabilized at a 0.82 oil volume fraction was
selected for 3D printing applications due to its shear thinning behaviour (Figure 3.5b) , pronounced
thixotropy (Figure 3.5d) , and excellent creep recovery (Figure 3.5e). The successful deployment
of extrusion-based printing to produce letters exhibiting round forms, straight lines, and significant
curvatures is demonstrated in Figures 3.7(b-c) and Video S2. The intricacies of the 3D print were
made possible by the application of a smaller nozzle, measuring 0.400 mm in diameter, which is
the smallest in the field of HIPEs 3D printing [149][185-186] . This nozzle can extrude finer lines,
enabling higher resolution and more precise rendering of small features and complex
geometries.[241-242] . Moreover, tuning of the infill density demonstrated from 15% (in letter
“0”) to 25% ( in square shape) can be customized in accordance with the specific requirements
for 3D prints during the printing process. The layering process upon printing is distinctly evident
in the lateral perspective of the square, as shown in Figure 3.7c. Remarkably, our HIPEs exhibited
an extraordinarily low total particle loading of 0.075wt%, operating in neutral pH. The 3D-printed
structure was analyzed under confocal microscopy to examine any potential alterations in the
morphology of the emulsion. The confocal microscopy image, depicted in Figure S9, represents
the morphology post-printing. Interestingly, there are no discernible changes in the morphology of
the emulsion, which indicates the structural recovery of the emulsion throughout the printing
process which corroborate with our 3ITT test (Figure 3.5d) which simulates the 3D printing
process with same parameters used (Q=0.40 mmand =5 mm s?) and shows 104% structural

recovery.
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Figure 3.7 (a) Set up of 3D structure printing by extrusion using ACD1 stabilized HIPs.
Overhead perspective of the shape "O". (c) Top view of a square, illustrating the various
stratifications of the emulsion ink. These images were captured at 1-prpdstg under ambient

conditions.

3.5 Conclusion

In summary, we demonstrated a water-wetting asphaltene-derived carbon dots (ACD)-based 3D
printing HIPE ink prepared solely with ACD without any additions of salts or surfactants. The
HIPE can be prepared in as little as 2 minutes by a simple one-step homogenization of an
ACD/water/dodecane mixture. The ACD1 loading in the HIPE was as low as 0.025wt% with a
maximum oil volume fraction of 82%. For the first time, we experimentally demonstrated that the
synergy of detachment energy and maximum capillary pressure could enhance the o/w HIPE
stabilization, where particles resist the thinning of the liquid film between droplets and
simultaneously form few particles wide layers around the droplets to resist coalescence. We
propose a universal route to generate o/w HIPEs with ultra-low loading of hydrophilic stabilizers
by exploiting synergy between maximum capillary pressure (greater than 100 bar) and detachment
energy ( between 102 J/KT and 10* J/KT) as long as they exhibit colloidal stability and uniform
dispersion in the continuous phase. The HIPE demonstrated excellent thixotropy, creep recovery,
structural regenerablity and great storage stability for more than 6 months. By extrusion-based 3D
printing, we fabricated 3D shapes with fine intricacies at an ultra-low loading of ACD1. The
successful creation of these 3D structures highlights the promising prospects of this approach in

upcoming 3D printing applications.
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Chapter 4
Concluding Remarks and Recommendations

4.1 Conclusion

This thesis offered a universal approach to the development of oil-in-water high internal phase
emulsions using water wetting solid particle at ultra-low loading. These HIPE exhibit long-term
stability and are extended in their application for extrusion-based 3D printing as HIPE inks. Key

conclusions drawn from this research are as follows:

1. Both the asphaltene-derived carbon dots 1 (ACD1) and asphaltene-derived carbon dots 2
(ACD2) were successful in stabilizing HIPE without any addition of salts, surfactants, or

alterations in pH, demonstrating HIPE stabilization by fully water-wetting particles.

2. ACD1 has an optimal balance of maximum capillary pressure (greater than 100 bar) and
detachment energy (between 102 J/KT and 10* J/KT). These particles exhibit a high
maximum capillary pressure due to their sub-10nm size, providing resistance against the
thinning of the liquid film. Their moderate detachment energy leads to a dynamic
equilibrium between the bulk phase and the interface, where they can form few particles
wide layers around the droplets resist coalescence but are not irreversibly adsorbed at the
interface. This offers a synergy of detachment energy and maximum capillary pressure for
the stabilization of HIPE, allowing for a minimal loading of just 0.025wt%. On the other
hand, ACD2 boasts a high maximum capillary pressure but lacks sufficient detachment
energy. Due to the lack of synergy with high maximum capillary pressure and detachment
energy, it can only depend on resisting the thinning of the liquid film to stabilize the
emulsion, and the minimum particle loading is 0.625wt%. Hence, ACD1 was chosen to

more suitable for this study.
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3. The HIPE stabilized by an ultra-low loading of 0.075wt% ACD1 exhibited shear-thinning
behavior, high thixotropy, excellent creep recovery, high interfacial elasticity and 100%
structural recovery . By altering the particle loading and oil volume fraction, the HIPE
droplet size and rheological behavior can be tuned.

4. ACDL1 stabilized HIPE exhibited no changes in HIPE morphology and remained perfectly
stable without any oiling off for 6 months. This underscores the superior storage stability
of ACD1-stabilized HIPE.

5. The HIPEs developed in this study were used as ink to fabricate three-dimensional shapes
through extrusion-based 3D printing, stabilized solely by water-wetting ACD1 at ultra-low
loading at room temperature, without the addition of chemical. Notably, this is the first
study to accomplish such a feat. ACD1 stabilized produced highly intricate prints at a lower
extrusion pressure, using smaller nozzle diameters of 0.400 mm. The successful creation
of these 3D structures underscores the promising prospects of this approach in future 3D

printing applications.

4.2 Future recommendations

This work sets the foundation for understanding how the exploitation of the synergy between
maximum capillary pressure and detachment energy through the utilization of ACD1 can generate
HIPEs at ultra-low loading. The ensuing recommendations for future endeavors in this domain are

outlined below:

This study delves into the theoretical understanding and experimentally demonstrates how the
contact angle and size of the particle can be employed to exploit the synergy of maximum capillary
pressure and detachment energy. It proposes a universal route to generate oil-in-water (o/w) HIPES

by leveraging the synergy of these two stabilization mechanisms. However, a deeper
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understanding of droplet-droplet interactions might be elucidated by examining DLVO forces,
oscillatory forces, and depletion forces. Photonic Force Microscopy (PFM) or quantifies droplet-
droplet interactions in emulsions. Relying on the principle wherein photons transfer momentum
upon refraction or reflection from surfaces, PFM can trap dielectric colloidal particles within the
optical traps created by a laser beam. Employing a dual-trap optical tweezers system would allow
for controlled movement of droplets towards and away from each other at predefined velocities.
Simultaneously, the interaction forces between these droplets can be measured as a function of
their distance apart.[243-244]

The work has successfully demonstrated the use of ACD1-stabilized HIPE for 3D printing. To
expand its application in the food and biomedical sectors on an industrial level, assessing its
cytotoxicity is essential. A comprehensive toxicological study of ACD1 is necessary to examine
both immediate and long-term effects. Such investigations should encompass dose-response
effects, interactions with biological molecules, genotoxicity, and the potential to provoke immune
responses. Considering the likely extensive usage and disposal of ACD1, understanding its

environmental persistence and biodegradation, is also crucial.

Our research underscores the tunability of HIPES . By manipulating variables like particle loading
and the volume fraction of oil, we can exercise precise control over droplet diameter, complex
modulus, thixotropy, and creep recovery. When these HIPES are incorporated with water-soluble
polymers, the potential emerges to further engineer polyHIPEs with tunable porosity. As
demonstrated by Cooperstein et al.[171], the development of a 3D printed conductive composite
object, composed of metal and polymer, was achieved using an oil-in-water emulsion to create a
3D porous structure, followed by embedding silver nanoparticles within the pores. In their process,
a surfactant with loading up to 8wt% was employed. In this context, ACD1 could be beneficial, as
it can generate HIPE at ultra-low loading and improve the rigidity of the printed structure

compared to surfactants.

71



Appendix

Appendix A: Supplementary Information

A.1 Section 1

Relationship of & 7 ;. apd |4 *in emulsiors

Kaptay embarked on an exploration of the interplay between « "O and 0 in determining
stability of emulsion resulting in intricate relationship which capture a complex probability term,
denoted as 7, which symbolizes the probability of a coinciding event: the simultaneous stability
of particles at the interface and in the thin liquid films [93]. When oil and water phases have equal
volume ratios, this complex probability, r, serves as an indicator of the likelihood that a particular
emulsion type remains stable under prescribed conditions. This can be depicted through varied
contact angle intervals for both oil-in-water (¢ 0) and water-in-oil (0] €) emulsions for closely

packed double layer between droplets. The formulations are as follows adapted from refence [93]:

For oil-in-water emulsions:

Contact angle interval Complex probability
-7 0 o g xp AI® Al® Mm@ mvu (S1)
¢
“ T g ez ¢ op Al©® Alg0 THd o (S.2
¢

For oil-in-water emulsions:

Contact angle interval Complex probability
-7 0 wi ¢ op Al©® AlgO @ o o (S3)
@
S . 8 xp Al ® Al@ m8 mvu (S4)
@

To further crystallize this concept, the derived complex probabilities will stand true if the

subsequent conditions are met:
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A preference for £] 0 emulsion arises when:  p |, -px o 70 - On the contrary, a
preference for 0] € emulsion is observed when: p . -yx 0" €T0 . Where is the

water volume fraction in the emulsions [93].
Theoretical Droplet Diameter Correlation with Particle Loading and Particle Size

The theoretical mean oil droplet diameter in an oil-in-water emulsion is denoted by Q. The
diameter of the solid particle stabilizer is represented as Q . Additionally, signifies the oil
volume fraction in the emulsion, while  corresponds to the concentration of particles in the
emulsion, expressed as a fraction. As expressed by Equation S.5, there is a direct relationship
between the mean droplet diameter Q and the oil volume fraction . Conversely, Q exhibits an
inverse proportionality with particle loading  , signifying that an increase in ~ will result in a
reduction in the mean droplet diameter. This relationship provides a clear understanding of the
balance and interplay between oil volume fraction and particle concentration in determining mean

droplet size in emulsions [191].

¢ Q (S5)

Interaction potentials affecting the disjoining pressure.

The total interaction energy in disjoining pressure includes the van der Waals interaction potential
('O, Electrostatic interaction potential (O , and Structural interaction potential ("O

Here, Van der Waals interaction potential ("O include physical attraction between colloids,
including dipole-dipole interactions, dipole-induced dipole interactions, and London dispersion
forces [95][97] and can cause particles to attract each other, leading to aggregation or flocculation
[95][97] reducing the disjoining pressure[95][97]. Electrostatic interaction potential ('O  arises
when two colloidal particles come close to each other, their electric double layers overlap, leading
to electrostatic repulsion forces which resist the aggregation of the colloidal particles [95][97] and
increases the Disjoining pressure [95][97]. The van der Waals interaction potential ('O and

Electrostatic interaction potential ("O forces acting between colloidal particles a separation
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distance of up to 5nm - 10 nm [101]. Structural interaction potential ("O rises due to ordering
of the colloidal particles near the interface of macroscopic entities (dispersed droplets) and
continues phase, which extends over several particle diameters. For thin liquid films, overlapping
structured regions near both opposing surfaces (between two dispersed phase droplets) give rise to
Oscillatory Structural Force. The range of these structural forces, spanning up to 100 nm [101].
This long-range structural force produces a repulsive barrier that hinders the flocculation or
coalescence of the Macroscopic entities (dispersed droplets). When the separation between macro-
particles is less than the colloidal particle diameter, preventing the smaller particles from fitting in
the gap, an attractive depletion force emerges due to the osmotic pressure difference between the
bulk and confined spaces [101]. The overall interaction prompted by the colloidal particles
between the dispersed droplets is oscillatory in nature, encompassing both the repulsive structural
barrier and the attractive depletion force, oscillating at a period equivalent to the size of the
colloidal particles.

The the van der Waals interaction potential ('O , Electrostatic interaction potential (O
and Structural forces interaction potential (O combined give the total total interaction energy
(in J) and can be written as

‘O O O O (S.6

In order to have high disjoining pressure in thin films the "O O "0 which can be
achieved by increasing the colloidal particle repulsion in both electrostatic and structural forces
interactions [97]. This can be achieved by increasing the zeta potential of particle in the colloidal
system through the addition of salts, or by tuning the surface functional groups of colloidal
particles [97] [101] and by decreasing the interface fluctuation by enhancing the Gibbs elasticity.
Gibbs elasticity refers to the change in surface tension as a function of the change in surface area
[97]. A higher Gibbs elasticity implies a more stable film, which in turn contributes to the stability
of the emulsion [97]. Gibbs elasticity increases with a decrease in mean droplet diameter due to
their reduced susceptibility to interface or surface fluctuations [97]. Gibbs elasticity can be

expressed in Equation S.7, adapted from references [87].

(S.7
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Here O is the Gibbs elasticity , ,, represents the interfacial tension, and 0 surface area of the

droplet interface [87].
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A.1 Section 2

0.050wt% ACD1 0.050wt% ACD1
v =0.75 u =0.82

0.050

0.025wt% ACD1 0.025wt% ACD1
v =0.75 u =0.82

Loading of ACD1 (wt%)

0.75 0.82

Oil Volume Faction (U )

Figure S1 LSCM visualizations of emulsions stabilizedviayying concentrations of ACD1, in
which ACD1 is showcased in red and the dodecane oil phase is represented in black. Inset: Image
showcasing an emulsion stabilized by ACD1.

76
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Figure S3illustrates the graphical illustrations of the changes in droplet size within emulsions
stabilized byACD1, with respect tdifferent particle loadings and oil volume fractions.
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Figure S5 Interfacial oscillatory amplitude sweeps assessmetiiswing the storage (depicted by

square markers) and loss (indicated by triangular markers) moduli as functions of sheaastrain

the oil/water interface with ACD1particle concentration (a) 0.025wt.% 0.05wt%and (b)

0.075wt%.
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Figure S7 LSCM visualizatolPAs cendi ng a Amplittde sveepratsessmgents with
0.075wt% ACDZmulsions with oil volume fraction of 0.82 respectivielythese visualizations,
the ACDL1 is displayed in red while the dodecane oil phase is depiddatin
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0.075wt% ACD1 0.075wt% ACD1
©=0.82 ®=0.82
After 1 Day After 6 month

Figure S 8 features LSCM visualizations of emulsion stabilizgd.075wt% ACD1 (a) after a
period of 24 hours and (b) after a duration of 6 months. In these visualizations, the ACD1 is
displayed in red while the dodecane oil phase is depicted in black. An inset image provides a

representation of an emulsion stabitiziey ACD1.

(a) Before Printing (b) After Printing

0.075wt% ACD1 0.075wt% ACD1
®=0.82 ©=0.82

Figure S 9 provides LSCM visualizations of the morphology of an emulsion stabilized by 0.075wt%
ACD1 (a) prior to extrusiotfbased printing and (b) following the printing process. In these
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visualizations, ACD1 is represented in red, while the dodecane oil phase is illustrated in black. An

inset image in th&igure offers a depiction of an emulsion maintained by ACD1

Qil Mean viscosity | Mean viscosity | Mean viscosity in L H
Volume in preprinting in printing post printing (mPa.s) | (mPa.s)
Fraction phase phase phase

(Pa.s) (Pa.s) (Pa.s)
0.75 194.47 0.504 198.79 102.5 213595 495
0.82 372.71 0.730 389.70 104 401150 723.07

Table S1 Mean viscosities during the printing process and thixotropic parametdracted for
0.075wt% ACDL1 stabilized emulsions.
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HoHU9mMxO0FuBvD4YpcblAA?nav=eyJyZWZlcnJhbEIuZm8iOnsicmVmZXJyYWxBcHAIOiJPbmVEcmkdZ tZAuZ XN zliwicmVmZXJyYWxB
cHBQbGF0Zm9ybSI6lldIYilsInJIZmVycmFsTW9IKkZSI6InZpZXciLCJyZWZlcnJhbFZpZXciOiJNeUZpbGVzTGluaONvcHkifX0&e=45PfYi

Video S1 LSCM visualizatiolPAs cendi ng a raplitude sweeps assessigents with

0.075wt% ACD1 emulsions with oil volume fraction of G&&pectively.
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Video S2 3D printing of ACD1 stabilizedHIPE using BioXprinter.
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